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Abstract

ABSTRACT

Elina Uusitalo: NEUROFIBROMATOSIS TYPE 1: FROM GENE TO
POPULATION AND CANCER University of Turku, Faculty of Medicine, Institute
of Biomedicine, Cell Biology and Anatomy & Dermatology and Venereal
Diseases, Turku Doctoral Programme of Molecular Medicine (TuDMM).
Annales Universitatis Turkuensis, Medica-Odontologica, 2018.

Neurofibromatosis type 1 (NF1) is an autosomal dominant syndrome caused by
mutations in the large and complex NF1 tumor suppressor gene on chromosome
17. NF1 is the most frequent hereditary tumor predisposition syndrome. The
diagnosis of NF1 is usually based on clinical findings, such as tumors of the
peripheral nervous system called neurofiboromas and hyperpigmentary
abnormalities such as café-au-lait pigment spots. This thesis investigated the
molecular diagnostics, epidemiology, and cancer biology associated with the NF1
cancer syndrome.

In this thesis, a new method for NF1 molecular diagnostics exploiting next-
generation sequencing was developed. This is important, because mutation
analysis is currently not available for every patient, and in the majority of the
patients, the diagnosis is still merely based on clinical manifestations.

A national NF1 cohort of 1,404 patients was used in this thesis, and a retrospective
register-based total population study was carried out to evaluate the epidemiology
and cancer incidence of NF1 in Finland. The results revealed that NF1 incidence
is higher than previously accepted. The results with a birth incidence of 1/2,000
challenge the generally accepted NF1 incidence of ~1/3,000. The NF1 cancer
incidence was studied with data from the Finnish Cancer Registry. A five-fold
increase in cancer incidence was observed, which is the highest cancer incidence
reported so far. In addition, cancers in the NF1 patients have a worse prognosis
than the corresponding cancers in the general population. In NF1 patients the risk
for breast cancer is also elevated, particularly under the age of 40. NF1-related
breast cancer has poor prognosis, which is not solely explained by occurrence at
young age or by histopathological type. Our results suggest that NF1 mutations are
an independent factor contributing to low survival of patients with breast cancer.
Active surveillance of NF1 patients and awareness of the NF1-related cancer risk
are needed for early detection of the tumors and improved prognosis.

Keywords: Neurofibromatosis type 1, next-generation sequencing, incidence,
cancer, breast cancer, survival



Tiivistelma

THVISTELMA

Elina Uusitalo: NEUROFIBROMATOOSI TYYPPI 1: GEENISTA
YLEISYYTEEN JA SYOPAAN. Turun yliopisto, Laaketieteellinen tiedekunta,
Biolaédketieteen laitos, Solubiologia ja anatomia & Iho- ja sukupuolitautioppi, Turun
molekyyliladketieteen tohtoriohjelma (TuUDMM). Annales Universitatis Turkuensis,
Medica-Odontologica, 2018.

Neurofibromatoosi tyyppi 1 (NF1) on vallitsevasti periytyva syovalle altistava
oireyhtyma, joka aiheutuu mutaatiosta kromosomissa 17 sijaitsevassa NF1-
geenissa. NF1-geeni on hyvin suurikokoinen ja sen koko alueella havaitaan
haitallisia mutaatioita. NF1 esiintyy noin 1/3,000 syntyvésta lapsesta ja diagnoosi
perustuu yleensa Kliinisiin kriteereihin. Tarkeimpia Kliinisia kriteereitd ovat ihon
vaaleanruskeat maitokahvildiskat sek& neurofibroomat eli hermon hyvéanlaatuiset
sidekudoskasvaimet. NF1 oireyhtymélle tyypillisid syopétyyppeja ovat aivojen ja
&areishermoston kasvaimet. Tama vditoskirja keskittyy erityisesti NF1:n
diagnostiikkaan, epidemiologiaan seka syépébiologiaan.

Véitoskirjatutkimuksessa  kehitettiin -~ uusi  menetelmd NF1:n  molekyyli-
diagnostiikkaan. Menetelmassa hyddynnettiin kohdennetusti uuden sukupolven
sekvensointimenetelmid. Uusi menetelm& on tarked, silla talla hetkelld mutaatio-
analyysia ei ole tarjolla kaikille potilaille ja diagnoosi perustuu yleensé kliinisiin
oireisiin, joiden kehittyminen voi vied& vuosia.

Vaitoskirjassa koottiin kansallinen 1,404 NF1 potilaan kohortti. Vaitoskirjatyon
tulokset osoittavat, ettd NF1 on selvasti aiemmin luultua yleisempi sairaus, silla sen
ilmaantuvuudeksi saatiin tutkimuksessa 1/2,000. Potilaiden syopéilmaantuvuutta
sekd -kuolleisuutta analysoitiin  Suomen Syoparekisterin tietojen avulla.
Tutkimuksen tulokset osoittivat ettd NF1 potilailla sydvan ilmaantuvuus on
viisinkertainen muuhun vaestéon verrattuna. Taman lisaksi havaittiin, ettd NF1
syopépotilailla on muuta véestéd huonompi ennuste. NF1:lle tyypillisten kasvainten
lisaksi havaittiin kohonnut rintasydpariski jo nuorilla, sek& huonompi viiden vuoden
elossaolo-osuus kuin verrokkipotilailla. Paras keino vahentdd NF1 potilaiden syopa-
kuolleisuutta on lisatd tietoisuutta syopariskistd seka aktiivinen seuranta sydpien
Ioytdmiseksi varhaisessa vaiheessa. NF1-mutaatiot ovat yleisida myds vertailu-
véeston syovissé. Siksi NF1 potilaiden sydpien tutkiminen voi auttaa ymmartamaén
NF1-geenin osuutta syovan synnyssé laajemmin.

Avainsanat: Neurofibromatoosi tyyppi 1, uuden sukupolven
sekvensointimenetelmét, ilmaantuvuus, syopé, rintasyopé, eloonjadmisanalyysi
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1 INTRODUCTION

In the 1860s, an Austrian monk named Gregor Mendel introduced his famous
theory of inheritance based on his experimental work in garden. His experiments
with pea plants showed that the inheritance of certain traits follows particular
patterns. Earlier, most people believed that inheritance was due to a diluted
blending of parental ‘substances,” just like mixing blue and yellow paint will
produce a green color. To date, we know that cells store their hereditary
information in the form of double-stranded molecules of DNA. In eukaryotic cells,
the DNA is packaged into a set of chromosomes, and chromosomes carry genes,
which are the functional units of heredity.

Monogenic disorders, also often referred to as Mendelian, are caused by a single
defective gene. Dominant diseases are monogenic disorders that involve damage
to only one gene copy, and thus an abnormal gene from one parent is sufficient to
cause the disease. This happens even when the matching gene from the other parent
is normal. However, also healthy parents may have an affected child if a new
mutation occurs spontaneously in the germ line cells of one or the other parent.

Neurofibromatosis type 1 (NF1) is one of the most common autosomal dominant
syndromes but yet a rare disease. It is caused by mutations in the large NF1 gene
in chromosome 17 (Wallace et al., 1990, Xu et al., 1990). The diagnosis of NF1 is
usually based on clinical findings, but genetic testing is needed to confirm the
diagnosis in several situations. Rare diseases, in general, are poorly understood;
and there are many questions unanswered.

In Finland, the use of comprehensive national health care registries provides a
unique opportunity to study diseases with low incidence. Record-keeping in
general has a long tradition in Finland, for example, the first nation-wide,
computerized disease register, the Finnish Cancer Registry was founded in 1952.

In the present study, a new method for NF1 molecular diagnostics was developed.
In addition, the epidemiology and cancer incidence of NF1 in Finland was
evaluated with a national NF1 cohort and retrospective register-based total
population study. The intention of this study was also to advance the knowledge
about breast cancer related to NF1.
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2 REVIEW OF LITERATURE

2.1 Neurofibromatosis type 1 syndrome

Neurofibromatosis type 1 (NF1) is an autosomal dominant tumor predisposition
syndrome. NF1, previously known as von Recklinghausen’s disease after Friedrich
Daniel Von Recklinghausen, is caused by mutations in the NF1 tumor suppressor
gene on chromosome 17 (Wallace et al., 1990, Xu et al., 1990). NF1 is one of the
most common monogenic syndromes. The autosomal dominant inheritance pattern
of NF1 has been confirmed for many years, meaning that NF1 patients have a
50/50 chance of an affected child. Besides that, the mutation rate of the NF1 gene
is one of the highest observed resulting in about half of the NF1 cases caused by a
de novo mutation (Huson et al., 1989).

2.1.1 NF1 symptoms

NF1 is a multisystem disease causing a varying combination of symptoms. The
symptoms can impact essentially every organ system. However, as a
neurocutaneous syndrome, its hallmark features involve particularly the skin, the
central nervous system, and the peripheral nervous system. The major defining
features of NF1 are hyperpigmentary abnormalities shown in Figure 1 such as
skinfold freckling, café-au-lait macules, and iris Lisch nodules (Huson, 2008). A
significant feature of this syndrome is the formation of multiple tumors of the
peripheral nervous system called neurofibromas (Figure 1B) (Jouhilahti et al.,
2011). These features are present in the majority of the NF1 patients (Peltonen and
Poyhonen, 2012).

Figure 1 The hallmark symptoms of NF1. A) Skinfold freckles; B) Café-au-lait macules
(asterisk) and neurofibromas (arrowhead); and C) Lisch nodules (iris hamartomas,
arrowhead). Photo courtesy of: A) Sirkku Peltonen, B) Eeva-Mari Jouhilahti, and C) Vesa
Aaltonen.
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NF1 is a syndrome first manifesting itself during childhood. The first signs of the
syndrome are often café-au-lait macules of the skin, which are present in 95% of
the patients by the age of 1 year (DeBella et al., 2000) and in 99% of the patients
by adulthood (Huson, 2008, McGaughran et al., 1999). Café-au-lait macules are
hyperpigmented areas of the skin, which often become larger and more numerous
during childhood but may fade during adulthood (Shah, 2010). Solitary café-au-
lait macules are also common in the general population. A study in the United
States found café-au-lait macules in 2% of all newborns (Kanada et al. 2012).
Consistent with the current knowledge, they were most common in African-
American children.

Skinfold freckling occurs in non-sun-exposed skin and usually appears in NF1
patients later than the café-au-lait macules (Evans et al., 2017). Also the
appearance of iris Lisch nodules, which are benign hamartomas, typically occurs
early in childhood. Over 90% of adult NF1 patients have Lisch nodules (Evans et
al., 2017, Peltonen and Poyhonen, 2012).

Other symptoms related to the syndrome include cognitive impairment, skeletal
abnormalities, and different malignancies (Gutmann et al., 2017, Peltonen and
Pdyhdnen, 2012). Many NF1 children have cognitive deficits, learning disabilities,
and behavioral problems (Lehtonen et al., 2013). Cognitive deficits in NF1
children are an essential burden and weak performance in verbal and nonverbal
tasks and impaired global language belong to the characteristic features (Krab et
al., 2008, Mautner and Boltshauser, 2008). Moreover, NF1 children frequently
have a general delay in development and problems with attention and impulse
control (Mautner and Boltshauser, 2008). A high prevalence of social behavioral
problems and autism spectrum disorders has also been reported (Garg et al., 2013,
van der Vaart et al., 2016).

NF1 children can also develop bone manifestations such as pseudarthrosis and
scoliosis (Elefteriou et al., 2009). Long bone dysplasia is seen in 3-4% of the NF1
patients (Friedman and Birch, 1997). Also decreased bone mineral density and
shortness of stature are reported to occur frequently in NF1 patients (Elefteriou et
al., 2009, Kuorilehto et al., 2005).

The NF1 patients have an increased risk for developing both benign and malignant
tumors. Dermal neurofibromas are present in over 95% of adult NF1 patients and
are a hallmark of the disease (Huson, 2008). Neurofibromas are benign peripheral
nerve sheath tumors at cutaneous or subcutaneous locations. They are generally
less than 3 c¢cm in diameter, numerous, and are not reported to progress to
malignancy. The number of cutaneous neurofibromas in adult NF1 patients varies
from few to thousands (Peltonen and Péyhonen, 2012). Neurofibromas are a major
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cause of morbidity in adult NF1 patients mainly because of the number and
visibility of these tumors (Page et al., 2006).

Cutaneous neurofibromas rarely occur before the age of ten years, however a child
with NF1 can have a plexiform neurofibroma visible from birth at any location of
the body (Mautner and Boltshauser, 2008). These tumors may also become
apparent later in life. Plexiform neurofibromas are larger peripheral nerve sheath
tumors that involve long nerve segments and can form a large disfiguring mass.
They produce morbidity by causing disfigurement, pain, impairment of nerve
function, or potentially a progression to malignancy (Evans et al., 2002, Kimet al.,
2017). Whole-body MRI reveals plexiform tumors in over 50% of the NF1
patients, while about 25-30% of the patients have a visible or symptomatic
plexiform neurofibroma (Nguyen et al., 2011).

NF1 is associated with benign neurofibromas but also with malignancies of several
types. In particular, optic pathway gliomas (Listernick et al., 1997), and malignant
peripheral nerve sheath tumors (MPNSTS) (Evans et al., 2002, Evans et al., 2011)
are common malignant tumors observed in NF1 patients.

Interdisciplinary medical care is often needed because of the variety of
characteristic clinical features associated with NF1. NF1 also shows major
phenotypic variability of symptoms. The degree of severity is unpredictable among
patients, even those carrying identical NF1 germline mutations (Viskochil, 2002).
An individual with mild clinical symptoms can have a child with a more severe
phenotype or vice versa (Easton et al., 1993, Riccardi and Lewis, 1988).

2.1.2 NF1 diagnosis

The diagnosis of NF1 is usually based on clinical findings. The diagnostic criteria
of NF1 was agreed at the NIH 1987 NF Consensus Conference (Stumpf et al.,
1988). At least two of the diagnostic criteria listed in Table 1 are needed for clinical
diagnosis of NF1. Most important of these, café-au-lait macules, skinfold freckles,
and neurofibromas should be visible on the skin. The diagnostic criteria has been
shown to be specific and sensitive for adults with NF1 (Gutmann et al., 1997,
Kluwe et al., 2004). However, clinicians often face situations where there are some
NF1 symptoms but not sufficient for a clinical diagnosis. Diagnosing small
children is often challenging, because about half of sporadic NF1 cases fail to
fulfill the NIH Diagnostic Criteria by the age of 1 year (DeBella et al., 2000). Since
NF1 is a multiorgan disease with frequent complications from various organ
systems, the correct early diagnosis is essential. At present, genetic testing is
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recommended to confirm NF1 diagnosis, particularly in children fulfilling only
pigmentary features of the diagnostic criteria (Evans et al., 2017). The same holds
true for adults with an atypical clinical presentation (Peltonen and Pd&yhdnen,
2012).

Table 1 NF1 diagnostic criteria. The NIH consensus development conference statement
diagnostic criteria for NF1 are met in an individual who has two or more of the following:

Six or more café-au-lait macules of over 5 mm in greatest
diameter in prepubertal individuals and over 15 mm in greatest
diameter in postpubertal individuals.

Two or more neurofibromas of any type or one plexiform
neurofibroma.

Freckling in the axillary or inguinal regions.
Optic glioma.
Two or more Lisch nodules (iris hamartomas).

A distinctive osseous lesion such as sphenoid dysplasia or
thinning of the long bone cortex with or without
pseudarthrosis.

A first-degree relative (parent, sibling, or offspring) with NF1
by the above criteria.

2.1.3 Other NF1 subtypes

Segmental NF1

Segmental or mosaic NF1 is used to describe the patients with an NF1
constitutional mutation present in only a small population of cells. Therefore, the
disease features are limited to the affected area, which varies from a narrow strip
to one-half of the body (Ruggieri and Huson, 2001). Segmental NF1 is caused by
a postzygotic mutation of the NF1 gene during embryonic development (Listernick
et al., 2003, Ruggieri and Huson, 2001). The most common initial finding in these
patients is unilateral presentation of pigmentary changes, and most of these
patients seek medical care because of an unusual appearance of the skin (Huson,
2008, Lara-Corrales et al., 2017). Patients with segmental NF1 are less likely to
have a severe disease and also a lower risk to have children with NF1 (Ruggieri
and Huson, 2001). It should be noted that the segmental NF1 may explain the
absence of detectable NF1 mutation in blood.
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Spinal NF1

Spinal neurofibromatosis is a rare form of NF1, which causes multiple spinal nerve
root neurofibromas as a principal feature. The severe subtype is characterized by
bilateral neurofibromas of all spinal roots. The patients have some pigmentary
features of NF1 but an absence of dermal neurofibromas (Huson, 2008, Messiaen
et al., 2003). Only around 100 cases with this form of NF1, both sporadic and
familial, have been reported (Poyhonen et al., 1997, Ruggieri et al., 2015). It has
been suggested that individuals with the severe familial subtype more frequently
carry an NF1 missense or splicing mutation (Kluwe et al., 2003, Messiaen et al.,
2003).

2.2 The NF1 gene

The NF1 gene (OMIM 613113) is located on the long arm of chromosome 17 at
position 11.2 (17g11.2). The gene spans 283 kb of genomic DNA in the interval
of 31,094,927-31,377,677 (Genome Reference Consortium, GRCh38) on Chrl7.
The large size of the gene is consistent with the very high spontaneous mutation
rate. The gene comprises as much as 57 constitutive and 4 alternatively spliced
exons 9a, 10a-2, 23a, and 48a (Figure 2) (Upadhyaya, 2008, 2010). The GAP-
related domain (GRD), encoded by exons 20-27a, is the most highly conserved
region of the gene (Upadhyaya, 2010). The NF1 gene has two large introns: 1 and
27b. The large 60 kb intron 27b contains three small unrelated genes EVI2A, EVI2B
and OMG, which are transcribed from the opposite strand and thus in the reverse
direction than the NF1 gene (Upadhyaya, 2008, Viskochil et al., 1990). Each of
these genes has two exons.

The human NF1 gene was cloned simultaneously during the 1990s by Wallace et
al. and Viskochil et al. (Viskochil et al., 1990, Wallace et al., 1990). The NF1 gene
is evolutionarily conserved. The remarkably high degree of NF1 sequence
conservation between human and mouse was first described by Bernards et al.
(Bernards et al., 1993). They found more than 98% sequence identity between the
neurofibromin amino acid sequences of these two species (Bernards et al., 1993).
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NF1 pseudogenes

Several NF1-like sequences, i.e., pseudogenes have been found throughout the
human genome at least in chromosomes 2, 12, 14, 15, 18, 21, and 22 (Kehrer-
Sawatzki et al., 1997, Legius et al., 1992, Luijten et al., 2001, Purandare et al.,
1995, Suzuki et al.,, 1994). Many of these pseudogenic sequences display
significant homology of over 90% to the NF1 sequence, however all of them have
various inactivating nucleotide substitutions, insertions, or deletions (Upadhyaya,
2008). It is thought that the NF1 pseudogenes initially arose during evolution by
duplication and transposition of parts of the functional NF1 gene (Luijten et al.,
2001). The highly homologous pseudogene sequences can interfere with gDNA-
based sequencing methods.

2.2.1 Neurofibromin

Tumor suppressor genes, such as NF1, encode proteins that are responsible for
regulating cell division, and thus a loss-of-function mutation of such genes can
contribute to tumorigenesis. The NF1 gene gives rise to a 12-kilobase mMRNA
transcript encoding the neurofibromin protein, whose activity is impaired in
patients with NF1. Neurofibromin is a giant 2,818 amino acid protein that is
ubiquitously expressed at low concentrations in most tissues and during
development but expressed at the highest levels in cells of the central nervous
system and brain (Daston and Ratner, 1992, Daston et al., 1992, Wallace et al.,
1990). The cellular distribution of neurofibromin varies by tissue and cell type.
Neurofibromin was originally discovered as a cytosolic protein (DeClue et al.,
1991) but, now, it is found to be associated with at least the plasma membrane, the
endoplasmic reticulum, and to co-localize with mitochondria (Malhotra and
Ratner, 1994, Nordlund et al., 1993, Roudebush et al., 1997).

Xu et al. found that NF1 gene encodes a cytoplasmic GAP-like protein (Xu et al.,
1990). The catalytic Ras-specific GTPase activating protein (RasGAP) domain
resides in a central portion of neurofibromin, which is termed the GAP-related
domain (GRD) (Xu et al., 1990). Neurofibromin is recognized as a tumor
suppressor protein, and its best characterized function is in the down-regulation of
functionally active Ras proteins or in the regulation of cellular levels of activated
Ras proteins (Figure 3). Neurofibromin is reported to interact with the major Ras
isoforms: H-, K-, and N-Ras (Ahmadian et al., 1997). Ras proteins exist in two
forms in the cell with the inactive form bound to GDP, whereas a very small
number of Ras proteins contains a bound GTP and is metabolically active. Only
this activated form can upregulate many of the downstream effector proteins.
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Neurofibromin downregulates the biological activity of the small guanine
nucleotide binding of Ras by accelerating the conversion of active Ras-bound GTP
into its inactive Ras-GDP state (Cichowski and Jacks, 2001, Johannessen et al.,
2005, Upadhyaya, 2010).

Receptor tyrosine kinase and growth factor
Cell membrane
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Figure 3 In the absence of neurofibromin and the negative regulation of RAS proteins,
the GTP-bound RAS levels are increased. Signaling pathways downstream of RAS show
enhanced activation. These pathways include the MEK-ERK signaling cascade
downstream of RAF and the PI3K pathway. Modified from Brems et al., 20009.

Neurofibromin as a RasGAP is located at a central position of several signaling
pathways (Figure 3). The role that neurofibromin plays in the regulation of the
Ras/IMAPK pathway has an effect on, for example, cellular growth, neural
development, and cognition. It has also been shown that neurofibromin regulates
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the mTOR pathway in a Ras/PI3K-dependent manner (Johannessen et al., 2005).
The PIBK/AKT/mTOR signaling pathway protects cells from apoptosis, but in the
absence of functional neurofibromin, it is activated, which results in an increase in
cell proliferation and survival. Moreover, both the PISBK/AKT and Raf/MAPK
pathways can activate mTOR signaling with mTOR pathway activation occurring
in the absence of growth factors (Johannessen et al., 2005). Increased Ras activity
may also be associated with an NF1-mediated learning deficiency due to long term
potentiation impairment resulting from increased GABA-mediated inhibition
(Shilyansky et al., 2010).

The RasGAP activity of neurofibromin has been widely studied in biochemical
and structural detail, but there are also other domains in neurofibromin, less
intensively studied. For example, Sec14 and PH domains bind to phospholipids,
but the precise function of the Sec14-PH module remains unclear (D'Angelo et al.,
2006, Welti et al., 2007). A number of other proteins than Ras have also been
identified to interact with neurofibromin. Such are, for example, tubulin (Bollag et
al., 1993), kinesin-1 (Hakimi et al., 2002), syndecan (Hsueh et al., 2001), caveolin-
1 (Boyanapalli et al., 2006), and Spred1 (Stowe et al., 2012, Dunzendorfer-Matt et
al., 2016, Hirata et al., 2016)

Alternative splicing of NF1 gene and neurofibromin isoforms

Neurofibromin is a 327 kDA protein and has several alternative isoforms through
the inclusion of alternative spliced exons (Figure 2). The ubiquitously expressed
type Il isoform includes an alternatively spliced exon 23a, and thus an additional
21 amino acids inserted in the GTPase activating protein-related domain (Suzuki
etal., 1991). An isoform abundantly expressed in muscle contains an alternatively
spliced exon 48a and thus an additional 54-base pair in-frame insertion (Gutman
etal., 1993). In addition, there is an isoform highly expressed in the central nervous
system containing an additional exon 9a with an insertion of 30 base pairs (Danglot
etal., 1995).

2.3 NF1 mutations

A mutation is a permanent change in DNA resulting from random accidents and
errors in the storage and copying of genetic information.

Homozygous deletion of the Nfl gene is lethal in mice indicating that
neurofibromin is essential for development (Jacks et al., 1994). In NF1 patients,
the NF1 gene is nonfunctional due to gene mutation. NF1 is a tumor suppressor
gene, accordingly heterozygous loss of function mutations of the NF1 gene result



Review of literature 21

in tumorigenesis. The loss of neurofibromin functionality due to mutation in the
NF1 gene results in sustained levels of active Ras-GTP and thus to a prolonged
activation of the Ras/Raf/MAPK signaling pathway. The overall results are
increased cell proliferation and loss of growth control (Upadhyaya, 2010).

The mutation rate of the NF1 gene (~1:10,000) is among the highest known for
any gene in humans (Friedman 2017). This is partly explained by the large size of
the gene, but the cause of this unusually high mutation rate is mostly unknown.
About half of the NF1 cases result from de novo mutation, i.e., healthy parents
have a child with NF1 (Huson et al., 1989). According to The Human Gene
Mutation Database (HGMD), 2,689 different mutations of the NF1 gene have been
published so far. More than 2,800 different NF1 pathogenic variants have been
identified at the University of Alabama at Birmingham (UAB) cohort, with only
31 unique pathogenic variants present in >0.5% of all unrelated individuals
(Koczkowska et al., 2018). There is no evidence of mutation hot spots across the
gene. Mutations in the NF1 gene are spread over the entire coding region and
include a very diverse spectrum of mutation types, such as total gene deletions and
intragenic copy number changes. Deletions/duplications involving one or several
exons, frameshifts, nonsense mutations, splice mutations, missense mutations and
in-frame deletions or duplications involving one or several codons have been
described (Messiaen and Wimmer, 2008). Most of the NF1 germline mutations are
predicted to result in a truncated transcript and protein (Messiaen and Wimmer,
2008).

Regarding the genetic epidemiology of NF1, no differences among ethnic
backgrounds have been published. Two single nucleotide polymorphisms (SNPs)
in the NF1 gene region have enrichment in the Finnish population and thus have a
higher allele frequency (Odds ratio >2) (sisuproject.fi). These SNPs have however
uncertain clinical significance.

NF1 genotype/phenotype correlations

There is no evidence from a family transmitting the NF1 mutation from one
generation to the next through someone who carries the mutation but does not have
an NF1 phenotype. Based on the current knowledge, NF1 penetrance is virtually
complete after childhood, which means that all individuals with an NF1 gene
mutation have some phenotypic traits of the syndrome (Viskochil, 2002, Huson et
al., 1989).

The numerous attempts to find associations between a specific NF1 gene mutation
and a characteristic clinical phenotype have mostly been unsuccessful. There are
examples how monozygotic twins share some NF1 features, but more distant
affected relatives in the same family often exhibit a more variable clinical
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phenotype (Easton et al., 1993, Szudek et al., 2002). This suggests that the type of
the mutation of the NF1 gene itself plays only a minor role in the clinical phenotype
and severity or outcome of the disease in affected individuals. High levels of intra-
and interfamilial clinical variability are observed in many NF1 pedigrees, even
though all affected individuals carry identical NF1 mutations. One confounding
problem is that the phenotype is determined by the constitutional mutation, by the
patient’s age, the timing of second hit mutations in different cells and tissues,
potential mosaicism in founder patients as well as modifying and environmental
factors (Rojnueangnit et al., 2015).

To date, only few clinically significant genotype/phenotype correlations in NF1
have been identified. The first is the so called NF1 microdeletion, which is
observed in about 5-11% of the NF1 patients (Cnossen et al., 1997, Kluwe et al.,
2004, Zhang et al., 2015). The second genotype/phenotype correlation reported
was the presence of a 3-base pair deletion of the NF1 gene (c.2970-2972 delAAT,
p.-Met992del) (Upadhyaya et al., 2007). This specific one amino acid deletion in
exon 17 is associated with a milder phenotype in many patients. The patients with
this mutation have multiple café au lait macules but lack of cutaneous or plexiform
neurofibromas (Upadhyaya et al., 2007). Another genotype/phenotype correlation
reported was a higher incidence of Noonan syndrome features including short
stature and pulmonic stenosis in patients carrying NF1 missense mutations
affecting p.Arg1809 (Pinna et al., 2015, Rojnueangnit et al., 2015). These patients
presented also with multiple café au lait macules but no externally visible
plexiform neurofibromas or clear cutaneous neurofibromas. A recent clinically
relevant genotype-phenotype correlation was identified in patients with missense
mutations affecting NF1 codons 844-846 (Koczkowska et al., 2018). Variants in
this region seem to confer a more severe NF1 phenotype and a high predisposition
to developing malignancies.

An additional possible correlation involves the NF1 patients characterized by
bilateral neurofibromas located at spinal nerve roots with only a few other disease
features. Many of these patients have been reported to have an NF1 germline
missense or a splicing mutation (Kluwe et al., 2003, Messiaen and Wimmer, 2008,
Ruggieri et al., 2015).

NF1 microdeletions

NF1 microdeletions refer to large deletions, which cover the entire NF1 gene and
a number of flanking genes (Cnossen et al., 1997, Kluwe et al., 2004).
Microdeletions are the most frequent recurring mutations in NF1. The three
established types of NF1 microdeletions are different in terms of their size and
breakpoint position. The type 1 NF1 microdeletion is the most frequent
encompassing 1.4 Mb. The type 2 microdeletion spanning 1.2 Mb and type 3
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spanning 1.0 Mb are less frequent (Bengesser et al., 2010, De Raedt et al., 2004,
Kehrer-Sawatzki et al., 2004, Petek et al., 2003).

Patients with a constitutional NF1 microdeletion usually show a more severe NF1
phenotype. The patients are characterized by a large number of neurofibromas at
a young age, dysmorphic facial features, a developmental delay, and possible
intellectual disability (Tonsgard et al., 1997, Upadhyaya et al., 1998). NF1
microdeletion patients may also have cardiac defects and growth and skeletal
abnormalities. Patients with NF1 microdeletion have a two to three times higher
risk for MPNST than patients with other NF1 mutations (De Raedt et al., 2003).
The co-deletion of the SUZ12 gene in the NF1 microdeletion region is thought to
be a risk factor for the malignant neoplasms (Kehrer-Sawatzki et al., 2017b).

2.4 NF1 mutation analysis

During the 21st century, molecular diagnostics of NF1 has become possible and
increasingly required. The NF1 mutation analysis is challenging due to it being a
large and complex gene, the lack of mutational hotspots, the occurrence of a very
diverse spectrum of mutation types, and the presence of NF1 pseudogenes (Luijten
etal., 2001, Messiaen and Wimmer, 2008). However, mutation analysis of the NF1
gene has proven valuable especially in young children who may only partially
fulfill the clinical criteria. The same holds true for adults with atypical clinical
presentation. Also prenatal testing and preimplantation genetic diagnosis are
implications for NF1 mutation analysis.

Several different techniques have been applied to look for mutations in this
challenging gene. Fahsold and coworkers screened 500 unrelated NF1 patients for
mutations in the NF1 gene either by the protein truncation test, temperature-
gradient gel electrophoresis of genomic PCR products, or by direct genomic
sequencing of all individual exons (Fahsold et al., 2000). Mutation-detection
efficiencies of these various screening methods were very similar: 47.1% for
protein truncation test, 53.7% for temperature-gradient gel electrophoresis, and
54.9% for direct genomic sequencing. Ars et al. (Ars et al., 2000) used a whole
NF1 cDNA screening methodology to study 80 unrelated NF1 patients. This
approach was able to detect mutations in 87% of the familial cases but only in 51%
of the sporadic ones. Denaturing high performance liquid chromatography was
used for NF1 mutational analysis by Han et al. (Han et al., 2001). The sensitivity
of this method was evaluated in a retrospective study of a cohort of 111 unrelated
NF1 patients with known germline mutations and of these, 97% of the mutations
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were detected. In a subsequent prospective analysis of 50 unrelated NF1 patients,
germline mutations were identified in 68% of the patients.

At the moment, a comprehensive multi-step approach with an RNA-based center
assay complemented with additional methods is used to analyze the entire NF1
coding region (Messiaen and Wimmer, 2008). This method starts by dividing a
blood sample from a patient into aliquots for gDNA extraction, for preparation of
cell suspension, for interphase fluorescence in situ hybridization, and for short-
term lymphocyte culture for RNA extraction. Following RNA extraction and
cDNA synthesis, the entire coding region is amplified by PCR in three overlapping
fragments. All fragments are analyzed by gel electrophoresis followed by direct
cDNA sequencing. All alterations detected at the cDNA level are further
characterized at the genomic level using specific primers. Total gene deletion is
screened with microsatellite analysis and further analyzed by multiplex ligation
depended probe amplification (MLPA) (Wimmer et al., 2006) and FISH analysis
(Messiaen et al., 2000). Using this comprehensive method, the mutation detection
rate is over 95% in non-founder NF1 patients fulfilling the NIH diagnostic criteria
(Messiaen et al., 2000).

At present, also direct sequence analysis of all coding exons and exon/intron
boundaries of NF1 gene together with MLPA analysis is in clinical use (Croonen
et al., 2012). With this method, a pathogenic mutation is found in ~60% of the
index patients and in 80.9% of the index patients fulfilling the NF1 diagnostic
criteria (van Minkelen et al., 2014).

2.4.1 Next-generation sequencing

Frederick Sanger developed the traditional DNA sequencing technique in 1977
(Sanger et al., 1977). The completion of the Human Genome Project in 2001 made
a deeper understanding of the genome possible. However, the first sequencing of
the human genome with the traditional Sanger sequencing technology required
approximately 13 years and a cost of about 3 billion dollars (Lander et al., 2001,
Venter et al., 2001). It was not until 2005 that the first next-generation sequencing
(NGS) method was introduced (Margulies et al., 2005). The discovery of new
sequencing methods made sequencing a lot more efficient; the parallelization of
the sequencing reaction has greatly increased the total number of produced
sequence reads per run (Buermans and den Dunnen, 2014). The NGS methods
enable a simultaneous and rapid sequencing of millions of DNA molecules at a
reduced cost. With NGS, a human genome can be sequenced within a week at a
cost close to 1,000 dollars (https://www.genome.gov/sequencingcostsdata/). A
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further advantage of NGS is the versatility of applications. In addition to DNA
sequence determination, it is applicable for detection of amplifications, deletions,
gene fusions, DNA methylation, and gene expression (Mdllauer, 2017). Though,
a successful NGS project requires expertise both in the wet lab as well as at the
bioinformatics side to secure a high quality of data and data interpretation
(Buermans and den Dunnen, 2014).

NGS has been applied to NF1 mutation analysis in few validation studies.
Sequencing the whole genome without selection of a specific region is not
necessary for this purpose. Instead, targeted resequencing of the large NF1 gene
and possibly other disease-related genes has been used. Chou et al. had two NF1
samples and used DNA sequence capture and enrichment by a customized high-
density microarray of the NF1 gene region (280kb) followed by sequencing with
the Roche/454 GS FLX system (Chou et al., 2010). Maruoka et al. used the NF1
gene together with 108 causative genes for more common classical congenital
malformation syndromes as a target region (Maruoka et al., 2014). The 108 genes
included also other known RASopathy genes such as SPRED1 and HRAS. The
sequencing was carried out using the MiSeq (lllumina) system and was able to
detect 92.1% (70/76) of the mutations when large deletions were excluded.

Cunha et al. used a hybridization capture-based next-generation sequencing
performed on lon Torrent PGM to screen coding and noncoding NF1 regions
(Cunha et al., 2016). In this study, 10/11 (91%) mutations were found. Similarly,
a middle-throughput lon Torrent PGM platform was used with a target of NF1
gene plus flanking introns by Cali et al. to determine the mutations in patients with
clinical diagnosis of NF1 (Cali et al., 2017). A total of 73 mutations were identified
in 79 patients with this method and a further mutation detection rate of 80% was
estimated.

Pasmant et al. used a targeted next-generation sequencing of NF1 and SPRED1
genes using a multiplex PCR approach in mutation analysis (Pasmant et al., 2015).
Also, this study utilized the lon Torrent PGM platform. The study included 30
validation samples and 279 patient samples, and NF1 or SPRED1 alteration was
found in 246/279 (88%) and 10/279 (4%) of the patients.

The NF1 gene is also included in some NGS gene panels, for example, in
hereditary cancer testing (Castellanos et al., 2017), anaplastic thyroid cancer
(Latteyer et al., 2016), and soft tissue sarcomas (Jour et al., 2014).
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2.5 Epidemiology of NF1

2.5.1 NF1 prevalence and incidence

There is no population in which NF1 is known not to occur (Friedman, 1999). The
NF1 incidence and prevalence have been estimated in many studies carried out
with various methods in different continents since the 1950s. The frequency of
NF1 varies from study to study, probably due to ascertainment differences and
population- versus hospital-based patient groups. Previous population-based
studies have been limited to regions of Gothenburg, Sweden (Samuelsson and
Axelsson, 1981); southeast Wales (Huson et al., 1989); Dunedin, New Zealand
(Fuller et al., 1989); northeast Italy (Clementi et al., 1990); and northern Finland
(Poyhonen et al., 2000).

Crowe et al. (Crowe et al., 1956) was the first to estimate the frequency of NF1.
The study was based on surveys on regional hospital admissions and state mental
institutions in Michigan, USA and resulted in a prevalence estimation of 1/2,500-
1/3,300. Sergeyev (Sergeyev, 1975) found the disease to be less prevalent by
ascertaining patients via medical examination of Russian 16-year-old military pre-
recruits. The study ended up in a prevalence estimate of 1/7,812. Military pre-
recruits have also been used in other studies (Fazii et al., 1998, Garty et al., 1994,
Ingordo et al., 1995). The highest prevalence estimate reported is as high as 1/960
by Garty et al. (Garty et al., 1994). This was reached by examining 17-year-old
military pre-recruits in Israel. Lammert et al. studied NF1 prevalence in Germany
by screening children for NF1 during routine medical examinations during
elementary school enrollment (Lammert et al., 2005). They reported a prevalence
estimate of 1/2,996 among 6-year-old children.

Many studies have utilized searches of medical records, letters to medical
institutions, and physicians, together with examination of affected patients and
their relatives (Fuller et al., 1989, Huson et al., 1989, Poyhonen et al., 2000,
Samuelsson and Axelsson, 1981). Also searches on medical records at departments
of genetics or genetic registers have been carried out (Clementi et al., 1990, Evans
et al., 2010, McKeever et al., 2008). The NF1 prevalence is reported to be higher
in young children than in adults (Clementi et al., 1990, Huson et al., 1989). This is
probably due to early deaths of some NF1 patients.

Birth incidence of NF1 has been reported in only a few studies. Huson et al.
identified 69 families with a total of 135 NF1 patients in southeast Wales (Huson
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et al., 1989). In these families, penetrance of NF1 was 100% by the age of 5 years.
The study suggested an incidence as frequent as 1/2,558. A genetic register-based
approach was used in patient ascertainment in the Manchester region of northwest
England (Evans et al., 2010). The best estimate for birth incidence of NF1 in this
study was 1/2,699 with 979 NF1 patients from 539 families.

Lammert et al. assumed that the NF1 incidence at birth was the same as the
prevalence at age 6 and resulted in an incidence estimate of 1/2,600-1/3,000
(Lammert et al., 2005). NF1 incidence has been previously assessed in northern
Finland by Pdyhonen et al. with a peak incidence estimate of 1/2,703 (Poyhonen
et al., 2000). This study was based on 197 NF1 patients in 119 families identified
through hospital records followed by clinical assessment during the years 1989-
1996.

The traditionally accepted proportion of de novo NF1 cases is 50%. In the
Pdyhonen study, 96 of the 197 (49%) NF1 cases identified were considered to
represent probable new mutations of the disease gene (Poyhonen et al., 2000).
Similar results of a positive family history in about half of the cases have been
published in several studies (Clementi et al., 1990, Evans et al., 2010, Samuelsson
and Axelsson, 1981). However, occurrence estimation of new mutations is also
subject to ascertainment bias. The later age at diagnosis in de novo NF1 cases
means that the overall rate might be an underestimate. Evans et al. reported a
median age at diagnosis being 4 years later for de novo than familial cases (Evans
etal., 2010).

Most of the studies and the ascertainment methods used could have missed mildly
affected NF1 patients, particularly children who have a new mutation or have no
major disease complications. NF1 is also infrequently diagnosed at birth, because
most of the symptoms develop later in life making estimates of birth incidence
difficult. Also, Poyhonen et al. reported that the mean age at diagnosis of NF1 has
dropped from 20 years among patients born in the 1960s to less than six years for
patients born in the 1980s (Péyhdnen, 2000). This was explained by a growing
awareness of the disease and better knowledge about the diagnostic criteria.
Accordingly, greater awareness of neurofibromatosis leads to earlier diagnosis.

2.5.2 Mortality in NF1

Information about NF1 mortality is limited, but all published studies have found a
high rate of cancer-derived mortality. Previous studies about NF1-derived
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mortality can be divided into studies exploiting death certificates searching for
NF1 diagnosis and studies using patient cohorts.

Death certificate studies

There have been at least three NF1 mortality studies using death certificates in the
search for NF1 patients. Imaizumi (Imaizumi, 1995) studied the death rate from
neurofibromatosis by analyzing Japanese vital statistics during the period of 1968-
1992. Only cases with neurofibromatosis recorded as a cause of death were used,
and there was no separation between NF1 and NF2 patients.

Rasmussen et al. analyzed NF1 mortality using U.S. death certificates from 1983-
1997 (Rasmussen et al., 2001). They identified 3,770 presumed NF1 cases among
32,722,122 deaths. This translates to 1 in 8,679 deaths and assuming the death rate
and incidence remain constant, NF1 patients seem to be underascertained in this
study due to not having NF1 recorded in every death certificate of NF1 patients.
NF1 patients were 1.2 times more likely (proportionate mortality ratio, PMR: 1.21;
95% Confidence Interval: Cl 1.14-1.28) to have a malignant neoplasm listed on
their death certificate and 34 times more likely (PMR: 34.3; 95% CI 30.8-38.0) to
have a malignant connective or soft-tissue neoplasm listed on their death
certificate. The mean age at death in this study was 15.7 years lower than in the
general population.

The third study utilized Italian death certificates from the period of 1995-2006
(Masocco et al., 2011). They found 632 deaths with an NF1 diagnosis on the death
certificate, and an approximately 20-year lower mean age of death in NF1 patients
compared to the general population. Supporting previous findings, they reported a
high amount of deaths caused by malignant neoplasms in the brain (PMR: 4.2;
95% CI: 2.69-6.15) and in connective and other soft tissue (PMR 22.3; 95% CI
15.50-30.95).

These types of studies are dependent on the NF1 diagnosis being accurately
mentioned in death certificates, and thus are biased towards recording only the
known NF1-related causes of death like malignant neoplasms of connective tissue,
soft tissue, and brain. Similarly, these studies are also prone to detect only severe
NF1 cases.

Cohort studies

Sgrensen et al. (Sgrensen et al., 1986) utilized a Danish cohort of 212 NF1 patients,
who had been identified from hospital admissions and from the search of affected
family members during the years 1924-1944 by Borberg (Borberg, 1951). The
cohort was followed-up over a 42—year period and analyzed for mortality, survival,



Review of literature 29

and cancer (Sgrensen et al., 1986). The most common causes of death among the
113 deceased patients were typical of those of the general population: cancer,
myocardial infarction, cerebrovascular accidents, and pneumonia accounting for
77% of deaths. Female probands had the lowest survival rates in the study.

A Swedish cohort of 70 adult NF1 patients (Samuelsson and Axelsson, 1981) from
Goteborg, Sweden was followed up for 12 years (Z6ller et al., 1995). The mean
age at death was 61.6 years, which was 15 years earlier than in the general
population. A population-based study from northwest England included 130
deaths in a cohort of 1,186 NF1 patients (Evans et al., 2011). The most common
cause of death was MPNST with 26% of deaths being due to this condition.
MPNST was reported significantly more than excpected as a cause of death for
both NF1 women (Standardized mortality ratio, SMR: 7,788.2; 95% CI: 4,355.7-
12,846.2) and men (SMR: 3,819.6; 95% CI: 1,971.4-6,672.5). The median survival
of NF1 patients was 71.5 years, which was 8 years less than the survival in the
general population (Evans et al., 2011). A French study with a cohort of 1,226 NF1
patients and a median follow-up time of 6.8 years documented 67 deaths. An
excess mortality was seen in the patient groups under 40 years with MPNST being
the most common cause of death (60%) (Duong et al., 2011).

2.5.3 Syndromes with phenotypic overlap with NF1

Several syndromes have an overlapping phenotype with NF1 and diffrential
dignosis is sometimes needed.

Neurofibromatosis type 2

The clinical and genetic distinction between Neurofibromatosis type 2 (NF2) and
NF1 was not fully recognized until the differences in clinical picture and genetics
resulted in the definition of two distinct conditions. Before the National Institutes
of Health Consensus Conference in 1987 (Stumpf et al., 1988), many studies
contained both NF1 and NF2 patients. NF2, previously called bilateral
acoustic/central neurofibromatosis, is also a dominantly inherited disease but
caused by mutations in the NF2 gene on chromosome 22 (Rouleau et al., 1993,
Seizinger et al., 1987). The hallmarks of NF2 include bilateral vestibular
schwannomas, other schwannomas, and intracranial meningeomas (Evans et al.,
1992a, Mautner et al., 1996, Parry et al., 1994). NF2 is considerably less common
than NF1. The reported incidences of NF2 have varied between 1/33,000 (Evans
et al., 1992b) and 1/87,410 (Antinheimo et al., 2000). The mortality in patients
with NF2 has been investigated in a few studies (Baser et al., 2002, Evans et al.,
1992a, Parry et al., 1994). Evans et al reported a mean age of death at 36 years; 39
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of the 40 deaths resulted from a complication of neurofibromatosis (Evans et al.,
1992a). The age at diagnosis was the strongest single predictor of the risk of
mortality in NF2 patients (Baser et al., 2002).

Schwannomatosis

Schwannomatosis is a genetic disease characterized by multible schwannomas
(MacCollin et al., 2005). Schwannomas are benign nerve sheath tumors that most
commonly occur singularly in the general population. Multiple schwannomas in a
single patient are most often seen in NF2 patients, but the lack of vestibular
schwannomas distinguishes schwannomatosis from NF2 (MacCollin et al., 1996).
Genetic studies indicate that germline mutations of either SMARCB1 or LZTR1
tumor suppressor genes are identified in 86% of familial and 40% of sporadic
schwannomatosis patients (Kehrer-Sawatzki et al., 2017a, Plotkin et al., 2013).

CMMRD

Patients with constitutional mismatch repair deficiency syndrome (CMMRD) can
have a cutaneous phenotype remarkably similar to NF1, and the affected
individuals may meet the NIH diagnostic criteria for NF1. However, these patients
have a different cancer spectrum (Tabori et al., 2017). CMMRD is a distinct
childhood cancer predisposition syndrome with a very broad tumor spectrum. The
tumors related to this syndrome can be divided into three main categories:
hematological malignancies (i.e., non-Hodgin’s lymphomas): central nervous
system tumors (i.e., high grade gliomas and glioblastomas): and carcinomas of the
colon, rectum, and small intestine (Wimmer et al., 2014). CMMRD results from
biallelic germline mutations in one of the four MMR genes (Wimmer et al., 2014).
CMMRD is an important differential diagnosis in children who have café au lait
macules and a malignancy that is not typically associated with NF1.

Legius syndrome

NF1 belongs to the group of RASopathies, which are genetic syndromes with
disease-causing mutations in genes coding for proteins that play an important role
in the RAS-MAPK pathway (Zenker, 2011). These syndromes share many clinical
features but are caused by disease-causing mutations in different genes of the
pathway. Legius syndrome, identified in 2007 (Brems et al., 2007), is one
RASopathy. It is caused by heterozygous germline mutations in the SPRED1 gene
in chromosome 15 (Brems et al., 2007). The clinical features of Legius syndrome
resemble and partially overlap with those of NF1. Multiple café-au-lait macules
are the hallmark of both syndromes, but patients with Legius syndrome do not have
tumors typical for NF1 such as neurofibromas or optic pathway gliomas (Brems et
al., 2007, Brems and Legius, 2013, Denayer et al., 2010). Patients with Legius
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syndrome may have skinfold freckles, but they do not have Lisch nodules (iris
hamartomas), which belong to the NF1 diagnostic criteria (Brems et al., 2007).
Distinguishing Legius syndrome from NF1 is sometimes impossible on the basis
of clinical features alone especially in young children. This is because cutaneous
neurofibromas and Lisch nodules, which characterize most patients with NF1, do
not usually arise until later in childhood or adolescence. Because of the clinical
overlap with NF1, genetic testing is necessary to establish the diagnosis. At least
153 different mutations of the SPRED1 gene have been reported
(http://www.lovd.nl/SPRED1). These include different mutation types such as
point mutations and copy number alterations (Brems et al., 2007, Messiaen et al.,
2009, Spencer et al., 2011).

2.6 Cancer

2.6.1 Cancer types

Neoplasms are classified as being benign or malignant with malignant being
equivalent to cancer. Cancers are traditionally described according to their cell of
origin or the tissue from which they arise. Most common cancers, accounting for
about 80% of cases, arise in epithelial cells and are classified as carcinomas
(Alberts et al., 2015). This could be explained by the fact that most cell
proliferation and exposure to damaging agents in adults occur in epithelia. The
type of the epithelium can also be added to the name, for example, in the case of
breast adenocarcinoma, which arises from glandular epithelium of the breast tissue
(Alberts et al., 2015). Correspondingly, mesenchymal cells, e.g., connective tissue
and muscle cells give rise to sarcomas. Cancers originating from different cell
types are in general very different diseases. However, two tumors with identical
pathological classification and morphological features can have different mutation
profiles, but then again, cancers arising from different organs can have a highly
similar set of mutational profiles and might respond similarly to target therapies
(Hoadley et al., 2014). Knowledge of the molecular defects that lead to cancer
enables classification of cancers also according to the mutations that make the
tumor cells cancerous (Wood et al., 2007).

2.6.2 Biology of cancer

Cancer originates from a single cell that starts to behave abnormally due to
mutations in its genome. A single mutation is not enough to cause cancer. The
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development of cancer requires that a substantial number of independent, rare
genetic and epigenetic changes occur and accumulate in one cell (Alberts et al.,
2015). In common solid tumors, such as those derived from the colon, breast, brain,
or pancreas, an average of 33-66 genes have undergone a somatic mutation
affecting the sequence of their protein products (Vogelstein et al., 2013). Driver
mutations are fundamental factors in the development of cancer and critical for
driving malignant transformation and supporting the hallmarks of neoplastic
growth (Stratton et al., 2009). Passenger mutations are irrelevant to the
development of the disease and confer no selective growth advantage for the cell
but happen mostly because of the genetic instability of the cancer cell (Alberts et
al., 2015, Stratton et al., 2009). A typical tumor contains two to eight driver gene
mutations, while the remaining mutations are passenger mutations (Vogelstein et
al., 2013).

The driver genes can be classified into 12 signaling pathways that regulate three
core cellular processes: cell fate, cell survival, and genome maintenance
(Vogelstein et al., 2013). The hallmarks of cancer have been proposed by Hanahan
and Weinberg (Hanahan and Weinberg, 2000, 2011). Accordingly, cancer cells
have acquired few major properties. Cancer cells have a mutation or epigenetic
change that increases the rate at which cells proliferate or enables the proliferation
when normal cells would stop (Hanahan and Weinberg, 2000). In other words,
cancer cells reproduce in defiance of the normal restrains on cell growth and
division. Dysregulation of pathways responsible for cell division and proliferation
ultimately makes cells vulnerable to additional genetic alterations that contribute
to cancer formation. Cancer cells also fail to go into apoptosis when normal cells
would (Hanahan and Weinberg, 2000). Important features of the cancer cell are
also the ability to induce angiogenesis, invade surrounding tissue, and form distant
metastasis (Hanahan and Weinberg, 2000). Two hallmarks and two enabling traits
of cancer were included later to the list of major properties: reprogramming energy
metabolism, evading immune response in addition to genome instability, and
tumor-promoting inflammation (Hanahan and Weinberg, 2011).

2.6.3 NF1 gene alterations in cancer

Acquired somatic mutations of the NF1 gene are found in a wide variety of
malignant neoplasms in patients without the NF1 syndrome. Large-scale next-
generation sequencing data on cancer genomes and exomes is publicly available.
The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/) is a public
funded project that aims to catalogue and discover major cancer-causing genomic
alterations to create a comprehensive atlas of cancer genomic profiles (Tomczak
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etal., 2015). TCGA has studied more than 10,000 specimens of 33 different tumor
entities on the DNA, RNA, and epigenome level (Tomczak et al., 2015). In
addition to TCGA, the International Cancer Genome Consortium (ICGC;
https://icgc.org/) has been massively characterizing tumor genomes. The results of
TCGA and ICGC are freely available to the public.

The cBioportal is an open-access resource for exploration of cancer genomic data
sets providing access to data from over 160 cancer studies and currently over
30,000 samples (Cerami et al., 2012, Gao et al., 2013). According to the cBioportal
data set, the highest frequency of somatic NF1 mutations were found in
desmoplastic melanomas (45%, 9/20 cases). The high frequency of NF1 mutations
in desmoplastic melanomas might indicate that neurofibromin plays an important
role in the cancer biology of this rare type of melanoma (Wiesner et al., 2015).
Moreover, a somatic mutation was found in 12-15% of all melanoma cases, thus
NF1 is the third most commonly mutated gene in melanoma (Cancer Genome
Atlas Network 2015). A frequent NF1 mutation was also seen in MPNSTSs (40%,
6/15 cases). Sporadic NF1 mutations and inactivation of neurofibromin are shown
to play a critical role in the development of MPNSTs (Lee et al., 2014). Also
adenocarcinoma and squamous cell carcinoma of the lung, glioblastoma, and some
myeloid malignancies are among the cancers with most frequent NF1 mutations
(Philpott et al., 2017). In addition, the NF1 gene is reported to be mutated
frequently in sporadic breast cancer, and the NF1 gene has been implicated as a
breast cancer driver gene (Wallace et al., 2012). Based on TCGA data set, the NF1
gene deletions and mutations were most frequent in basal- and HER2-enriched
breast cancer subtypes (Wallace et al., 2012).

2.7 Cancer in NF1

2.7.1 NF1 cancer risk

NF1 predisposes individuals to various benign and malignant tumors throughout
life. Several studies have previously attempted to estimate the malignancy risk of
NF1 patients. Zoller et al. reported a long-term follow-up of 212 Swedish patients
with NF1 with a relative risk of malignancy of 4.0 (95% ClI. 2.1-7.6) (Zéller et al.,
1997). Walker et al. conducted a study with 448 individuals with NF1 with a total
of 5,705 years of patient follow-up (Walker et al., 2006). They found a 2.7 (95%
Cl: 1.9-3.7) times higher overall risk of cancer compared to the general
population. Cumulative risk of a malignancy by the age of 50 years was 20% (95%
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Cl: 14-29%). The most frequent types of cancer were those of connective tissue
with a standardized incidence ratio (SIR) of 122 (95% CI: 61.0-219) and brain
tumors with a SIR of 22.6 (95% ClI: 9.06-46.5) (Walker et al., 2006). Seminog and
Goldacre (Seminog and Goldacre, 2013) studied the cancer risk of both
neurofibromatosis types 1 and 2 combined with a population-based record-linkage
study in England and found a rate ratio (RR) for cancer of 4.3 (95% CI: 4.0-4.6).
If only people with presumed NF1 were considered, the RR was 4.0 (95% ClI 3.7-
4.3) (Seminog and Goldacre, 2013).

Females with NF1 have been reported to have a higher risk of cancer in some
studies (Airewele et al., 2001, Sgrensen et al., 1986) but not in others (Schneider
et al., 1986, Walker et al., 2006). Also the effect of the inheritance pattern on
cancer risk has been studied. Inheriting the the NF1 gene mutation from NF1
parent increased cancer risk in some studies (Schneider et al., 1986, Zvulunov et
al., 1998) but not in others (Airewele et al., 2001, Huson et al., 1989).

2.7.2 MPNST

Tumors of the peripheral nerve belong to the hallmark complications of NF1. A
malignant peripheral nerve sheath tumor (MPNST), previously referred to as
neurofibrosarcoma, is an aggressive soft-tissue sarcoma with half of all cases
developing in individuals with NF1 (Evans et al., 2002). It causes substantial
morbidity and mortality among NF1 patients. Most MPNSTSs of NF1 patients arise
from a malignant transformation of plexiform neurofibroma (Friedrich et al.,
2007). However, prediction of transformation is clinically and histologically
challenging. MPNSTs can also develop from deep tissues with no previous
plexiform tumor (Evans et al., 2002). Consequently, these cancers are difficult to
detect.

The incidence of MPNSTSs in NF1 patients is reported to be 2-19% (Ducatman et
al., 1986, McGaughran et al., 1999). The cumulative risk of developing MPNSTs
in NF1 patients has been reported to be 8-13% (Evans et al., 2002). The mean age
at diagnosis of NF1-associated MPNSTSs is reported to be significantly younger
than in sporadic cases. The median age at diagnosis was 26 years for NF1 patients,
while it was 62 years in patients with sporadic MPNST (Evans et al., 2002). The
survival was stated to be statistically better in NF1 females than NF1 males (5 and
10-year survival 46% and 41.5% versus 22% and 8.2%; p=0.05) (Evans et al.,
2002, Ingham et al., 2011). The survival in women was possibly better due to an
earlier stage at the diagnosis (Ingham et al., 2011).



Review of literature 35

The leading cause of mortality in patients with NF1 is MPNST. Evans et al.
observed 26% of deaths being due to this condition (Evans et al., 2011). Duong et
al. detected high mortality in the patient groups under 40 years, and MPNST was
the most common cause of death (Duong et al., 2011). The five-year survival from
diagnosis was reported to be 21% for NF1 MPNST patients, while it was 42% for
sporadic MPNST cases (Evans et al., 2002). MPNSTSs often metastasize in an early
phase and are associated with poor prognosis. This is because MPNST is an
aggressive tumor with a high number of local recurrences and has an aggressive
nature. Total resection with wide margins (>10cm) is the preferred primary
treatment for larger tumors, but the localization, size, and metastases of the tumors
often reduce the feasibility of surgery (Ferner and Gutmann, 2002, Friedrich et al.,
2007). If the tumor is non-localized at the time of the diagnosis, the disease is
extremely difficult to manage (Bates et al., 2014).

MPNST cells harbor complex genomic alterations. NF1 loss is also seen in
majority of sporadic MPNSTSs, but it is not sufficient for MPNST transformation
alone (Perry et al., 2001). Other mutations in driver genes, such as TP53 and
CDKN2A, are also required (Kim et al., 2017).

2.7.3 Brain tumors

Central nervous system tumors represent a significant portion of all the
malignancies affecting NF1 patients. Rasmussen et al. has reported a five times
higher (PMR 5.52; 95% CI 4.74-6.38) brain tumor risk (Rasmussen et al., 2001).
The most common brain tumor in NF1 patients is optic pathway glioma (OPG). It
is a World Health Organization Grade | pilocytic astrocytoma of the optic pathway
seen in 15 to 20% of the NF1 patients (Listernick et al., 1994, Listernick et al.,
1989). OPGs usually affect the patients in early childhood with a mean diagnosis
age of 4.2 years (Listernick et al., 1994). OPGs account for significant morbidity
especially in young children with NF1, because one-third to half of these tumors
will cause symptoms such as abnormalities in vision (e.g., vision loss, proptosis)
or precocious puberty (Balcer et al., 2001, de Blank et al., 2017, Listernick et al.,
1994). Many OPGs never cause symptoms and not all patients with symptomatic
OPG will require treatment (de Blank et al., 2017, King et al., 2003, Thiagalingam
et al., 2004). Overall survival is usually good, but no clear prognostic factors have
been identified (Trevisson et al., 2017). Chemotherapy is considered as standard
first-line treatment, and radiation is used cautiously because of the risk of second
malignancy as well as more frequent neurocognitive and endocrine toxicities in
the young patients (Sharif et al., 2006, Sievert and Fisher, 2009). Molecular
analysis of NF1-associated pilocytic astrocytomas has shown loss of
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heterozygosity of the NF1 region and loss of neurofibromin expression (Gutmann
et al., 2000, Lau et al., 2000). Also mutations in TP53 and CDKN2A genes have
been reported (Gutmann et al., 2003).

Brainstem gliomas are less frequent and usually represent pilocytic astrocytomas.
These are often incidental findings of neuroimaging studies (Campian and
Gutmann, 2017). Patients with NF1 may also develop high grade brain tumors
particularly with an onset later in life (Rosenfeld et al., 2010). Gutmann et al.
reported a prevalence of brain tumors in patients with NF1 < 50 years of age to be
more than 100 times greater than in the general population (Gutmann et al., 2002).

2.7.4 Other cancers with possible risk

Several other cancer types have been reported to have an increased incidence in
NF1 patients. Gastrointestinal stromal tumors (GIST) most commonly occur
sporadically, but an increased incidence for this tumor type has been suggested in
NF1 patients (Maertens et al., 2006, Zoller et al., 1997). GISTs are mesenchymal
tumors that arise from the interstitial cell of Kajal and are the most common
nonepithelial tumors of the gastrointestinal tract. The NF1-associated GISTs lack
the mutations in KIT and PDGFRA seen in sporadic GISTs. In contrast, the GISTs
in NF1 patients carry a second hit mutation of the NF1 gene (Maertens et al., 2006).
NF1-associated GISTs also occur as multiple tumors, which is not typical in
sporadic cases (Brems et al., 2009).

Pheochromocytoma is a catecholamine-producing tumor of the adrenal medulla.
Hypertension may be caused by this tumor type. Pheochromocytomas have been
reported to be clinically identified in 0.1-5.7% of the NF1 patients (Walther et al.,
1999). Molecular genetic analyses have demonstrated a role of NF1 inactivation
also in the pathogenesis of pheochromocytomas (Bausch et al., 2007).

Juvenile myelomonocytic leukemia (JMML) has been reported to be
overrepresented in NF1 children (Niemeyer et al., 1997, Stiller et al., 1994). IMML
is a rare mixed myeloplastic/myeloproliferative disorder that represents
approximately 2% of all pediatric hematopoietic malignancies in the general
population. Somatic loss of NF1 in JMML cells has been demonstrated in the
majority of affected NF1 patients, which supports a role of NF1 inactivation in the
development of this cancer type in NF1 patients (Side et al., 1997).

Rhabdomyosarcomas, which are non-neurogenic sarcomas, have also been
reported in association with NF1 (Matsui et al., 1993).
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2.8 Breast cancer and NF1

2.8.1 Breast cancer

Breast cancer is the most common cancer in women, and breast cancer incidence
in the general population is highest among 50-69 years old women. Breast cancer
survival is generally good, with 97% of the women diagnosed with breast cancer
being alive one year after a breast cancer diagnosis and 88% are alive 5 years after
the diagnosis, respectively (NORDCAN, www.ancr.nu). Breast cancer is a
heterogeneous group of tumors with variable prognosis mainly based on the age
of the patient, tumor grade, tumor size, regional lymph nodes status, proliferation
index, estrogen (ER) and progesterone (PR) receptor status, and the positivity of
the HER2 (human epidermal growth factor receptor 2) (Finek et al., 2007). These
are also the main factors contributing to the treatment choices of individual breast
cancer cases (Coates et al., 2015).

2.8.2 Breast cancer risk factors

Several risk factors for breast cancer have been documented. The most important
ones and also factors with the highest relative risk are related to genetic
predisposition, such as family history of breast cancer as well as specific germline
mutations associated with breast cancer (Sun et al., 2017, Singletary, 2003). Age
is one of the best documented risk factors for breast cancer, and over 80% of all
breast cancer cases occur in women aged 50 or older. Factors related to
endogenous and exogenous estrogen exposure such as early menarche, late first
full-term pregnancy, nulliparity, late menopause, and hormone replacement
therapy have been linked to an increased incidence of breast cancer (Clemons and
Goss, 2001, Hsieh et al., 1994, Kobayashi et al., 2012, Singletary, 2003). There is
a positive correlation between high body mass index (BMI) and the risk of breast
cancer in postmenopausal women (Tretli, 1989). Also modern lifestyle with
excessive alcohol consumption and too much dietary fat intake can increase the
risk of breast cancer (Sun et al., 2017). Increased breast tissue density has also
been associated with increased risk (McCormack and dos Santos Silva, 2006,
Pettersson et al., 2014).
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Familial breast cancer

Family history of breast cancer is a strong risk factor for breast cancer (Singletary,
2003). A cohort study of over 113,000 women in the UK demonstrated that women
with one first-degree relative with breast cancer have a 1.75-fold higher risk of
developing this disease than women without any affected relatives (Brewer et al.,
2017). Twin studies have also implicated a familial risk and a high rate of the
heritability of cancer (Mdéller et al., 2016, Mucci et al., 2016).

BRCAL and BRCAZ2 (breast cancer 1 and 2) genes are the two most important and
best-known genes in the hereditary predisposition to breast cancer (Miki et al.,
1994, Wooster et al., 1995). Women with germline heterozygous mutations in
BRCA1 or BRCA2 genes have a hereditary susceptibility to developing breast,
ovarian, and other cancers (Brody and Biesecker, 1998). Germline mutations in
BRCA1 or BRCA2 cause an average cumulative risk of 65% in the case of BRCAL
or 39% in the case of BRCA2 for breast cancer (Antoniou et al., 2003). Studies
have shown that mutations in these genes occur in about 1% of all breast cancer
cases (2000, Kurian, 2010). BRCAL and BRCA2 together with the TP53 gene are
considered as high-risk genes, which cause a lifetime risk of 40-85% for breast
cancer. Correspondingly, a mutation in a moderate risk gene such as PALB2, ATM,
or CHEK?2 causes a lifetime risk of 20-40% for breast cancer (Lalloo and Evans,
2012).

However, familial breast cancers represent only 5-7% of all breast cancer cases
(Melchor and Benitez, 2013), and familial clustering of breast cancer remains
largely unexplained. Genome-wide association studies (GWAS) are aimed at the
identification of new breast cancer susceptibility variants. Recent studies found
more than 50 new breast cancer risk loci associated with the risk for breast cancer
(Milne et al., 2017, Michailidou et al., 2017). These and other previous similar
studies in GWAS Catalog (http://www.ebi.ac.uk/gwas/) have failed to identify the
NF1 gene as a risk locus. This might be due to the huge number of different
mutations of the large NF1 gene, and only small number of unique pathogenic
variants present in >0.5% of all unrelated individuals (Koczkowska et al., 2018).

2.8.3 Molecular profiling of breast cancer

Breast cancers are classified into subgroups according to histopathological and
molecular characteristics. Breast cancers form a heterogeneous group of tumors
with a variable prognosis that is mainly based on the age of the patient, tumor
grade, tumor size, regional lymph nodes status, proliferation index, ER and PR
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status, and positivity of the HER2 amplification (Coates et al., 2015, Finek et al.,
2007). The intrinsic breast cancer subtypes, established based on their gene
expression profiles, are an additional way to classify breast cancers (Perou et al.,
2000). At least four molecular classes shown below are distinguished: luminal A,
luminal B, HER2-enriched, and basal-like cancers (Coates et al., 2015). Luminal
A and B are both ER/PR-positive types, but luminal B is often also positive for
HER2. Luminal B is also often a high-grade tumor with high Ki-67 expression.
The HER2-subtype is typically negative for ER and PR but shows over-expression
for HER2. Basal-like breast cancer is an aggressive triple negative breast cancer
type (ER-, PR-, and HER2-) that expresses cytokeratins of the basal epithelial layer
such as CK5/6 and CK14 (Coates et al., 2015). The breast cancers can be classified
into subgroups following the recommendations below (Coates et al, 2015):

Luminal A= ER/PR+, HER2-, Ki-67 < 14%

Luminal B= 1) ER+, HER2+ or 2) ER+, HER2-, and either Ki-67 >14% or
PR+

HER2 subtype= ER-, PR-, HER2+
Triple-negative= ER-, PR-, HER2-
Basal-like= ER-, PR-, HER2-, CK5+

2.8.4 Breast cancer incidence in NF1

Increased incidence of breast cancer in NF1 women has been reported in few
publications and numerous case reports. The first to suggest an increased risk of
breast cancer in women with NF1 were Sharif et al. (Sharif et al., 2007). They
retrospectively evaluated the risk of developing breast cancer in a cohort of 304
NF1 women. Sharif et al. noticed a five-fold risk of breast cancer in women <50
years in addition to an overall SIR of 3.5 (95% CI: 1.9-5.9) for breast cancer. Since
then, there have been other supportive studies about increased breast cancer risk-
related to NF1 (Madanikia et al., 2012, Seminog and Goldacre, 2015, Wang et al.,
2012). Seminog et al. reported that the risk was most elevated (RR: 6.53; 95%: ClI
2.6-13.5) in young women aged 30-39 (Seminog and Goldacre, 2015). Also some
case studies about NF1 men with a breast cancer diagnosis have been published
(Lakshmaiah et al., 2014, Mann et al., 2017).
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Wang et al. studied the germline genomic profile of 14 NF1 women who developed
breast cancer (Wang et al. 2017). They found NF1 mutations but no deleterious
mutations in known high or moderate penetrance cancer genes. Some rare or
common variants in cancer-related genes were identified, but because of the small
sample size, definitive conclusions about the association between the variants and
NF1 breast cancer could not be reached in the study.

Screening for breast cancer has been suggested for NF1 women from the age of 40
years (Sharif et al., 2007). However, there are also concerns about the extra
radiation dose related to mammography, because radiotherapy has been related to
secondary malignancies in NF1 (Sharif et al., 2006). There have been suggestions
about late breast cancer diagnosis because of NF1 (Evans, 2012). Challenges may
be associated with detecting an advanced breast cancer because of numerous skin
neurofibromas, which will possibly cause a substantial delay in cancer diagnosis
(Da Silva et al., 2015).

Ras in Breast Cancer

Elevated Ras signaling has been reported to be associated with basal-like and
HER?2 subtype tumors in humans and have a significant negative association with
ER signaling in breast cancer (Wright et al., 2015). However, high level Ras
signaling was associated with relapse and death of ER-positive breast cancer
patients (Wright et al., 2015), and the activation of the Ras pathway predicts a poor
survival outcome of patients treated with tamoxifen (McGlynn et al., 2009).
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3 AIMS OF THE STUDY

The purpose of the present study was to develop a new method for NF1 molecular
diagnostics. This thesis study evaluated the epidemiology and cancer incidence of
NF1 in Finland with a national NF1 cohort and retrospective register-based total
population study. The aim of this study was also to advance the knowledge of
characteristics of the breast cancers diagnosed in NF1 patients.

The specific aims of the study were:

1. To develop and validate a new method for NF1 molecular diagnostics
exploiting NGS.

2. Toidentify all NF1 patients in Finland and to study the NF1 incidence as
well as to evaluate the overall- and cause-specific mortality of Finnish
NF1 patients using SMR estimates.

3. To determine the cancer incidence among NF1 patients compared to the
general population.

4. To study the breast cancer of NF1 patients and determine the
characteristics of the NF1 breast cancers.
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4 MATERIALS AND METHODS

4.1 DNA sampling (1)

Saliva samples from 16 unrelated NF1 patients were collected. All of these patients
were of Finnish ancestry and fulfilled the NIH diagnostic criteria for NF1. Of these
patients, 4 had an inherited mutation, while 12 patients did not have a known
family history of NF1. The NF1 mutations of 6 patients were previously known,
and in addition, one patient had a previously detected NF1 type 2 microdeletion.

Genomic DNA was isolated from saliva using a saliva sampling kit (Oragene,
DNA Genotek, OG-575). Contaminating RNA was degraded using RNase
treatment at 37°C for 30 min (RNase Cocktail Enzyme mix, Ambion, Applied
Biosystems, AM2286). The DNA was further purified using a gDNA isolation kit
(NucleoSpin® Tissue Macherey-Nagel GmbH & Co., 740952). The quality of the
DNA was evaluated on agarose gels, the NanoDrop spectrophotometer (Thermo
Scientific, ND-1000), and 2100 BioAnalyzer (Agilent, G2939AA). The gDNA
was quantified using the Quant-iT Picogreen reagent (Life Technologies, P11496)
and Plate Chameleon V fluorometer (Hidex, 425-106).

4.2 Sequence capture and sequencing (1)

Sample library preparation

A total of 16 indexed Rapid libraries were prepared according to the
manufacturer’s instructions starting from 500 ng of gDNA per sample (Rapid
Library Preparation Method Manual, GS Junior Titanium Series, May 2010 and
March 2012, Roche). The gDNA was fragmented by nebulization, and the
fragments were end-repaired leaving a single A overhang in the 5’ end of each
strand. Indexed adaptors were ligated next to the fragment ends. The library
preparation was completed by removing small DNA fragments with the Agencourt
Ampure XP reagent (Ordior Inc, Helsinki, Finland, A63880). The final preparation
contained less than 10% of fragments < 350 base pairs.
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Sequence capture and sequencing

The sample libraries were amplified and pooled into two sets (A and B) prior to
the sequence capture. The sample set A contained 10 samples including 3 controls
with known mutations. Sample set B contained 6 samples including 4 controls.
The total amount of DNA in both sample sets was 1 pg.

The NF1 exome was enriched using a sequence capture with a custom probe design
and a modified NimbleGen SeqCap EZ Choice Library protocol optimized for the
enrichment of target areas < 100 kb (Roche NimbleGen SeqCap EZ Rapid Library
Small Target Capture LR, December 2009, Roche Nimblegen Inc., Madison, WI,
USA). The targeted regions included 58 NF1 exons and an additional 50 bp of
flanking upstream and downstream intronic sequences resulting in a total target
size of 16 kb. The target region did not include alternatively spliced exons 10a2,
9b, or 48a. The average lengths of captured fragments were 757 base pairs and 727
base pairs in the sets of A and B, respectively.

The emulsion PCR and sequencing were performed separately for both sets
according to the manufacturer’s instructions (emPCR Amplification Method
Manual - Lib-L, and Sequencing Method Manual, GS Junior Titanium Series, May
2010 and March 2012, Roche) using the 2720 Thermal cycler (Life Technologies,
Eugene, Oregon, USA, 435965) and the 454 GS Junior instrument (454 Life
Sciences, Branford, CT, USA). Following the sequencing run, the reads were
quality-filtered using the default settings of the GS Run Processor. Only reads that
passed all the quality filters were used in the analysis. The number of reads passing
the quality-filtering exceeded 100,000, which is the cut-off limit for a successful
run (Sequencing Method Manual, GS Junior Titanium Series, May 2010 and
March 2012, Roche). Furthermore, over 60% of the control reads had less than 5%
errors in the first 400 base pairs, which is consistent with the criteria for a
successful sequencing run.
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Data analysis and identification of mutations

The bioinformatics tools used in data handling are listed in Table 2. The
bioinformatics and data analysis are described in detail in the original Publication

Table 2 Bioinformatics tools

PROGRAM

APPLICATION

REFERENCE

SFF-EXTRACT
SCRIPT (VERSION
0.3.0)

BOWTIE 2
ALIGNMENT
PROGRAM
(VERSION 2.0.0-
BETA7)
SAMTOOLS
(VERSION 0.1.18)

PICARD (VERSION
1.78)

BIOPYTHON
(VERSION 1.60)

BEDTOOLS
(VERSION 2.16.2)

R (VERSION 2.15.1)

INTEGRATIVE
GENOMICS
VIEWER (IGV,
VERSION 2.0.34
1623)

sff file format to
fastq format

Mapping the reads

File handling
File handling
File handling

Coverage
calculation

Coverage
calculation

Alignment
visualization

http://bioinf.comav.upv.es/sff_extract/index.html

Langmead and Salzberg, 2012

Lietal., 2009
http://picard.sourceforge.net

Cock et al., 2009

Quinlan and Hall, 2010

Gentleman et al., 2004, Hadley, 2007

Robinson et al., 2011

Putative mutations in the region of the NF1 gene were identified from the sequence
alignments using a GATK UnifiedGenotyper [version 2.1-11 (McKenna et al.,
2010)] with settings that allow for both single nucleotide polymorphisms (SNPs)
and insertions/deletions to be called. The main parameters influencing the power
of detecting heterozygous variants are the coverage and selection of the used
sample variant frequency. The variants were further filtered by the following
criteria; 1) minimum coverage of 20x or higher, 2) a sample variant frequency
between 30-70%, 3) a variant in a targeted region, and 4) a variant present in only
one sample within a sample set with a frequency of 30% or higher. The fourth
criterion was based on the expectation that 16 unrelated NF1 patients were not
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likely to have shared mutations. This criterion also excluded possible SNPs present
in the Finnish population as well as a majority of false positive insertions/deletions
in homopolymer sequences, which are a common type of error in 454 sequencing
data (Loman et al., 2012, Margulies et al., 2005). The variants that passed all
criteria were compared to the dbSNP database build 135 (Sherry et al., 2001), and
the Finnish “The Sequencing Initiative Suomi” database (Lim et al., 2014).

Verification of discovered variants was carried out using Sanger sequencing.
Fragments with putative mutations or potential mutations in homopolymer regions
were amplified by PCR and sequenced with Applied Biosystems 3130x| Genetic
Analyzer at the DNA Sequencing Service of Turku Centre for Biotechnology,
Turku, Finland.

4.3 Data collection and patient ascertainment (11-1V)

Search for NF1 patients

The patients treated for neurofibromatosis during the years 1987-2011 were
searched from the hospital registers of five University Hospitals and 15 Central
Hospitals of Finland. The patients from the autonomous Aland Islands with around
28,000 residents are included in the study if they visited any of the University
hospitals or 15 Central hospitals of mainland Finland. In addition to hospital
records, the nation-wide Hospital Discharge Register (HILMO) containing
information about all inpatient hospital admissions from 1967 onwards and two
private organizations providing genetic counseling, The Family Federation of
Finland (Vaestdliitto) and Folkhdlsan, were also included in the search. The search
was carried out using the International Classification of Diseases (ICD) diagnosis
codes. The ICD-9 classification has been in use in Finland during 1987-1995 and
the ICD-10 codes since year 1996. The ICD-9 diagnosis code 2377A
(neurofibromatosis), and ICD-10 diagnosis codes Q85.00 (neurofibromatosis type
1), Q85.0 (neurofibromatosis), Q85.09 (other neurofibromatosis), Q85
(phakomatoses, not elsewhere classified), and Q85.01 (neurofibromatosis type 2)
were used in the search. After the initial search, a careful review of the medical
records of the individuals with a focus on the exclusion of patients with other
conditions and unclear cases was done. Only patients fulfilling the NIH diagnostic
criteria were included in the NF1 study cohort.
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Registry data collection

Since 1967, every Finn has received a unique personal identity code. The code
includes the date of birth and gender and remains the same over their lifetime. This
code is also being used in all national main registers in data storage and
identification and thus can be used in collecting and cross-linking data from
different registers.

The date of birth, date of death, and possible date of emigration of the NF patients
were collected from the national Population Register Centre. The Causes of Death
Register of the Statistics Finland provided the causes of death and death
certificates, and all cancer data was obtained from the Finnish Cancer Registry.

4.4 Statistical analyses (11-1V)

The NF1 birth incidence was calculated as the number of new cases related to the
total number of live births in Finland in the corresponding year. The numbers of
live births in the total population were provided by the Statistics Finland (Official
Statistics of Finland (OSF): Births http://tilastokeskus.fi/til/synt/index_en.html,
accessed: 16.6.2014).

The NF1 patients were followed-up starting from the date of the first hospital visit
due to NF1 between 1987-2011 and ending to death, emigration, or ending on 31
December 2012, whichever occurred first (11, 111). The cut-off date for the follow-
up in Study 1V was 31 December 2013. Standardized incidence ratios (SIR) and
mortality ratios (SMR) were calculated as the ratios of observed and expected
cases, where the expected cases were obtained by multiplying the person-years
with the corresponding population rate stratified by age, calendar-period, and
gender. The 95% confidence intervals (CI) were based on the assumption that the
number of observed cases followed a Poisson distribution.

The cumulative risk for cancer (i.e., probability of developing cancer by a certain
age) was estimated applying competing risk methods that allow delayed entry
(Putter et al., 2007). When estimating the cumulative risk of cancer, death was
defined as the competing event that would prevent the subject from being
diagnosed with cancer, and the cumulative incidence was estimated by cause-
specific hazard method as described by Putter et al. (Putter et al., 2007).

The cancer-specific survival of NF1 patients was compared to that of matched
controls from the Finnish Cancer Registry (Soininen et al., 2012). The controls
were matched for cancer site, gender, diagnosis age (within 6 years or 4 years in
the design where NF1 cancers were omitted), and diagnosis year (within 10 years
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or 6 years, respectively). All available controls without NF1 were included.
Controls were weighted such that their distributions of the cancer site, gender, age
and time of the diagnosis were the same as those in the NF1 patients. Cumulative
cancer-specific survival proportions with 95% confidence intervals were
calculated using the weighted Kaplan-Meier method. The matched Cox regression
model was used to test the statistical significance of the differences between groups
(Cox, 1972).

Confidence intervals of SMRs in Study Il were calculated with the Mid-P exact
test using OpenEpi 2.3.1. statistical software (Open Source Epidemiologic
Statistics for Public Health, www.OpenEpi.com, accessed 2014/06/17). Statistical
analyses were conducted with statistical software R version 3.2.2 (https://www.r-
project.org/) with popEpi package.

4.5 Breast cancer samples (1V)

Archival surgery specimens of all the available female NF1 breast cancers and
clinical information related to the samples (including tumor size and lymph node
status at the time of the surgery) were retrieved from the pathology units of the
University and Central hospitals. The search was restricted to invasive breast
carcinomas, and only one breast cancer was included in the case of two separate
breast cancer diagnoses.

Immunohistochemistry and antibodies

Sections, 3 um thick, were cut from the formalin-fixed paraffin-embedded breast
cancer tissue samples and stained with hematoxylin and eosin (H&E) for
histological analysis. The H&E-stained breast tumor slides were reviewed for
histological type and grade of each tumor according to the WHO classification of
tumors of the breast (Lakhani et al., 2012). The TNM classification of malignant
tumors was used to grade the extent of spread of the breast carcinomas (Lakhani
etal., 2012).

For ER, PR, CK5/6, CK14, Ki-67, and HER2 immunostainings, the automated
immunostaining machine BenchMark XT (Roche/Ventana) and ultraView
Universal DAB Detection Kit (Roche/Ventana), were applied. The used antibodies
and immunohistochemistry methods are listed in Table 3. Cases for HER2-
amplification testing were selected on the basis of immunohistochemistry, and
gene amplification was thereafter confirmed by in situ hybridization (Table 4).
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Table 3 Antibodies used in immunohistochemistry

ANTIBODY ER PR HER2 KI-67 CK 5/6 CK14
TYPE rabbit rabbit rabbit rabbit mouse mouse
mono- mono- mono- mono- mono- mono-
clonal clonal clonal clonal clonal clonal
CLONE SP1 1E2 4B5 30-9 D5&16B4  LL002
SOURCE Ventana  Ventana Ventana Ventana Ventana Leica
790-4325 790-4296 790-2991 790-4286 760-4253 Biosystems
NCL-L-
LL002
DILUTION ready-to-  ready-to- ready-to- ready-to- ready-to- 1:50
use use use use use
ANTIGEN mild mild CC1* mild CC1* mild CC1* standard standard
RETRIEVAL CC1* CcC1* CC1*
INCUBATION 24min 28min 24min 12min 28min 28min
37°C 37°C 37°C 37°C 37°C 37°C

*Roche/Ventana CC1 pretreatment buffer

Table 4 Her2/Chrl7 double in situ hybridization was performed with the BenchMark
XT. All reagents were from Roche/Ventana. ISH Protease 3 (780-4149) for 8 min was
used as a pretreatment step, and HER2 hybridization was performed at 52°C for 6 h and
Chrl7 hybridization at 44°C for 2 h.

REAGENT (CATALOG NUMBER)
INFORM HER2 DNA PROBE (780-4332)

INFORM CHROMOSOME 17 PROBE (780-4331)
ULTRAVIEW SISH DETECTION KIT (780-001)

ULTRAVIEW ALKALINE PHOSPHATASE RED ISH DETECTION
KIT (800-504)

Case—control analysis

A case-control analysis for tumor type and grade was used to study the
characteristics of the NF1 breast cancers. For each NF1 breast cancer, five age-
and sex-matched controls without NF1 were randomly sampled from the data of
Auria Biobank, Turku, Finland (https://www.auriabiopankki.fi/?lang=en). The
clinical- and tissue-based tumor parameters were compared between the NF1
group and the control group.

Similarly, the 5-year breast cancer survival was studied with a five-fold randomly
chosen control group without NF1 retrieved from the Auria Biobank. These
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controls were matched with the NF1 study group for age, breast cancer diagnosis
year, gender, and estrogen receptor status (+/-). Cumulative survival proportions
were estimated using the Kaplan-Meier method, and the NF1 and control groups
were compared using matched Cox’s regression model. The data satisfied the
proportional hazards assumption of Cox’s regression.

In order to evaluate the occurrence and relevance of alterations in the NF1 gene in
breast cancers in the general population, data generated by the TCGA Research
Network (http://cancergenome.nih.gov/) was used. The TCGA breast cancers with
a normal or mutated/deleted NF1 were compared using a chi-squared test for tumor
characteristics and the Cox proportional hazards model for survival outcome
analysis.

Statistical analyses were conducted using the statistical software R versions 3.2.2—
3.3.0 (The R Foundation; https://www.r-project.org/) with Ime4 (version 1.1-11),
ordinal (version 2015.6-28), popEpi (version 0.2.1), and survival (version 2.38-3)
packages.

4.6 Ethics (I-1V)

All studies were conducted according to the Declaration of Helsinki principles.
Study | was carried out with the approval of the Ethics Committee of the Hospital
District of Southwest Finland and the research permission of Turku University
Hospital. Saliva samples were collected with informed consents of all participating
patients. Studies I1-1V were carried out with the approval of the Ethical Committee
of the Southwest Finland Hospital District and the Ministry of Social Affairs and
Health, Finland. A research permit was acquired from all hospitals that provided
information. The breast cancer tissue samples in Study IV were collected and used
with the approval of the National Supervisory Authority for Welfare and Health.
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5 RESULTS

5.1 Mutation analysis of the NF1 gene (1)

Our approach to NF1 mutation analysis combined sequence capture methodology
with high-throughput sequencing. Two separate sample sets, A and B, were
prepared and sequenced to search for the ideal number of samples per sequencing
run. Both sample sets contained control samples with known mutations to validate
the mutation analysis method.

5.1.1 Sequencing

The average coverage of targeted regions in the sequencing runs was 41x and 74x
for the sets A and B, respectively. Exon 1 was covered poorly in both sample sets,
with average coverages of only 3x and 6x. Approximately 32-35% of the reads
were mapped to the NF1 gene on chromosome 17. The chromosomes with the
most off-target reads were locations of known NF1 pseudogenes.

5.1.2 Identification of mutations

Data analysis of all the possible variants resulted in identification of a total of 63
variants as potential NF1 mutations in the sample sets of A and B. Seven variants,
which were listed in dbSNP database, were evaluated individually; and their
pathogenicity was excluded. In addition, two out of the seven SNPs were included
in the Finnish SNP database. The remaining 39 and 17 variants in sets A and B
were assessed individually with respect to homopolymer-related sequencing
errors, which are typical for the sequencing platform used. A total of 10
homopolymer-related regions with a potential mutation were selected for the
Sanger-sequencing, but all of these proved to represent false positives.

Ten mutations were identified and confirmed as putative disease-causing NF1
mutations (Table 5). These included six substitutions, an insertion, and three small
deletions. Five previously unknown mutations of patients S47, E66, E71, E396,
and S97 were confirmed by Sanger sequencing. One previously known mutation
in a control sample (patient E39) was excluded in the filtering due to low coverage.
However, visual inspection of this area revealed a mutation in two out of nine
reads. The known microdeletion of a control sample could not be detected reliably.
Thus, mutations of four patients remained unsolved. To learn why these were not
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revealed with our method, the four DNA samples were sent to a diagnostic
laboratory in Erasmus Medical Center, Rotterdam, The Netherlands, which
sequenced all NF1 exons plus 30 bp intronic sequence and carried out MLPA
analysis. These analyses revealed one additional mutation in patient S49
(c.844C>T, p.GIn282*) in NF1 exon 6. In our experiment, this area of sample S49
had low coverage of only 11 reads, and the mutation was visible in one read, and
thus could not raise the suspicion of a pathogenic mutation. Three mutations
remained undiscovered by our protocol and by a diagnostic laboratory in
Rotterdam.



Table 5 Discovered mutations in study |. Modified from Uusitalo et al. 2014.

SAMPLE NF1 MUTATION FOUND (CDNA TOTAL VARIANT PROTEIN OR MRNA REGION PREVIOUSLY CONTROL
MUTATION CODE NM_000267.3) DEPTH FREQUENCY LEVEL CHANGE DESCRIBED SAMPLE

SAMPLE SET A

E46 €.7368dupC 79 0.54 frameshift Exon 41 no Yes
E13 .1541 1542delAG 25 0.36 frameshift Exon 10c  (Robinson et al., 1996) Yes
S65 c.4537C>T 37 0.51 p. Arg1513* Exon27a  (Side etal., 1997) Yes
S47 €.4922G>A 54 0.52 p. Trpl641* Exon 28 (Brinckmann et al., 2007) No
E66 €.2851-1G>A 34 0.47 (splicing) Intron 16 no No
E71 €.499 502delTGTT 37 0.51 frameshift Exon 4b (Oshorn and Upadhyaya, No

1999)

E396 €.3911T>G 34 0.68 p. Leul304* Exon23.1 No No
E579 No mutation found - - - - No No
S96 No mutation found - - - - No No
S594 No mutation found - - - - No No
SAMPLE SET B

E27 c. 910C>T 102 0.46 p.Arg304* Exon 7 (Upadhyaya et al., 2008) Yes
S2122 C. 4914 4917delCTCT 152 0.43 p.Lys1640fs. Exon 28 (Side et al., 1997) Yes
E39A No mutation found (c.5710G>T) - - - - (Laycock-van Spyk et al., Yes

9) (0.22) (p-Glu1904*) (Exon 30)  2011)
E38 Type 2 NF1 microdeletion - - - - Yes
S97 c.1797G>A 25 0.44 p.Trp599* Exon 12a (Ars et al., 2000) No
S49A No mutation found - - - - - No
(c.844C>T) (11) (0.09) (p. GIn282*) (Exon 6) (Gasparini et al., 1996)

[4S]

S)nsay
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5.2 Formation of the population-based NF1 cohort and NF1 incidence
in Finland (11-1V)

5.2.1 Search for NF1 patients (I1)

The population-based NF1 cohort was formed by searching all hospital visits of
patients with associated diagnosis of NF1 (Figure 4). All University and Central
Hospitals in Finland together with the hospital discharge register and two small
private organizations were searched for patients with any of the following
diagnosis codes registered to the electronic hospital registers: 1CD-10: Q85.00,
Q85.0, Q85.09, Q85.01, Q85, or ICD-9: 2377A. The initial search yielded 2,335
individuals. Next, the patient records from all medical specialties and autopsy
reports were manually reviewed. After a careful review of the medical records and
after excluding other conditions and unclear cases, a total of 1,471 patients with a
verified NF1 diagnosis were identified (Figure 4). NF1 diagnoses were based on
NIH clinical diagnostic criteria (Stumpf et al., 1988) and/or mutation analyses.
Excluded cases represented patients with suspected but not verified cases of
neurofibromatosis, patients with neurofibromatosis type 2, or Legius syndrome,
patients with only one neurofibroma or spinal neurofibromas without other NF1
diagnostic findings; segmental neurofibromatosis; other syndromes listed under
Q85; or cases with typing errors in recording diagnosis codes. All persons with
uncertain diagnosis were excluded. Of the 774 excluded patients, 209 had most
probably NF1, but the diagnosis could not be verified from the current documents.
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~

The initial search from:

5 University Hospitals
15 Central Hospitals
The hospital discharge register

2,335 individuals

The Family Federation of Finland

K Folkhélsan j

Confirmation of the NF diagnosis from patient
records and exclusion of patients not fulfilling

the NF1 diagnostic criteria

Excluded individuals
NF2 patients (90) :
Suspected but not verified NF1 (210) ‘—‘
Legius syndrome (6) :
Suspected segmental NF (48)

Spinal NF (17)

Other syndrome (239) :
Healthy individuals with no records of any above (254)

1,471 NF1 PATIENTS WITH VERIFIED DIAGNOSIS

Figure 4 Collection of the NF1 patient cohort.
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The NF1 patients were followed-up in different studies as shown in Table 6. The
NF1 cohort inclusion criteria included a verified NF1 diagnosis and a hospital visit
due to NF1 during the follow-up period. Despite similar cut-off dates, the number
of the person years varies due to continued patient data collection resulting in more
accurate cohort entry dates and thus a longer follow-up time. The age distribution
of the 1,404 NF1 patients at the time of the cohort entry in Study Il is listed in
Table 7 and patients by the cohort entry year in Figure 5.

Table 6 The follow-up of the NF1 patients in different studies.

STUDY N OF FOLLOW- CUT OF N OF N OF
PATIENTS UP FROM DATE PERSON DEATHS
YEARS
1 1393 1987-2011 31 Dec 2012 18,663 214
11 1404 1987-2011 31 Dec 2012 19,076 217
v | 1404 1987-2011 31 Dec 2013 20,248 232

Table 7 The age distribution of the 1,404 NF1 patients at the time of the cohort entry.

AGE 09  10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-
(YEARS)

NUMBER 523 207 157 176 139 115 60 22 5
OF
PATIENTS

140
120 -
100 -
80 -
60 -
40 4
20 A

N of patients
o

1987 T————
1088 m—

1900 we————

1991 m——

1002 een—

1993 m——

199/  ve—

1006 ee—

1908 m—
1999 wm————
2001 ee———
2003 s——
2004 som—

2000  se——
2007  seu——
2008  ——
2009  sm——
2010  em——
2011 =

Year

Figure 5 1,404 patients by cohort entry year (study I11).
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5.2.2 Higher NF1 incidence than previously reported (1)

The NF1 patients were born in 1905-2011 with a median year of birth of 1977. The
median age of the patients was 33.3 years and the average 37.0 years at the end of
the follow-up. To evaluate how common NF1 was, the birth incidence was
calculated. The birth incidence according to birth year is shown in Figure 6. The
highest incidence was observed in 1996 and was as high as 1/1,786. The peak
incidence of a three-year period for NF1 was 1/1,871 noted in 1994-1996.

0,0006
0,0005
0,0004

0,0003

Incidence

0,0002

0,0001

Figure 6 The observed birth incidence of NF1 according to the birth year. Modified from
Uusitalo et al. 2015.

5.3 Mortality (11-1V)

The Causes of Death Register record linkage returned 248 deaths of the NF1
patients. Neurofibromatosis was mentioned in 77/248 (31%) of death certificates
as an underlying cause of death, immediate cause of death, or contributing factor.

The overall SMR for NF1 patients was 3.22 (95% CI: 2.81-3.68) being
significantly increased. The SMR for men was 2.66 (95% CI: 2.19-3.22) and for
women 4.02 (95% ClI: 3.32-4.83). In the age group <50 years, 86 deaths occurred,
while the expected number was 13.64 resulting in a SMR of 6.31 (95% CI: 5.08-
7.75). It should be noted that the SMR for women under 50 years was 10.44 (95%
Cl; 7.76-13.76), while SMR for men was 4.27 (95% CI 3.08-5.78). In the age group
of >50 years, SMR was 2.43 (95% CI: 2.03-2.88) emphasizing that most of the
excess mortality took place under 50 years of age.
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Cancer-related deaths and cardiovascular deaths accounted for 58% and 13% of
the excess mortality, respectively. SMR for pulmonary causes of death was 3.79
(95% CI: 2.11-6.32) accounting for 6% of the excess mortality. External causes
were not increased compared to general population.

Cancer mortality

A total of 217 NF1 patients died during the follow-up period of 1987-2012, and
107 (49%) of these deaths were due to cancer. The SMR for cancer was 6.49 (95%
Cl: 5.32-7.85), and it was highest at young adulthood between ages 15-30 years.

Cancers with ICD-10 codes C47, C48-49, and C70-72 (cancers of autonomic
nervous system, soft tissue, brain, and CNS) are here referred to as NF1-specific
cancers. These are rare cancers in the general population but are traditionally
considered typical for NF1. The highest SMRs were observed in these cancers in
our study. The SMRs were 1,858 (95% CI: 1,294-2,583) for the autonomic nervous
system, 87.2 (95% CI: 47.7-146) for soft tissue, and 30.2 (95% CI: 19.1-45.2) for
brain and central nervous system tumors. However, when these cancer types were
excluded, the SMR was 2.25 (95% CI: 1.57-3.13). This was explained by, for
example, breast cancer and thyroid cancer deaths.

5.4 Cancer outcomes (I11)

The cumulative risk for cancer in NF1 by the age of 30 years was 25.1% and 38.8%
by the age of 50 years. The respective percentages in the Finnish population were
0.8% by 30 years and 3.9% by 50 years. In NF1, the cumulative risk for cancer by
50 years in women was 45.2% and in men 32.0%. The lifetime risk of cancer in
NF1 was estimated to be 59.6%, while in the general population it is 30.8%.

A total of 244 cancers was observed, while the expected number was 48.5,
resulting in a SIR of 5.03 (95% CI: 4.42-5.71). The highest numbers of cancer
cases were observed in cancers with ICD-10 codes C47, C48-49, and C70-72
(cancers of autonomic nervous system, soft tissue, brain and central nervous
system). These cancers are referred to as NF1-specific cancers. The SIR for
autonomic nervous system tumors was 1,490 (95% ClI: 1,091-1,987). A total of 46
autonomic nervous system tumors were observed in NF1 patients, while the
expected number was 0.03. For soft tissue tumors, the SIR was 43.5 (95% CI: 25.4-
69.7) and the SIR for brain and central nervous system tumors was 37.5 (95% ClI:
30.2-46.0). More specifically, the SIR for MPNST was 2,056 with 58 observed
cases in the whole NF1 cohort. The extremely high SIR results from a low expected
number (0.03) of this rare cancer type in general population. When NF1-specific
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cancers were excluded, the SIR for cancer remained elevated both for men (1.96)
and women (1.98). Other cancers that had elevated SIRs were, for example, breast
cancer and GIST.

Cancer survival

The 5-year survival of NF1 patients with cancer was significantly worse (p=0.02)
compared to the survival of comparable cancer patients in the general population.
The 5-year survival of NF1 cancer patients was 60.8% (95% CI: 54.1-68.4) versus
68.8% (95% CI: 62.6-75.6) in matched controls. Also, the 5-year survival of NF1
women was significantly worse, 64.3% (95% CI: 55.6-74.3%) when compared to
that of controls being 77.2% (95% CI. 69.8-85.5%, p=0.03). The difference
between NF1 and control men in survival was not significant in this respect: 56.2%
(95% CI: 46.2-68.4%) in the NF1 group versus 57.8% (95% CI: 48.1-69.4%) in
the control group (p=0.21). When NF1-specific cancers were excluded, the
survival of cancer patients with NF1 was decreased when compared to the controls,
54.0% (95% Cl: 43.1-67.8%) versus 67.5% (95% CI 57.5-79.3%, p=0.01).

5.5 Breast cancer in NF1 (1V)

Cross-referencing the NF1 cohort with the Finnish Cancer Registry brought out a
total of 49 breast cancers diagnosed in 45 females and one male with NF1. Two of
the female patients and the one male patient had two primary breast cancers
diagnosed 8.3-19.6 years apart. The youngest NF1 patient was 28 and the oldest
was 84 years at the time of the breast cancer diagnosis (median 49 years).

A total of 31 breast cancers were observed in the female NF1 cohort during the
follow-up, which resulted in a SIR of 2.82 (95% CI1 1.92-4.00). The SIR for breast
cancer was highest in the youngest age groups: for women <40 years it was 14.25
(95% C1 6.51-27.04), while in women aged 40-50 years it was 2.60 (95% CI1 0.95-
5.65). The SIR of breast cancer was not significantly increased among women aged
more than 50.

The cumulative risk for breast cancer in NF1 women by age of 40 years was 4.7%
(95% CI: 1.6-7.6) and by age 50 years 7.8% (95% CI: 3.9-11.5). The respective
numbers in the Finnish population were 0.45% and 2.1%. The estimated lifetime
risk for breast cancer in NF1 women was 18.0% (95% Cl: 11.4-24.1) compared to
9.7% in the general population. Women with NF1 had a 4.7% (95% CI: 1.5-7.9)
risk of being diagnosed with breast cancer during years 30-39 of age, while the
corresponding risk of the general population is only 0.34%.
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Formalin-fixed paraffin-embedded breast cancer tissue samples from 26 NF1
breast cancer patients diagnosed in 1992-2011 were available for analysis. Patients
were 29 to 84 years old at the time of the breast cancer surgery (median age 53
years). Of the breast tumors, 88.5% were ductal carcinomas and 7.7% lobular
carcinomas. The breast cancer tumors were profiled using immunolabeling for ER,
PR, Ki-67, CK5/6 and CK14, and in situ hybridization for HER2. The breast cancer
subtype was luminal A in 15.4% of the NF1 samples, luminal B in 34.6%, HER2-
amplified in 30.8%, and triple negative in 19.2%. The basal-like phenotype was
seen in 15.4%. Grade 111 was the most frequent grade both in the youngest and in
the oldest age groups.

Comparison of breast cancer characteristics between NF1 and controls

The breast cancer characteristics were compared between the NF1 patients and
matched controls from the Auria Biobank. The results showed that the NF1 breast
cancers were more often ER-negative (53.8% versus 20.9%, p=0.001) and PR-
negative (65.4% versus 21.7%, p<0.001). HER2-amplification was
overrepresented in the NF1 group (30.8% versus 9.6%, p= 0.006). The NF1 breast
cancers were also larger in size (p=0.019) by TNM-classification and of a higher
grade (p=0.050).

Breast cancer survival

When breast cancer survival was analyzed alone, the results showed that the 5-
year survival was lower in patients with NF1, 67.9% (95% CI: 50.6-91.0) versus
87.8% (95% CI: 75.0-100) in the control group (p=0.004). This could partly
explain the low 5-year survival observed in women described in Study IlI.

Eleven (42.3%) out of the 26 NF1 patients died during the follow-up. Survival was
similar in the cases where tissue samples could not be retrieved. Because the NF1
breast cancers were more often ER-negative, survival analysis was carried out
again using a control group from the Auria Biobank matched for age, breast cancer
diagnosis year, gender, and also ER status. Again, the overall survival was worse
in the NF1 group: 5-year survival was 68.1% (95% CI: 52.0-89.1) in the NF1 group
and 82.0% (95% CI 75.5-88.9) in the control group (p=0.053).

Relevance of NF1 alterations in breast cancers of the TCGA dataset

Mutations or deletions of the NF1 gene were observed in 33% of the TCGA breast
cancers. Patients with an NF1 deletion or mutation were slightly younger than
those without a mutation (56.8 years vs. 59.2 years, p=0.013). NF1 mutations and
deletions were associated with decreased survival: 5-year survival was 86.5%
(95% CI: 81.7-91.6) for the breast cancer patients with a normal NF1 gene status
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but only 77.1% (95% CI 70.5-84.3) for those with an NF1 mutation or deletion
(95% CI 1.14-3.00, p=0.014). Comparisons of the receptor status showed that
cancers with an NF1 mutation or deletion were significantly more often ER-and
PR-negative and HER2-amplified than cancers with a normal NF1 gene (p<0.001
for all).

Restricting the analysis to NF1 mutations only resulted in a similar trend in
survival (hazard ratio 3.2, 95% CI: 1.1 to 9.0, p=0.031) and receptor status.
However, the differences in ER and HER2 status were not significant due to the
low number of tumors in the TCGA dataset harboring NF1 mutations.
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6 DISCUSSION

6.1 New NF1 mutation analysis method exploiting NGS (I)

The mutation analysis of the large NF1 gene is known to be challenging not only
because of the size of the gene but also due to the lack of mutational hotspots, the
occurrence of a very diverse spectrum of mutation types (Messiaen and Wimmer,
2008), and the presence of NF1 pseudogenes. Blood, which is currently mainly
used as a source of DNA/RNA (Croonen et al., 2012, Messiaen and Wimmer,
2008), requires invasive sampling methods. Our approach used noninvasive and
patient-friendly saliva samples as a source of DNA. Our method was one of the
first studies and a proof-of-principle that the sequence capture methodology
combined with high-throughput sequencing is applicable to NF1 mutation
analysis. The DNA extracted from saliva was high-quality. The saliva samples can
even be collected by the patients at home, and because of the stability of the
samples, they can easily be shipped to the laboratory without any need for cold
storage.

We used the Roche/454 GS Junior sequencing platform, which was the first next-
generation DNA sequencer on the market and the best option at the beginning of
our study. The Roche/454 GS platform has been used also in another small scale
NF1 study (Chou et al., 2010). The average read length produced by the sequencer
is 400 bases, which is long compared to other systems. Most of the recent NF1
mutation analysis studies (Cali et al., 2017, Cunha et al., 2016, Pasmant et al.,
2015) have been based on the lon Torrent PGM sequencing platform. This
sequencing platform is faster and has lower costs per produced Mb, which
supposedly makes it a tempting option. The development of sequencing
technologies is fast at the moment, and most likely there will be even better options
for mutation analysis in the future.

A putative mutation was discovered in ten samples out of the total of 16 in our
study. One patient had a previously detected NF1 microdeletion. In this sample,
the percentage of reads mapping to the NF1 gene was lower compared to other
samples. Thus, we can speculate that the difference between the proportions of
reads mapped to the NF1 gene as opposed to the pseudogenes could be distinct
enough to raise suspicion of a microdeletion, which could be verified with, for
example, MLPA.

We were not able to detect every NF1 mutation in our analysis. Two patients had
low coverage at the mutation site, and thus the results could not have raised
suspicion of a pathogenic mutation. Three mutations remained undiscovered by
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our protocol but also by an established international diagnostic laboratory. These
patients had a clinical diagnosis of NF1 but may represent mosaic NF1 or patients
with deep intronic NF1 mutations. In somatic mosaicism, the NF1 mutation may
not be found in blood or saliva samples (Tinschert et al., 2000).

The most sensitive NF1 mutation analysis method at the moment is still the
multistep pathogenic variant detection protocol that combines analysis of genomic
DNA and cDNA (mMRNA) together with testing for whole-gene or exon copy
number changes (Messiaen and Wimmer, 2008). This approach identifies more
than 95% of NF1 pathogenic variants in individuals fulfilling the NIH diagnostic
criteria (Messiaen et al., 2000). The reported methods based on genomic DNA
only, like our method, have a somewhat lower diagnostic sensitivity with 60-90%
of pathogenic variants detected (Cali et al., 2017, Maruoka et al., 2014, Pasmant
et al., 2015, van Minkelen et al., 2014).

Although the NF1 diagnosis is still often based only on clinical symptoms, the
mutation analysis is valuable in many situations. With the help of mutation
analysis, the NF1 diagnosis can be made early and follow-up started. This is
especially the case in young children who may only partially fulfill the clinical
criteria. Adults with atypical clinical presentation of NF1 are another patient group
that will benefit from molecular diagnostics. Also, prenatal testing and
preimplantation genetic diagnosis are possible if the parental mutation is known.

6.2 Total population-based NF1 cohort (11-1V)

The total population-based NF1 cohort in Studies 11-1V was formed by searching
inpatient and outpatient hospital visits of patients with a diagnosis or an associated
diagnosis for NF1. Thus, all levels except the primary health care were covered.
The patient search was done using ICD-9 and ICD-10 diagnosis codes, and all
medical specialties were included. The ICD-9 codes have been in use from 1987
to 1995 and ICD-10 from 1996 onwards. Thus, the first possible hospital visit of
an NF1 patient with the diagnosis codes in question registered in hospital records
may have taken place in 1987. After the initial search, the NF1 diagnoses were
manually verified from patient records and death certificates. Only patients
fulfilling the NIH diagnostic criteria were included, and other individuals were
excluded from the study. Excluded cases represented healthy family members,
patients with only one neurofibroma or cases with clerical errors in recording
diagnosis codes.

A hospital admission search with an NF1 diagnosis code has been used also in
some previous studies as a patient ascertainment method (Seminog and Goldacre,
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2013, 2015). However, in these particular studies, the NF1 diagnosis has not been
confirmed with other methods. Based on our results, hospital searches using
diagnosis codes result in data that must be reviewed by other methods such as
examining the medical records to verify the correct diagnosis of the patients.
Furthermore, most of the studies before the diagnostic criteria of NF1 and NF2
were agreed at the NIH 1987 NF Consensus Conference contained mixed samples
of both NF1 and NF2 patients.

The NF1 patients in our study were followed-up starting from the first hospital
visit for NF1 and ended with death, emigration, or by reaching the end of the
follow-up period. We were only able to find patients who were alive and had a
hospital visit for NF1 from 1987 onwards. Patients who have had their NF1
diagnosis before 1987, and no NF1-related hospital visits since have been missed
in our patient search.

The Finnish NF1 cohort is hospital-based. The patient search from secondary
(Central Hospitals) and tertiary (University Hospitals) referral centers may have
led to an under ascertainment of patients having mild NF1 or NF1 with otherwise
good health. However, the Finnish health care system is equally available to
everyone regardless of income, and the network of secondary referral centers
covers the whole country. Thus, the ascertainment should not be dramatically
influenced by the place of residence or the income of the patients.

Our study, based on the Finnish population of 5.5 million, is the first total-
population NF1 study and has a high level of ascertainment. Previous population-
based studies have been limited to regions of Gothenburg, Sweden (population
440,082) (Samuelsson and Axelsson, 1981); southeast Wales (population 668,100)
(Huson et al., 1989); Dunedin, New Zealand (population 113,700) (Fuller et al.,
1989); northeast Italy (population 2,375,304) (Clementi et al., 1990); and northern
Finland (population 733,037) (Poyhonen et al., 2000).

6.3 NF1 birth incidence in Finland (1)

The NF1 incidence has been estimated in few studies, but the published
frequencies vary from study to study probably because of the differences in
ascertainment methods. The generally accepted NF1 incidence has been around
1/2,600-1/3,000 (Evans et al., 2010, Huson et al., 1989, Lammert et al., 2005,
Poyhonen et al., 2000). The NF1 prevalence is studied more but with highly varied
estimates. Prevalence, which is the actual number of cases alive with a disease at
a given moment, is affected by mortality. In NF1, the prevalence declines by
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increasing age, because mortality is high already at a young age (Kallionpéé et al.,
2017).

In our study, the high incidence of 1/1,786 observed in 1996 was based on 34 NF1
patients born that year. The observed NF1 incidence of 1/1,871 in a three-year
period during 1994-1996 was based on 101 NF1 patients. The observed high NF1
incidence in the 1990s may be related to enhanced efficacy in making the
diagnosis, which is likely due to the general awareness of NF1 and the timing of
our data collection, which included hospital visits since 1987. Established in 1987,
the NIH diagnostic criteria have facilitated diagnosing NF1 in patients born since
1980s (Stumpf et al., 1988). It has been reported that the mean age at diagnosis of
NF1 has dropped from 20 years among patients born in the 1960s to less than six
years for patients born in the 1980s in Finland (Poyhonen, 2000).

The patients born during the mid-1990s were old enough to fulfill the NIH criteria
by the time of our patient search, and the children born in the 1990s have been
diagnosed and followed-up by specialists and are thus better covered in this study.
The incidence of ~1/1,900 represents a minimum incidence, because only verified
diagnoses were included, and the cohort may still not include patients with very
mild or undiagnosed NF1. The real birth incidence of NF1 must be closer to
1/2,000 than to the generally accepted 1/3,000.

Although we observed an increasing number of verified NF1 diagnoses per live
births from 1905 to 2000, there is no reason to assume that the birth incidence of
NF1 would display major increasing or decreasing tendencies. Because the cases
had to be alive in 1987 to be included in our search, immortality bias affects the
estimates in the older age groups. However, our results are not affected by such a
selection in the younger ones. The low observed incidence among those born
between 1905 and 1975 is likely to result partly from a high mortality already
under 50 years of age. It is also possible that some patients born before the 1970s,
who have got their diagnosis before 1987, have not needed treatment for NF1 in
any medical specialty from 1987 onward. Thus, they would not have been in the
hospital records that we searched. The youngest age groups born in the 2000s may
not yet fulfill the diagnostic criteria, and many of these are included in the group
of suspected NF1.

6.4 Interpretation of the NF1 cancer and mortality study results (11-
1)

The cancer incidence in NF1 was evaluated in subprojects Il and IV with a
retrospective register-based total population study. The cancer risk of the Finnish
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population is similar to other Western countries showing no major genetic
predisposition that could cause bias. We observed a five-fold increase in cancer
incidence, which is the highest reported so far for NF1 with the patients under 50
years having the highest excess cancer risk.

The Causes of Death Register run yielded 248 NF1 deaths, of which 214 occurred
in 1987-2012. Neurofibromatosis was mentioned in 77/248 (31%) of death
certificates as an underlying cause of death, immediate cause of death, or
contributing factor. If our study approach had been based on patient ascertainment
through death certificates, then only this small proportion of the patients would
have been found. Evans et al. reported a rather similar percentage (36%) of NF1
recorded on the death certificates of the NF1 patients (Evans et al., 2011). This
must have been also the case in the U.S. study (Rasmussen et al., 2001). They
found 3,770 NF1 deaths from a total of 3,2722,122, which is only 1 in 8,679 deaths.
Death certificate studies have many opportunities, but in the case of NF1, are likely
to miss the majority of the patients.

MPNST is a hallmark complication of NF1. It is an aggressive soft tissue sarcoma
with half of all cases developing in individuals with NF1 (Evans et al., 2002). We
observed a total of 58 cases of MPNST and as many as 41 deaths due to this
condition during the follow-up. The lifetime risk of MPNST was estimated to be
15.8% in our study, which is in-line with previous studies (Evans et al., 2002). The
excess risk for central nervous system tumors was also expected. These were also
a common cause of death in NF1 patients.

In contrast to findings in previous studies (Niemeyer et al., 1997, Stiller et al.,
1994), we could not detect increased incidence of JMML. The number of
individual cancer cases and follow-up time may have been too limited to allow
definite conclusions of this rare cancer type.

6.5 Breast cancer (111-1V)

Increased incidence of breast cancer in NF1 women has been reported in some
publications and numerous case reports. Our results show that the breast cancer
incidence in NF1 women aged <40 years is increased with a cumulative risk of
4.7% while being 0.45% in the control population. Screening for breast cancer has
been suggested for NF1 women from the age of 40 years (Evans, 2012, Sharif et
al., 2007). Our results do support this, but more evidence is needed about the
effectiveness and safety of different screening methods in NF1 patients.
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The main finding of our breast cancer study was that NF1 breast cancers are often
associated with poor survival and unfavorable prognostic factors, such as ER- and
PR-negativity and HER2-amplification. The study shows, however, that the poor
prognosis of the NF1-related breast cancer is not explained by histopathological
subtype only. The poor prognosis of NF1 breast cancer patients may partly be due
to an advanced stage at the time of diagnosis. The breast cancers of the NF1
patients were larger and of higher grade at the time of surgery, although the slightly
worse lymph node status of NF1 patients was not statistically significant. It has
been speculated that subcutaneous neurofibromas may interfere with the
diagnostics of breast cancer (Da Silva et al., 2015, Evans, 2012), and this might
cause a delay in NF1 breast cancer diagnosis.

The poor outcome of breast cancer patients with NF1 could be explained by
uninhibited Ras signaling due to a loss of neurofibromin functionality and thus
increased PI3K and Raf/MAPK/ERK activity. Increased PI3K activity has been
related to low survival and resistance to hormone treatment in ER-negative breast
cancer (Yang et al., 2016), and elevated Ras/MAPK/ERK activity has been related
to metastasis and low survival in both ER-positive (Wright et al., 2015) and ER-
negative breast cancer (Giltnane and Balko, 2014). In the absence of inhibition by
neurofibromin, enhanced and prolonged Ras stimulation by cell membrane
tyrosine kinase receptors, such as EGFR and HER2, can activate several
transcription factors, such as c-myc and ETS1. This may strongly facilitate breast
cancer development and progression in NF1 patients (Rad and Tee, 2016).

Another explanation for low breast cancer survival could be that the inactivation
of NF1 in breast cancer causes resistance to drug therapy. Silencing of the NF1
gene has been shown to confer a tamoxifen-resistant phenotype in one study
(Mendes-Pereira et al., 2012).

6.6 Strengths and limitations (I-1V)

The NF1 mutation analysis method in our study was a proof-of-principle that the
new sequencing methods together with sequence capture methodology can be
applied to NF1 gene mutation analysis. The method still requires more validation
and modifications to be used in clinical purposes. The saliva samples used were a
good and noninvasive source of DNA. Some of the samples were even collected
by the patients at home or at other locations outside hospital. Although, blood
could have been used as a starting point as well and could have been required if
the need for DNA amount would have been great.
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The false-negatives are a central problem of every mutation analysis method, this
was also the case in our approach. The occurrence of a wide spectrum of mutation
types and the lack of mutational hotspots makes the molecular analysis of the NF1
gene exceptionally difficult. Some mutation types would require a RNA-based
method to be discovered. The sequencing platform used in our study did cause a
number of homopolymer-related sequencing errors that had to be studied
individually with other methods. Another difficulty that was encountered was the
NF1 pseudogene sequences in the human genome. These lowered the coverage of
the NF1 gene region considerably but could be handled in data analysis.
Specifically, the relatively long reads produced by the sequencing platform in
question facilitated the correct mapping of the pseudogene reads.

Studies II-1V utilized a total population-based NF1 cohort. The cohort represents
the most comprehensive and completely ascertained NF1 cohort to date. Although,
the patients with a very mild form of NF1, and patients who have been diagnosed
with NF1 but have not been referred to secondary or tertiary hospitals may have
been missed in our study. The NF1 diagnoses were verified from medical records
and autopsy reports to identify cases fulfilling the NIH clinical diagnostic criteria.
The NF1 patients were born between 1905 and 2011 with a median year of birth
of 1977. The median age of the patients was 33.3 years, and the average age was
37.0 years at the end of the follow-up. The lack of older NF1 patients in the NF1
cohort may partly be explained by early deaths of the patients. Our patient
ascertainment was based on inpatient and outpatient hospital visits during the years
1987-2012, which favors the inclusion of patients born after 1980’s. The NF1
patients born before 1987 may not have had a proper diagnosis or hospital visits
because of NF1 during our follow-up period. Small children on the other hand may
not have developed enough symptoms needed for the clinical diagnosis during our
follow-up period. In our study, 209 patients were suspected to have NF1 but were
excluded from the cohort. The majority of these were children who did not fulfill
the NIH criteria by the completion of the study. If the study was continued, part of
these individuals could probably be included in the study cohort. We were not able
to collect data on NF1 diagnosis dates, but based on a small amount of data
available for those born in 1980s, the diagnosis age varied from less than one year
to over 30 years. A total of 8% (9/113) of these patients got their diagnosis after
20 years of age. Thus, there might still be many NF1 patients born in the 1990s
without a correct diagnosis. Presumably some patients will not get the NF1
diagnosis until after having a child with NF1.

Earlier studies have not estimated the NF1 incidence in a total population. Our
study was the first whole population study with high levels of ascertainment and
the largest patient cohort reported so far. There is no reason to assume that the
observed high incidence in our study would be because NF1 is more common in
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Finland. Instead, the observed high incidence may reflect enhanced diagnostics of
NF1 and efficient ascertainment of our study. Healthcare in Finland is publicly
funded and available to all; and thus, the patient search exploiting hospital visits is
efficient.

Studies I1-1V were conducted on a national scale using multiple registries. The
Finnish registration of deaths and emigration is known to be comprehensive, and
the cancer data was based on near complete cancer registration systems used in
Finland (Gissler and Haukka, 2004, Leinonen et al., 2017, Teppo et al., 1994).
Data stored in large national registries provides great opportunities for research,
but registry data contains some limitations. For example, some clinically relevant
information, such as detailed cancer histology, are not completely accurately
registered into the Cancer Registry at the moment and must be collected from
different sources (Teppo et al., 1994). Also, information on, for example, common
cancer risk factors cannot be retrieved from the current registries.

The number of individual cancer cases and/or follow-up time in the cancer study
may have been too limited to allow definite conclusions in many individual cancer
types. However, the overall results of the study were convincing and reliable.

The NF1 breast cancer study (IV) was based on a small sample size, but the results
were definite. A total of 31 breast cancers were diagnosed in NF1 patients during
the follow-up period. Of these, we were able to retrieve a tumor sample from 26
cases. We reported that NF1-related breast cancer has poor prognosis, which is not
solely explained by occurrence at young age or by histopathological type. There is
no reason to presume that the 26 would not represent the whole group. The survival
was similar in the cases where tissue samples could not be retrieved.

6.7 Suggestions for future research

The NF1 mutation analysis method developed in our study did work but could be
further improved. The design of the sequence capture would have allowed also
other genes to be included to the target area. For example, genes that cause
syndromes that have overlapping phenotypes to NF1, such as SPRED1 gene, could
be useful to analyze simultaneously with NF1. This could be exploited in the
future. We could not detect every mutation in our study. The best way to increase
both sensitivity and specificity of the method would be to increase coverage by
sequencing a smaller number of samples per run (De Leeneer et al., 2011).
Although the NF1 mutation analysis method described in our study is not validated
for clinical application, it was one of the first NF1 studies with NGS and paves the
way for new and cost-effective approaches in NF1 mutation analysis.
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Our follow-up of the NF1 cohort was started earliest from 1987 and ended by 2013.
The follow-up of the Finnish NF1 cohort could be continued, and the cancer
incidence and mortality studied again in, for example, ten years. This could reveal
more information about rare cancer types with too few cases or uncertain relation
to NF1 in our study.

The Ras/MAPK pathway plays an important role in cancer biology in general. It
is also a major target for anti-cancer drugs. However, the presence of an NF1
mutation may confer resistance to several therapeutic agents. At the moment, NF1-
associated drug resistance has been suggested at least to RAF and EGFR inhibitors
in melanoma, lung cancers, and neuroblastoma (Holzel et al., 2010, Maertens et
al., 2013, Network, 2014). This is an extremely important subject that has an
impact on cancer survival of the patients and should be studied more in the future.

The conclusion that NF1-related breast cancer has poor prognosis, which is not
solely explained by the occurrence at a young age or by histopathological type,
should enhance the follow-up practices for NF1 patients. The strong association
between breast cancer and NF1 should also impact breast cancer research in
general, because NF1 mutations are frequent in breast cancer in the general
population. The same holds true for cancer in general. The more cancers of the
NF1 patients are studied the more information we get about sporadic cancers with
NF1 mutations.
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7 CONCLUSIONS

NF1 is a multisystem disease causing a varying combination of symptoms. The
present study was performed to have a better understanding about the syndrome.
We used a national NF1 cohort and retrospective register-based total population
study to evaluate the epidemiology and cancer incidence of NF1 in Finland. The
intention of this study was also to advance knowledge about breast cancer that is
related to NF1 and to develop a new method for NF1 molecular diagnostics.

The following conclusions were made on the basis of the results of the present
study:

1. Sequence capture methodology combined with high-throughput sequencing
is applicable to NF1 mutation analysis.

2. NF1 incidence is higher than previously reported being 1/2,000. NF1 also
causes significant mortality, which is largely explained by malignant
neoplasms at a relatively young age.

3. NF1 cancer incidence is higher than previously reported. We observed a
five-fold increase in cancer incidence in the NF1 population, which is the
highest cancer incidence reported so far. Cancers of the NF1 patients have
worse prognosis than the corresponding cancers in the general population.
Active surveillance of the patients is needed to detect the tumors early and
to improve the prognosis.

4. The risk for breast cancer in NF1 is elevated, particularly under age 40.
NF1-related breast cancer has poor prognosis, which is not solely explained
by occurrence at young age or by histopathological type. Awareness of the
NF1-related breast cancer risk should be raised.
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