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Abstract

ABSTRACT

Neurofibromatosis type 1 (NF1) is one of the most frequent dominantly inherited diseases. The
incidence is about 1:3,500 newborn. NF1 patients harbour an increased risk of developing benign
nerve sheath tumours such as dermal neurofibromas (dNFs) and plexiform neurofibromas (pNFs)
and a 10% lifetime risk of developing malignant peripheral nerve sheath tumours (MPNST).
MPNST that usually arise from pre-existing pNFs are highly aggressive malignancies and have a
dismal prognosis.

To identify genes involved in NF1-tumourigenesis we performed gene expression analysis
applying cDNA array technology. 26 NF1-associated tumours and 2 MPNST cell cultures were
examined. Using immunohistochemistry and/or Western blotting, 8 genes were evaluated on the
protein level. Thus, TP53 gene status was screened by single strand conformational
polymorphism in 36 MPNST patients.

Expression of 57 genes differed significantly between dNFs, pNFs and MPNST. MMP-13, p53,
Syn-1 and PDGFR-a were confirmed on the protein level to be overexpressed in MPNST while
Syn-4, PrP and ApoD showed increased expression in neurofibromas. MMP-13 expression was
significantly associated with p53 accumulation and with a higher risk of relapse in MPNST
patients. TP53 mutants were observed in 11% of MPNST patients. Polymorphism TP53Pro’
was associated with the development of metastases.

A panel of genes useful for subclassification of nerve sheath tumours was identified by
expression analysis. NF1-associated and sporadic MPNST could not be distinguished by this
approach. MMP-13, a matrix metalloproteinase involved in tumour invasion and dissemination,
was reported to be stimulated by certain TP53 mutants. The observation that most MMP-13
positive MPNST carried wild-type TP53 suggests the existence of other regulation mechanisms.
Nevertheless, MMP-13 expression might be considered a risk factor for relapse.

This doctoral thesis has identified several proteins likely to be involved in NF-1 tumourigenesis.
The existence of medicines that inhibit MMP-13 and PDGFR-a expression might help to
improve therapy for MPNST patients.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 13
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Abstract

ZUSAMMENFASSUNG

Die Neurofibromatose Typ 1 (NF1) ist eine der haufigsten dominant vererbten Erkrankungen.
Die Inzidenz liegt bei 1:3.500 Neugeborenen. Patienten mit NF1 haben ein erhdhtes Risiko
gutartige  Nervenscheidentumore wie dermale Neurofiborome (dNFs) und plexiforme
Neurofibrome (pNFs) zu entwickeln und ein 10%iges Risiko im Laufe ihres Lebens an einem
malignen peripheren Nervenscheidentumor (MPNST) zu erkranken. MPNST, die in der Regel
aus pNFs hervorgehen, sind sehr aggressiv und haben eine schlechten Prognose.

Um Gene zu identifizieren, die eine Rolle bei der NF1-assoziierten Tumorgenese spielen, wurde
eine Genexpressionsanalyse mittels cDNA-Array Technologie durchgefiihrt. 26 NF1-assoziierte
Tumore und 2 MPNST Zelllinien wurden untersucht. 8 Gene wurden auf Proteinebene mittels
Immunhistochemie und/ oder Western blot untersucht. Insgesamt wurden Tumore von 56 NF1
Patienten analysiert. AuBerdem wurde das TP53 Gen mittels single strand conformational
polymorphism (SSCP) auf Mutationen untersucht.

Siebenundfunfzig Gene zeigten signifikante Expressionsunterschiede zwischen dNF, pNF und
MPNST. Auf Proteinebene konnte eine starkere Expression von MMP-13, p53, Syn-1 und
PDGFR-a in MPNST nachgewiesen werden. Syn-4, PrP und ApoD zeigten erhdhte Expression
in Neurofibromen. MMP-13 Expression korrelierte mit p53 Ablagerung und einem erhohtem
Rezidivrisiko. TP53 Mutanten wurde nur in 11% der MPNST detektiert. Die p53Pro’? Variante
zeigte eine Assoziation mit Metastasierung.

Die Studie identifizierte eine Serie von Genen, die bei der Subklassifizierung von
Nervenscheidentumoren hilfreich sein konnen. NF1-assoziierte und sporadische MPNST
konnten nicht differenziert werden. Frihere Studien zeigten, dass die Matrixmetalloproteinase
MMP-13, welche eine Rolle bei Invasion und Metastasierung spielt, durch p53 Mutanten
stimuliert wird. Die Beobachtung, dass die Mehrheit der hier untersuchten MMP-13-positiven
Tumore wildtyp TP53 trugen, weilit auf andere Regulationsmechanismen. MMP-13 konnte sich
allerdings als prognostischer Marker eignen.

Diese Doktorarbeit hat Proteine identifiziert, die mutmallich eine Rolle bei Entwicklung von
Nervenscheidentumoren spielen. Bereits vorhandene Medikamente, die MMP-13 und PDGFR-a.

inhibieren, kénnten zu verbesserter Behandlung von MPNST Patienten beitragen.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 14



Abstract

RESUMEN

La neurofibromatosis tipo 1 (NF1) es una de las enfermedades autosémicas dominantes mas
frecuentes. Su incidencia es de 1 por cada 3.500 nacimientos. Los pacientes con NF1 tienen un
mayor riesgo de desarrollar tumores benignos de la vaina de los nervios periféricos tales como
los neurofibromas cutaneos (dNFs) o plexiformes (pNFs) y un riesgo del 10% de desarrollar a lo
largo de su vida un tumor maligno de la vaina de los nervios periféricos (MPNST). Los MPNST,
suelen desarrollarse generalmente a partir de un pNF preexistente, son tumores muy agresivos y
de muy mal pronostico.

Para identificar los genes implicados en la formacion de tumores associados a la NF1 realizamos
un analisis de expresion de genes aplicando tecnologia de cDNA microarrays. Se examinaron 26
tumores primarios associados a la NF1 asi como 2 cultivos celulares de MPNST. Usando
técnicas de inmuhistoquimica y/o Western blotting se examind la expresion a nivel protéico de 8
genes. Se analizaron tumores de 56 pacientes. Ademas se escrutd el gen TP53 en busca de
mutaciones por polimorfismo conformacional de cadena simple.

Cincuenta y siete genes mostraron diferencias de expresion entre las 3 entidades tumorales dNFs,
pPNFs y MPNST. A nivel protéico, se confirmé la sobreexpresion de MMP-13, p53, Syn-1 y
PDGFR-o en MPNST mientras que la expresion de Syn-4, PrP y ApoD estaba aumentada en
neurofibromas. La expresion de MMP-13 se asocia de forma significativa a la acumulacion de
p53 y a un mayor riesgo de recidiva. Se encontraron mutaciones en TP53 en 11% de los
MPNST. El polimorfismo TP53Pro’? mostré estar asociado a enfermedad metastésica.

Este estudio ha identificado una serie de genes Utiles en la subclasificacion de los tumores la
vaina de los nervios periféricos. No se encontraron diferencias entre los MPNST esporéadicos y
los asociados a la NF1. Estudios previos mostraron que MMP-13, una metaloproteasa de la
matriz involucrada en los procesos de invasion y metastasis, era estimulada por mutantes de
TP53. La observacion de que la mayoria de los tumores positivos para MMP-13 expresan la
forma salvaje de TP53 sugiere la presencia de otros mecanismos reguladores. Sin embargo, la
expresion de MMP-13 puede considerarse como factor de riesgo de recidiva.

Esta tesis doctoral ha contribuido a la identificacion de varias proteinas involucradas en la
formacion de los tumores asociados a la NF1. La existencia de medicamentos que inhiben la
expresion de MMP-13 y de PDGFR-o podran mejorar el tratamiento actual de los pacientes con
MPNST.

RESUME

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 15



Abstract

La Neurofibromatose type 1 (NF1) est I’une des maladies autosomiques dominantes parmi les
plus fréguentes. Son incidence affecte a 1 sur 3.500 nouveau-nés. Les patients avec la NF1 ont
un risque accru de développer des tumeurs bénignes de la gaine des nerves périphériques comme
les neurofibromes dermales (dNFs) et plexiformes (pNFs) et un risque de par vie de 10% de
développer une tumeur maligne de la gaine des nerves périphériques (MPNST). Les MPNST, qui
surviennent normalement a un pNF pré-existant, sont des tumeurs tres agressives avec un
pronostic tres sombre.

Pour identifier les génes impliqués dans la formation des tumeurs associées a la NF1 on a
analysé I’expression des genes en utilisant la technologie cDNA. 26 tumeurs associées a la NF1
et 2 cultures cellulaires de MPNST ont été examinées. En faisant usage des techniques
d’immunohistochimie et/ou Western blotting 8 génes ont été examinés au niveau protéique. Les
tumeurs de 56 patients ont été analysées. Aussi, on scruta le gene TP53 a la recherche de
mutation par polymorphisme de conformation des simples brins.

Les niveaux d’expressions de 57 génes ont différé significativement entre les 3 entités tumorales:
dNFs, pNFs et MPNST. Au niveau protéique, MMP-13, p53, Syn-1 et PDGFR-o ont été
confirmé d’étre surexprimés dans les MPNST, tandis que les expressions de Syn-4, PrP et ApoD
étaient augmentés dans les neurofibromes. L’expression de MMP-13 dans les MPNST s’associa
significativement avec I’accumulation de p53 et un risque plus élevé de rechute des MPNST.
Une mutation de TP53 a été détectée dans 11% des patients avec MPNST. Le polymorphisme de
TP53Pro’? montra une association signifiante avec le développement de métastases.

Cette étude a identifié une série de genes utiles pour la subclassification des tumeurs de la gaine
des nerves periphériques. Aucune différence d’expression n’a été observée entre les MPNST
sporadiques et les associées a la NF1. D’antérieures études montrérent que MMP-13, une matrix
métalloprotéase impliquée dans les proces d’invasion et de métastase, était stimulée par des
mutants de TP53. L observation que la majorité des tumeurs exprimant MMP-13 portaient la
forme sauvage de p53, nous suggére la présence d’autres mécanismes de régulation. Cependant,
MMP-13 peut étre considéré comme un facteur de riske de rechute.

Cette theése doctorale a contribué a [I’identification de plusieurs protéines qui jouent
probablement un réle dans la formation des tumeurs associées a la NF1. De plus, 1’existence de
médicaments capables d’inhiber la surexpression de MMP-13 et PDGFR-a pourra améliorer la

thérapie des patients avec MPNST.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 16
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1 INTRODUCTION

1.1 NEUROFIBROMATOSIS TYPE 1

Neurofibromatosis type 1 (NF1), also called von Recklinghausen’s neurofibromatosis and
peripheral neurofibromatosis, is a term applied to a dominant inherited neurocutaneous disease

caused by an alteration of the NF1 gene mapping to chromosome 17q11.2.

1.1.1 EPIDEMIOLOGY

NF1 is one of the most common autosomal dominant inherited disorders with an estimated birth
incidence of 1:2,500!) and a prevalence of 1:3,500 individuals®®. Though NF1 has a penetrance

of almost 100%, an extreme variability even within the members of the same family is possible.

1.1.2 HISTORY

The name von Recklinghausen’s neurofibromatosis comes from a monograph published in 1882
by von Recklinghausen on the 25" anniversary of the foundation of the Berlin Pathologic
Institute, established by his mentor and the father of pathology, Rudolf Virchow. However, the
earliest portrayal of a man with NF1 was found in a 13" century Syrian illustration and was
attributed to a scribe named Heinricus. In 1768 the British Physician M. Akenside described a
man who had
“a constant succession of wens that shot out in several places, on his head, trunk, arms and legs;
which indisposition he inherited from his father.”
Another report “Case history of extraordinary unsightly skin” was made by Tilesius in 1793 and

included several drawings in colour of a “Wart man” with multiple fibrous tumours (Figure 1).

Figure 1: Tilesius’ drawings
of ,,Wart Man*
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1.1.3 NF1-DIAGNOSTIC FEATURES

Diagnosis of NF1 is based on clinical criteria (Table 1) and is most commonly suggested by
cutaneous features. The cardinal features of
Table 1: Diagnostic criteria for NF1 NF1 are café-au-lait macules, neurofibromas

and Lisch nodules present in 95% of the

The presence of two or more of the following patients. Café au lait macules (Figure 2; A)
signs identifies NF1 patients:
may be present at birth, but are not noticed in
1. Six or more café au lait patches
- ¢ > 5mm in prepubertal the first few months of life. There is no
- ¢ > 15mm in postpubertal individuals ] :
2. Two or more neurofibromas or one plexiform relationship  between the number and
neurofibroma .. , .
3. Axillary or inguinal freckling localisation of café au lait spots and NF1
4. Two or more Lisch nodules . . . . .
5. Optic nerve glioma severity. Both axillary and inguinal freckling
6. A distinctive osseous lesion with or without ] ) .
- dysplasia of the sphenoid wing . . . p-
- thinning of long bone cortex during the puberty and are highly specific for
7. A first-degree relative (parent, sibling or . . ) .
offspring) with NF1 according to the above NFL1. Lisch nodules (Figure 2; B) are multiple
criteria. . ..
melanocytic hamartomas of the iris (clumps

of pigment cells). They usually appear in late
childhood and do not impair vision. Their detection often confirms NF1 diagnosis in individuals
having multiple café au lait spots. However, the clinical hallmark of the NF1 is the development
of dermal neurofibromas (dNFs) and plexiform neurofibromas (pNFs). dNFs (Figure 2; B) most
commonly appear in late childhood or adolescence as small spongy subcutaneous nodules. In
contrast, pNFs usually are congenital and characterised by a large soft subcutaneous mass
following the course of diffusely thickened peripheral nerves (Figure 2; D). pNFs may affect the
skin and superficial muscle causing hypertrophy or deformation of the nearby tissue and diffuse
hyperpigmentation of the overlying skin. They can transform into malignant peripheral nerve
sheath tumours (MPNST).
Optic glioma and some osseous lesions are included as NF1 diagnostic criteria because their
occurrence should suggest NF1. Optic gliomas are tumours made up of glial cells and may occur
at any point of the optic nerve (Figure 3; C). Though optic gliomas are rarely malignant, they
may cause painless proptosis, decreased visual acuity or neurological trouble. Bony
abnormalities such as sharp scoliosis, dysplasia of a long bone (Figure 3; B) or the sphenoid
wing may provide useful diagnostic clues. A very sharp focal deformity of the spine, due to

vertebral dysplasia, is almost exclusive to NF1 (Figure 3; A).
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Figure 2: Clinical diagnostic features of a patient with neurofibromatosis type 1 A) Café au lait
spots (arrow) and axillary freckling; B) Lisch nodules (hamartoma of the iris); C) Patient presenting
several hundreds of nodular and polypoid dermal neurofibromas; D) Huge plexiform neurofibroma
that infiltrates the lower back, buttock and proximal and distal lower extremities.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours
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Figure 3: A) Radiograph of the cervical spine demonstrating a severe kyphotic deformity, characteristic
of NF1. In addition, posterior scalloping is present due to hypoplasia of the posterior elements. B) This
radiograph shows an anterolateral bowing of the tibia and a lytic bone lesion with sclerotic margin
(arrow); fibular pseudoarthrosis in a 10 year old male with NF1. C) T1-weighted RMI sagittal images
demonstrate enlargement of the intraorbital and intracranial right optic nerve.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours
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Other NF1 manifestations include abnormalities in the development of the central nervous
system (CNS) such as megalencephaly or seizures. Evaluation of the brain is required to exclude
a tumour as the cause of seizures. Hydrocephalus caused by aqueductal stenosis is one of the
most frequent complications and produces symptoms related to abnormal intracranial pressure.
Cognitive and learning disabilities have also been shown to be present in up to 80% of children
with NF1 and have significant effects on their learning performance and everyday lifel®). The
most common cognitive problems are with perception, attention, language and motor deficit.
Pulmonary manifestations such as interstitial fibrosis and bullae occur in 5 to 10% of NF1
patients. Interstitial fibrosis characteristically involves both lungs symmetrically with some basal
predominance, whereas bullae usually are asymmetric and tend to develop in the upper lobes!®.
Endocrine disorders have been reported in 1 to 3% of NF1 patients. Pheochromocytoma is the
most common disorder present in 1 to 6% of adults® ). In contrast, central precocious puberty is
seen in 2.5 to 6% ® 8% of children, almost invariably caused by a tumour in the hypothalamus.
Although short stature is observed in 13% of NF1 patients™, growth hormone deficiency was
found in only 2.5% of children with NF1%!,

1.1.4 NF CLASSIFICATION

Riccardi classified in 1982 the neurofibomatoses into eight different forms™*.. The most common
type is the classic form (NF1). The NF2 describes bilateral acoustic neurinomas. Unusual

combinations of features must be assigned to the remaining categories (Table 2).

Table 2: Riccardi classification of typical and atypical neurofibromatoses

Category | Description Features

Type 1 Von Recklinghausen’s disease | Multiple café au lait spots; Lisch nodules; neurofibromas

Type 2 Acoustic Acoustic neurinoma (bilateral 90%)

Type 3 Mixed Intermediate between the first two types

Type 4 Variant Café-au-lait spots and neurofibromas; variable family
history

Type 5 Segmental Café-au-lait spots or neurofibromas in one unilateral
segment

Type 6 Café-au-lait spots Café-au-lait spots only

Type 7 Late onset Onset of disease after age 30

Type 8 Not otherwise specified Typical features of NF that do not fit into one of the
above-mentioned categories
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Type 5 corresponds to segmental NF and was defined by the presence of neurofibromas and/or
café au lait spots with segmental distribution and without systemic involvement or family
history. Segmental NF has an estimated frequency in the general population of 0.001%%. The
proposed mechanism is a mosaicism caused by a postzygotic somatic mutation affecting the NF1
gene in the primitive neural crest cells. The more premature the mutation arises in the developing
embryo, the more generalised would be the phenotype. Because of the heterogeneity of NF, in
1987, Roth et al™! proposed four different subgroups of the segmental type, according to

unilateral or bilateral disposition, family history and systemic involvement (Table 3).

Table 3: Classification of segmental neurofibromatoses by Roth

Category | Description Features

Type | True segmental Segmental café au lait spots and/or

neurofibromas, no systemic involvement, non

inherited

Type Il Localised with deep involvement | Segmental with deep systemic involvement, non
inherited

Type Il Hereditary segmentall Segmental, no deep involvement, inherited

Type IV Bilateral segmental Bilateral segmental café au lait spots and/or

neurofibromas, no deep involvement, non

inherited

1.1.5 NF1-ASSOCIATED TUMOURS

Predisposition to both benign and malignant tumour formation is one of the cardinal features of
NF1.

1.1.5.1 NeuraL CREST TUMOURS

Neural crest cells are derived from the ectoderm and originate at the dorsal most region of the
neural tube. The neural crest cells migrate extensively to generate a prodigious number of

differentiated cell types. These cell types include (1) the neurons and glial cells of the sensory,
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sympathetic, and parasympathetic nervous systems, (2) the epinephrine-producing (medulla)
cells of the adrenal gland, (3) the pigment-containing cells of the epidermis, and (4) many of the
skeletal and connective tissue components of the head.

Neural crest cells tumours are associated with NF1 and occur in both central and peripheral

nervous systems. They account for a substantial portion of the medical presentation of NF1.

Dermal neurofibromas

Dermal neurofibromas (dNFs) are benign tumours that arise in peripheral nerves at any site and
appear in 95% of NF1 patients. Although dNFs are well defined and do not infiltrate surrounding
tissues, they can grow to a nodular or polypoid mass of an enormous size. dNFs rarely impair
nerve function but may cause problems due to their location. Their major impact is usually
cosmetic and they can be removed surgically, although regrowth sometimes occurs. Growth of

dNFs commonly occurs in association with puberty and pregnancy.

Plexiform neurofibromas

Plexiform neurofibromas (pNFs) are usually congenital but continue to grow later in life. They
occur in about 30% of NF1 patients and infiltrate long portions of nerves and surrounded tissue
resulting in widespread disfigurement and mechanical complications. pNFs are not malignant,
however up to 30% transform to MPNSTI!. The signs of malignancy are rapid growth of a

portion of the tumour or the occurrence of pain.

Malignant peripheral nerve sheath tumour

MPNST are highly aggressive sarcomas, they are difficult do detect and are associated with poor
prognosisi®®; the 5-year survival rate is only 21%1%. MPNST involve large and medium nerves
most commonly in the buttock, thigh, brachial plexus and paraspinal regions. In addition, they
infiltrate surrounding tissues, relapse commonly after surgery and may metastasise early to lung,
liver, brain, soft tissue, bone, regional lymph nodes, skin and retroperitoneum. Extremely rare in
general population (incidence of 0.001%), MPNST arise in 8-13% of patients with NF11%. They
generally develop in the third decade of life (28-36 years) in NF1 patients and in the fourth
decade (40-44 years) of life in non-NF1 patients and are slightly more frequent in females.

Tumours of the Central Nervous System (CNS)
Tumours of the CNS are common in NF1. Most of them are gliomas and have usually a benign

course and histology. However, some of them can show signs of malignancy such as rapid
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growth or invasion. Symptoms depend on their location and size and they can cause impaired
vision, dysarthria, dysphagia, ataxia, megalencephaly and hydrocephalus.

Optic gliomas account for 1/3 of the CNS tumours and occur in 14-15% of NF1 patients™™. They
are usually associated with ipsilateral exophthalmos and might produce strabismus and loss of
vision which is sometimes difficult to detect in small children. Tumour progression in the first
years of life can be followed by a spontaneous regression as has been assessed by MRI18].

Other NF1-associated brain tumours include astrocytomas of other cranial nerves(2%)*% and
more rarely intracerebral  schwannomal®,  ganglioglioma®™, meningiomas®®? and
medulloblastomas® !, Another CNS manifestation of NF1 is the so-called “unidentified bright
object" or UBO, which is a lesion with increased signal on a T2 weighted sequence of an MRI
examination of the brain. These UBOs are typically found in the cerebellar peduncles, pons,
midbrain, globus pallidus, thalamus, and optic radiations. Their exact identity remains a mystery
since they disappear over time. They might represent a focally degenerative piece of myelin.
Spinal tumours are considered one of the most usual complications of NF1. They are usually
benign but they may compress not only the nerve roots but even the spinal cord itself. They can
be detected by MRI in 36-38% of NF1 patients’?® 2%). However, only 5-7% of patients will

present symptoms such as pain, weakness, muscular atrophy and hyperreflexia.

Other neural crest tumours

Neuroblastoma, a pediatric tumour of immature nerve cells, is rarely observed in NF1 patients.
Pheochromocytoma, on the other hand is strongly associated with NF1. Although extremely rare
in the normal population, 1 to 6% of the NF1 patients develop pheochromocytomas® ). This
tumour arises from chromaffin cells of the adrenal medulla and can produce significant
hypertension, perspiration, headache, unexplained anxiety and flushingl”. Other tumours derived
from neural crest cells associated with NF1 are the malignant cutaneous or uveal melanomal®’="!

and the medullary carcinoma of the thyroid™™.

1.1.5.2 NON- NEURAL CREST MALIGNANCIES

Children with NF1 are predisposed to develop leukaemia. Although leukaemia is the most
common malignancy in childhood, the distribution of leukaemia subtypes differs between NF1
children and the normal population®" 2. Chronic and acute myeloid leukaemias as well as
myelomonocytic leukaemia or myeloproliferative disease were found to be associated with

NF1B3. Furthermore, rhabdomyosarcoma has been reported to occur in 1% of NF1 patients®* |
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especially in the first years of life. Wilms tumour has also been linked to NF1, though the
association is very weak. Less than 1% of NF1 patients will develop a Wilms tumour®! which

normally appears in the first months of life or in adolescence.

1.1.6 HISTOPATHOLOGY OF NF1-ASSOCIATED PERIPHERAL NERVE SHEATH

TUMOURS

dNFs are either nodular or polypoid. They consist of a mixture of cell types, including Schwann
cells, perineural-like cells and fibroblasts embedded in a matrix of collagen fibers and
mucosubstances. On hematoxylin and eosin stained sections they appear as well-circumscribed
but non-encapsulated spindle cell tumours submerged in a large :
amount of extracellular material. The nuclei of the spindle cells
are characteristically curve- or S-shaped. They are mostly in
the dermis but may extend into the subcutaneous fat.

pNFs are neurofibromas of large nerve fibers. Their diffuse and
soft nature is often compared to 'a bag of worms'
Histologically they appear as globules of neural tissue. The
globules represent enlarged, tortuous plexi of Schwann cells
and axons embedded in a mucinous stroma within a thickened
perineurium. They usually show interlaced bundles of
elongated cells with wavy nuclei without atypism associated
with wire-like strands of collagen.

MPNST typically show a fasciculated growth of tightly packed
cells with abundant faintly eosinophilic cytoplasm and

elongated nuclei. Positive immunostaining for p53 and for Ki-

67/MIB-1 (proliferation marker) is present in the majority of

AN

tumours®™.  Furthermore, 50-70% MPNST express S100  Figure 4: Histopathological
characteristics of NF1-

associated tumours: A) dNF;
B) pNF; C) MPNST

(marker for neuroectodermal cells). However, S100 expression,
a calcium binding protein, is not specific for MPNST. Antibody
to S100 stains also ependymomas, astrogliomas, Langerhans cells and almost all benign and
malignant melanomas and their metastases. Although NFs and MPNST normally show drastic
differences in histopathological features, sometimes it may be difficult to distinguish between
borderline tumours. This may pose not only diagnostic but also therapeutic challenges.
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1.1.7 GENETICSOF NF1

NF1 is a monogenic disorder caused by the inactivation of the NF1 gene in one allele.
Approximately 50% of NF1 patients carry a “de novo” mutation in the NF1 gene. It is
noteworthy that the NF1 is among the human genes with the highest mutation rate, 1-2 x 10*
gametes per generation, 10 times more than the average®”. Interestingly, 80% of the “de novo”
mutations are due to the inactivation of the paternal allele®® *1. However, no association was
observed between the paternal age and the mutation incidence!*®.. On the other hand, NF1 total
or partial deletions occur in 5-10% of cases and are usually observed in the maternal
chromosome*®1. NF1 is also a pleiotropic disease, because a single gene mutation has several

different consequences in different tissues of the organism.

1.1.8 NEUROFIBROMIN

The NF1 gene was identified in 1990 and mapped on chromosome 17q11.2. It is one of the
largest human genes, composed of 60 exons spanning over 350 kb of genomic DNA. It encodes
a large cytoplasmic protein named neurofibromin (2818 amino acids) which has a role in tumour
suppression™. One of the functions of neurofibromin is to reduce cell proliferation by
accelerating the inactivation of Ras, which plays a pivotal role in mitogenic intracellular
signalling pathways*Y. Neurofibromin has a GAP-related domain that interacts with Ras and
mediates hydrolysis of GTP- (active) to GDP- (inactive) Ras. The domain responsible for GAP
(GTPase activating protein) activity spans only 10% of neurofibromin and little is known about
the additional functions of its other domains. However, the important role of this highly
conserved protein (60% amino acid homology between drosophila and human neurofibromin) is
underlined by the observation that NF1 7" mice are not viable!*!.

Studies in Drosophila have suggested that neurofibromin also has non-Ras-GAP functions that
involve regulation of intracellular cAMP™®!. NF1 mutant flies are smaller in body size and this
phenotype can be rescued by overexpression of protein kinase A but not by manipulating Ras
signalling™®”!. These results suggest that some of the NF1 clinical abnormalities, such as short
stature, may result from other, yet unknown functions in specific cell types.

An association of neurofibromin and microtubules has been demonstrated by double labelling

immunofluorescence and confocal microscopy!*®l. The region of neurofibromin involved in this
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interaction was shown to reside within the NF1-GAP related domain*. Previous experiments
have demonstrated that monomeric tubulin can impair the ability of neurofibromin to interact
with Ras*. The functional significance of the association of neurofibromin and microtubules is
still unknown; however, it may place neurofibromin in a readily accessible subcellular
compartment where it can be efficiently recruited to regulate Ras. Interestingly, neurofibromin is
in stable association with kinesin-1°°, a protein involved in the transport of protein complexes,
organelles and MRNA to specific destinations in an ATP- and microtubules-dependent manner®"
521 Therefore, the association of NF1 and kinesin-1 suggests a new function for neurofibromin in
the transport of vesicular cargoes within the cells. Thus aberrant transport of neurotransmitter
could affect the development of the cerebral cortex and might explain the learning disabilities
and cognitive problems related to patients with NF1 mutations®®°!. Additionally, neurofibromin
was observed to bind all 4 members of the mammalian syndecans. Neurofibromin forms a
complex with Syndecan and CASK, which have overlapping subcellular distributions®® and
might be important for the subcellular localisation of neurofibromin and Ras inactivation.

1.1.9 AcTtuAaL KNOWLEDGE ABOUT NF1-ASSOCIATED TUMOURIGENESIS

It is now accepted that tumour formation is the result of multiple sequential mutations in key
genes. A germinal inactivation of one NF1 allele (generally, a point mutation) leads to NF1%4.
Following Knudson’s model®™, a somatic second hit inactivation of the other allele leads to loss
of functional neurofibromin and subsequent development of many types of tumours.

dNFs are the most common tumour type in NF1. Several studies over the past few years have
demonstrated at the DNA, RNA and protein level that the neoplastic cell origin in NFs is the
Schwann cell® 9 Furthermore, recent studies suggest that NF1*" cells contribute to
neurofibroma formation, and that factors produced by NF1*" cells might be important for
facilitating or accelerating tumour development®!. EGFR expression in transgenic mouse
Schwann cells elicited features of NFs such as Schwann cell hyperplasia, excess collagen, mast
cell accumulation and progressive dissociation of non-myelin forming Schwann cell axons!®.
Therefore, EGFR overexpression is thought to be an early event in NF1-tumourigenesis and
malignant progression might require additional genetic lesions.

The difference in the mechanism of tumourigenesis between dNFs and pNFs is unclear. The
amount of NF1 mRNA processing might play a role in determining which tumour develops, as
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dNFs have the lowest amount of mMRNA editing, pNFs an intermediate amount and MPNST the
highest quantity of NF1 gene editing®?.

As pNFs are normally congenital tumours, loss of functional neurofibromin is thought to occur
in a Schwann cell precursor population. Furthermore, pNFs can undergo malignant
transformation and form MPNST. Recently, NF1 mutation spectrum analysis demonstrated that
NF1 patients with large NF1 deletions carried a higher lifetime risk of developing MPNST!],
Recently, Levy et al identified 5 genes that might predict malignant progression of pNFs

(MMP9, VEGFR3, TRAILR2, SHH and GLI1).

Dasgupta and Gutmann, 2003

pSITNKLARF
mutations

Schwann call MFT o Flexifommn 'J:L' P MENST

pracursor * loss h " neurofibroma -D-

Mature NET+ mast cells, fibroblasts, | EGFR amplification|
Sehwann call perineurnal cells
# Dermal
NFTloss ’naumﬁ broma

Figure 5: Model of NF1-associated tumourigenesis according to Dasgupta and Gutmann: NF1 loss in Schwann
cell precursors during development - in cooperation with NF1*" fibroblasts, perineural cells and mast cells - results
in pNF formation. The accumulation of other genetic changes promotes progression to MPNST. NF1 loss in mature
Schwann cells in cooperation with NF1*" cells possibly results in dNF formation.

Several alterations in important mitogenic and cell-cycle regulatory pathways were found to
synergise with NF1 loss to undergo malignant transformation. Mutations in tumour suppressor
genes such as TP53% % or at the CDKN2A locus affecting both p16™<@ and p14***"! have
been identified in MPNST. Similarly, a loss of expression of another cell-cycle growth regulator,
p27"! has also been reported®!. EGFR was found to be overexpressed in primary MPNST,
MPNST cell lines and some S100+ Schwann cells in primary NFs'®®. Furthermore, EGFR-
amplification was observed in 26% of human MPNSTO® 7 |t is noteworthy that brain lipid
protein was observed to be expressed by a subpopulation of EGFR-positive NF1” mutant
Schwann cells suggesting that it regulates Schwann cell-axon interaction™. Moreover, elevated
CD44 expression in MPNST cells was shown to be at least partially dependent on EGFR

overexpression and to contribute to a more invasive behaviour!’.
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2 AIMS OF THE PROJECT

Until now, only a few genetic alterations have been identified to be involved in tumour
formation of NF1-associated peripheral nerve sheath tumours. Molecular mechanisms involved
in tumourigenesis are still largely unknown. In order to bring more light into the process of
malignant transformation of nerve sheath tumours, the Institute of Neuropathology performed
Suppression Subtractive Hybridisation (SSH) with a pNF and an MPNST and identified, prior to
my arrival, 133 genes with differential expression. To gain further insight into the molecular
pathogenesis involved in tumour formation or progression of nerve sheath tumours, it was
planned to:

1. Identify genes differentially expressed in dNFs, pNFs and MPNST applying the cDNA
microarray technology and validate previous results in a larger panel of tumours.

2. Verify on the protein level the expression of some gene candidates selected based on
functional criteria such as a relation to malignancy or clinical relevance by
immunohistochemistry and/or Western blotting.

3. Assess the clinical and functional relevance of the differential expression by review of

the literature and statistical analysis when possible.

Suppression
Subtractive 3
Hybridisatio

Functional &
clinical
relevance

Gene Protein
Identification Verification

Microarray
Analysis

Figure 6: Schematic representation of the aims of the project. Framed in blue are the phases of the project in

which | was involved.
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3 MATERIAL AND METHODS

3.1 MATERIAL

3.1.1 MACHINES

Agitator

Cassettes Radiographic
Casting stand
Centrifuge

Computer

Cryo-microtome
Digital-camera
Electrophoresis Power Supply
Electrophoresis chamber SSCP
Electrophoresis chamber agarose
Gel dryer

Heating block

Homogenizer

Magnet agitator

Mixer

Paraffin-microtome
Microwave

pH-meter

Pipetboy

Pipets

Power Supply

Protean Il

Sequence Editor

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours

SM-30, Edmund Buhler (Hechingen)

Cronex® DuPont (Wilmington)

Mini-PROTEAN®II Bio-Rad (Munich)

Biofuge fresco Heraeus Kendro (Hanau)

Macrofuge 1.0R Heraeus Kendro (Hanau)

Satellite 1110-Z20, TOSCHIBA (Neuss)

HM 560 MICROM (Walldorf)

C-5050 Zoom, Olympus (Hamburg)

EPS 3501x2 Amerscham Pharmacia Biotech (Freiburg)
Blue Sequ. Serva (Heidelberg)

E-92, Biometra (Gottingen)

Serva (Heidelberg)

SHT 100D, Bibby Stuart Scientific (Stone, Great Britain)
Ultra-turrax® 125 basic, IKA®-Werke, (St Augustin)
L32, LABINCO (Merseburg)

REAX Top, Heidolph (Kelheim)

HM 335E, Microm (Walldorf)

Bosch (Stuttgart)

HI 9321, Hanna Innit (Kehl)

Accu-jet®, BRAND (Wertheim)

P10, P20, P100, P200, P1000 Gilson (Bad Camberg)
Power all 5000V, Serva (Heidelberg)

xi | XL Vertical Electrophoresis Cells, Bio-Rad (Munich)
Versionl.3, Applied Biosystems (Weiterstadt)
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Sequencer
Stereo microscope

Thermocycler
Thermomixer

Robot Immunostaining
Ultrasound waterbath
UV Spectrophotometer
Vacuum

Waterbath

Weighing machines

X-ray film processor

3.1.2 CHEMICAL PRODUCTS

Acetone
Acetic Acid
Agarose
Antioxidant
Alconox®

Big Dye

Bromphenolblue

BSA

ChemMate™ System Kit
Chloroform

Deoxycholat

DNA extraction Mini Kit
DNA marker

ECL™
EDTA

Eosin

377, Applied Byosystems (Weiterstadt)

Leica/leitz DMRB (Bensheim)

BX 50F with photo applicator, Olympus (Hamburg)
Unoblock, Biometra (Géttingen)

L32 Labinco (Merseburg)

Techmate™ 500/1000, DAKO (Hamburg)
SONOREX RK31, Bandelin (Berlin)

Ultrospec 2000, Pharmacia Biotech (Freiburg)
Greifenberg Antriebstechnik GmbH, (Markredwitz)
ETS-D4, IKA®-labor technique (St Augustin)

SBC 51 and 33, SCALTEC (Heiligenstadt)

45 Compact PROTEC (GroRgeschwenda)

Merck (Darmstadt)

Merck (Darmstadt)

Sigma (Deisenhofen)

Invitrogen (Leek, Netherlands)

J.T. Baker (Deventer, Netherlands)
PRISM® DyeDeoxy Terminator Cycle Kit, Applied
Biosystems (Weiterstadt)

Sigma (Deisenhofen)

Sigma (Deisenhofen)
Peroxidase/DAB, DAKO (Hamburg)
J.T. Baker (Deventer, Netherlands)
U.S.B. (Bad Homburg)

QlAamp. Qiagen (Hilden)

PUC19 DNA /Msp 1 (Hpa IlI) Marker 23, Fermentas (St.

Leon-Rot)

Amersham Pharmacia Biotech (Freiburg)
Sigma (Deisenhofen)

Chroma (Minster)
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Ethanol

Ethidium bromide
Extravidin®

Formamid

Ficoll-400

Gel Extraction Kit
Glycerol

Glycin

HCI

Hematoxylin

Isopropyl alcohol
Iso-pentan

Liquid nitrogen

LDS Sample Buffer (4x)
Milk powder

Methanol

Milk powder
Nitrocellulose membrane
Nonidet P-40
Oligonucleotides
Protease inhibitor cocktail
PCR Master Mix

PCR Buffer

PCR MgCl,

PCR dNTP

PCR Tag polymerase
Ponceau Rot

Protein marker

Protein marker

RNA Marker Template Mix

Merck (Darmstadt)

Serva (Heidelberg)
Sigma (Deisenhofen)
Fluka (Deisenhofen)
Sigma (Deisenhofen)
QIAquick. Qiagen (Hilden).
Sigma (Deisenhofen)
Merck (Darmstadt)
Merck (Darmstadt)
Merck (Darmstadt)
Merck (Darmstadt)
Sigma-Alldrich (Seelze)
Leine & Linde (Berlin)
NUPAGE Invitrogen (Leek, Netherlands)
Roth (Karlsruhe)
Sigma (Deisenhofen)
Roth (Karlsruhe)
Trans-Blot® Bio-Rad (Munich)
Boeringer (Mannheim)
TP53 primers exon 1 tol1 MWG Biotech (Ebersberg)
Roche (Mannheim)
Promega (Mannheim)
Promega (Mannheim)
Promega (Mannheim)
Promega (Mannheim)

Promega (Mannheim)

Merck (Darmstadt)
MagicMark™  Western  Standard.  Invitrogen
Netherlands)

(Leek,

Biotynilated SDS molecular weight standard mixtures. Sigma

(Deisenhofen)
0.1-1Kb Novagen (Darmstadt )
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Sample Reducing Agent (10x)

SDS

Sodium citrate
Temed

TRIS

Trizol® Reagent
Tween®-20
Urea

Water RNAse free
Xylencyanol
Xylene

Xylol

3.1.3 ANTIBODIES

NUPAGE, Invitrogen (Leek, Netherlands)
Sigma (Deisenhofen)

Merck (Darmstadt)

Sigma (Deisenhofen)

Trizma®Base, Sigma (Deisenhofen)
Total RNA Isolation Reagent, Gibco BRL (Heidelberg)
Bio-Rad (Munich)

Sigma (Deisenhofen)

Agqua ad injectabilia, Braun (Melsungen)
Sigma (Deisenhofen)

Sigma (Deisenhofen)

J.T. Baker (Diventa, Netherlands)

Dilutions | Size Dilutions
1st Antibody WB kDa 2nd Antibody | IHC/IF | Pretreatment
Anti-ApoD 1:400 29 Mouse
Anti-B-Actin 1:5,000 42 Mouse 1:1,000 without
Anti-Matrilin 2 1:100 125 Rabbit
Anti-MMP-13 1:250 48, 54 Mouse 1:50 Microwave
Anti-p53 1:300 53 Mouse 1:100 Microwave
Anti-PDGFR-q, 1:200 185 Rabbit 1:100 Microwave
Anti-PLP 1:500 26 Mouse
Anti-prion serum Rabbit 1:300 25 unglyc. Rabbit 1:100 Microwave
Anti-prion 3F4 1:3,000 25 unglyc. Goat
Anti-syndecan 1 1: 200 200, core 70 Maus 1:200 Microwave
Anti-syndecan 4 1: 100 220, core 35 Goat 1:100 without
2" Antibody
Anti-Goat-Biotin 1:3,000 - - 1:1,000 -
Anti-Mouse-Biotin 1:1,000 - - 1:300 -
Anti-Mouse 1gG-peroxidase | 1:2,000 - - - -
Anti-Rabbit-Biotin 1:100 - - 1:100 -
Anti-Rabbit 1gG-peroxidase | 1:10,000 - - - -
Table 4: List of antibody dilutions for WB and IHC.
First antibodies
Anti-apolipoprotein D 36C6, Novo Castra (Newcastle U.K.)
Anti-B-Actin Sigma (Deisenhofen)
Anti-matrilin 2 serum kindly provided by Dr. Raimund Wagener (KoIn)
Anti-MMP-13 AB-4, Oncogene (Bad Soden)
Genes differentially expressed in benign and malignant peripheral nerve sheath tumours
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Anti- proteolipid prot.
Anti-p53
Anti-PDGFR-a
Anti-prion 3F4
Anti-prion serum rabbit
Anti-syndecan 1
Anti-syndecan 4
Second antibodies
Anti-Goat-Biotin
Anti-Mouse-Biotin
Anti-Mouse IgG-perox.
Anti-Rabbit-Biotin
Anti-Rabbit 1gG-perox.

plpcl, Serotec (Diisseldorf)

DO-7, DAKO (Hamburg)

C-20, Santa Cruz Biotechnologie (Heidelberg).

kindly provided by Michael Baier, Robert-Koch Institute (Berlin)
kindly provided by Michael Baier, Robert-Koch Institute (Berlin)
CD138, BD Biosciences PharMingen (Heidelberg)

N-19, Santa Cruz Biotechnologie (Heidelberg)

Chemicon AP106B (Hofheim)

Dako E0354, DAKO (Hamburg)
Amersham Biosciences NA931 (Freiburg)
Dako E0353, DAKO (Hamburg)
Amersham Biosciences NA934 (Freiburg)

3.1.4 BUFFERS AND SOLUTIONS

30% Acrylamide/bis

Acetic acid SSCP
Blocking Buffer WB
Developer SSCP
Diffusion buffer

Ethanol X%
Loading Buffer DNA

Loading Buffer SSCP

Loading Buffer sequencing

Lysis buffer

Nitric acid SSCP

(37, 5:1) 29.2 g acrylamide + 0.8 g N,N’-bis-methylene-acrylamide
+ ddH,0 to 100ml

10 % acetic acid in ddH,0O

5gdry milk to T-TBS 0.5%

3 % Na,CO3 + 2.5 ml formaldehyde in 5,000 ml ddH,O

0,5 M amoniumacetate + 10 mM magnesiumacetate + 1mM EDTA
+0.1% SDS

X ml C,HsOH in100 ml ddH,0

0.25% bromphenolblue + 0.25% xylencyanol + 15% ficoll-400 in
ddH,0; diluted 2:5 before use

45 ml formamide 90% + 5 ml 10x TBE + 100 ul EDTA 1mM +
0.005 g SDS 0.01% + 0.25 g bromophenolblue 0.25% + 0.125 g
xylencyanol 0.25%

Formamide 90% / 50 mM EDTA-solution (5:1) (pH 8.0)

0.350 g NaCl + 0.4 g nonidet P40 + deoxycholate 0.2 g + ddH,0 to
40 ml + protease inhibitor cocktail

1% HNOg3 in ddH,0
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PBS

Protease inhibitor cocktail
Running buffer WB

Running buffer FA

SDS 0.1%
Sephadex column
Silver nitrate SSCP
Transfer Buffer WB

TBS
TBE

Tris-HCL1.5 M, pH 8.8
Tris-HCL 0.5 M, pH 6.8
T-TBS 0.5%

20 g NaCl + 0.5 g KCI + 3.5 g Na-H,PO4xH,0 + 0.5 g NaOH +
ddH0 to 2.500ml, pH=6.7

1 tablet protease inhibitor cocktail in 2 ml ddH,O

3.02 g Tris-Base + 14.2 g glycine + 0.1% SDS + ddH,0 to 1,000
ml, pH 8.3

20 ml 37% formaldehyde + 100 ml 10x FA gel buffer + 880 ml
RNase free water

1 g SDS in ddH,0 to 100 ml

55 g sephadex in 750 pl ddH,O pro column

2 g AgNQO3 in 2.000 ml ddH,0

3.0 g Tris-base + 14.4 glycin + 0.1% SDS + 200 ml methanol +
ddH,0 to 1.000 ml, pH 8.3

8 g NaCl + 1.21 g Tris + ddH,O to 1.000ml, pH 7.3

10.8 g Tris + 5.5 g boric Acid + 40 ml EDTA 0.5 M + ddH,0 to
1.000 ml

18.15 g Tris base + ddH,O to 100ml. Adjust pH with HCI

6 g Tris Base + ddH,O to 100ml. Adjust the pH with HCI

500 pl Tween®-20 in 1.000 ml TBS

3.1.5 FUNGIBLE MATERIAL

Combs
Cuvette-photometer
Cryo-tubes
Filter paper
Glass plates WB
Glass-cover
Latex gloves
Lumi-Film
Pasteur-pipette
Pipet tips
Save-lock tubes
Slides

Bio-Rad (Munich)

Sarstedt (NUmbrecht)

Cryovial 4 ml, Roth (Karlsruhe)

Schleicher and Schuell (Dassel)

Outer 3/Imm & Short 5, Mini PROTEAN 3, Bio-Rad (Munich)
Menzel (Braunschweig)

Kimberly-Clark (U.S.A.)

Chemoluminescent detection film. Roche (Manheim)

One use, Sarstedt (Numbrecht)

Gilson (Bad Camberg)

0.5 ml, 1.5 ml, 2 ml, Eppendorf (Hamburg)

Capillary gap microscope slides ChemMate™, DAKO (Hamburg)

SuperFrost® Plus, Langenbrinck (Emmerdingen)
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3.2 METHODS
| Tumour samples |
RNA extraction Protein extraction DNA extraction Clinical relevant
| | | | I—J information
ssH | | ™icroarray || western || HC/IF || PCR/sscP || statistical
blotting analysis
\ 4 \ 4 A\ 4 \ 4 A\ 4

Gene ldentification I- Verification on the protein | Sequencing | Clinical relevance of

level MMP-13 and p53
expression in MPNST

Functional relevance of
mutant TP53 in MPNST and
in MMP-13 expression

Figure 7: Schematic representation of the methods employed. Boxes framed in blue indicate steps that | have
personally performed. SSH: Suppression subtractive hybridisation; IHC: immunohistochemistry; IF:

immunofluorescence; PCR: Polymerase chain reaction; SSCP: Single strand conformational polymorphism.
3.2.1 TUMOUR SAMPLES

We collected 69 primary tumours: 46 MPNST, 9 pNFs and 14 dNFs from 56 patients at:

= University Eppendorf Hospital ( Hamburg, Germany): 24 MPNST, 3 pNFs, 9 dNFs

» Robert-Rossle Hospital, Berlin (Germany): 11 MPNST

= Otto-von-Guericke University (Magdeburg, Germany): 5 MPNST

= Charité-Virchow Hospital, (Berlin, Germany): 6 MPNST, 6 pNFs and 5 dNFs
49 tumours were embedded in paraffin and 20 were frozen material (conserved at -80°C).
Extracted DNA from 5 sporadic MPNST was provided by the Otto-von-Guericke-University.
MPNST cell lines S462 and ST88-14 (kindly provided by Dr. Andreas Kurtz, Robert-Koch-
Institute) were also analysed. Cell line S462 was established from MPNST 24472. Clinical
information was available for 36 MPNST patients. 22 MPNST originated from patients
diagnosed with NF1 according to the NIH diagnostic criterial”!. Second surgery after clinical
progression was defined as recurrence. The investigations were carried out with informed

consent. Following initial diagnosis in local neuropathologies, all tumour samples were reviewed
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by the same pathologist. Tumour histology was graded according to the Fédération Nationale de
Centres de Lutte contre le Cancer (FNCLCC) system. Defining parameters are given in Table 5.

Table 5: Definition of grading parameters for the FNCLCC system

Parameter Criteria

Tumour differentiation

Score 1 Sarcomas closely resembling normal adult mesenchymal tissue
Score 2 Sarcoma for which the histologic typing is certain

Score 3 Embryonal and undifferentiated sarcomas; sarcoma of uncertain type
Mitosis count

Score 1 0-9/10 HPF

Score 2 10-19/10 HPF

Score 3 >20/10 HPF

Tumour necrosis

Score 0 No necrosis

Score 1 <50% Tumour necrosis

Score 2 <50% Tumour necrosis

Histologic grade

Grade 1 Total score 2, 3

Grade 2 Total score 4,5

Grade 3 Total score 6, 7, 8

HPF: high-power field

Further clinical information of MPNST patients is available in Table 14. Before DNA and RNA
extraction and preparation of lysates each piece of tumour was stained with haematoxylin and
eosin and examined histologically.

3.2.2 MICROARRAY HYBRIDISATION

A DNA microarray is a multiplex technology used in molecular biology and in medicine. It
consists of an arrayed series of thousands of microscopic spots of DNA oligonucleotides, called
features, each containing picomoles of a specific DNA sequence. This can be a short section of a
gene or other DNA element that are used as probes to hybridize a cDNA or cRNA target under
high-stringency conditions. Probe-target hybridization is usually detected and quantified by
fluorescence-based detection of fluorophore-labeled targets to determine relative abundance of
nucleic acid sequences in the target.

In standard microarrays, the probes are attached to a solid surface by a covalent bond to a
chemical matrix (via epoxy-silane, amino-silane, lysine, polyacrylamide or others). The solid
surface can be glass or a silicon chip, in which case they are commonly known as gene chip or
colloquially Affy chip when an Affymetrix chip is used. Other microarray platforms, such as

Illumina, use microscopic beads, instead of the large solid support. DNA arrays are different
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from other types of microarray only in that they either measure DNA or use DNA as part of its
detection system. DNA microarrays can be used to measure changes in expression levels, to
detect single nucleotide polymorphisms, in genotyping or in resquencing mutant genomes.

We performed cDNA microarray analysis to screen for differences in gene expression among
MPNST, pNFs and dNFs and to verify in a larger panel of tumours the 539 genes that were
identified in previous projects by SSHI™!.

This technique was performed through the collaboration of several colleagues of the Institute of
Neuropathology, including myself, Scienion and the Institute of Biochemistry, Charité
University Hospital. Although | described briefly the full process, my personal role was limited
to carrying out the RNA-DNA extraction of the tumour samples as well as the RNA quality

verification by agarose gel.

RNA-DNA extraction by Trizol®

The tumour tissues were weighed and pulverised using a mortar and pestle. The tissue powder
was further treated with a homogenizer. The samples were homogenised in 1 ml Trizol per each
100 g tissue and incubated 5 min at RT. 0.2 ml chloroform was added per ml Trizol reagent. The
tubes were closed, shaken vigorously for 15 sec and incubated 3 min at RT. Afterwards, the
samples were centrifuged at 3,000 rpm (Megafuge 1.0OR Heraeus) for 10 min. Following the
centrifugation, the mixture separated into a lower red, organic phase, an interphase, and a
colourless upper aqueous phase. RNA remains in the aqueous phase, while the DNA remains in
both organic and interphase.

RNA extraction: the aqueous phase was transferred to a new tube and mixed with 0.5 ml
isopropyl alcohol per ml Trizol reagent. The samples were incubated 10 min at RT and
centrifuged at 3.000 rpm for 10 min. The supernatant was removed. The RNA pellet was washed
in 1 ml 75% ethanol per ml Trizol reagent. The samples were then vortexed and centrifuged 5
min at 2,000 rpm. The supernatant was removed once more and the RNA pellet was allowed to
air-dry briefly before being resuspended in RNAse free water.

DNA extraction: the DNA was precipitated by adding and mixing 0.3 ml of 100% ethanol per 1
ml Trizol reagent to the supernatant. The samples were incubated 3 min at RT and centrifuged 5
min at 3,000 rpm. The supernatant was carefully removed and the DNA was washed twice in a
solution containing 0.1 M sodium citrate and 10% ethanol. At each wash, the DNA pellet was
stored in the washing solution for 30 min at RT. Following these 2 washes, the DNA pellet was
resuspended in 1.5 ml 75% ethanol per ml Trizol reagent, stored for 3 min at RT and centrifuged

at 2,000 rpm for 5 min at 4°C. The supernatant was then removed and the pellet was allowed to
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air-dry before being resuspended in ddH,O. All steps of centrifugation were carried out at 4°C
with the Megafuge 1.OR Heraeus Kendro Centrifuge.

DNA and RNA quality was checked in a 2% and 1.2% agarose gel, respectively, and adjusted to
a volume of 6 ul with ddH,0. 1 ung RNA was mixed with 2 ul RNA loading buffer. DNA PCR
products were mixed 1:2 with DNA loading buffer.

Microarray construction and hybridisation

cDNA labelling and microarray hybridisation were performed at Scienion AG (Berlin). RNA
quality was checked with a 2100 Bioanlyser by assessing the 28S/18S rRNA ratio at Scienion.
26 tumours (10 MPNST, 7pNF and 9 dNFs) from 24 patients fulfilled the quality criteria of
intact RNA, which is essential for valid results. Reverse transcription of 20 pg total RNA was
performed in the presence of oligo(dT) 12-18 (0.5 mg/ml) and aminoallyl-modified dUTPS.
Tumour cDNAs were then purified and coupled with Cy3 monoreactive NHS-ester (green). A
reference cONA was coupled with Cy5 monoreactive NHS-ester (red).

Arrays carrying 539 cDNAs fragments previously identified by SSH", 17 NF1-relevant genes
(TGFB1, MET, TP53, CDKN2A, CDKN2D, MKI167, HRAS, KRAS2, SDC4, CDKN1B, SAC, NF1,
NF2, GAP43, CDH13 and EGFR) and 2 housekeeping genes (GAPD and ACTB) were
constructed. Finally, the 558 resulting cDNAs were spotted in duplicates on coated slides and
hybridised with the 26 tumour cDNASs and the reference cDNA at 42°C for 16h.

Microarrays were scanned with two wavelengths for Cy3 (570nm) and Cy5 (660nm) using a
laser fluorescent scanner (GenePix 4000B scanner; Axon instruments, Union city, CA). The
fluorescence intensity of each spot was quantified and fluorescence levels of the local

background were subtracted.

Evaluation of Array Data

Evaluation of Array Data was performed at the Biochemistry Institute of the Humboldt
University using the GeneSpring software package (Silicon Genetics, Redwood City, USA).
Genes whose signals were too low were excluded. The 106 genes that produced proper signals
were clustered hierarchically using an algorithm developed by Eisen (M. Eisen,

http://rana.lbl.gov./EisenSoftware.htm). After elimination of doublets and candidates whose

standard deviation was too high, 57 genes with significantly differential expression remained.
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Figure 8: Microarray hybridisation: A) Microarray assay scheme; B) Scanned microarray after hybridisation
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26 tumour
cDNAs

U
<N

558 cDNAs

© Tumour cDNA Cy3 labelled
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3.2.3. WESTERN BLOTTING

In order to verify the differential gene expression on the protein level, Western blotting (WB)
was performed. The WB (alternatively, immunoblot) is an analytical technique used to detect
specific proteins in a given sample of tissue homogenate or extract. It uses gel electrophoresis to
separate native or denatured proteins by the length of the polypeptide (denaturing conditions) or
by the 3-D structure of the protein (native/ non-denaturing conditions). The proteins are then
transferred to a membrane (typically nitrocellulose), where they are detected using antibodies
specific to the target protein. This technique allows detection of the expression patterns, quantity
and size of the proteins. However, the sensitivity of WB is severely limited by the volume of
sample which can be tested and by interference from the presence of high concentrations of the

intended product.

Lysate preparation

Lysate preparation was performed with frozen material from 6 MPNST, 2 MPNST cell cultures,
6 pNFs and 4 dNFs. In order to prepare lysates from frozen tissue under optimal conditions it
was necessary to work with equipment cooled with liquid nitrogen. Tumour samples were first
pulverised using mortar and pestle. The tissue powder was then transferred to a 2 ml cup. Two

ml lysis buffer was then added and vortexed. The samples were homogenised for 2 min by bath
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sonification and vortexed again prior to being spun (4°C, 10 min, 3.000 rpm; Megafuge 1.0R
Heraeus). The supernatant was transferred to a 15 ml tube. The pellet was resuspended in 1 ml
lysis buffer, homogenised by bath sonification, vortexed and centrifuged. The supernatant was
added to the 15 ml tube. Lysates from cortex, placenta and gliomas were also prepared and used
as controls for Western blotting. The protein concentration was determined by mixing 20 ul of
the lysate in 1.5 ml 4:1 ddH20O-Bio-Rad protein assay reagent, vortexing and waiting 15 min. 1
ml from the solution was introduced into the spectrophotometer (Absorption 595 nm) to obtain
the optic density of the solution and calculate the protein concentration using a reference curve.

The reference curve was obtained by performing a series of 10 different dilutions of BSA in
dH20 (0.1pg/ul to 1ug/ul) and mixing in a tube 100 ul of each dilution with 2.5 ml dH,0-Protein
Biorad assay mixture (4:1) previously filtered. The tubes were vortexed and incubated for 15 min
at RT. Afterwards 1 ml of each solution was introduced into the spectrophotometer (Absorption
595 nm) and optic densities were measured. The optic densities values obtained for each dilution
were used to draw a curve that served as a reference to calculate the protein concentration of a

tumour lysate from the optic density value.

Gel Casting

Cassettes were constructed by joining the outer and shorter glasses (previously washed with
soap, and cleaned with ethanol 70%) and held by the Mini-PROTEAN®II casting stand.
Resolving gel was prepared (Table 6), poured into a gel cassette to the top of the label tape and
immediately overlaid with dH,0. Incubation for 45 min allowed polymerization. The dH,O was
removed. Stacking gel was then prepared (Table 6) and poured into the gel cassette. A gel comb
(with 10 teeth) was placed and after 30-45 min the gel was ready to be used.

Table 6: Protocol to prepare a gel for Western blot

Stacking Gel 4% Resolving Gel

7.5% 12% X%
30% Acrylamide 1.32 ml 2.5 ml 4.0 ml 0.33x Xml
0.5 M Tris-HCI, pH 6,8 2.52 ml - - -
1.5 M Tris-HCI, pH 8,8 - 2.5 ml 2.5 ml 2.5 ml
10% SDS 100 pl 100yl 100ul 100ul
ddH20 6 ml 4.85 ml 3.35ml 7.35-(0.33x X) ml
TEMED 10 pl 5 pl 5 pl 5 ul
10% APS 50 ul 50 ul 50 ul 50 ul
Total Volume 10 ml 10 ml 10 ml 10 ml
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Western blotting

Tumour protein concentration was first adjusted to B-actin levels. Homogenates (protein + 5 pl
Sample Buffer (4x) + 2 ul reducing agent (10x) + dH2O up to 20 ul) were denatured for 10 min
at 70°C and loaded in the gel pockets. Reducing agent was added to reduce disulfide bonds and
to generate monomers. The internal and external chambers were filled with running buffer.
Additionally, 500 ml antioxidant was added to the internal chamber. Gel electrophoresis was
performed under the following conditions: 100-115 mA per gel, 200 V and 100 W for 50 min.

Table 7: Percentage of acrylamide and transfer duration depending on the protein size

Protein <60 kDa 12% acrylamide gel 60 min transfer
Protein 60-140 kDa 10% acrylamide gel 75 min transfer
Protein >140 kDa 7.5% acrylamide gel 90 min transfer

After electrophoresis, proteins were blotted to a nitrocellulose membrane at 170 mA, 35 V and
100 W. The internal chamber was filled with transfer buffer and the external chamber with
ddH,0. The duration of the transfer depended on the protein size and the acrylamide gel
concentration (Table 7). Afterwards, the transfer efficiency was examined by visualization of
fractioned proteins with Ponceau red. Nitrocellulose membranes were incubated in Ponceau red
for a few sec and transferred proteins became visible. The membranes were then washed in dH,0
and T-TBS 0.5% and blocked for 60 min in blocking buffer. Membranes were then incubated
overnight at 4°C with the first antibody and washed the next morning in T-TBS. All washing
steps were performed in T-TBS 0.5% (3 times briefly, twice for 10 min). Incubation with the
second antibody was performed for 60 min. If non-peroxidase-labelled second antibodies were
used, an extra- incubation step with extravidin-peroxidase for 60 min was carried out.
Visualization was performed with enhanced chemiluminescence (ECL). The membranes were
incubated 1 min with ECL and placed into a cassette. The following steps were performed in a
dark room. A lumi-film was laid over the membrane. The exposure time depended on the
antibody used and varied from a few sec to 60 min. The film was developed using the x-ray film

processor 45 Compact from PROTEC (Groligeschwenda).

3.2.4 IMMUNOHISTOCHEMISTRY

Immunohistochemistry or IHC refers to the process of localizing proteins in cells of a tissue
section exploiting the principle of antibodies binding specifically to antigens in biological

tissues. It takes its name from the roots "immuno,” in reference to antibodies used in the

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 42


http://en.wikipedia.org/wiki/Antibody
http://en.wikipedia.org/wiki/Antigen
http://en.wikipedia.org/wiki/Biological_tissue
http://en.wikipedia.org/wiki/Biological_tissue
http://en.wikipedia.org/wiki/Biological_tissue

. M

Material and Methods '!

procedure, and "histo," meaning tissue. IHC staining is widely used in the diagnosis of abnormal
cells such as those found in cancerous tumors. Specific molecular markers are characteristic of
particular cellular events such as proliferation or cell death (apoptosis). IHC is also widely used
in basic research to understand the distribution and localization of biomarkers and differentially
expressed proteins in different parts of a biological tissue. Frozen tissues and paraffin-embedded
materials can be used for IHC.

Visualising an antibody-antigen interaction can be accomplished in a number of ways. In the
most common instance, an antibody is conjugated to an enzyme, such as peroxidase, that can
catalyse a colour-producing reaction (immunoperoxidase staining). Alternatively, the antibody
can also be tagged to a fluorophore, such as FITC, rhodamine, Texas Red or Alexa Fluor

(immunofluorescence).

Tumour slide preparation

Paraffin-embedded tumours were cut into slices of 2-3 um and frozen samples into 4-6 pum
slices. DAKO ChemMate™ Capillary Gap Microscope Slides were used for the DAKO
TechMate™ 500 /1,000. Slides from frozen tumours were fixed with cold acetone for 10 min

before undergoing additional steps.

Immunohistochemistry with DAKO automatic machine TechMate™ 500

IHC with DAKO TechMate™ 500 was performed for p53 (54 tumours), Syn-1 and Syn-4 (29
tumours). Paraffin sections were first incubated in an oven at 60°C for 60 min to fix the tissues
to the slides. Slides were then deparaffinised by incubation in xylol for 15 min and in a row of
basins with different ethanol concentrations (2x 100%, 96%, 80%, 70% and ddH20O).
Afterwards, slides were incubated twice for 5 min in sodium citrate (pH= 6) in a microwave
oven at 800 W. The exposure to heat and to a sodium citrate solution is designed to break protein
cross-links and unmask the antigens and epitopes, thus enhancing the binding capacity of the

antibodies. However, antibody retrieval must be established for each antibody and may differ.

Dako ChemMate™ Products: Table 8: Template for protocol MSIP

BUF1: Buffer 1.20ml
BUF2: Buffer 2.20ml
BUF3: Buffer 3.20 ml
dH20: “Water wash”, 20 ml PAD1 PAD2 PAD3 PAD4
AB1: 1% Antibody, 350 pl

AB2: 2" Antibody, 350 pl

HP BK: Peroxidase blocking reagent, 750 ul
HSP: Streptavidin peroxidase, 350 pl
CHROM: Chromogen substrate, 750 pl AB1 AB2 HSP
HEMA: Hematoxylin, 350 pl

BUF 1 BUF 2 BUF 3 dH20

HP BK CHROM HEMA
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After cooling the sections for 20 min, the slides were arranged in pairs, face to face in an upright
position in dH20 and placed in a DAKO ChemMate™ Holder for DAKO TechMate™ 500. The
appropriate protocol was then run. The DAKO ChemMate™ System Kit Peroxidase/DAB and
the template for protocol MSIP were used (Table 8). Slides were then dehydrated in graded
alcohol and xylene prior to being coverslipped.

3.2.5 IMMUNOFLUORESCENCE

For immunofluorescence (IF) antibodies or antigens were labelled with fluorescent dyes. IF
enabled us to visualize the subcellular distribution of a protein by fluorescence microscopy.

IF was performed for MMP-13 on 54 primary tumours: 36 MPNST and 9 pNFs and 9 dNFs.
Paraffin sections were deparaffinised by incubating the slides in an oven at 60°C for 15 min and
dipping the slides twice in xylol for 10 min, alcohol 2x 100%, 96%, 80%, 70% and dH20. The
slides were then incubated in sodium citrate buffer (pH= 6; 3 times for 5 min at 600 W), cooled
down and washed twice in PBS for 10 min. Afterwards, slides were blocked with a goat, rabbit
or mouse normal serum mixture (dilution 1:10 in 3% BSA PBS) (same species as second
antibody) for 30 min at RT and briefly washed. All washing steps were performed in PBS. Slides
were then incubated with the first antibody (1:20-1:40) for 3-4 h in 200 ul PBS at RT, washed 3
times for 5 min and incubated with a Cy3-conjugated second antibody (dilution 1:100) for 1h at
RT. Tumour slides were then washed and covered with glycerine. Slides were stored in darkness
at 4°C until microscopic analysis.

3.2.6 SINGLE-STRAND CONFORMATIONAL POLYMORPHISM ANALYSIS (SSCP)

SSCP allows the identification of differences in nucleic acid sequences and is commonly used as
a screening method for detecting mutations. It is based on the property of single-stranded DNA
to fold up and form complex structures stabilised by weak intramolecular bonds. The
electrophoretic mobility of nucleic acids in non-denaturating gels depends not only on their chain
lengths but also on their conformation, which are dictated by the DNA sequence. Control
samples must be run on the same gel so that differences from the wild-type pattern can be
detected. SSCP is simple and sensitive but does not reveal the nature or position of the sequence

alteration detected.
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DNA extraction from paraffin slides and frozen slides

The QIAamp DNA Mini Kit was used for DNA isolation. For DNA extraction we used 10 slices
(2-3 um) from paraffin-embedded material and 30 thick slices (10um) from frozen material. The
tumour portion of the slides was grated and collected in a 1.5 ml cup. 180 ul buffer ATL and 40
ul proteinase K were added. The samples were then vortexed and incubated 1-3 h at 56°C and
750 rpm in a thermoblock (L32 Labinco). Afterwards, samples were briefly spun. Centrifugation
steps were always 1 min at 13.000 rpm (Biofuge Fresco Heraeus Kendro Centrifuge). After
adding 200 pl buffer AL, samples were vortexed, incubated at 70°C for 10 min and centrifuged
briefly. 200 ul ethanol was added. Samples were briefly vortexed and centrifuged. The
supernatant was pipetted into a QlAamp Spin column placed in a clean 2 ml collection tube
which has a filter membrane. 500 ul AW1 buffer was added. Samples were centrifuged and
filtrates were discarded. 500 ul AW?2 buffer was added to the Ql1Aamp Spin column which was
placed into a new tube. Samples were centrifuged once more and the flow-through was removed.
To elute the DNA 50 ul buffer AE was poured onto a column which was placed into a new cup.

DNA was eluted by centrifugation. This last step was performed twice.

DNA amplification: polymerase chain reaction (PCR)

PCR is a rapid and versatile in vitro method for amplifying defined target DNA sequences
present within a source of DNA (for example genomic DNA). To permit such selective
amplification, some prior DNA sequence information from the target sequence is required,
enabling the construction of two oligonucleotide primer sequences (often 15-30 nucleotides
long). These amplimers can initiate, in the presence of suitable heat-stable DNA polymerase and
DNA precursors (ANTP), the synthesis of new DNA strands which are complementary to the
individual DNA strands of the target DNA segment. Newly synthetised DNA strands then act as
a template for further synthesis in subsequent cycles. DNA amplification is necessary to generate
enough material for subsequent analysis.

Extracted tumour DNAs were diluted 1:20 in ddH,0. The following reagents were used for PCR:

DNA 2 ul

MgCl,25 mM 0.8 ul (AImM); 1 ul (1.25mM); 1.2 wl (1.5mM)
dNTP 40 mM 2 ul

PCR buffer 2 ul

Primer forwards (10 puM) 1yl

Primer reverse (10 uM) 1l

Taq polymerase 100 units 0.4 ul (5U/5 ul)

ddH20 adjust to a final volume of 20 pl
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The Promega Master Mix containing polymerase, dNTP and MgCl, was used to amplify exon 3:

DNA 2 ul
Primer forwards (10uM) 1l
Primer reverse (10uM) 1l
Promega Master Mix 10 pl
ddH20 6 ul

PCRs with TP53 primers exon 1 to 11 (Table 9) were performed using the following conditions:

Table 9: TP53 primers and PCR conditions

Exon Primer sequence Length | Temp. MgCl,

1 forward 5’-AAGTCTAGAGCCACCGTCCA-3’ 234bp  |53°C 1.5 mM
1 reverse 5’-ACCCCCAAACTCGCTAAGTC-3’ 234bp 53°C 1.5mM
2 forward 5’-ATCCCCACTTTTCCTCTTGC-3’ 198bp |58°C 1.25 mM
2 reverse 5’-TCCCACAGGTCTCTGCTAGG-3’ 198bp |58°C 1.25 mM
3 forward 5’-CATGGGACTGACTTTCTGC-3’ 169bp | 56°C 1.5mM
3 reverse 5’-GGGACTGTAGATGGGTGAA-3’ 169p | 56°C 1.5 mM
4, forward | 5’-TGACTGCTCTTTTCACCCATC-3’ 215bp  |59°C 1.25 mM
4, reverse 5’-AGATGACAGGGGCCAGGAG-3’ 215bp |59°C 1.25 mM
4, forward | 5’-CTCCTGGCCCCTGTCATCT-3’ 127bp |59°C 1.5mM
4, reverse 5’-CCCCTCAGGGCAACTGAC-3’ 127bp | 59°C 1.5 mM
5, forward |5’-TTTGCCAACTGGCCAAGACC-3’ 230bp  [56.2°C 1 mM

5, reverse 5’-TCAGTGAGGAATCAGAGGCC-3’ 230bp  [56.2°C 1 mM

5, forward |5’-GTACTCCCCTGCCCTCAACAA-3’ 301bp [60.9°C 1.25 mM
5, reverse 5’-TTCCACTCGGATAAGATGCTG-3’ 302bp [60.9°C 1.25 mM
6 forward 5’-AGGCCTCTGATTCCTCACTGA-3’ 199bp | 55°C 1.25 mM
6 reverse 5’-AGAGACCCCAGTTGCAAACCC-3°  |199%bp  [55°C 1.25 mM
7 forward 5’-GGCCTCATCTTGGGCCTGTG-3’ 107bp | 63°C 1.5 mM
7 reverse 5’-GTGTGCAGGGTGGCAAGTGG -3’ 107bp | 63°C 1.5mM
8 forward 5’-AATGGGACAGGTAGGACCTG-3’ 256bp  [58.6°C 1.25 mM
8 reverse 5’-ACCGCTTCTTGTCCTGCTTG-3’ 256bp  |58.6°C 1.25 mM
9 forward 5’-CCTTTCCTTGCCTCTTTCCT-3’ 173bp  |59.4°C 1 mM

9 reverse 5’-CCACTTGATAAGAGGTCCCAAG-3* [173bp |59.4°C 1mM
10 forward |5’-CTCCCCCTCCTCTGTTGCT-3’ 149bp | 58.2°C 1.25 mM
10 reverse  |5’-AGGGGCTGAGGTCACTCAC-3’ 149bp | 58.2°C 1.25 mM
11 forward |5’-TGTCATCTCTCCTCCCTGCT-3’ 142bp  |60.9°C 1.25 mM
11 reverse |5’-CAGTGGGGAACAAGAAGTGG-3’ 142bp  |60.9°C 1.25 mM

The PCR-program used was:

94°C; 3 min

94°C,; 40 sec
Primer Temp.; 30 sec
72°C, 40 sec
72°C; 10 min

Agarose gel electrophoresis

Initial denaturation
Denaturation

Annealing } 37 cycles
Extension

Final extension

A 2% agarose gel was prepared by mixing 2 g agarose with 0.6 x TBE to a final volume of 100

ml. The solution was then boiled in a microwave oven and cooled down shortly before adding 2
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ul of ethidium bromide 100%. PCR products were mixed with loading buffer (1:1) and loaded to
the solidified agarose gel. The DNA marker (Pucl19) was used to determine the proper size of
PCR products. Gels were run 15 min at 160 V and documented under UV light.

Single-Strand conformational polymorphism gel casting

SSCP glass plates were washed with soap, cleaned with ethanol 70% and impregnated with
xylene prior to assembly. All TP53 exons were analysed in a 14% AA 1:50 gel (24.01 ml
acrylamide 40%, 9.8 ml bisacrylamide 2%, 7 ml 10x TBE, 3.5 ml glycerine and 13.77 ml
ddH20). The gel solution was mixed and poured between the 2 glass plates. A 40-tooth comb
was then placed and the gel was allowed to polymerize for 90 min with a wet tissue over the
comb to prevent drying out. After polymerization, gel plates were assembled on the SSCP-

electrophoresis chamber. 1x TBE was used as SSCP running buffer.

Single-strand conformational polymorphism electrophoresis
PCR products were mixed with SSCP loading buffer (4:1), denatured for 10 min at 95°C and
immediately cooled on ice. 4.5 ul of each sample was then loaded to a SSCP gel. SSCP

electrophoresis was performed under the following conditions: 500 V and 6 mA for 18 h.

Silver staining
Gels were fixed in a frame prior to staining. The staining steps are listed in Table 10.

Table 10: Silver staining protocol

Solutions Incubation times
10% Ethanol 10 min

1% Nitric acid 30 seconds

ddH,0 1x wash

Silver nitrate Minimum 20 min
ddH,0 3x washed

Developer Until bands are visible
10% Acetic acid 2 min

ddH,0 1x wash

After staining, gels were laid on filter paper and dried in a gel-dryer at 80°C for 90 min.

3.2.6. DNA SEQUENCING

The term DNA sequencing encompasses biochemical methods for determining the order of the

nucleotide bases, adenine, guanine, cytosine, and thymine, in a DNA oligonucleotide.
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DNA extraction from polyacrylamide gels

DNA bands showing a mobility shift were excised with a clean and sharp scalpel from the
polyacrylamide gel and collected in 1.5 ml cups. 100 ul of diffusion buffer was added and the
cup was incubated at 50°C for 30 min. After 1 minute of centrifugation (13,000 rpm, Biofuge
fresco Heraeus Kendro centrifuge), the supernatant was carefully removed and passed to a new
cup. 300 ul buffer QG was added and mixed. To bind the DNA, the sample was applied to a
QIAquick column and centrifuged for 60 sec. The flow-through was discarded and 0.75 ml
buffer PE was added to the column. The samples were centrifuged twice and the flow-through
was rejected. The QlIAquick column was then placed in a new cup. 50 ul buffer EB was added
and the tubes were centrifuged to elute the DNA. To elute residual DNA, 30 ul additional buffer

EB was added and the tubes were centrifuged again.

DNA reamplification: polymerase chain reaction

To reamplify DNAs extracted from SSCP gels, a PCR with the Promega master mix was used:

DNA 10 ul
Primer forward  (10uM) 2.5 ul
Primer reverse  (10uM) 2.5yl
Promega Master Mix 25 ul
ddH20 10 ul

The PCR-program explained in section 3.2.6 was carried out. PCRs quality and quantity were

checked on a 2% agarose gel.

DNA purification

To purify DNA the Multiscreen®PCR Millipore plate was used. DNAs were poured in a 96-well
plate and washed twice with 60 pl ddH,O under vacuum conditions. DNAs were then
resuspended in 30 ul ddH,O and resolved for 10 min at 37°C. The quantity and quality of the

purified DNA was checked on a 2% agarose gel.

Cycle sequencing

Cycle sequencing amplified one DNA strand by using fluorescent dNTPs (adenosine: green;
thymidine: red; cytosine: blue and guanosine: black) allowing them to be detected by the
semiautomated sequencer (model 373A; Applied Biosystems, Foster City, CA). The PRISM®
DyeDeoxy Terminator Cycle Kit (Big Dye) was used to label the DNA:
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DNA 5 to 7.5 ul depending on the DNA concentration
Big Dye 2 ul
Forward or reverse primer 0.5 pl

The PCR program used for amplification was:

95°C; 5 min Initial denaturation

95°C; 15 sec Denaturation

Primer temp.; 15sec  Annealing } 25 cycles
60°C; 4 min Final extension

Afterwards, the samples obtained from cycle sequencing were passed through a sephadex
column in order to remove the excess fluorescent dNTPs. Sephadex columns were prepared
mixing 55 mg sephadex G50 in 750 ul ddH,O per column and centrifuged twice for 2 min at
3,000 rpm (Biofuge fresco Heraeus Kendro centrifuge) to remove the excess water. The samples
were applied to the center of the sephadex column and centrifuged. The resulting flow-through

was collected and evaporated at 70°C until all the liquid was gone.

Sequencing gel casting

Glass plates were thoroughly washed with Alconox®, rinsed with ddH,O and dried carefully
with colourless tissues. Glass plates were then assembled and clamped. Gel solution was poured
between the plates, avoiding bubble formation, and a 36-tooth comb was placed on top. After
polymerization (90 min) the gel was inserted into the sequencer. Protocol of the sequencing gel:

Acrylamid Bis 29:1 7.5 ml
Urea 18 ¢

1x TBE 6 ml
ddH,0 23 ml
APS 10% 350 pl
TEMED 20 pl

Gel loading and electrophoresis

6 ul of DNA samples were mixed with 4 loading buffer, denaturised for 2 min at 95°C and
immediately placed on ice. 1 ul per sample was loaded on a sequencing gel and run at 2,500 V
and 30 W. 1x TBE was used as running buffer. Resulting data were analysed by using the
Sequence Editor Program, Version 1.3, and the Data Analysis Program, Version 1.2 from
Applied Biosystems (Weiterstadt). The sequences obtained were aligned and compared with the
TP53 DNA sequence (accession number x54516) wusing “BLAST 2 sequences”
(http://www.ncbi.nih.gov/gorf/bl2.html).  All  chromatograms were reviewed manually.
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Results

4 RESULTS

Differential gene expression between a pNF and a MPNST which progressed from the adjacent lower
grade nerve sheath tumour (on an identical genetic background) were performed by suppression
substractive hybridization (SSH). [Holtkamp, 2004] A cDNA library with 539 cDNA was constructed
and a catalogue of 133 genes differentially expressed was provided. Furthermore, IHC for some

interesting candidates such as MMP-13, PDGFR-a and Fibronectine were performed.

4.1 GENE IDENTIFICATION: MICROARRAY HYBRIDISATION

RNA was extracted from 26 tumour samples 10 MPNST, 7 pNFs and 9 dNFs. RNA quality was
assessed by RNA agarose gel electrophoresis (Figure 9; A) and checked once more at Scienion
with a 2100 bioanalyser by assessing the 28S/18S rRNA ratio (Figure 9; B).

Comund V3. Ama e
P Cormommtors W

Figure 9: RNA quality verification: RNA quality was checked by agarose gel electrophoresis (1 ug RNAs were
loaded) (A) and bioanalyser (B). A good RNA preparation should produce two bands, representing the 28S and the
18S ribosomal RNA subunits (rRNA). The 28S band should be roughly twice as intense as the 18S band. +: positive
control; -: negative control (undegraded RNA).

Microarray analysis was performed with the 26 tumour samples and 558 cDNAs previously
identified by SSH. After a strict statistical analysis performed at the Institute of Biochemistry we
identified 57 genes showing at least 2-fold expression differences between the 3 tumour entities.
The colour coded expression matrix (heat map) of the 57 genes clustered the tumours in 3 groups
corresponding to the tumour entities MPNST, pNF and dNF (Figure 10). An exception was the
pNF p22476 that clustered within the MPNST and progressed 2 years later to MPNST M24784.
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Figure 10: Heat map and typical histological features of the tumour entities (N. Holtkamp, 2004): A) High expression
levels are represented in red and low expression in blue. Cell lines are indicated with a “z” and sporadic MPNST with a triangle;
B) H&E staining with characteristic histologic features for the 3 different tumour types. (ID numbers from left to right: MZ2462a
& b, MZ562a & b,M26582a, p22476a, M24784b, M26592a & b, M26596a, M21852a & b,M24472a & b, M21914a & b,
M26584a, M26580a & b, M26596b, M26584b, p21410a, p24474a & b, p24994a, p25000b, p24482h, p24996a & b, d25888a &
b, d25904b, d25902b, d25898a & b, d25590a, d25894a & b, d25896a &b, 25892a & b, d25900a & b, d259022a)
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The 2 cell cultures (“z”) clustered together in the MPNST group and interestingly showed lower
gene expression than the primary tumours. Surprisingly, the cell line M462 did not cluster side
by side with MPNST M24472 of which it was cultured.

Expression patterns differed gradually from dNFs to pNFs and to MPNST. dNFs and MPNST
showed clearly inverse expression patterns. The first 24 genes positioned in the upper part of the
heat map discriminate between NFs (pNF and dNF) and MPNST.

4.2 VERIFICATION ON THE PROTEIN LEVEL

Microarray analysis was performed to assess differential gene expression. As mRNA level
expression does not necessarily correlate with protein levels, it is important to verify the
differential gene expression on the protein level to validate their significance in NF1-associated
tumourigenesis. Therefore, WBs were performed for matrix metalloproteinase 13 (MMP-13),
p53, syndecan-1 and 4 (Syn-1 and Syn-4), platelet derived growth factor receptor alpha
(PDGFR-a), prion protein (PrP), proteolipoprotein (PLP), matrilin-2 (mtr-2) and apolipoprotein
D (apoD). Furthermore I carried out IF for MMP-13 and IHC for p53, Syn-1 and Syn-4.

4.2.1 MMP-13 EXPRESSION

First, WB for MMP-13 was performed and a unique band of 48 kDa corresponding to the active
form of MMP-13 was detected (Figure 11) in 3 MPNST.

Figure 11: Western blot for MMP-13. MPNST are printed in red, pNFs in green and dNFs in blue.

MMP-13
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To examine MMP-13 patterns in a larger panel of primary MPNST (n=36) IHC was performed.
5 pNFs and 9 dNFs were also examined. A semiquantitative scoring system was employed to
quantify the proportion of stained tumour cells (<5%, -; 5-30%, *; 31-60%, **; >60%, ***).
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Results are listed in Table 14. Immunocytochemistry was performed for the MPNST cell
cultures.

MMP-13 expression was detected in 58% (21/36) of MPNST patients and in both MPNST cell
cultures but was absent in the 14 NFs analysed. Cytoplasmatic location of MMP-13 was detected
in tumour cells restricted to distinct areas of the tumours (Figure 12). However, 3 MPNST (8%)
showed homogeneous MMP-13 distribution, including more than 60% of the cells. The
frequency of MMP-13 in sporadic (8/14, 57%) and NF1-associated MPNST (13/22, 59%) was

similar.

Figure 12: MMP-13 immunofluorescence: Representative images of MMP-13 IF staining patterns in 3 MPNST
(24740, 24670, 26588) and a pNF (24306). Images A: x100, B-D: x200 magnification; Images E-H: x400

magnification.

24740 24670 26588 24306

.

MPNST MPNST MPNST PNF

4.2.2. P53 EXPRESSION

WB for p53 was carried out and a band of 53 kDa was clearly observed for an MPNST and both
cell cultures. MPNST 21914 showed a weak signal.

Figure 13: Western blot for p53. MPNST are shown in red, pNFs in green and dNFs in blue.

P53
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e
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IHC for p53 was performed with 36 MPNST, 5 pNFs, 9 dNFs and both MPNST cell cultures.
The following scoring system was used for p53 IHC: 0%, -; 1-5%, +; 6-25%, ++; >25%, +++.
p53 was detected in 78% (28/36) MPNST and in both MPNST cell cultures. NFs lacked p53
staining (Figure 14). Results are listed in Table 14.

Figure 14: p53 IHC: example of an MPNST (24668) with more than 25% of cells positive for p53, an MPNST with
5 to 10% of cells positive for p53 and a pNF negative for p53.

24668 24740 24306

MPNST MPNST PNF

4.2.3 SYNDECANS

Syn-1 and Syn-4 expression in NF1-associated tumours was evaluated by WB and IHC. WB was
performed with 3 MPNST, 2 MPNST cell cultures, 6 pNFs and 3 dNFs. IHC for Syn-1 and Syn-
4 was studied in 10 MPNST, 9 pNFs and 10 dNFs from 19 different NF1 patients. Slides

showing a transition from pNF to MPNST were available from 5 patients.

4.2.3.1 SYNDECAN- 1

Syn-1 antibody anti-CD138 proved not to be suitable for WB. Therefore IHC was performed. A
semiquantitative scoring system was employed to quantify the proportion of stained tumour cells
(<5%, -; 5-30%, +; 31-60%, ++; >60%, +++). Results are listed in Table 11.

Syn-1 was found in 90% (9/10) of MPNST and was abundantly expressed in the cytoplasm of
cancer cells. In contrast, only 14% of NFs expressed Syn-1. A clear differential expression
pattern was observed in tumours with transition of pNF/MPNST. Only the malignant part stained
for Syn-1 (Figure 15). The most striking Syn-1 staining was found in poorly differentiated

MPNST. It is noteworthy that many of these tumours contained intracellular Syn-1, as evidenced
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by a perinuclear, granular-type staining pattern (Figure 15; C). Epithelial cell layer, adipocytes as
well as occasional plasma cells also stained strongly for Syn-1.

Figure 15: Syndecan-1 IHC: Syn-1 staining in 2 MPNST with benign and malignant parts (A-C: 21852; D-F:
24332): the MPNST area is positive for Syn-1 (A, D & F) and the pNF area negative (B & E). Arrow: endothelial
cells are not stained by Syn-1. A, B, D and E: x100 magnification; C and F: x400 magnification of both MPNST
areas showing the granular-type perinuclear staining pattern.

4.2.3.2 SYNDECAN-4

To elucidate the protein expression of Syn-4 in NF1-associated tumours, | performed WB and
observed a unique band of approximately 220 kDa. Levels of Syn-4 expression were similar in
benign and MPNST. However, Syn-4 expression was slightly increased in NFs

Figure 16: Syndecan-4 Western blot. MPNST are written in red, pNFs in green and dNFs in blue.

Syndecan-4
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Surprisingly, by IHC only one pNF out of 30 tumours showed tumour cells expressing Syn-4.
However, the vascular smooth muscle cells (SMCs) around the blood vessels were strongly
stained, as shown in Figure 17, and served as internal control. Although SMCs stained positive
for Syn-4 in all NFs, only 46% (7/15) of the MPNST and pNF/MPNST showed SMCs positive
Syn-4 staining, usually within the margin of the tumours. Differences in expression patterns were
also seen within tumours with transition of pPNF/MPNST. Furthermore, NFs showed vessels with

increased diameter and intimal hyperplasia.

Figure 17: Syndecan 4 IHC: A-B: dNF (21908) Tumour cells did not express Syn-4 in contrast to the cells of the
basal layer of the epidermis that served as internal control; C-D pNF (24192): this tumour was the only one of 30
showing Syn-4 expression in tumour cells; E and F: Comparison of the blood vessels in a pNF (24324) and a
MPNST (21852), respectively: in both tumours Syn-4 was not expressed by tumour cells, however SMCs stained
positive in NFs (Figure C). Furthermore, blood vessels had an increased diameter in pNFs than in MPNST. Intimal
hyperplasia was observed in NFs. Arrows show blood vessels.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 56



Results

Table 11: Results of Syn-1 and Syn-4 IHC in dNFs, pNFs and MPNST; T: tumour cells; V: blood vessels; Out:

within the margin of the tumour.

ID-Number Tumour type  Localisation Syndecan-1  Syndecan-4

1 24356 dNF Unknown - T-; V+

2 24358 dNF Unknown - T-; V+

3 24338 dNF Leg distal - T-: V+

4 24350 dNF Leg distal - T-: V+

5 24328 dNF Unknown - NP

6 24294 dNF Thoracic wall - T-; V+

7 22464 dNF Cheek - T-; V+

8 22460 dNF Thoracic wall + T-; V+

9 21908 dNF Unknown - T-; V+

10 21402 dNF Unknown - T-; V+

11 21380 pPNF Cheek + T-; V+

12 24192 pNF Unknown - T++; V+

13 24222 pPNF Skin - T-; V+ out

14 24306 PNF N. ischiadicus - T-; V+ out

15 21852 pNF/MPNST Intra- und extraspinal +++ T-;V-/ T-; V-

16 24324 pPNF/MPNST Leg + T-V+IT-; V+

17 24332 pPNF/MPNST Arm distal ++ T-V+ T-V-

18 24334 PNF/MPNST Unknown - T-V+/ T-V-

19 24354 PNF/MPNST Unknown - T-V+/ T-V-

20 21914 MPNST Leg proximal ++ T-; V-

21 22318 MPNST Sacro + T-; V-

22 22568 MPNST Intraspinal +++ T-; V-

23 24256 MPNST Arm distal +++ T-; V-

24 24308 MPNST Leg proximal - T-; V-

25 24314 MPNST Thoracic wall +++ T-; V+

26 24316 MPNST Thoracic wall ++ T-; V+ out

27 24322 MPNST Plexus cervicobrachialis +++ T-; V-

28 24326 MPNST Plexus cervicobrachialis +++ T-; V-

29 24694 MPNST Leg distal +++ T-; V+ out
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4.2 4 PLATELET-DERIVED GROWTH FACTOR RECEPTOR ALPHA

Differential expression of PDGFR-o was first identified by SSH and confirmed by virtual
Northern blotting (vNB) to be 15-fold higher in MPNST. WB Was performed to validate the
previous results. A unique band of approximately 185 kDa was observed in MPNST and a

thinner band in some NFs, corresponding to PDGFR-a (Figure 18).

Figure 18: Western blot for PDGFR-a. MPNST are shown in red, pNFs in green and dNFs in blue.

PDGFR-a
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4.2.5 PRION PROTEIN

PrP mRNA was identified to be more strongly expressed in pNFs than in MPNST by SSH and
confirmed by vVNB. By WB | observed 3 bands of approximately 27, 30 and 37 kDa,
corresponding to the non-, mono- and diglycosylated forms of PrP. NFs showed stronger
expression levels of PrP than MPNST and was most commonly monoglycosylated. As positive

controls, cortex lysates, which showed high expression of PrP, were utilised.

Figure 19: Western blot for prion protein. MPNST are written in red, pNFs in green and dNFs in blue.
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4.2.6 PROTEOLIPID PROTEIN

PLP was first identified by SSH and confirmed by VNB to be overexpressed in NFs’.

Furthermore, microarray analysis validated these results and confirmed the overexpression of
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PLP mRNA in NFst®!. By WB | observed 2 bands of 26 and 20.5 kDa corresponding to the PLP
gene products PLP (26 kDa) and DM-20 (20.5 kDa). Although DM-20 levels were similar in all
tumour types, PLP was only present in MPNST, especially in both MPNST cell cultures.

Figure 20: Western blot for proteolipid protein. MPNST are written in red, pNFs in green and dNFs in blue.
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4.2.7 MATRILIN-2

In previous studies mtr-2 mRNA was observed to be differentially expressed in NF1-associated
tumours by SSH, vNB and microarray analysist™ ™. To elucidate mtr-2 protein expression in

NF1-associated tumours, | performed WB.

Figure 21: Western blot for matrilin-2. MPNST are written in red, pNFs in green and dNFs in blue.
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Both MPNST cell cultures and a MPNST showed a band of the expected molecular mass (=125
kDa) for the mtr-2 polypeptide, plus a smaller band (= 100 kDa), probably representing a
proteolytic breakdown product. However, mtr-2 was not expressed among the rest of NF1-
associated tumours. The oligomers of different sizes we observed likely represent modified

products or unspecific bands due to the usage of an unpurified serum.
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4.2.8 APOLIPOPROTEIND

ApoD mRNA was found to be overexpressed in NFs by SSH and microarray analysis. | next
examined apoD protein expression in NF1-associated tumours by WB. A band of ~29 kDa was
observed in all tumour types examined. However, lower levels of apoD were detected in primary

MPNST in comparison to NFs. Furthermore, both MPNST cell cultures lacked apoD expression.

Figure 22: Western blot for Apolipoprotein D. MPNST are written in red, pNFs in green and dNfs in blue.
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All WB results are summarised in Table 12.

Table 12: WB results for MMP-13, p53, Syn-4, PDGFR-a, PrP, PLP, Mtr-2 and ApoD. NP: not performed

ID Tumour MMP-13 | P53 Syn-4 PDGFR-a_ | PrP PLP Mtr-2 ApoD
21914 | MPNST + + + ++ - + - ++
25004 MPNST - - ++ - - - - ++
24742 | MPNST + + ++ + - + - +
24784 | MPNST - - NP - - - - +
21852 | MPNST + - NP ++ + + + +
24880 | MPNST - - NP - - - - +
462 MPNST + + - + - ++ ++ -
520 MPNST + + - - - ++ ++ -
24882 | pNF - - ++ - + - - ++
21380 | pNF - - ++ - + - - ++
21410 | pNF - - ++ + ++ - - ++
21430 | pNF - - ++ - + - - ++
24774 | pNF - - ++ - ++ - - ++
25000 | pNF - - + - ++ - - —+
21404 | dNF - - + + + - R -+
25006 | dNF - - ++ - ++ B B T+
25902 | dNF - - ++ - ++ - B +
25898 | dNF - - ++ - ++ - B +
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4.3 MMP-13 AND P53

4.3.1 1S MMP13 EXPRESSION INDUCED BY MUTANT P53?

P53 has been shown to regulate the promoter activity of invasion-associated proteinases such as
MMP-1, MMP-2 and MMP-13"®1, Wild-type p53 repressed MMP-13 promotor, however some
p53 mutants were found to lose their inhibitory effect or even to stimulate MMP13 expression up
to 2-3 fold[",

MMP-13 expression was observed in 58% of MPNST and p53 in 78% of MPNST. It is worthy
of note that a highly significant association between MPNST expression p53- and MMP-13 was
found (p=0.005; Fisher exact test). Taking into account the different staining levels, the
association was still significant (p=0.02; Pearson correlation). To find out whether mutant p53
was responsible for MMP-13 expression in vivo, a panel of 36 MPNST was screened for TP53
mutations. The entire coding and promoter region (exon 1 to 11) was checked for TP53 sequence
alterations.

Somatic mutations were detected in 4 of 36 MPNST (11%) and in both MPNST cell cultures
within the exons 4, 5, 7 and 9. MPNST 24256 carried a mutation that results in a stop codon at
position 321 (AAA>TAA). The NF1l-associated MPNST 24472 and the corresponding cell
culture S462 carried a mutation in codon 110 (CGT>CCT; Arg>Pro). Both MPNST belonged to
NF1 patients. Two TP53 mutations were detected in sporadic MPNST. MPNST 26582 carried a
mutation in codon 258 (GAA>GCA,; Glu>Ala) and MPNST 26588 in codon 173 (GTG>ATG,;
Val>Met).

Figure 23: Distribution of the most common TP53 mutation sites in tumours. Most TP53 mutations are
missense mutations in the DNA binding domain. The localisation of the mutations observed in our study are marked

with a . Modified picture from: www-p53.iarc.fr
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TP53 mutation analysis

Blood 462 cell line

Figure 24: TP53 mutation analysis and MMP-13 and p53 immunocytochemistry A) Cytochemistry showing
localisation of MMP-13 and p53 staining in 462 and 520 MPNST cell cultures. B) SSCP analysis showing a
different running behaviour for PCR products of 462 and 520 MPNST cell cultures C) A mutation in exon 4, codon
110, CGT>CCT, was evidenced by sequencing in the MPNST cell culture 462.
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MPNST harboring a TP53 mutation were associated with higher amounts of p53
immunopositive cells (p=0.017; Pearson correlation). However, TP53 mutations were not

significantly associated with MMP-13 expression (p=0.141; Fisher exact test).

Four different polymorphisms in intron 2, intron 3 and exon 4 of TP53 were detected (Table 13).
The silent polymorphism in exon 6 (codon 213, A>G) was not detected. Thirteen patients were

heterozygous and one was homozygous for the C1*#

allele in intron 2. The allele frequency was
f(C8’= 0.21). Eleven patients were heterozygous for the 16bp duplication in intron 3
f(dup'®*=0.15) and 3 patients were heterozygous for the A™**? allele corresponding to f(A*%?=
0.041). Fifteen patients were heterozygous for the p53Pro’?allele corresponding to f(Pro’®= 0.21)
and f(Arg™>= 0.79). To exactly determine allele frequency of the exon 4 polymorphism we
determined blood DNA in addition to tumor DNA, which might contain allelic loss. Loss of
heterozygosity was found in MPNST 24256. Allele frequencies were compared to control groups

published in previous studies!’” 8. No significant differences were observed.

Table 13: TP53 polymorphisms in MPNST patients. Position of polymorphisms are given according to reference

X54156 from GenBank. na: nucleic acid; f: allele frequency

Localisation DNA alteration N° of cases f MPNST f controls
patients
Intron2 | na11827 GtoC 13 heterozygous cier 21 | ¥ 031
1 homozygous
Intron 3 na 11951 Duplication GGGGA- | 11 heterozygous 16bp dup 0.15 | 16bp dup 0.16
CCTGGAGGCT
Intron3 | na11992 Cto A 3 heterozygous A2 0032 | AM%2 0,041
Exon 4 codon 72 CGC>CCC 15 heterozygous p53Pro’ 0.21 | p53Pro’0.26

4.3.2 RELEVANCE OF MMP-13 EXPRESSION AND TP53 STATUS IN MPNST

PATIENTS

4.3.2.1 CLINICAL DESCRIPTION OF THE MPNST PATIENTS

The study contained MPNST from 36 patients. Only tumours from patients with complete
clinical information were taken for statistical analysis. Information on patients and tumours is
provided in Table 14. Twenty-two patients were diagnosed with NF1 while 14 patients
developed sporadic MPNST. The female/male ratio in both groups was 1:1. The mean age at

tumour diagnosis was 32.6 years for patients with NF1 and 52.4 years for patients with sporadic
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MPNST and differed significantly (T-test;
p=0.003). The mean time of follow-up was
40.56 months, 49.2 months for NF1 patients
= and 27.1 months for sporadic MPNST

(p=0.214, T-test). Twenty-two tumours
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Figure 25: Survival of MPNST patients

depending on tumour location Breslow) compared with axial tumour

location (Figure 25). Local recurrence
occurred in 44.4% (16/36) of patients, 54.5% (12/22) in NF1 patients and 33.3% (4/12) in
sporadic MPNST (p=0.176, Fischer exact test), after a mean interval of 18.1 months, 21.5
months for NF1 patients and 8 months for sporadic MPNST (p=0.499, T-test). The tumour
metastasised in 14 of 36 (38.9%) patients, 31.8% (7/22) of NF1 patient and 50% (7/14) of
sporadic MPNST (p=0.275, I1?) after a mean interval of 13 months, 20.9 for NF1 patients and
5.1 months for sporadic MPNST (p=0.421, T-test). Tumour dissemination was most frequently
to the lung (78.6%). No differences on cumulative survival between both NF1-associated and
sporadic MPNST was observed (p= 0.774; log rank). The 5 year-survival rate was 16.7%, 18.2%
for NF1 patients and 16.7% for sporadic MPNST patients. Survival analysis did not show any
gender difference (p=0.998; log rank).

4.3.2.2 CLINICAL RELEVANCE OF MMP-13 EXPRESSION AND TP53 STATUS IN

MPNST PATIENTS

MMP-13 expression in MPNST was significantly associated with relapse (p=0.019; Fisher exact
test). This association was even stronger when taking into account the different staining levels
(p=0.013; Fisher exact test). In detail, only 20% MPNST negative for MMP-13 relapsed. In
contrast, increasing levels of MMP-13 expression increase the proportion of patient with relapse
(+: 46% MPNST patients relapsed; ++: 80% MPNST patient relapsed; +++: 100% MPNST
patient relapsed). Cumulative survival analysis, however, was of borderline significance
(p=0.055; log rank).

TP53 mutations were not significantly associated with MMP-13 expression (p=0.141; Fisher

exact test) but with histological grade (p=0.020; Pearson correlation). All MPNST with mutant
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TP53 were histological grade 3. Metastatic
disease was associated with the p53Pro’
polymorphism (p=0.028; IT%) and correlated
with shorter survival (p=0.0007; log rank)
(Figure 26). No significant association was
detected for MMP-13 expression with p53Pro’
polymorphism. Furthermore, MMP-13 was not

linked to metastasis.
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Table 14: Patient and tumour characteristics. ID: tumour identification number. NF1: NF1 status of the patient. T: dead patient. Grade:
tumour grade according to the modified FNCLCC system. IF: immunofluorescence. IHC: immunohistochemistry. p53 mut: p53 mutation status.
p53 pol.: p53 polymorphism. N: Cu= | Dup: 16bp duplication. Lower part of the table contains non-NF1 patients.

ID Sex/Age | NF1 Follow up | Localisation Grade | Metastasis localisation/month | Relapse | MMP-13 p53 | p53 mut P53 pol. | TP53 pol. | TP53 pol.
month month IF IHC codon 72 | Intron 2 Intron 3
21852 M/29 Yes 24 1 Intraspinal 2 - 6 + + - Arg/Arg G/G N/N
24256 | F21 Yes 161 % Arm distal 3 Lungs, liver, pancreas, 108 ++ ++ p5331STO" 1 Arg/Pro C/LOH Dup/LOH
1lymph nodes/ 132
24320 M/56 Yes 46 leg 1 - - + ++ - Arg/Pro CIG Dup/N
24626 M/58 Yes 49 Back 2 - - - + - Arg/Arg GIG N/N
24472 | F/19 Yes 11 Leg proximal 3 - 2 + ++ p53Pro*™® | Arg/Arg GIG N/N
21914 F/21 Yes 30 Leg proximal 2 - 4 + + - Arg/Pro CIG Dup/N
24304 M/27 Yes 17 1 Plexus cervicobrachiallis 1 Paravertebral, lumbal, 14 ++ + - Arg/Arg G/IG N/N
thorax/ 0
24308 M/21 Yes 14 Leg proximal 3 Lung, thoracic wall/ 6 - + +++ | - Arg/Pro CIG Dup/N
24310 M/66 Yes 81 trunk 2 Lung/ 2 5 - - - Arg/Pro CIG N/N
24326 M/32 Yes 8t Plexus cervicobrachiallis 2 Lung/ 2 - - + - Arg/Arg GIG N/N
24332 F/30 Yes 192 Arm distal 2 - 10 ++ + - Arg/Arg CIG N/N
24354 F/33 Yes 200 Leg distal 1 - 96 + + - Arg/Arg CIG Dup/N
24476 F/13 Yes 99 t Arm distal 2 - - - - - Arg/Arg G/IG N/N
24480 F/20 Yes 7% Mediastino 2 - - - - - Arg/Arg G/G N/N
24484 F/31 Yes 18 Gluteo 3 - 4 - ++ - Arg/Arg GIG N/N
24534 F/28 Yes 44 Thoracic wall 3 - - - + - Arg/Arg G/G Dup/N
24668 F/14 Yes 971 Intraespinal 3 Lung/ 0 3 +++ +++ | - Arg/Pro CIC Dup/N
24670 [ MI/31 Yes 131 Inguinal 3 Lung/ 4 4 - + - Arg/Pro CIG A™%IN
24694 FI79 Yes 29 Leg proximal 2 - - + ++ - Arg/Arg GIG N/N
24748 M/34 Yes 12 1 Gluteo 2 - 2 +++ ++ - Arg/Arg GIG N/N
24772 M/15 Yes 42 1 Retroperitoneal 2 - - - + - Arg/Arg CIG N/N
24776 M/39 Yes 48 right axilla 1 - - ++ + - Arg/Arg G/IG N/N
26580 FI78 No 4+ Gluteo 3 Lung/ 0 - - - - Arg/Arg G/G N/N
26582 | M/43 No 126 Os ileum 3 - - + ++ p53Ala®™® | Arg/Pro CIG AN
26584 M/41 No 47 Plexus cervicobrachiallis 2 - - - ++ - Arg/Pro GIG N/N
26586 M/28 No 27+ Leg distal 2 Lung/ 0 - - + - Arg/Arg GIG N/N
26588 | F/73 No 63 Leg proximal 3 - - + +++ | p53Met’™ | Arg/Pro CIG Dup/N
26590 F/50 No 117 Gluteo 2 Lung/ 0 - - - - Arg/Arg GIG Dup/N
26592 | F/72 No 07t Liver 2 - - + + - Arg/Pro CIG AM2/N
26594 F/55 No 29 Leg proximal 3 Retroperitoneal/ 25 - - - - Arg/Pro G/G N/N
28650 F/16 No 12 Intraspinal, Lumbal 2 - 12 + + - Arg/Arg G/IG N/N
27722 M/69 No 3 Leg proximal 3 - 3 + +++ | - Arg/Arg GIG N/N
28652 M/73 No 15 Arm distal 1 - 15 ++ - - Arg/Arg GIG N/N
27724 M/47 No 14 + Leg proximal 3 Lung/7 - + + - Arg/Pro G/IG Dup/N
30342 F/34 No 51 Intraspinal 2 Skin/ 4 2 +++ + - Arg/Pro CIG Dup/N
27732 M/55 No 23 Gluteo 3 Lung/ 0 - - - - Arg/Pro G/IG N/N
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5 DISCUSSION

5.1 GENE IDENTIFICATION: MICROARRAY ANALYSIS

Microarray analysis is a screening method performed in order to identify differential gene
expression. As NF1 patients develop dNFs, pNFs and MPNST, they provide a perfect system to
study the expression of genes involved in the different steps of tumourigenesis.

Evaluation of the gene array data led to the identification of 57 genes, 43 of which were
identified for the first time while 14 genes had already been identified by SSH. Hierarchical
clustering clearly separated the samples into three groups: dNF, pNF and MPNST. Comparison
of expression profiles in NF1-associated and sporadic MPNST did not show any significant
difference and suggests related molecular mechanisms of pathogenesis.

Among the genes overexpressed in MPNST, some candidates have already been described in
other malignancies. ADAM9 was found to be upregulated in pancreatic ductal adenocarcinomas
and associated with poor tumour differentiation and shorter overall survival™. Arginase 2
(ARG2) was shown to be overexpressed in follicular thyroid carcinoma’®!. CYP1B1,
overexpressed in a range of human malignancies®®™ 82 can activate a variety of human
carcinogens and inactivate the anticancer drug paclitaxel®. MALAT-1, a non-coding RNA, was
first identified to be significantly associated with metastasis in non-small cell lung cancer
patients’®?. Myosin X (MYO10) overexpression causes an increase in the number and length of
filopodia and could be involved in tumour cell invasion®® ®!. Another interesting point is the
overexpression of nucleophosmin (NPM1), a natural repressor of p53, able to inhibit p53
transcriptional activity by more than 70% in response to UV light. Overexpression of NPM1
could contribute to p53 inactivation and tumour progression®”). Epidermal growth factor
receptor (EGFR) is overexpressed and/or constitutively activated in a variety of human
malignancies and is associated with decreased survival. It is noteworthy that EGFR
overexpression has been identified as an early event in NF1-associated tumourigenesis. EGFR
receptor antagonists are already undergoing clinical trials®®*! and gefitinib is already approved

for lung cancer treatment.
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Table 15: List including the 57 genes identified to be differentially expressed with detailed sequence annotation and accession
number, as well as main function (SMP: Signal and membrane protein; NP: Nuclear protein; ECP: Extracellular protein; FPP:
Folding and/or processing protein; MP: metabolic protein; CP: Cytoskeletal protein; OP: Other protein; UP: Unknown function).
The genes previously identified by SSH are marked in blue (bold). # marks genes best suited for differentiating between dNFs

and pNFs.

Gene symbol Gene name Accession Function
CDT6 Angiopoietin-like factor XM_00152 ECP
RPL3 Ribosomal protein L3 NM_00096 NP
DJ465N24.2.1 hypothetical protein DJ465N24.2.1 XM_04476 upP
CRYAB Crystalline alpha B NM_00188 FPP
PSMB3 Proteasome subunit, beta type 3 BC013008 MP
CDH19 Cadherin 19, type 2 NM_02115 SMP
APOD Apolipoprotein D NM_00164 ECP
PLP1 Proteolipid protein M27110 ECP
MTR-2 Matrilin 2 NM_00021 ECP
GSN Gelsolin XM016545 CP
C170rf35 putative receptor protein XM_04270 up
CTSC Cathepsin C, transcript variant 1 NM_00181 OP
ITGA6 Integrin alpha 6 NM_00021 SMP
MGC8974 Hypothetical protein MGC8974 BC013101 UP
PRNP Prion protein M13899 SMP
FOXD3 Forkheadbox D3 NM_01218 UP
SH3BP4 SH3-domain binding protein 4 NM_01452 UpP
CD59 CD59 antigen p18-20 BC001506 SMP
CTB-113P19 CTB-113P19 AC011374 UP
COL6A1 Collagen, type VI, alpha 1 XM_03620 ECP
EEF1A1 Elongation factor 1 alpha subunit X03558 NP
HLA-DRA HLA-DR alpha NM_01911 SMP
SPARCL1 Hevin NM_00468 ECP
FGL2 Fibrinogen-like 2 AF468959 ECP
RP11-303022 RP11-303022 AC119034 UP
MALAT-1 # metastasis-associated in lung adenocarcinoma AF203815 OP
UAP-1 # UDP-N-acetylglucosamine BC009377 MP
MYO10 # Myosin X NM_01233 CcP
SEC3L1 # Sec3-like NM_01826 OP
APRIN # Androgen-induced proliferation inhibitor XM_01657 OP
CYP1B1 # Cytochrome P450 subfamily 1 XM_00257 MP
NPIP # Nuclear pore complex interacting protein XM_05373 NP
HSPCA # Heat shock protein 90 alpha-like 1 D87666 FPP
GABARAPL1 # GABA(A) receptor-associated protein-like 1 NM_03141 SMP
EMP1 # Epithelial membrane protein 1 XM_00688 SMP
PABPC3 # Poly (A) binding protein, cytoplasmatic 3 BC041863 MP
FLJ14803 # FLJ14803 NM_03284 uUP
C150rf15 60S ribosomal protein L30 isolog AF201949 NP
ARG2 Arginase, type 11 NM_00117 OP
YWHAZ 14-3-3 zeta/Phospholipase A2 M86400 MP
NPM1 Nucleophosmin BC050628 NP
RP11-202F17 RP11-202F17 AC091808 up
MTRNR2 16s ribosomal RNA NC_001807 NP
MTRNR1 # 12s ribosomal RNA AY012236 NP
UBE2H Ubiquitin conjugating enzymeUbcH?2 Z29331 FPP
IGFBP3 Insulin-like growth factor binding prot. 3 M31159 ECP
SMT3H2 SMT3 suppressor of mif two 3 homolog 2 BC062713 upP
TRAL Tumour rejection antigen 1 NM_00329 FPP
D1S155E NRAS-related gene BC032446 SMP
ADAM9 Disintegrin NM_00381 ECP
CCL2 Monocyte chemoattractant protein S69738 ECP
EGFR Epidermal growth factor receptor NM_00522 SMP
LAMP2 Lysosome-associated membrane protein-2 X77196 OP
C80ORF4 Open reading frame 4 XM_00526 UP
SGCP Sarcoglycan B Y09781 OP
NSGX # Brain and nasopharyngeal carcinoma NM_01441 uUpP
FOS # Fos protooncogen K00650 NP
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Heat shock protein 90 alpha-like 1 (HSPCA) is also overexpressed in many solid tumours.
Interestingly, HSPCA target proteins include several proteins involved in cancer progression
such as wild-type and mutant AR, wild-type or mutant KIT, ERBB2, and AKT1. The targeting of
HSPCA is emerging as a potential strategy for cancer treatment. Identification of target genes for
developing new therapeutic strategies is of great importance due to the dismal prognosis of the
patients affected by MPNST and the lack, currently, of successful therapy. Among the genes
overexpressed in NFs (both dNF and pNF), CDT6, APOD, PLP1 and MTR-2 are of special
interest. They have been previously identified by SSHI. CDT6, an angiopoietin-like factor
highly expressed in cornea, is thought to block the angiopoietin receptor contributing to cornea
avascularity®. Therefore, lack of CDT6 expression in MPNST may contribute to the high
vascularity of these tumours. Apoliprotein D (APOD), an androgen-regulated hydrophobic
transported protein, was identified as a marker for low grade primary CNS neoplasms'®®. Lack
of APOD expression was a predictor of shorter survival in patients with non-resectable prostate
cancer®. Proteolipid protein PL(P), as well as EMP1, encode components of the myelin sheath.
PLP are involved in maintenance of the myelin sheath in the PNS!®® %! Overexpression of
EMP1 inhibits growth of the esophageal squamous carcinoma cell line EC9706 and arrests the
cells in S phase. Matrilin-2 (MTRNR2) and collagen 6 (COL6A1) are ECM proteins. Their
overexpression in NFs corresponds to the higher quantity of ECM in NFs than in MPNST.
Moreover, proteins involved in cell-cell adhesion or interaction with the ECM such as CDH19
and ITGA6 were also highly expressed in NFs.

DNFs and pNFs are benign tumours, however 30% of pNFs progress to MPNST. Therefore, it
would be important to find markers able to distinguish between borderline tumours. By
microarray analysis, we identified 15 genes that discriminate between pNFs and dNFs (labelled
with # in Table 12). FOS, up regulated in pNFs but not in dNFs and MPNST, could be used in
clinic as a diagnostic marker to discriminate borderline tumours. Interestingly, FOS expression
was first identified by SSH and confirmed by vNB to show 100-fold higher expression in pNFs
than in MPNSTI™. An independent study showed that FOS was among the most discriminatory
genes able to distinguish between pNFs and MPNST®4. FOS expression in pNFs was more than
14 times stronger than in MPNST.

In conclusion, microarray analysis provides a catalogue of interesting genes that contributes to a
better understanding of the mechanisms involved in NF1-tumourigenesis. The identification of
genes that may serve as diagnostic, prognostic or therapeutic markers will allow patients to

receive an individual management, obtaining the optimal treatment for their pathology.
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5.2 VERIFICATION ON THE PROTEIN LEVEL

The expression of genetic information in all cells is a one way system: DNA—RNA—protein.
This constitutes the central dogma of molecular biology. DNA specifies the synthesis of RNA
and RNA the synthesis of polypeptides, which subsequently form proteins. However, only a
small proportion of genes in cells are transcribed, according to the needs of the cell. Moreover,
only a portion of the RNA is translated to polypeptides. The steady-state rate of a given mMRNA
depends on the balance between its rates of synthesis and degradation. mRNA levels are
modulated through transcriptional and posttranscriptional mechanisms such as RNA splicing,
capping and polyadenylation. In addition, mRNA surveillance pathways prevent the synthesis of
truncated proteins, which can have dominant-negative and other deleterious effects. Another
important posttranscriptional control is exerted by mRNA stability through cis-acting elements
such as AREs (AU rich elements) and trans-acting factors. AREs are defined by their ability to
promote rapid mRNA decay™". Furthermore, the destabilizing activity of AREs can be increased
or decreased as a result of interactions with AUBPs (AU binding proteins).

Both SSH and microarray analysis were performed to assess differential gene expression on the
MRNA level. As mRNA translation can be modulated, it is important to verify if the differential

expression is also observed on the protein level. Therefore, we performed WB, IHC and/or IF.

5.2.1 MMP13 AND P33

5.2.1.1 MMP13

Invasion of surrounding tissues by neoplastic cells is one of the most important steps in tumour
progression. Matrix metalloproteinases (MMPs) are a 26-member family of zinc-dependent
endopeptidases, capable of degrading most ECM components. Secreted as latent precursor
(zymogen), MMP-13 is proteolytic activated in the extracellular space. Notably, MMP-13 is able
to degrade a wide spectrum of ECM components, including type 11, 1V, X, XIV collagens,
fibronectin, tenascin and fibrillin®®*®. MMP-13 plays an important role in physiological

conditions such as wound healing and embryogenesis™™ as well as in pathological situations
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such as atherosclerosis, rheumatoid arthritis, tumour invasion, metastasis and tumour
angiogenesis1?%-1%],

MMP-13 was initially identified to be overexpressed in breast cancer® and later in several
other malignant tumours, including chondrosarcoma™, head and neck carcinomas*® %, basal
cell carcinoma™®, malignant melanoma™!! and vulvar carcinoma™?. Furthermore, these
studies revealed that MMP-13 expression associates with invasive and metastatic features,
supporting the idea that MMP-13 can serve as a prognostic marker. As invasion of cancer cells is
a multistep process that involves enhanced cellular motility and proteolytic activity, it has been
suggested that MMP-13 plays an important role in invasion and metastasis.

MMP-13 was first identified by SSH to be more strongly expressed in MPNST than in NFst™!.
Recently, MMP-13 was observed by RT-PCR to be strongly overexpressed in MPNST in
comparison to pNFst**?. In the present study, we showed that the active form of MMP-13 is
expressed by tumour cells in 58% of MPNST as well as by 2 MPNST cell cultures. MMP-13
expression was similar in NF1-associated and sporadic MPNST. In contrast, MMP-13 was not
observed in pNFs or in dNFs. Because MPNST usually develop from pre-existent pNFs the gain
of MMP-13 expression indicates a role for MMP-13 in malignant transformation. In this study,
MMP-13 expression was confined to tumour cells which show quite a variable and
heterogeneous expression pattern, usually restricted to the invasive margin of the tumour. It is
noteworthy that MMP-13 is one of the few MMPs specifically expressed by tumour cells in
malignant tumours, whereas most MMPs are expressed by stromal fibroblasts or tumour

infiltrating inflammatory cellst**3!.

5.2.1.2 P53

p53 is a transcription factor involved in cell cycle control, DNA repair and apoptosis. Because of
its physiological role in the maintenance of genomic stability, p53 has also been designated the
guardian of the genome.

In our panel of 36 MPNST, p53 immunostaining was detected in 78% of MPNST and in both
MPNST cell cultures. All NFs lacked p53 staining. Due to the short life of wild-type p53 in
contrast to mutated p53, immunodetection of p53 has been interpreted as an indicator of p53
mutations. However, besides studies showing a good correlation between immune reaction and
mutational analysis, others did not observe any correlation™*** ! Mutated p53 is found in more

than 50% of all tumours and constitutes an important step in tumourigenesis.
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5.2.1.3 IS MMP-13 EXPRESSION INDUCED BY MUTANT P53?

It has been previously reported that different factors such as IL-1, TNF-o, TGF-B, KGF, bFGF,
aFGF, PDGF and EGF can induce MMP-13 expression in different tumoursi®” . 1t is
noteworthy that wild-type p53 was observed to repress MMP-13 promotor. This effect could be
reversed by overexpression of some TP53 mutants (p53Ala**, p53Trp**®, p53His?"*and p53
Gly®). The p53GIly?®! mutant, a “gain of function” mutant, not only lost its repression function
but also stimulated MMP-13 promotor up to 2-3- fold!"®. Thus, adenoviral delivery of wild-type
p53 resulted in potent inhibition (71% to 92%) of proMMP-13 production™”. Based on these
observations we hypothesised that specific TP53 mutants may lead to induction of MMP-13
expression in MPNST, and therefore screened 36 MPNST for TP53 mutations.

Screening for TP53 mutations

Although previous studies reported that MPNST carry TP53 mutations, the proportion of
MPNST carrying TP53 mutants differs strongly among them (0-100%)™* 1181221 Tp53 mutation
analysis of MPNST reported until now generally screened a limited number of TP53 exons in
small panels of MPNST (Table 16).

Table 16: TP53 mutation analysis previously performed in MPNST

Examined Region TP53 mut/ MPNST % NF1 Patients References

Exon 4-9 1/1 100 1 Nigro et al. 1989
Exon 4-8 27 29 7 Menon et al. 1990
Exon 4-9 2/3 67 3 Legius et al. 1994
Exon 5-9 1/9 11 Unknown Castresana et al. 1995
Exon 2-11 0/16 0 11 Lothe et al. 2001
Exon 5-8 7/25 28 11 Birindelli et al. 2001
Exon 5-8 1/12 8 2 Mawrin et al. 2002

We found TP53 mutants in 11 % of MPNST indicating that functional p53 inactivation rarely
contributes to their development. Though rare, TP53 mutations may be of major importance in
the development of individual tumours that contain them. This is supported by the fact that
TP53/NF1 haploinsuficient mice develop MPNST like tumourst*? 24 However, MPNST are
uncommon in mice and humans with hereditary defects in TP53 (Li-Fraumeni Syndrome).
Although all tumours with a TP53 mutation had p53 accumulation, the vast majority of tumours
positive for p53 carried wild-type TP53. P53 positivity without an underlying mutation suggests
an altered turnover of p53. P53 overexpression or impaired degradation leads to protein
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accumulation. Thus, the presence of unidentified p53-interacting proteins, induced by cellular
stress like hypoxia, may contribute to p53 stabilization. On the other hand, at least 25% of the

tumour population must carry the mutation to allow detection by direct sequencing™!.

A highly significant association was observed between the expression of MMP-13 and p53 in
MPNST. This association was still significant after taking into account the different levels of
MMP-13 and p53 expression (p=0.02, Pearson correlation). However, mutant TP53 was
observed in only 11% MPNST and none of the 4 different mutants observed have been
functionally described until now. Though all MPNST harbouring TP53 mutations expressed
MMP-13, 20 tumours with wild type TP53 also expressed MMP-13 indicating that TP53 mutants

are not the major player in MMP-13 induction.

5.2.2 CLINICAL RELEVANCE OF MMP-13 EXPRESSION AND P53

STATUS IN MPNST PATIENTS

We included 36 patients in this study to assess the clinical relevance of MMP-13 and p53
mutation states and expression in MPNST. Twenty-four patients were diagnosed with NF1. The
mean time of follow-up was 41 months. Tumours were located predominantly in the trunk.
Nevertheless, peripheral location of MPNST, allowing a more aggressive surgery, was
significantly associated with better prognosis and longer survival. Recurrence was observed in
about 45% of patients after a mean time of 18 months. Metastatic spreading occurred in about
39% of patients, located predominantly in the lungs. The 5 year survival rate was 16.7%.

One aim of this study was to assess differences in the clinical course and prognosis between NF1
and non-NF1-associated MPNST. In this regard, NF1 patients develop MPNST at a younger age
(32.6 years) than non-NF1 patients. This observation was already made by other groups™® % 12¢]
Skin of NF1 patients already carries a somatic NF1 allele inactivation. pNF are thought to carry
an inactivation of the second allele in a Schwann cell precursor population and will need other
genetic aberrations to progress to an MPNST. As sporadic MPNST arise “de novo” over a
healthy skin, it is obvious that it will need a longer time to allow genetic alterations to occur.
Some studies point out that NF1 patients have a more aggressive clinical course than sporadic
MPNST! ! However, in our study no significant differences were observed in sex prevalence,

tumour grading, relapse, metastasis and overall survival between both groups. If both kinds of
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MPNST share the same pathogenic mechanisms remains unclear. However, microarray analysis
failed to find a gene expression profile able to discriminate between NF1-associated and sporadic
MPNST. The lack of expression differences might support the hypothesis of similar genetic and

epigenetic alterations in both groups of MPNST.

Clinical relevance of MMP-13 expression in MPNST patients

A major aim of this study was to assess the prognostic relevance of MMP-13 expression in
MPNST. Tumours expressing MMP-13 were observed to relapse more frequently and earlier
than MMP-13 negative tumours. Thus, the risk of relapsing increases with higher levels of
MMP-13.

Our results clearly indicate that MMP-13 expression contributes to the recurrent behaviour of
MPNST. Absence of MMP-13 expression in healthy adult tissues makes MMP-13 an attractive
therapeutic target. However, clinical trials of broad-spectrum MMP inhibitors were
disappointing until now™" 3!l Refined strategies to block specific tumour-associated pro-MMPs
or to specifically cleave MMP-13 transcripts by using the ribozyme-based therapy are currently
under consideration. More specific MMP inhibitors in combination with conventional
chemotherapy are thought to yield better response rates.

Clinical relevance of p53 sequence alterations in MPNST patients

Tumours carrying a mutation in p53 showed a more aggressive histology: all tumours were grade
3 (FNCLCC classification). However, an impact of mutant p53 in survival was not observed,
probably due to the paucity of tumours carrying a mutant p53 in our panel.

Frequencies of polymorphic variants of TP53 were compared with data from controls published
in previous studies. Polymorphisms in intron 3 and in exon 4 were compared with a German
control group (n=549)""). The intron 2 polymorphism was compared to a study containing 154
individuals!™® and the frequency of A% (intron 3) to Caucasian controls from the NCBI
database. No differences in allele distribution were observed between MPNST patient and
controls indicating that these polymorphisms are not involved in NF1-associated tumourigenesis.
However, p53Pro’? was more frequently detected in patients with metastasis (p=0.028; XZ) and
metastasis correlated with reduced survival (p=0.0007, log rank). Polymorphisms in codon 72
(exon 4) have been previously described to show functional differences. Interestingly, the

p53Arg’ allele was reported to be a better suppressor of cellular transformation %% and a 5
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times better inductor of apoptosis than the p53Pro’? allele!**3. Thus, the p53Pro’? allele might
provide an advantage for metastasis development.

In conclusion, MMP-13 expression appears to contribute to the recurrent behaviour of MPNST
and though TP53 mutations seem not to be very frequent in MPNST, the polymorphic variant
p53Pro’ might play a role in metastatic spreading. According to these data, analysis of MMP-13
expression and the TP53 polymorphic variant of codon 72 could be used as markers to identify
patients with an increased risk of recurrence and/or metastasis, thereby facilitating decisions on

the therapeutic strategy to be applied.

5.2.3 SYNDECAN

The syndecan family of transmembrane proteins (Syn-1 to -4) constitutes a major class of cell
surface heparin sulphate proteoglycans. Furthermore, syndecans are essential for increasing the
local concentration of growth factors by protecting them from proteolytic cleavage, forming
ternary complexes with their receptors and participating in internalisation of ligands™3*!,

The study of syndecans is of special interest in NF1 patients since it was reported that
neurofibromin can bind all 4 syndecan members requiring the transmembrane domain and the
proximal-membrane region of the highly conserved cytoplasmatic tail®®. Furthermore, the C-
terminal 4 amino acids (-EFYA) shared by all syndecans interact with CASK that coordinates
clustering of receptors and connection to the actin-cytoskeleton by binding to the actin-binding

protein 4,113 13¢]

Neurofibromin, syndecan and CASK have overlapping subcellular
distributions and form complexes as evidenced by their coimmunoprecipitation®®. What is the
functional significance of the interaction between neurofibromin and syndecans? Syndecans
have a PDZ domain, which usually acts as a molecular scaffold. Therefore, the interaction of
neurofibromin with syndecans might be important for the subcellular localisation of
neurofibromin which is important for Ras regulation at the cell membrane. However, the exact
role of this interaction is not clearly understood.

Therefore, we decided to investigate the protein expression of Syn-1, the most studied, and Syn-

4, the most ubiquitously expressed, syndecan in NFs and MPNST!*],
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5.2.3.1 SYNDECAN-1

Syn-1 is constitutively expressed on the surface of many mature epithelia and plays an important
role in embryogenesis, wound healing, cell-cell adhesion, cell motility, invasiveness as well as in
cell proliferation™®%21, By binding to a variety of secreted growth and differentiation factors at
the cell surface, Syn-1 is believed to function as coreceptor for many receptor tyrosine-kinases.
Reduced Syn-1 expression was observed in various cancers including hepatocellular
carcinomas™?, gastric cancer™*!, laryngeal cancer™*!, head and neck carcinoma™®, colorectal
carcinoma™”,  mesothelioma™®, non-small-cell lung carcinoma™® and endometrial
carcinomas™ and seemed to correlate with a higher tumour differentiation. In contrast, Syn-1

(51 prostate cancer™? and pancreatic

overexpression was observed in breast carcinomas
carcinomas™ and was associated with aggressive phenotypes and poor prognosis.

Until now, no data has been available concerning Syn-1 expression in NF1-associated tumours.
In the present study, Syn-1 expression was examined in 29 peripheral nerve sheath tumours of 21
patients. Approximately 86% of the examined MPNST displayed high Syn-1 expression while
NFs did not express Syn-1. Therefore, Syn-1 might be associated with malignant transformation.
Interestingly, ectopic expression of Syn-1 in Schwann cells enhances cell spreading by
promoting the formation of focal adhesions™* and actin stress fibers!**®.. Transfection of Syn-1
into a squamous cell carcinoma cell line significantly enhances the basal growth and the ability
of those cells to form tumours and to metastasise in nude mice**®. Notably, Syn-1-directed T
cells or anti-CD138 immunotoxin*>"! have been reported to kill multiple myeloma cells and
might therefore be a potential therapeutic strategies in MPNST.

The most striking observation in Syn-1 positive MPNST was increased cytoplasmatic expression
in perinuclear vesicles. This pattern of concentrated intracellular Syn-1 has been previously
reported in several carcinomas °* 18161 Byrbach et al. demonstrated that the intracellular
vesicles were lysosomes containing surprisingly intact Syn-1"%. Under normal conditions the
cell surface Syn-1 is constitutively endocytated and rapidly degraded in lysosomes. Syn-1 has
also been shown to internalise in response to ligands, as demonstrated for Syn-1-lipoprotein
lipase™®]. As ECM proteins are also degraded in lysosomes of invasive cellst*®?, Syn-1 could act
as a receptor or chaperone for the internalisation and delivery of matrix material through the
endosomes to lysosomes for destruction. However, further studies are needed to elucidate the

specific cellular function of Syn-1.
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5.2.3.2 SYNDECAN-4

In adults Syn-4 is expressed in liver, kidney and lung while the heart and brain show moderate
expressiontt34 165 1661

By binding directly to FGF-2, Syn-4 increases the affinity of FGF-2 for its receptor and mediates
cell proliferationt®®”). Syn-4 has also been proven to be the proteoglycan responsible for focal
adhesion formation in response to fibronectint*®® *°1. While Syn-4 overexpression generates an
enhanced adhesive phenotype that prevents migration, loss of Syn-4 results in impaired focal
adhesion turnover™®. Optimal levels of Syn-4 seem to be required for efficient migration.
Altered Syn-4 expression has been observed in the skin after incisional wounding™™ and in
carotid artery tissue after balloon-catheter injury of the vascular SMCs®"2.

In our study tumours cells of only one pNF expressed Syn-4. However, the most striking
observation was a significant reduction of Syn-4 expression by SMCs around arteries and
arterioles in MPNST. Furthermore, benign tumours appeared to be more vascularised and
contain blood vessels with increased diameter and intimal hyperplasia. In contrast, MPNST
seemed to have a reduced ability to form arterioles as they showed blood vessels with small
diameter and thin walls. These observations are in agreement with previous studies showing an
impaired angiogenesis, a significant reduction of vessel size and delayed wound repair in Syn-47
micel*".

Syn-4 is proposed to function as an anti-migratory/anti-invasive-signal in cancer cells as Syn-4 is
downregulated in colon carcinoma cells™™ ™! and blockage of Syn-4 ligation by tenascin-C
increased glioblastoma and breast cancer migration!:’®. As Syn-4 plays a crucial role in focal
adhesion complex assembly and in cell migration, a reduction of Syn-4 expression by SMCs in

MPNST might play a role in NF1-tumourigenesis.

5.2.4 PLATELET DERIVED GROWTH FACTOR RECEPTOR ALPHA

Platelet-derived growth factor receptors (PDGFRs) are implicated in the regulation of
proliferation, migration, transformation and apoptosis™’"*"*). PDGF receptors, PDGFR-a and -p,
are cell surface tyrosine-kinase receptors that exert their cellular effects by dimerisation and
subsequent autophosphorylation. The a-receptor binds 4 dimeric isoforms of PDGF (PDGF AA,
AB, BB and CC), whereas the B-receptors binds PDGF BB and DD™'%! platelet-derived

growth factors (PDGFs) are among the most potent stimuli for mesenchymal cell migrationf*®*
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and play an important role in wound healing, inflammation and angiogenesis. Expression studies
in brain tumours of PDGF ligands and receptors, including PDGF-A, PDGFR-a and PDGFR-,
have shown that their overexpression occurs in high-grade gliomas®*®**%¢l Furthermore,
overexpression of PDGFR-a seems to be particularly common in tumours of the
oligodendroglial lineage with high expression in 100% of tumours studied by IHC!8 % |n
addition, PDGFR-a was observed to be differentially expressed in bone tumours: osteosarcomas
showed a higher expression than osteoblastomas™. Similarly, prostate adenocarcinoma and
invasive breast cancer have also shown high expression of PDGFR-o*%Y.

In NF1-associated tumours, PDGFR-a. was identified to be differentially expressed between a
pNF and an MPNST by SSH. The level of PDGFR-a expression was 15-folds higher in
MPNSTL. Furthermore, previous IHC stainings performed at the Institute of Neuropathology
showed that PDGFR-alpha was strongly expressed in 100% of MPNST (n= 16) but was also
positive, although less pronounced, in 83 % of benign NFs (n=18) ["4.

By WB analysis, 50% MPNST (3/6), an MPNST cell culture and a pNF showed a 185 kDa band
corresponding to PDGFR-a. This difference could be due to the distinct sensitivity of both
methods. By using IHC, tumours with occasional stained cells within the tumour must be
considered positive and can not be detected by WB.

High expression of PDGFR-a has been described in several malignancies, however, the
mechanisms involved in PDGFR-a overexpression differ in tumour types and can be due to an
activating mutation or amplification of the PDGFRA gene[*®* 192} PDGFR-a activation is known
to increase the proportion of active Ras. In NF1-associated tumours, PDGFR-a overexpression is
likely to cause a permanent activation of Ras downstream signalling.

Our study demonstrates overexpression of PDGFR-a in MPNST and in a pNF and validates
previous results. This and other studies strongly suggest a role for PDGFR-a in tumourigenesis.
This is of great importance because tumours (MPNST or pNF) expressing PDGFR-a could be

sensitive to Imatinib mesylate and/or other drugs able to target PDGFR-a.

5.2.5 PRION PROTEIN

Most of the studies on prion protein (PrP) have focused on prion diseases where an abnormal
folded isoform of PrP accumulates in the brain. However, the functional role of the normal PrP
isoform is not fully understood. A previous study identified by SSH and confirmed by vNB that
PrP mRNA was 21-times more strongly expressed in a pNF than in a MPNST of the same
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patient!’ In the present study, WB with 16 primary tumours and 2 MPNST cell cultures were
performed. PrP was expressed in both dNFs and pNFs, mostly in the monoglycosylated form.
However MPNSTSs lack PrP expression. These results are in agreement with vNBs and validate
PrP expression in NFs on the protein level.

The function of the evolutionary highly conserved PrP is still enigmatic. PrP seems to play a
role in neural differentiation™®®, lymphocyte proliferation™*, cell adhesiont*® and protection
against oxidative stress, as PrP can bind Cu™ ions % 2"} and has superoxide dismutase activity
[198, 1% " Furthermore, transgenic mice overexpressing wild-type PrP exhibit degeneration of
central and peripheral nerve system as well
as skeletal muscle tissue®. Interestingly,
recent data point to a potential role of PrP .m‘

in the regulation of apoptosis. Whereas

APAF-1

/

BCL-2

some studies suggest that it protects cells

Apoptosis

from proapoptotic agents, others found that
PrP sensitises cells to undergo apoptosis.
Paitel et al. showed that PrP regulates p53-
dependent caspase 3-mediated neuronal
death by upregulation of the p53 promotor
transactivation and by downstream of
Mdm2 expression® (Figure 27). On the ‘é‘;i:'x.':;'."“'\

other hand, a PrP restricted sequence
shares homology with the anti-apoptotic

protein Bcl-22%% 21 and two different cell

. Figure 27: Role of Prion protein in apoptosis:
lines were reported to be protected from 1) Pro-apoptotic-p53-dependent activity of PrP; 2) anti-

apoptosis induced by Bax and serum apoptotic role of PrP.

deprivation mediated by PrP or Bcl-2

expression?®.  Despite results supporting each of these mechanisms, the physiological
function(s) might depend on a combination of several factors. Furthermore, PrP might also be
involved in cell cycle regulation. Several cell lines were identified to express high levels of PrP
when they were arrested in G1 phase®.. It is noteworthy that p53 is also involved in the

checkpoint at the G1/S stage of the cell cycle.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 79



- .I <
Discussion a

To our knowledge, the present work investigates for the first time PrP expression in peripheral
nerve sheath tumours. Further studies need to clarify if loss of PrP contributes to a malignant

phenotype or if it is a random event, possibly due to dedifferentiation of transformed cells.

5.2.6 PROTEOLIPID PROTEIN

The myelin proteolipid protein (PLP) is a major component of the CNS, expressed mostly in
cells of the oligodendrocytic lineage. However, small amounts of PLP gene products are
synthesised by Schwann cells in the PNS, with DM-20 being the most abundant isoform.
PLP/DM-20 is thought to contribute to the compaction and stability of myelin sheaths?% 2%
Although PLP/DM-20 is not essential for myelin formation®®® 2/l overexpression of the PLP
gene led to demyelination and death of oligodendrocytes!?%® 21,

In a previous study, higher levels of PLP mRNA were detected in a pNF compared to an
MPNST from the same patient. However, we observed, by performing WB with 16 primary
tumours, that the highest amount of PLP protein was found in MPNST, especially in both
MPNST cell cultures. In contrast, DM-20 was similarly expressed in both NFs and MPNST.
While the PLP gene promotor tightly regulates which cells express the PLP gene, cellular
concentration of PLP mRNA is regulated by RNA stabilization/destabilization®® Y. Therefore,
the high levels of PLP mRNA observed in NFs by SSH, microarrays and vVNB in the absence of
detectable protein might be explained by RNA stabilization. The significance of PLP

overexpression in MPNST remains unclear.

5.2.7 MATRILIN-2

The matrilin family is characterised by subunits containing von Willebrandt factor A-like
domains, which are connected by a variable number of epidermal growth factor-like modules.
Little is known about the function and ligand interactions of matrilins in tissues, and most studies
have focused on matrilin-1. However, matrilin-2 (mtr-2) is known to be expressed in a variety of
tissues, including both loose and dense connective tissues as well as subepithelial basement
membranes in skin and digestive tracts. Mtr-2 has been suggested to represent an adaptor protein
connecting proteoglycans to the collagen network and, on the other hand, forming collagen

independent structurest®?.

Genes differentially expressed in benign and malignant peripheral nerve sheath tumours 80



- .I <
Discussion a

Although mtr-2 mRNA levels were previously observed to be overexpressed in NFs, on the
protein level we did not observe any difference among the different NF1-associated tumours.

This strongly suggests regulation of mtr-2 expression at the postransciptional level.

5.2.8 APOLIPOPROTEIN D

Apolipoprotein D (apoD) is a member of the lipocalin family of genes involved in the transport
of small hydrophobic molecules®?®). A variety of substances including cholesterol esters?4-216]
heme-related metabolites, progesterone and arachidonic acid have been described as putative
ligands for this protein. In the PNS, apoD is synthesised by endoneurial fibroblasts®* 2], ApoD
expression increased up to 500-fold during peripheral nerve regeneration following a lesion in
ratsi?* 281 Curiously, in breast and prostate carcinoma cell lines, androgen-induced apoD
expression reduced cellular proliferation by 50% . Thus, ApoD has been proposed to be a
marker of cell cycle arrest’??”. In contrast, estrogens suppressed apoD expression and stimulated
cellular proliferation®. Interestingly, under high estrogens conditions such as pregnancy, up to
82% of NF1-female patients experience growth of new NFs or enlargement of existing NFs!??.
In NF1-associated tumours, apoD was firstly identified by SSH to be upregulated in a pNF
compared to a MPSNT of the same patient. Microarray analysis also showed higher levels of
apoD in NFs than in MPNST. On the protein level, apoD expression was significantly reduced in
MPNST. No differences were observed between dNFs and pNFs. Both MPNST cell cultures
lacked apoD expression suggesting a protective effect of apoD in NF1-tumourigenesis.

In human breast cancer cells, apoD was reported to induce cell differentiation and lower the cell
growth rate® 224 |n brain tumours, apoD was proposed to be a marker for low-proliferative,
non-infiltrating and potentially curable primary brain tumours®®. In contrast, apoD negative
immunostaining was a predictor of shorter survival in patients with non-resectable prostate
cancers??®!. Therefore, apo D expression in NFs suggest a cell differentiation effect in Schwann
cells. 1t will be interesting to perform further investigations in a larger group of patients to assess
if apoD expression has a prognostic relevance in NF1-associated peripheral nerve sheath

tumours.
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6 CONCLUSIONS

Tumourigenesis is a multistep process, involving inactivation of tumour suppressor genes and
activation of oncogenes that results in uncontrolled cell growth. MPNST formation requires
more than one genetic alteration. Several molecules have been identified to be involved in
MPNST formation such as mutant p53'®* ¢! CDKN2AL" and EGF receptor®.

To identify further genes involved in NF1-tumourigenesis we performed gene expression
analysis with 26 primary tumours. 57 genes were identified to be differentially expressed into
NF1-associated tumours and hierarchical clustering analysis clearly separated the samples in 3
groups: dNFs, pNFs and MPNST. We pointed out 13 genes best suited to differentiate between
dNFs and pNFs (MALAT-1, UAP-1, MYO10, SEC3L1, APRIN, CYP1B1, NPIP, HSPCA,
PABPC3, FJL14803, MTRNR1, NSGX and FOS). No differences in gene expression were
observed between NF1-associated and sporadic MPNST. Expression profiling of tumours is a
useful tool to improve diagnosis and identify therapeutically relevant molecules that will allow
an optimised and individualised treatment of patients.

Recently, several genes have also been identified to be differentially expressed in NF1-
associated tumours by RT-PCRI* 2 All these different studies provide a large catalogue of
genes potentially involved in tumour formation, thereby contributing an important step in the
study of NF1-associated tumourigenesis. However, until now, only a few genes were confirmed
to be differentially expressed on the protein level. Therefore, the major aim of this study was to
verify in primary tumours the expression levels of some of those genes previously identified to
be involved in tumour formation of NF1 patients.

In this regard MMP-13, Syn-1 and PDGFR-a were confirmed by WB and IHC and/ or IF to be
overexpressed in MPNST. MMP-13, initially identified by SSH’ and later by RT-PCRM?, was
observed to be expressed in 58% of MPNST but not in NFs. Moreover, the expression of this
matrix metalloprotease involved in invasion and metastasis was significantly associated with an
increased risk of relapse in MPNST patients. As the MMP-13 promotor was shown to be
differentially regulated by wild-type and mutant p53"®, we decided to screen MPNST for TP53
mutations. P53 mutants were found in only 10.5% of MPNST, all of them expressing MMP-13.
However many tumours with wild-type TP53 also expressed MMP-13. MMP-13 expression and

p53 accumulation were significantly associated. The p53 polymorphism in codon 72 was
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identified by sequencing; interestingly the Pro72 allele was associated with delopment of
metastases. Syndecans are believed to play a role in cell adhesion, invasion, cell movement and
intercellular signalling. The study of syndecans in NF1-associated tumours is of major interest
due to their ability to interact with neurofibromin®®. Ectopic expression of Syn-1 in Schwann
cells enhances cell spreading!**. Transfection of Syn-1 into squamous-cell carcinoma cell line
significantly enhanced the basal growth, tumour formation and cell spreading of those cells in
nude micel™®®. Interestingly, Syn-1 was overexpressed in 86% MPNST and absent in NFs
pointing to a role of Syn-1 in malignant transformation.

WB analyses detected PDGFR-a and PLP expression in 50% of MPNST. PDGFR-a is important
in processes such as cell proliferation, transformation and apoptosis®’® 26228 pLp s thought to

S[206, 207].

contribute to the compaction and stability of myelin sheath However, PLP

overexpression leads to impaired myelinisation and death of oligodendrocytes?®® 2%,

Gene Identification

Microarray

57 genes

133 genes

Verification

Protein

IMvP-13 || p53 || syn-1 || syn-4 || PDGFR-al| PP || PLP || M2 || ApoD

iAMPNST| |#MPNST| |AMPNST || ANFs | [avPNST| | ANFs | |ampPNsT|] = || ANFs |
Tumour invasion Invasion Adhesion Pro-apoptotic Adaptor protein
. . . - . . between HSPG
fésléslogféed with Metastasis Cell motility P53 stimulation and collagen
P Possible therapy Angiogenesis
- | Myelin formation |
Apoptosis Migration
10.5% MPNSTs have a mut p53 Transformation Lipid redistribution after nerve injury
p53Pro’2 associated with metastasis Therapy: Gleevec Hormonal cellular proliferation
I regulation

Association of MMP-13 expression and p53 accumulation

Figure 28: Schematic representation of this doctoral thesis. Firstly, microarray analysis and SSH led to the
identification of genes differentially expressed in NF1-associated tumours. | confirmed the differential expression of
9 candidates on the protein level by WB, IHC and/or IF. Furthermore, | assessed the clinical significance of MMP-
13 by statistical analysis of MMP-13 expression and TP53 mutation screening analyses.

The candidates downregulated in MPNST were Syn-4, PrP and apoD. No protein expression
differences were observed between NF1-associated tumours for mtr-2. Syn-4 was expressed only
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by SMCs around arteries and arterioles in NFs and was absent in MPNST which showed small
blood vessels with thin walls in comparison to NFs. It is noteworthy that lack of Syn-4 was
suggested to be associated with an impaired angiogenesis in Syn-4"" micel”). PrP seems to play
a role in neural differentiation, lymphocyte proliferation, cell adhesion and may protect from
oxidative stress™™*1%!. In addition, several studies point to a function of PrP in cell death and

cell cyclel?0t204]

. All NFs expressed PrP, however most MPNST lacked PrP expression.
Impairment of apoptotic signalling due to downregulation of PrP might contribute to malignant
transformation of pNFs. ApoD expression was observed to be reduced in MPNST and suggests a
protective effect of apoD in NF1-tumourigenesis. Previous studies reported that apoD expression

induced cell differentiation and decreased the cell growth rate in human breast cancer cells!??

2241 In brain tumours, ApoD expression was proposed to be a marker for a group of low-

proliferative, non-infiltrating and potentially curable tumours®™.

Therefore, in addition to the model of NF1-peripheral nerve sheath tumourigenesis proposed by
Dasgulta and Gutmann, we have verified on the protein level the differential expression of
several proteins known to play important roles in tumour formation such as invasion, metastases,
angiogenesis, proliferation, cell migration and apoptosis. It is noteworthy that MMP-13 and
PDGFR-a are targets of several new therapeutic strategies, already approved or in clinical trials,

and constitute a hope for patients with MPNST.

Genes that discriminate between dNFs and pNFs: MALAT-1,

UAP-1, MYO10, SEC3L1, APRIN, CYP1B1, NPIP, HSPCA, P53NFABRE

PABPC3. FJI.14803. MTRNR1. NSGX and FOS mutations
Schwann call ) NFET Plexifomm -@ PNST

pracursor lcss » reurafibroma —Pﬂ

Mature NF 1+ mast calls. fitroblasts, EGFR amplification
Schwann call perineurial calls MMP-13, syn-1, PDGFR-a,
¢ PLP overexpression
NET oS5 > Dermal Reduced syn-4, PrP, ApoD
neurcfibroma expression

Figure 29: Modified picture from Dasgupta and Gutmann, 2003. New model of NF1-associated peripheral nerve

sheath tumourigenesis

This doctoral thesis contributes to partially improving our understanding of the signalling
pathways dysregulated in NF1 peripheral nerve sheath tumourigenesis.
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