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ABSTRACT 

Neurofibromatosis type 1 (NF1) is a dominantly inherited rare disorder caused by 
pathogenic variants of the NF1 tumor suppressor gene. The syndrome can be 
diagnosed based on its clinical manifestations, such as café-au-lait macules, skinfold 
freckling, and benign cutaneous neurofibroma tumors. NF1 affects several organ 
systems, yet it is best known as a tumor predisposition syndrome. 

In this thesis, a Finnish cohort of 1,476 individuals with NF1 was used to study 
the prevalence of NF1 and the risks for breast cancer and diabetes among individuals 
with NF1. For a more precise assessment of the risk for contralateral breast cancer 
in NF1, the Finnish NF1 cohort was analyzed together with four other European NF1 
cohorts. Moreover, the effect of NF1 on the concentration of circulating free plasma 
DNA (cfDNA) was assessed in a small-scale clinical study. Breast cancer diagnoses 
of individuals with NF1 were obtained from the Finnish Cancer Registry. Diagnoses 
of diabetes were inferred from drug purchases and hospital visits and hospital stays. 
The characteristics of NF1-related breast cancer were also analyzed. 

The results demonstrate that the overall prevalence of NF1 may be as high as 
1/2,052. NF1 is associated with increased mortality throughout the lifetime, and the 
age-specific prevalence of NF1 declines in older age groups. Women with NF1 face 
a marked risk for breast cancer, and the risk for being diagnosed with breast cancer 
is 7.8% by 50 years of age. The survival after NF1-related breast cancer is worse 
compared to breast cancer in the general population. Breast cancers diagnosed in 
individuals with NF1 also exhibit poor prognostic factors, such as hormone receptor 
negativity. Moreover, women with NF1 and breast cancer have a 16% risk for 
contralateral breast cancer within 20 years. In contrast, the risk for diabetes and type 
2 diabetes, in particular, is decreased among individuals with NF1. The NF1 
syndrome, as such, may not significantly alter plasma cfDNA concentration. 

The results highlight the need for identifying all individuals with NF1 in order 
to provide them surveillance for NF1-related complications, such as breast cancer. 
The findings demonstrate the role of the NF1 gene in the pathogenesis of two 
common diseases, namely breast cancer and diabetes. 

KEYWORDS: breast cancer, circulating free DNA, contralateral breast cancer, 
diabetes, neurofibromatosis type 1, NF1, prevalence  
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TIIVISTELMÄ 

Tyypin 1 neurofibromatoosi (NF1) on vallitsevasti periytyvä harvinaissairaus, joka 
aiheutuu muutoksista NF1-kasvunrajoitegeenissä. Sairaus voidaan diagnosoida 
kliinisten oireiden, kuten ihon maitokahviläiskien, taivealueiden kesakoiden ja 
hyvänlaatuisten neurofibrooma-ihokasvainten perusteella. NF1 vaikuttaa moniin 
elinjärjestelmiin, mutta parhaiten se tunnetaan kasvainalttiusoireyhtymänä. 

Tässä tutkimuksessa tarkasteltiin NF1:n yleisyyttä sekä potilaiden alttiutta 
sairastua rintasyöpään ja diabetekseen. Tutkimuksessa käytettiin 1476 henkilön 
suomalaista NF1-kohorttia. Vastakkaisen rinnan rintasyövän riskiä tutkittaessa 
hyödynnettiin tietoja myös neljästä muusta eurooppalaisesta NF1-kohortista. Lisäksi 
tarkasteltiin NF1:n vaikutusta plasman vapaiden nukleiinihappojen pitoisuuteen. 
NF1-potilaiden rintasyöpädiagnoosit haettiin Suomen Syöpärekisteristä. Diabetes-
diagnoosit pääteltiin lääkeostotiedoista sekä sairaalakäynneistä ja -jaksoista. Lisäksi 
tarkasteltiin NF1:een liittyvän rintasyövän ominaisuuksia. 

Tulokset osoittavat, että NF1:n vallitsevuus on jopa 1/2052. NF1 aiheuttaa 
lisääntynyttä kuolleisuutta kaikissa ikäryhmissä, minkä vuoksi NF1:n vallitsevuus 
laskee vanhemmissa ikäryhmissä. NF1:een liittyy merkittävä rintasyöpäriski, ja 
NF1:tä sairastavilla naisilla on 7,8 %:n todennäköisyys sairastua rintasyöpään ennen 
50 vuoden ikää. NF1 huonontaa rintasyövän ennustetta, ja NF1-naisten rintasyövät 
ovat usein hormonireseptorinegatiivisia. Lisäksi rintasyöpään sairastuneilla NF1-
naisilla on 16 %:n riski sairastua vastakkaisen rinnan rintasyöpään 20 vuoden 
kuluessa. Sen sijaan erityisesti tyypin 2 diabeteksen riski on NF1:ssä pienempi kuin 
vertailuväestössä. NF1-sairaus itsessään ei vaikuta merkittävästi muuttavan plasman 
vapaiden nukleiinihappojen pitoisuutta. 

Tulokset korostavat tarvetta tunnistaa kaikki NF1:tä sairastavat henkilöt, jotta he 
pääsevät taudin edellyttämän seurannan piiriin. Tulosten perusteella NF1-geeni 
vaikuttaa kahden yleisen sairauden, rintasyövän ja diabeteksen, kehitykseen. 

AVAINSANAT: diabetes, NF1, plasman vapaa DNA, prevalenssi, rintasyöpä, 
tyypin 1 neurofibromatoosi, vastakkaisen rinnan syöpä   



 6 

Table of Contents 

Abbreviations .................................................................................. 8 

List of Original Publications ......................................................... 10 

1 Introduction ........................................................................... 11 

2 Review of the Literature ....................................................... 13 
2.1 Neurofibromatosis type 1 (NF1) ............................................. 13 

2.1.1 Diagnosis of NF1 ......................................................... 13 
2.1.2 Incidence and prevalence of NF1 ................................ 17 
2.1.3 The molecular biology underlying NF1 ........................ 18 
2.1.4 RASopathies ............................................................... 21 

2.2 Cancer in NF1 ........................................................................ 23 
2.2.1 Cancer in general ........................................................ 23 
2.2.2 Breast cancer in general ............................................. 24 
2.2.3 Overall cancer risk in NF1 ........................................... 25 
2.2.4 Malignant peripheral nerve sheath tumor .................... 28 
2.2.5 Gastrointestinal stromal tumor ..................................... 30 
2.2.6 Tumors of the central nervous system ......................... 31 
2.2.7 Breast cancer .............................................................. 32 
2.2.8 Other cancers ............................................................. 33 
2.2.9 Subsequent primary cancers ....................................... 34 

2.3 Cancer screening and surveillance ........................................ 35 
2.3.1 Monitoring of NF1-associated tumor burden ................ 36 
2.3.2 Breast cancer screening: breast self-examination 

and mammography ..................................................... 37 
2.3.3 Circulating free DNA ................................................... 39 

2.4 Diabetes and NF1 .................................................................. 41 
2.4.1 Type 1 diabetes in general .......................................... 41 
2.4.2 Type 2 diabetes in general .......................................... 42 
2.4.3 The risk for diabetes in NF1 ........................................ 43 

3 Aims ....................................................................................... 45 

4 Materials and Methods ......................................................... 46 
4.1 Study populations................................................................... 46 
4.2 Data sources and outcomes of interest .................................. 49 
4.3 Histology and immunohistochemistry of breast cancers (II) .... 51 
4.4 Analysis of circulating free DNA (V) ....................................... 51 
4.5 Statistical methods ................................................................. 52 



 7 

4.5.1 Study periods .............................................................. 52 
4.5.2 Estimation of NF1 prevalence (I) ................................. 54 
4.5.3 Breast cancer incidence, survival, and 

characteristics in the Finnish NF1 cohort and in the 
TCGA dataset (II) ........................................................ 55 

4.5.4 Survival and risk of contralateral breast cancer in 
five international cohorts (III) ....................................... 55 

4.5.5 The risk for diabetes (IV) ............................................. 56 
4.5.6 Concentration of plasma cfDNA (V) ............................. 56 

5 Results ................................................................................... 57 
5.1 Prevalence of NF1 (I) ............................................................. 57 
5.2 Risk for breast cancer and contralateral breast cancer (II, III) ... 57 
5.3 Survival after breast cancer diagnosis (II, III) .......................... 58 
5.4 Breast cancer characteristics (II, III) ....................................... 59 
5.5 Somatic NF1 alterations in breast cancers of the general 

population (II) ......................................................................... 60 
5.6 Risk for diabetes (IV) .............................................................. 60 
5.7 The effect of NF1 on circulating free plasma DNA (V) ............ 61 

6 Discussion ............................................................................. 63 
6.1 Implications for the care of individuals with NF1 ..................... 64 

6.1.1 Prevalence and access to specialized health care ....... 64 
6.1.2 Breast cancer risk associated with NF1 ....................... 65 

6.2 The role of the NF1 gene in breast cancer evolution .............. 68 
6.2.1 The NF1 gene and resistance to hormonal therapy ..... 68 
6.2.2 MAPK pathway activation and resistance to 

hormonal therapy ........................................................ 71 
6.2.3 The interplay between NF1 and ERBB2 ...................... 72 
6.2.4 Alterations of the NF1 gene in breast 

carcinogenesis ............................................................ 72 
6.3 NF1 deficiency and energy metabolism .................................. 73 
6.4 NF1-related alterations in circulating free plasma DNA .......... 75 
6.5 Limitations of the study ........................................................... 77 
6.6 Future perspectives ................................................................ 79 

7 Conclusions ........................................................................... 83 

Acknowledgements ....................................................................... 84 

References ..................................................................................... 88 

Original Publications ................................................................... 113 
 

  



 8 

Abbreviations 

Akt Protein kinase B 
ATC Anatomical Therapeutic Chemical classification of drugs 
cfDNA Circulating free DNA 
CI Confidence interval 
CMML Chronic myelomonocytic leukemia 
CNS Central nervous system 
CSRD Cysteine-serine-rich domain 
ctDNA Circulating tumor DNA 
ERK Extracellular signal-regulated kinase 
GAP GTPase activating protein 
GEF Guanine nucleotide exchange factor 
GFR Growth factor receptor 
GIST Gastrointestinal stromal tumor 
GRB Growth factor receptor-bound protein 
GRD GAP-related domain 
HER2 Human epidermal growth factor receptor 2 
HLA Human leukocyte antigen 
HR Hazard ratio 
ICD-9 International Classification of Diseases, 9th edition 
ICD-10 International Classification of Diseases, 10th edition 
ICD-O-3 International Classification of Diseases for Oncology, 3rd edition 
JMML Juvenile myelomonocytic leukemia 
LADA Latent autoimmune diabetes of adults 
MAPK Mitogen-activated protein kinase 
MEK Mitogen-activated protein kinase kinase 
MPNST Malignant peripheral nerve sheath tumor 
MRI Magnetic resonance imaging 
mTOR Mammalian target of rapamycin 
NF1 Neurofibromatosis type 1 
NF2 Neurofibromatosis type 2 
NIH National Institutes of Health 
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OR Odds ratio 
PDK1 3-Phosphoinositide-dependent protein kinase 1 
PET Positron emission tomography 
PH Pleckstrin homology-like domain 
PI3K Phosphoinositide 3-kinase 
PIP2 Phosphatidylinositol (4,5)-bisphosphate 
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate 
PMR Proportionate mortality ratio 
PTEN Phosphatase and tensin homolog 
RaR Rate ratio 
Ras “Rat sarcoma virus,” a family of small GTPases 
RiR Risk ratio 
Rit1 Ras-like without CAAX protein 1 
SD Standard deviation 
SIR Standardized incidence ratio 
SMR Standardized mortality ratio 
SHOC-2 Leucine-rich repeat protein SHOC-2 
SHP2 Src homology region 2 domain-containing phosphatase-2 
SOS1 Son of sevenless 1 
SPRED1 Sprouty-related, EVH1 domain-containing protein 1 
TBD Tubulin-binding domain 
TCGA The Cancer Genome Atlas  
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1 Introduction 

Neurofibromatosis type 1 (NF1) is a hereditary syndrome caused by pathogenic 
variants in the NF1 gene encoding neurofibromin protein (Wallace et al., 1990; Xu 
et al., 1990; Gutmann et al., 2017; Koczkowska et al., 2020). The NF1 syndrome can 
be diagnosed based on its clinical characteristics (Legius et al., 2021), and a 
clinically diagnosed NF1 syndrome is a specific sign of an individual harboring a 
pathogenic variant in the NF1 gene. The NF1 syndrome thus serves as a model of 
the consequences of a deficiency in functional neurofibromin. Since NF1 is one of 
the most common rare diseases, it affects a high number of patients worldwide. 
Given a birth incidence of 1/3,000–1/2,000 (Uusitalo et al., 2015), the annual number 
of children born with NF1 is 1,400–2,100 in the European Union and 42,000–63,000 
globally. Research on NF1 can therefore potentially influence the treatment of a large 
number of patients. From a research point of view, the high frequency of NF1 means 
that it is possible to study relatively large cohorts of individuals with NF1. 

The earliest signs of the NF1 syndrome are pigmentary findings on the skin, such 
as café-au-lait macules that may be present already at birth (DeBella et al., 2000; 
Morris et al., 2021). Family history or multiple café-au-lait macules may prompt a 
clinical suspicion of NF1 before the fulfillment of the diagnostic criteria, and 
sequencing of the NF1 gene may confirm the diagnosis in such cases. Disease 
manifestations frequently seen during childhood include plexiform neurofibromas, 
optic pathway tumors, skeletal abnormalities, and cognitive deficits (Ferner et al., 
2007; Gutmann et al., 2017). The hallmark tumors of NF1, cutaneous neurofibromas, 
typically start to grow during the puberty (DeBella et al., 2000). Puberty is also 
associated with an increase in the risk for malignancies. Malignant peripheral nerve 
sheath tumors (MPNSTs) are particularly frequent among individuals with NF1 after 
20 years of age, and individuals with NF1 are also predisposed to various other 
tumors throughout their life (Uusitalo et al., 2016). Health issues associated with 
NF1 also include, for example, cardiovascular disease, osteoporosis, and dementia 
(Uusitalo et al., 2015; Kenborg et al., 2020; Ottenhoff et al., 2020; Kallionpää et al., 
2021a). NF1 syndrome is associated with marked excess mortality (Rasmussen et 
al., 2001; Masocco et al., 2011; Duong et al., 2011; Wilding et al., 2012; Uusitalo et 
al., 2015). Because of the risk for multiple life-threatening co-morbidities, 
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individuals with NF1 need regular surveillance for the timely detection of any new 
complications. For instance, cancer can, in general, only be cured if diagnosed at a 
non-metastatic stage. 

This thesis consists of five original studies, where the prevalence of NF1, the 
risks for diabetes, breast cancer and contralateral breast cancer in NF1, and 
circulating free plasma DNA among individuals with NF1 are examined. Four of the 
studies are epidemiological and based on information linked from various 
nationwide registers, and one is a clinical study examining blood samples drawn 
from volunteers with and without NF1. Diabetes and breast cancer are common also 
in the general population, and lessons learned by studying NF1 can contribute to the 
development of better therapies. On the other hand, if NF1 alters the risk of a 
common disease, the absolute change is greater than in the case of rare health issues. 

In this thesis, epidemiological research serves two purposes. First, it can reveal 
disease associations and characteristics pertinent to the treatment of patients. Thus, 
the research can lead to the monitoring of relevant symptoms and improved patient 
care, health, and quality of life. Second, epidemiological research can reveal disease 
mechanisms and biological phenomena that are behind the disease phenotype. 
Epidemiological research can therefore help to reveal concepts relevant to basic 
science and point out questions that should be addressed using biochemical and cell 
biological experiments. Importantly, breast cancer and diabetes have shared cell 
signaling pathways involved in their pathogenesis. Studies on the prevalence of NF1 
and the associated risks for breast cancer and diabetes advise surveillance, yet they 
also show that the NF1 gene is an important driver of breast cancer development and 
can affect the pathogenesis of diabetes. 
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2 Review of the Literature 

2.1 Neurofibromatosis type 1 (NF1) 
Neurofibromatosis type 1 (NF1) is a monogenic, dominantly inherited multi-organ 
syndrome (Gutmann et al., 2017). The NF1 syndrome is caused by pathogenic 
variants in the NF1 gene, which is located in chromosome 17 (Wallace et al., 1990; 
Xu et al., 1990; Koczkowska et al., 2020). The classical NF1 is caused by a germline 
pathogenic NF1 variant. The variant originates from either a maternal or a paternal 
gamete, and the variant is therefore present in all diploid cells of an individual and 
can be passed to the offspring. While many of the individuals with NF1 have 
inherited the disorder, at least half have a de novo pathogenic variant and no parent 
with the NF1 syndrome (Huson et al., 1989; Poyhonen et al., 2000; Evans et al., 
2010). 

Mutations of the NF1 gene can also occur after fertilization, during gestation, or 
at any age during the lifespan. Mosaic NF1 is due to an NF1 mutation occurring 
during embryonic or fetal development, which leads to NF1 haploinsufficiency in a 
subset of cells and causes segmental disease manifestations. The mutation may or 
may not be present in the germ cells, and the germline involvement determines the 
risk of passing the condition to children. Mutations that are not present in the germ 
cells are termed somatic and, when occurring in adults, they typically only affect a 
single cell population. The accumulation of somatic mutations is an inherent part of 
cancer development. 

2.1.1 Diagnosis of NF1 
The diagnosis of NF1 is based on the clinical diagnostic criteria first established in 
the National Institutes of Health (NIH) consensus conference in 1987 (National 
Institutes of Health Consensus Development Conference, 1988) and subsequently 
updated in 2021 (Legius et al., 2021). The diagnostic criteria aim at sensitivity and 
specificity, which requires that the manifestations included in the criteria are 
common among individuals with NF1, yet the manifestations also need to be rare or 
absent among individuals without NF1. Thus, even if a disease manifestation is 
common among individuals with NF1 and strongly associated with NF1, it cannot 
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be included as a diagnostic criterion if it is frequent also in the general population. 
This is the case of, for example, cardiovascular disease, which seems to be associated 
with NF1 (Uusitalo et al., 2015; Kenborg et al., 2020) but is not specific to NF1. 

The 1987 diagnostic criteria of NF1 list seven criteria, two of which are required 
for the diagnosis of NF1 (Table 1). The diagnosis can often be reached based on 
cutaneous or ophthalmological findings, and approximately 95% of individuals with 
NF1 fulfill the 1987 diagnostic criteria by the age of six years (DeBella et al., 2000). 
After the establishment of the 1987 diagnostic criteria, gene sequencing has become 
commonly available. Consequently, it is often possible to detect a pathogenic variant 
of the NF1 gene to confirm the diagnosis. Moreover, sequencing has revealed that 
some of the individuals with only pigmentary features actually have another 
hereditary condition, the Legius syndrome, caused by pathogenic germline variants 
of the SPRED1 gene (Brems et al., 2007). Therefore, the diagnostic criteria for NF1 
were revised in 2021 and the detection of a pathogenic heterozygous NF1 variant 
present in all cells was included as a new criterion (Table 1; Legius et al., 2021). 
Moreover, at least two choroidal abnormalities are included in the ophthalmological 
criterion in addition to the Lisch nodules. The osseous lesions, which are taken into 
account in the diagnosis, were revised as sphenoid dysplasia, anterolateral bowing 
of the tibia or pseudarthrosis of a long bone. According to the new criteria, any first-

Table 1. The diagnostic criteria of neurofibromatosis type 1 (NF1). The diagnosis of NF1 can be 
set if two of the criteria are met. 

1987 CRITERIAa 2021 CRITERIAb 

Six or more café-au-lait macules >5 mm in greatest diameter in prepubertal individuals and >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 region 

Optic pathway glioma 

Two or more Lisch nodules Two or more iris Lisch nodules, or two or more 
choroidal abnormalities 

 

A distinctive osseous lesion, such as sphenoid 
dysplasia or thinning of long bone cortex, with 

or without pseudarthrosis 

A distinctive osseous lesion such as sphenoid 
dysplasia, anterolateral bowing of the tibia, or 

pseudarthrosis of a long bone 

 A heterozygous pathogenic NF1 variant with a 
variant allele fraction of 50% in apparently 

normal tissue 

A first-degree relative with NF1 by the above 
criteria 

A parent with NF1 by the above criteria 

a National Institutes of Health Consensus Development Conference (1988); b Legius et al. (2021) 
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degree relative with NF1 is not adequate for establishing the NF1 diagnosis, but only 
the parents’ NF1 status is considered to facilitate the differentiation of NF1 from the 
congenital mismatch repair deficiency syndrome and mosaic NF1. 

The pigmentary cutaneous findings associated with NF1 include the 
hyperpigmented café-au-lait macules and axillary or inguinal freckling (Legius et 
al., 2021). Café-au-lait macules are present in the vast majority of individuals with 
NF1 (Easton et al., 1993; DeBella et al., 2000; Ferner et al., 2007; Duong et al., 2011; 
Morris et al., 2021). Since café-au-lait macules are typically visible by the age of one 
year, they are often the first disease manifestation to occur (DeBella et al., 2000; 
Morris et al., 2021). The presence of at least six café-au-lait macules in an otherwise 
asymptomatic small child is a strong predictor of having the NF1 syndrome even in 
the absence of a family history of NF1 (Ben-Shachar et al., 2017). The café-au-lait 
macules associated with NF1 arise from the somatic inactivation of the NF1 gene in 
melanocytes typically due to a second-hit mutation (De Schepper et al., 2008). 

Neurofibromas are the hallmark tumor of NF1. They arise in close association 
with peripheral nerve tributaries (Jouhilahti et al., 2011). All neurofibromas harbor 
a clonal Schwann cell population with a somatic second-hit mutation in the NF1 gene 
(Maertens et al., 2006a). Neurofibromas also contain multiple other cell types, such 
as fibroblasts, mast cells, and perineurial cells, and an abundant collagen matrix 
(Peltonen et al., 1988; Jouhilahti et al., 2011; Kallionpää et al., 2021b). Cutaneous 
neurofibromas usually start to grow during puberty and occur in most adults with 
NF1 (Easton et al., 1993; DeBella et al., 2000; Szudek et al., 2000; Ferner et al., 
2007; Duong et al., 2011; Morris et al., 2021). Cutaneous neurofibromas may grow 
up to a diameter of a few centimeters, after which they cease their growth, and they 
never turn malignant (Jouhilahti et al., 2011). Despite their benign nature, cutaneous 
neurofibromas cause disfigurement and thereby are a major psychological burden to 
the affected individuals (Kodra et al., 2009; Granström et al., 2012). Moreover, the 
tumors may be itchy or painful (Riccardi, 1993; Ortonne et al., 2018; Stewart et al., 
2018). In addition to cutaneous neurofibromas, individuals with NF1 may develop 
subcutaneous or plexiform neurofibromas. Plexiform neurofibromas have been 
estimated to occur in 20–50% of individuals with NF1 (Easton et al., 1993; Szudek 
et al., 2000; Ferner et al., 2007; Duong et al., 2011; Morris et al., 2021). A plexiform 
neurofibroma can undergo a transformation into an MPNST (Ferner et al., 2007; 
Stewart et al., 2018). Nerve compression caused by a benign plexiform neurofibroma 
may cause disability, and the tumor may be difficult to biopsy and impossible to 
excise due to intratumoral heterogeneity and the risk for neural damage (Gutmann et 
al., 2017). 

Lisch nodules and choroidal abnormalities are the typical ophthalmologic 
findings in NF1 (Ferner et al., 2007; Duong et al., 2011). Lisch nodules can be 
identified by a slit-lamp examination. Moreover, optic pathway gliomas are present 
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in 12–20% of individuals with NF1 (Listernick et al., 1994; Ferner et al., 2007; 
Rosenfeld et al., 2010; Cecen et al., 2011; Friedrich and Nuding, 2016; Morris et al., 
2021). These tumors typically develop during early childhood and may interfere with 
the development of vision or cause precocious puberty, yet many of them are 
asymptomatic and have a good prognosis (Listernick et al., 1994; Guillamo et al., 
2003; Ferner et al., 2007; Listernick et al., 2007; Friedrich and Nuding, 2016). Optic 
pathway gliomas in NF1 are reviewed in more detail below along with other central 
nervous system (CNS) tumors (Section 2.2.6). 

NF1 also affects bone health. Individuals with NF1 are at an increased risk for 
osteoporosis (Kuorilehto et al., 2005; Elefteriou et al., 2009; Heervä et al., 2012, 
2013), and NF1-haploinsufficient osteoclasts show increased resorption capacity 
(Heervä et al., 2010). Individuals with NF1 also show an increased frequency of 
scoliosis (Elefteriou et al., 2009; Kenborg et al., 2020). Particularly typical of NF1 
is dystrophic scoliosis that manifests early, progresses rapidly, and requires surgical 
intervention (Elefteriou et al., 2009; Gutmann et al., 2017). The diagnostic criteria 
of NF1 specifically mention two bone manifestations being sphenoid wing dysplasia 
not related to a plexiform neurofibroma and anterolateral bowing of the tibia 
(National Institutes of Health Consensus Development Conference, 1988; Legius et 
al., 2021). The anterolateral bowing of the tibia may lead to pseudarthrosis, yet 
pseudarthrosis is not required for fulfilling the criterion for a NF1 diagnosis (Legius 
et al., 2021). 

Sequencing of the NF1 gene has proven difficult due to its large size and the 
several pseudogenes of NF1 (Messiaen et al., 2000; Uusitalo et al., 2014). Moreover, 
the pathogenic variant underlying the disease phenotype may be located outside the 
coding regions of the NF1 gene. Methods based on the analysis of mRNA have 
yielded the highest detection rates (95–96%) of pathogenic variants of the NF1 gene 
(Messiaen et al., 2000; Evans et al., 2016). Nevertheless, the failure to identify a 
pathogenic variant in the NF1 gene is not sufficient to exclude NF1 when the clinical 
criteria of NF1 are met (Miller et al., 2019). Genetic testing for NF1 is particularly 
useful in the case of small children, because sequencing may confirm the diagnosis 
in children with café-au-lait macules only (Evans et al., 2016; Ben-Shachar et al., 
2017; Miller et al., 2019). In familial cases, the inheritance of NF1 can be confirmed 
or excluded by the targeted sequencing of the parental variant locus. Genetic testing 
may also aid genetic counseling in the case of variants with a known correlation with 
phenotype (Section 2.1.3), although identifying the causative variant is usually 
unnecessary for establishing the NF1 diagnosis in adults (Bergqvist et al., 2020). 
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2.1.2 Incidence and prevalence of NF1 
Highly varying estimates of the incidence and prevalence of NF1 have been 
published over the decades. However, it is generally accepted that NF1 is a rare 
disease, that is, has an overall prevalence less than 1/2,000, and that NF1 is one of 
the most common rare diseases. Since NF1 is a genetic condition with full penetrance 
(Huson et al., 1989; McGaughran et al., 1999; DeBella et al., 2000), the incidence of 
NF1 always reflects the number of children born with NF1. The incidence may be 
modulated by societal factors, such as the social consequences of disfigurement 
caused by NF1, and the availability and use of prenatal diagnostics in families with 
NF1. While it has been estimated that approximately half of the individuals with NF1 
have inherited the disorder (Huson et al., 1989; Poyhonen et al., 2000; Evans et al., 
2010), prenatal screening may decrease the proportion of familial variants. The 
incidence of NF1 sets the highest possible prevalence of NF1, that is, the birth 
incidence equals prevalence among newborns. Given the increased mortality 
associated with NF1 (Rasmussen et al., 2001; Duong et al., 2011; Masocco et al., 
2011; Wilding et al., 2012; Uusitalo et al., 2015), the age-specific prevalence of NF1 
likely declines in older age groups. 

Many studies on the incidence and prevalence of NF1 are based on searching the 
affected individuals from hospital registries covering a defined population. Such 
settings allow studying a large population, yet they necessarily rely on medical 
records and may be biased to identify those with the most severe disease 
manifestations or those with some kind of need for medical attention. Studies based 
on medical genetics clinics have often information including first-degree relatives, 
and in some studies, the authors have also contacted and examined the relatives of 
the affected individuals identified using medical records (Huson et al., 1989; 
Clementi et al., 1990; Poyhonen et al., 2000). Extending the cohorts to family 
members and relatives reduces the risk for bias, yet such approaches may still lead 
to the under-representation of variants associated with a mild disease phenotype. 

Evans and co-workers (2010) used data from a genetic register service and found 
an overall prevalence of 1/4,560 and incidence of 1/2,712 for NF1 in North West 
England. Both Huson and co-workers (1989) and Poyhonen and colleagues (2000) 
extended their cohorts by contacting and examining the relatives of the affected 
individuals. They estimated the overall prevalence of NF1 as 1/4,150 and 1/4,436, 
respectively. The incidence estimates obtained in the two studies were 1/2,558 and 
1/2,703. These studies also confirmed the Mendelian dominant mode of inheritance 
of NF1 by showing that approximately half of the children of affected parents had 
NF1 (Huson et al., 1989; Poyhonen et al., 2000; Evans et al., 2010). Clementi and 
co-workers (1990) also attempted to contact the first-degree relatives of probands 
seen in a genetic counselling service, yet they found a markedly lower overall 
prevalence of 1/6,711, and a prevalence of 1/4,292 among children aged 0–9 years. 
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Another study focused on individuals younger than 16 years and found a prevalence 
of 1/5,681 (McKeever et al., 2008). 

In contrast to the studies using hospital registers to identify families affected by 
NF1, a German study gathered information from preschool examinations covering 
all six-year-old children in certain federal states in Germany (Lammert et al., 2005). 
The authors did not find a markedly higher prevalence of NF1 than those reported in 
the hospital-based studies, as they ended up with an estimated prevalence of 1/2,996. 
However, only cutaneous pigmentary manifestations, osseous lesions, and family 
history were considered as signs of NF1, because the study focused on small 
children. It is therefore possible that not all affected individuals had developed 
sufficiently marked disease manifestations, even though most children aged six are 
known to fulfill the diagnostic criteria for NF1 (DeBella et al., 2000). Another 
school-based, cross-sectional study found a prevalence of 1/1,141 among children 
aged 9–11 in a Cuban province (Orraca et al., 2014). In this study, the children were 
older than in the German study with a similar setting, which may partly explain the 
higher prevalence estimate. 

Two cross-sectional studies of defined age-cohorts have been based on pre-
military medical examinations. An Italian study encompassing 21,181 18-year-old 
males found an age-specific prevalence of 1/1,513 for NF1 (Fazii et al., 1998). In a 
cohort of 374,440 17-year-old military recruits in Israel, 390 individuals with NF1 
were found corresponding to a prevalence of 1/960 (Garty et al., 1994). The study 
settings allowed identification of individuals with even mild disease manifestations 
as compared with hospital-based ascertainment. All individuals with NF1 fulfill the 
diagnostic criteria by the age of 20 years (DeBella et al., 2000), so the study 
populations of Fazii and co-workers (1998) and Garty and co-workers (1994) were 
old enough to have visible manifestations of NF1. Moreover, the cohorts were young 
enough to avoid a significant level of an excess in mortality because of NF1. 

2.1.3 The molecular biology underlying NF1 
Individuals with NF1 always have a pathogenic germline variant of one allele of the 
causative gene, NF1, while the other allele is intact (Wallace et al., 1990; Xu et al., 
1990; Koczkowska et al., 2020). A murine model has demonstrated that the biallelic 
loss of NF1 in all cells is lethal (Jacks et al., 1994). While most pathogenic alterations 
of NF1 are intragenic, NF1 is caused by microdeletions encompassing the whole 
NF1 gene in approximately 5% of the affected individuals (Cnossen et al., 1997). 
The NF1 gene is large with 280 kilobases and 57 constitutive exons and so is the 
neurofibromin protein of 2,818 amino acids (Wallace et al., 1990; Marchuk et al., 
1991). Neurofibromin dimerizes within cells, and inactivation of one monomer has 
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been suggested to impair the activity of the whole dimer (Carnes et al., 2019; 
Sherekar et al., 2020). 

Neurofibromin is a large protein that has multiple protein-protein interactions 
(Scheffzek and Shivalingaiah, 2019). The best known and characterized function of 
neurofibromin is its role as a Ras-GTPase activating protein (GAP) (Martin et al., 
1990). The Ras proteins, named after the “Rat sarcoma virus” and encoded by NRAS, 
HRAS, and KRAS genes, are active when bound to GTP and inactive when bound to 
GDP (Simanshu et al., 2017). The conversion of the inactive Ras-GDP to active Ras-
GTP is mediated by guanine nucleotide exchange factor (GEF) proteins, such as Son 
of sevenless 1 (SOS1) in response to an activating signal from a receptor tyrosine 
kinase (Figure 1). Ras proteins have intrinsic GTPase activity converting the active 
Ras-GTP back into Ras-GDP, yet the conversion rate is slow in the absence of GAPs 
(Simanshu et al., 2017). Neurofibromin is a GAP that accelerates the conversion of 
Ras-GTP to Ras-GDP and thus downregulates Ras function (Martin et al., 1990). 
Activated Ras further activates downstream signaling molecules, such as the 
mitogen-activated protein kinase (MAPK) cascade consisting of Raf, mitogen-
activated protein kinase kinase (MEK), and extracellular signal-regulated kinase 
(ERK) proteins; and also the phosphoinositide 3-kinase (PI3K) – protein kinase B 
(Akt) – mammalian target of rapamycin (mTOR) pathway (Figure 1). These 
signaling pathways lead to cell proliferation, migration, and survival and are often 
hyperactivated in cancer (Krauthammer et al., 2015; Simanshu et al., 2017). 

In addition to its GAP-related domain (GRD), neurofibromin also has a tubulin-
binding domain (TBD); a cysteine-serine-rich domain (CSRD); a Sec14 domain; a 
pleckstrin homology-like (PH) domain; and a carboxy-terminal domain interacting 
with proteins, such as focal adhesion kinase and syndecan (Ratner and Miller, 2015). 
The GRD interacts not only with Ras-GTPase but also with the Sprouty-related, 
EVH1 domain-containing protein 1 (SPRED1), whose pathogenic variants underlie 
the Legius syndrome (Dunzendorfer-Matt et al., 2016). The SPRED1 protein 
facilitates the localization of neurofibromin on the cell membrane, which is required 
for interaction with Ras (Dunzendorfer-Matt et al., 2016). 

The NF1 gene is large, and the deficiency in functional neurofibromin may be 
caused by variants affecting different parts of the gene. Consequently, over 3,000 
different pathogenic germline NF1 variants have been observed and only few 
correlations between the NF1 genotype and disease manifestations have been 
established (Koczkowska et al., 2020). Individuals with pathogenic missense 
variants at codons 844–848, arginine 1276, or lysine 1423 generally have more 
serious disease manifestations than individuals with NF1 on average (Koczkowska 
et al., 2018, 2020). Especially plexiform and spinal neurofibromas are frequent 
among individuals harboring these germline variants, and the risk for malignancies 
may also be increased. Codons 844–848 are located within the CSRD, while residues 
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1276 and 1423 are part of the GRD. Microdeletions of NF1 encompassing the whole 
gene and its flanking regions also cause severe disease manifestations, such as an 
increased risk for MPNSTs (De Raedt et al., 2003). On the other hand, the in-frame 

Figure 1. A schematic view of the classical Ras signaling pathway. Activation of a growth factor 
receptor (GFR) by an extracellular ligand transmits a signal through the cell membrane. 
Growth factor receptor-bound protein (GRB) and Son of sevenless 1 (SOS1) facilitate 
the conversion of inactive Ras-GDP to active Ras-GTP. Neurofibromin (NF1) activates 
the intrinsic GTPase activity of the Ras proteins thus driving the conversion of Ras-GTP 
back into inactive Ras-GDP. Thus, SOS1 is a guanine nucleotide exchange factor (GEF) 
and NF1 is a GTPase activating protein (GAP). Activated Ras can activate the mitogen-
activated protein kinase (MAPK) pathway including Raf, mitogen-activated protein 
kinase kinase (MEK), and the extracellular signal-regulated kinase (ERK) proteins as 
well as the phosphoinositide 3-kinase (PI3K). PI3K converts phosphatidylinositol (4,5)-
bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which leads to 
activation of 3-phosphoinositide-dependent protein kinase 1 (PDK1), protein kinase B 
(Akt), and the mammalian target of rapamycin (mTOR). The effects of PI3K activation 
are downregulated by the phosphatase and tensin homolog (PTEN). Activation of the 
Ras downstream pathways ultimately results in altered transcription and typically drives 
cell survival, proliferation, and migration. The figure is simplified and, for example, the 
feedback loops regulating pathway activation (Klinger et al., 2013) and membrane-
anchoring of Ras have been omitted. The figure is based on Oda et al. (2005), Aoki et 
al. (2016), and Peltonen et al. (2017). 
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deletion of methionine 992 in the CSRD and the missense variants of methionine 
1149 in the TBD and arginine 1809 in the PH domain are associated with a 
phenotype characterized by the lack of externally visible plexiform neurofibromas 
and few to no cutaneous neurofibromas (Upadhyaya et al., 2007; Rojnueangnit et al., 
2015; Koczkowska et al., 2020). Studies exploring the correlation of disease 
manifestations between family members with NF1 have also identified a genetic 
component unlinked to the NF1 gene affecting at least some disease manifestations 
such as the number of café-au-lait macules (Easton et al., 1993; Szudek et al., 2002). 
Despite the apparent contribution of modifier genes on NF1 phenotype, only few 
such genes have been identified (Sung et al., 2020; Harder, 2022). 

2.1.4 RASopathies 
NF1 belongs to a group of disorders called RASopathies. These disorders have 
shared etiology of germline variants leading to Ras/MAPK pathway hyperactivation 
(Rauen, 2013; Tajan et al., 2018). The Ras/MAPK activation may either be caused 
by a loss of inhibition as in NF1 and the Legius syndrome or by activating variants 
like in the Noonan syndrome (Tajan et al., 2018). RASopathies have shared clinical 
manifestations, such as craniofacial dysmorphology; neurocognitive impairment; 
tumor predisposition; and cardiovascular, musculoskeletal, ocular, and cutaneous 
abnormalities (Rauen, 2013; Aoki et al., 2016; Tajan et al., 2018). 

In analogy to NF1, the Legius syndrome is caused by a single gene, SPRED1 
(Brems et al., 2007). Legius syndrome is characterized by the pigmentary findings 
also seen in NF1, that is, café-au-lait macules and skinfold freckling (Brems et al., 
2007). However, the Legius syndrome is not associated with the tumors seen in NF1 
(Brems et al., 2007; Messiaen et al., 2009). In contrast, many of the RASopathies 
can be caused by variants occurring in several different genes, and different variants 
of a gene may be associated with different phenotypes (Table 2). For example, the 
Noonan syndrome is caused by pathogenic variants of the PTPN11 gene in 
approximately half of the affected individuals, yet similar clinical manifestations 
may also be due to variants of SOS1, RAF1, BRAF, KRAS, NRAS, RRAS, RIT1, 
SHOC2, and CBL (Rauen, 2013; Tajan et al., 2018). Given the variation in the 
underlying genes, Noonan syndrome associated with the SHOC2 gene may also be 
considered as a separate condition called the Noonan syndrome-like disorder with 
loose anagen hair, and CBL variants may cause the Noonan syndrome-like disorder 
(Aoki et al., 2016). 

In addition to the actual RASopathies, neurofibromatosis type 2 (NF2) is often 
mentioned together with NF1. This is mostly due to historical reasons and confusion 
regarding the genetic etiology of the two conditions before the identification of the 
disease-causing genes. NF2 is caused by pathogenic variants of the NF2 gene,  
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Table 2. A selection of RASopathies and their causative genes and proteins. The table is based 
on the reviews of Rauen (2013), Aoki et al. (2016), and Tajan et al. (2018). 

DISORDER GENE / PROTEIN ETIOLOGY 

Capillary malformation–
arteriovenous 
malformation syndrome 

RASA1 / p120-
RasGAP 

Impairment of Ras-GAP function 

Cardio-facio-cutaneous 
syndrome 

BRAF / B-Raf Increased kinase activity 

MAP2K1 / MEK1 Increased kinase activity 

MAPK2K2 / MEK2 Increased kinase activity 

KRAS / K-Ras Impairment of Ras-GTPase activity or 
binding of guanine nucleotides 

Costello syndrome HRAS / H-Ras Impairment of Ras-GTPase activity or 
binding of guanine nucleotides 

Legius syndrome SPRED1 / SPRED1 Impaired downregulation of Raf 
phosphorylation by Ras; impaired interaction 
of neurofibromin and Ras 

Neurofibromatosis type 1 NF1 / neurofibromin Impairment of Ras-GAP and other functions 

Noonan syndrome PTPN11 / SHP2 Dysregulated tyrosine phosphatase activity 

SOS1 / SOS1 Extensive Ras-GEF function 

RAF1 / C-Raf Increased activity or increased dimerization 

KRAS / K-Ras Impairment of Ras-GTPase activity or 
binding of guanine nucleotides 

NRAS / N-Ras Impairment of Ras-GTPase activity 

RIT1 / Rit1 Activation of a Ras-like protein 

BRAF / B-Raf Increased kinase activity 

RRAS / R-Ras Increased Ras signaling 

SHOC2 / SHOC-2 Impaired dephosphorylation of C-Raf 

CBL / E3 ubiquitin-
protein ligase CBL 

Impaired receptor tyrosine kinase 
degradation 

Noonan syndrome with 
multiple lentigines, i.e., 
LEOPARD syndrome 

PTPN11 / SHP2 Reduced activity of protein tyrosine 
phosphatase 

RAF1 / C-Raf Increased activity 

GAP: GTPase activating protein; GEF: guanine nucleotide exchange factor; MEK: mitogen-activated 
protein kinase kinase; Rit1: Ras-like without CAAX protein 1; SHOC-2: leucine-rich repeat protein 
SHOC-2; SHP2: Src homology region 2 domain-containing phosphatase-2; SOS1: Son of sevenless 
1; SPRED1: Sprouty-related, EVH1 domain-containing protein 
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encoding protein Merlin (Rouleau et al., 1993). While Merlin has several functions, 
it primarily acts as a part of the Hippo signaling pathway (Zheng and Pan, 2019), 
and NF2 is therefore usually not considered as a RASopathy (Rauen, 2013; Aoki et 
al., 2016; Tajan et al., 2018). Like NF1, NF2 predisposes the affected individuals to 
various tumors, i.e., vestibular and other schwannomas, meningiomas, and 
ependymomas (Asthagiri et al., 2009). The NF2 syndrome is also associated with, 
for example, cataracts and peripheral neuropathy, and the syndrome causes increased 
mortality (Asthagiri et al., 2009; Forde et al., 2021). 

2.2 Cancer in NF1 

2.2.1 Cancer in general 
Cancer is characterized by uncontrolled cell proliferation. The growth, invasion, and 
metastasis of neoplastic cells eventually interferes with the normal function of vital 
organs and, when untreated or incurable, leads to death. Based on the data from the 
Finnish Cancer Registry, a total of 35,327 new cancers were diagnosed in Finland in 
2019, and the mean 5-year survival after cancer diagnosis was 68–70% during 2017–
2019 (Pitkäniemi et al., 2021). In the 5-year period of 2015–2019, the lifetime risk 
for cancer was 36–38%, and the lifetime risk for cancer-related death was 18–21% 
in Finland. The most common cancer type was breast cancer among women and 
prostate cancer among men. Breast cancer represents approximately 13% of all 
cancers and 28% of female cancers in Europe (Dyba et al., 2021). 

From a cell biology perspective, cancer cells are self-sufficient in growth-
inducing signals, insensitive to growth-inhibiting and apoptotic signals, can replicate 
indefinitely and evade immune eradication, are able to drive angiogenesis, can 
reprogram their energy metabolism to support growth, and can invade neighboring 
tissues and metastasize to distant sites (Hanahan and Weinberg, 2000, 2011). The 
mechanisms enabling these capabilities include, for example, production of pro-
angiogenic agents and growth factors for autocrine signaling, receptor 
overexpression, loss of tumor suppressor proteins, and activating mutations in 
signaling pathways leading to cell growth and proliferation. The development of 
cancer is an evolutionary process where cells capable to prosper are enriched. 
Random mutations may or may not be beneficial for the cells, yet those supportive 
of cell growth become prevalent in the cell population (Hanahan and Weinberg, 
2011). The selective pressure induced by treatment may favor new traits, such as a 
resistance to chemotherapeutic agents or independence from a certain signaling 
pathway. 
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2.2.2 Breast cancer in general 
Despite the hallmark features of cancer described above, the detailed clinical and 
molecular characteristics of cancers are highly heterogeneous. Not only do the 
cancers at different sites differ, but also the tumors occurring in similar locations 
may show variable characteristics. For example, breast cancer can be classified in 
several ways. Histologically, breast cancers have long been grouped based on the 
structures-of-origin with the most common type of breast cancer being ductal 
carcinoma, followed by luminal tumors, and other special types (Azzopardi et al., 
1982). The luminal type is associated with a more favorable prognosis and a higher 
proportion of hormone receptor-positive cancers than ductal carcinomas 
(Cristofanilli et al., 2005). The division of breast cancers to hormone receptor 
(estrogen/progesterone receptor)-positive, human epidermal growth factor receptor 
2 (HER2)-positive, and triple-negative tumors is therapeutically important (Allison 
et al., 2020; Burstein et al., 2021). Breast cancers expressing estrogen receptor are 
treated with anti-estrogen therapy, such as tamoxifen that is a selective estrogen 
receptor modulator. The amplification of the ERBB2 gene encoding the HER2 
protein can be targeted with, for example, trastuzumab, an anti-HER2 antibody 
(Wang and Xu, 2019). 

Studies of gene expression patterns have further led to the classification of breast 
cancers into luminal A, luminal B, HER2-amplified, and basal cancers (Perou et al., 
2000; Sørlie et al., 2001). The luminal A subtype is associated with the most 
favorable prognosis, while the basal subtype results in poorer survival (Sørlie et al., 
2001; Spitale et al., 2009). Although the subtypes have been established based on a 
large-scale gene expression analysis, the subtypes can also be differentiated based 
on immunohistochemical markers such as the estrogen and progesterone receptors, 
ERBB2 amplification, cytokeratins, and the proliferation biomarker Ki-67 (Perou et 
al., 2000; Sørlie et al., 2001; Spitale et al., 2009; Burstein et al., 2021). 

The genetic background of a breast cancer can mold its phenotype. For example, 
breast cancers occurring in carriers of the pathogenic germline variants of BRCA1 
are more likely to be negative for hormone receptors and show more often basal-like 
features than sporadic breast cancers (Foulkes et al., 2004; Lakhani et al., 2005). The 
pathogenic variants of BRCA1 are associated with a 50–80% lifetime risk for breast 
cancer (King et al., 2003; Fackenthal and Olopade, 2007). Pathogenic germline 
variants of the TP53 tumor suppressor gene causing the Li-Fraumeni cancer 
predisposition syndrome are, in turn, associated with an increased likelihood of 
ERBB2 amplifications (Wilson et al., 2010; Masciari et al., 2012). In addition to the 
genetic contributors, also lifestyle and environmental factors, such as obesity, lack 
of physical activity, and parity, can affect breast cancer risk and cancer subtype 
(Barnard et al., 2015; Rojas and Stuckey, 2016). Diabetes is also a risk factor of 
breast cancer, yet the association is partly linked to obesity (Boyle et al., 2012). 
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2.2.3 Overall cancer risk in NF1 
NF1 is notorious for being a tumor-predisposition syndrome. In addition to the 
benign hallmark tumors, cutaneous and plexiform neurofibromas, NF1 is associated 
with a high risk for malignancies. The overall cancer risk among individuals with 
NF1 has been estimated to be 2.5–9.5-fold compared to the general population 
(Table 3). The risk estimates vary from study to study, which may be related to the 
methods of ascertainment of individuals with NF1, tracking of cancer diagnoses, and 
cohort age structure. Importantly, studies where diagnoses of cancer, such as 
MPNST, are used to search for individuals with NF1 are likely to overestimate the 
cancer risk (Landry et al., 2021). Incomplete cancer registration and follow-up may, 
on the other hand, lead to an underestimation of the cancer risk (Airewele et al., 
2001). In addition to the longitudinal cancer risk studies, some studies have aimed 
at estimating the cancer-related mortality in NF1 based on death certificates (Table 
4). However, when also the NF1 status is established based on death certificate 
information only, studies are more likely to find individuals with NF1 and a cancer 
typical for NF1 than individuals with NF1 with other types of cancer or without 
cancer (Rasmussen et al., 2001; Masocco et al., 2011). 

A Finnish population-based study estimated a 60% lifetime risk of cancer in 
NF1, which is approximately twice the risk in the general population (Uusitalo et al., 
2016). For comparison, the cancer risk by 70 years of age is 90–100% and 58–70% 
in the well-known cancer predisposition syndromes Li-Fraumeni syndrome and 
Lynch syndrome, respectively (Chompret et al., 2000; Mai et al., 2016; Møller et al., 
2017; Bucksch et al., 2020). 

Sex and age have been identified as major modifiers of cancer risk in NF1. 
Females with NF1 generally have a higher standardized incidence ratio (SIR) for 
cancer than males with NF1 (Sørensen et al., 1986; Airewele et al., 2001; Walker et 
al., 2006; Uusitalo et al., 2016). This is mostly due to a higher frequency of optic 
pathway gliomas and breast cancers among women than among men (Uusitalo et al., 
2016; Peltonen et al., 2019). The sex difference is also reflected in mortality, as NF1 
is associated with a slightly greater increase in mortality among women than among 
men, and NF1 causes a greater reduction in the average age at death among women 
than among men (Rasmussen et al., 2001; Duong et al., 2011; Masocco et al., 2011; 
Uusitalo et al., 2015). It is obvious that the risk for breast cancer is largely sex-
specific, but also the risk for optic pathway glioma may be related to hormonal 
factors. For example, women with NF1 frequently report growth of cutaneous 
neurofibromas during pregnancy suggesting a hormonal influence on these tumors 
(Well et al., 2020). 
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Table 4. Studies reporting mortality due to malignant neoplasms in neurofibromatosis type 1 
(NF1). 

STUDY AREA OF 
ORIGIN 

NUMBER OF 
INDIVIDUALS 
AT RISK 

MORTALITY 
(95% CI) STUDY SETTING 

Rasmussen et 
al. (2001) US 3,770 PMR 1.21 

(1.14–1.28) Based on death certificates only 

Masocco et al. 
(2011) Italy 632 PMR 0.9 

(0.79–1.09) Based on death certificates only 

Uusitalo et al. 
(2015) Finland 1,471 SMR 6.14 

(5.03–7.42) 

Total population-based 
ascertainment of individuals with 
NF1, neoplasms from death 
certificates 

CI: confidence interval; PMR: proportionate mortality ratio; SMR: standardized mortality ratio 

The age profile of NF1-associated cancer is very different from the general 
population. While cancer in the general population is largely a disease of the elderly, 
individuals with NF1 have a marked risk for cancer throughout their lives (Uusitalo 
et al., 2016). As a result, the excess risk associated with NF1 peaks at childhood and 
early adulthood, and the cancer incidence in NF1 matches the general population 
level after 70 years of age (Uusitalo et al., 2016). 

While only few genotype–phenotype associations linking specific germline 
variants of the NF1 gene to clinical disease manifestations are known, individuals 
with microdeletions of the NF1 gene have an approximately two-fold risk for 
MPNST (De Raedt et al., 2003). On the other hand, NF1 microdeletions are rarely 
seen among women with NF1 and breast cancer suggesting that the increased tumor-
predisposition associated with the microdeletion genotype does not extend to all 
cancer types equally (Wang et al., 2018a; Yap et al., 2018; Frayling et al., 2019). 

In addition to the high cancer incidence in NF1, cancer in the context of NF1 
seems to be associated with poor survival. While the evidence is strongest for 
MPNST, as described below, poor survival of individuals with NF1 and cancer 
compared to matched cancer patients without NF1 also holds for many other tumor 
types (Uusitalo et al., 2016). 

2.2.4 Malignant peripheral nerve sheath tumor 
MPNSTs are rare sarcomas. With an estimated incidence of 1.46 per million person-
years (Bates et al., 2014), approximately eight new MPNSTs are expected to be 
diagnosed in Finland each year. MPNSTs are highly characteristic to NF1 especially 
when diagnosed at a young age. MPNST may arise from a preexisting plexiform 
neurofibroma or develop without a known prior tumor. Detecting the malignant 
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transformation of a plexiform neurofibroma may be challenging and require multiple 
biopsies or positron emission tomography (PET) (Ferner et al., 2008; Dare et al., 
2020). The SIR of MPNST and other peripheral nervous system and connective 
tissue malignancies in NF1 has been estimated as 122–2,056 (Walker et al., 2006; 
Seminog and Goldacre, 2013; Uusitalo et al., 2016) indicating an extremely high 
incidence in NF1 compared to the general population. In addition, one study reported 
an odds ratio (OR) of 9,043 for MPNST in NF1 (Landry et al., 2021). The estimates 
of the lifetime risk of individuals with NF1 for MPNST have varied from 7.5% to 
16% (McGaughran et al., 1999; Evans et al., 2002; Ingham et al., 2011; Uusitalo et 
al., 2016). In addition to NF1, MPNSTs are associated with the Li-Fraumeni 
syndrome and may occur sporadically especially after radiotherapy of another tumor 
(Evans et al., 2012; Miao et al., 2019). Notably, prior radiotherapy is associated with 
a particularly high risk for a secondary MPNST in the context of NF1 (Evans et al., 
2002; Sharif et al., 2006; Evans et al., 2011). 

The average age at the diagnosis of MPNST is lower among individuals with 
NF1 compared to sporadic MPNST cases (Doorn et al., 1995; Evans et al., 2002; 
McCaughan et al., 2007; Watson et al., 2017; Miao et al., 2019; Landry et al., 2021). 
The median age of diagnosis for NF1-associated MPNST has been reported as 25–
26 years (Doorn et al., 1995; Evans et al., 2002), while a median age of 60 years has 
been reported for sporadic MPNSTs (Doorn et al., 1995). The peak frequency in a 
large, unselected cohort of MPNST patients was observed among those aged 75–79 
years (Bates et al., 2014). Therefore, a patient with MPNST of less than 50 years of 
age should always be examined for signs of the NF1 syndrome. 

The mainstay of MPNST treatment is surgery. Negative surgical margins are a 
crucial prognostic factor (Bates et al., 2014; Watson et al., 2017). Because obtaining 
negative margins is more likely to be possible in tumors located in the extremities 
than in the torso, the peripheral location is associated with better outcomes (Shearer 
et al., 1994; Stucky et al., 2012; Miao et al., 2019). 

Many studies have reported a worse survival after MPNST in NF1 compared to 
the general population (Evans et al., 2002; Carli et al., 2005; McCaughan et al., 2007; 
Stucky et al., 2012; Kolberg et al., 2013; Watson et al., 2017; Miao et al., 2019; 
Martin et al., 2020). The median survival after NF1-associated MPNST is only 2.4 
years (Ingham et al., 2011). The 5-year survival after NF1-associated MPNST has 
been reported as 21–33.5% and the 10-year survival as 15–23.5% (Evans et al., 2002; 
Carli et al., 2005; Ingham et al., 2011; Landry et al., 2021). NF1-associated MPNSTs 
have been reported to be larger (Stucky et al., 2012; Miao et al., 2019; Dare et al., 
2020) and more often symptomatic at diagnosis (Watson et al., 2017) than sporadic 
MPNSTs, which may indicate that the diagnosis is made at a later disease stage. A 
delay of the diagnosis could be due to, for example, benign neurofibromas (Stucky 
et al., 2012). Carli and co-workers (2005) reported a reduced response rate to 



Roope Kallionpää 

 30 

chemotherapy in NF1-associated pediatric MPNSTs compared to sporadic MPNSTs. 
An improved prognosis of NF1-associated MPNST has been reported in the more 
recent years, which may be due to an earlier diagnosis or utilization of novel 
therapeutic combinations (Ingham et al., 2011; Kolberg et al., 2013; Martin et al., 
2020). The temporal change in the prognosis of NF1-associated MPNST suggests 
that these cancers are not inherently different than their sporadic counterparts 
(Kolberg et al., 2013). As a result of the high incidence and poor prognosis of 
MPNST in NF1, MPNSTs are a major cause of death among individuals with NF1 
accounting for 26–60% of deaths (Duong et al., 2011; Evans et al., 2011). 

2.2.5 Gastrointestinal stromal tumor 
Another stromal tumor frequently occurring among individuals with NF1 is 
gastrointestinal stromal tumor (GIST). Landry and co-workers (2021) reported an 
OR of 272 for GIST in NF1, while Miettinen et al. (2006) estimated a 45-fold 
incidence in NF1. Uusitalo et al. (2016) reported a SIR of 34.2 for GIST in NF1. 
NF1-associated GIST may be misdiagnosed as neurofibroma or schwannoma 
(Miettinen et al., 2006). The interstitial cells of Cajal are considered the cells of 
origin of GIST, and analogous to Schwann cells in neurofibromas, they may harbor 
a somatic NF1 second-hit mutation in NF1-associated GIST (Maertens et al., 2006b). 

NF1-associated GIST is often located in the small intestine (Miettinen et al., 
2006; Mussi et al., 2008; Dare et al., 2020; Landry et al., 2021), while the stomach 
is a more frequent site in the general population (von Mehren and Joensuu, 2018). A 
study based on hospital discharge diagnoses found a hazard ratio (HR) of 15.6 for 
tumors of the small intestine in NF1 compared to the control population, while the 
risk for tumors of the stomach did not significantly differ between the NF1 and 
control groups (Ylä-Outinen et al., 2019). Approximately half of the individuals with 
NF1 and a clinically diagnosed GIST have multiple lesions (Miettinen et al., 2006; 
Maertens et al., 2006b; Mussi et al., 2008; Dare et al., 2020). Individuals with NF1 
and multiple GISTs often also have Cajal cell hyperplasia (Mussi et al., 2008). 

NF1-associated GISTs may be asymptomatic and only detected during an 
autopsy (Zöller et al., 1997). Also, they have been suggested to be less likely to 
metastasize than sporadic ones (Mussi et al., 2008). Nevertheless, NF1-associated 
GIST can also metastasize and lead to death (Miettinen et al., 2006; Mussi et al., 
2008; Ylä-Outinen et al., 2019). Unlike GISTs in the general population, GISTs in 
individuals with NF1 do not usually harbor KIT or PDGFRA mutations, which yields 
NF1-associated GISTs unresponsive to imatinib treatment (Miettinen et al., 2006; 
Maertens et al., 2006b; Mussi et al., 2008; Dare et al., 2020). Imatinib is the standard 
first-line treatment of sporadic, advanced GIST (von Mehren and Joensuu, 2018). 
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2.2.6 Tumors of the central nervous system 
NF1 is associated with a marked predisposition to tumors of the brain and CNS. The 
estimates of the relative CNS tumor risk in NF1 compared to the general population 
have ranged from 22.6 to 42.7 (Walker et al., 2006; Seminog and Goldacre, 2013; 
Uusitalo et al., 2016). Landry and co-workers (2021) even reported ORs of 5,473 
and 82.2 for low- and high-grade gliomas, respectively, in NF1 compared to the 
general population, yet the study might be biased towards individuals affected by 
tumors. The high incidence of CNS tumors among individuals with NF1 also 
translates to increased mortality related to tumors of the CNS (Rasmussen et al., 
2001; Masocco et al., 2011; Uusitalo et al., 2016; Peltonen et al., 2019). 

The most common type of CNS tumors in individuals with NF1 is optic pathway 
glioma accounting for at least half of the CNS tumors diagnosed in children with 
NF1 (Guillamo et al., 2003; Peltonen et al., 2019). The estimates of the prevalence 
of optic pathway gliomas among individuals with NF1 vary depending on the study 
setting. Some studies have reported optic pathway gliomas in 5% of individuals with 
NF1 (McGaughran et al., 1999; Singhal et al., 2002), while patient series with 
systematic neuroimaging or material from highly specialized clinics have yielded 
prevalence estimates in the range of 12 to 20% (Listernick et al., 1994; Rosenfeld et 
al., 2010; Cecen et al., 2011; Friedrich and Nuding, 2016). Interestingly, some 
studies have suggested a higher risk for CNS tumors among females than males with 
NF1 (Listernick et al., 1994; Evans et al., 2011; Uusitalo et al., 2016; Peltonen et al., 
2019), while others have not observed such a sex difference (Singhal et al., 2002; 
Guillamo et al., 2003; Friedrich and Nuding, 2016). 

NF1-associated optic pathway tumors are typically grade I pilocytic 
astrocytomas (Guillamo et al., 2003; Peltonen et al., 2019). They are often 
asymptomatic and have a more benign course than their sporadic counterparts 
(Listernick et al., 1994; Singhal et al., 2002; Guillamo et al., 2003; Friedrich and 
Nuding, 2016; Listernick et al., 2007; Miller et al., 2019; Landry et al., 2021). 
Symptoms of optic pathway gliomas include visual loss, strabismus, exophthalmia, 
and precocious puberty (Listernick et al., 1994; Guillamo et al., 2003; Friedrich and 
Nuding, 2016). Optic pathway gliomas in NF1 typically develop early and are 
unlikely to become symptomatic after seven years of age (Listernick et al., 1994; 
Friedrich and Nuding, 2016). Moreover, especially radiotherapy has yielded poor 
outcomes (Singhal et al., 2002; Guillamo et al., 2003) and causes a marked risk for 
secondary malignancies (Singhal et al., 2002; Evans et al., 2006; Sharif et al., 2006) 
and other morbidities (Guillamo et al., 2003). Consequently, only an optic pathway 
glioma that causes clinically significant symptoms should be treated, and it is 
generally recommended that neuroimaging should not be used to screen for these 
tumors in asymptomatic individuals with NF1 (Listernick et al., 1994, 1997, 2007; 
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Miller et al., 2019). However, ophthalmological surveillance is warranted for early 
detection of vision loss (Listernick et al., 1997, 2007; Miller et al., 2019). 

Another common CNS tumor in children with NF1 is brainstem glioma 
(Guillamo et al., 2003; Peltonen et al., 2019). Like the optic pathway gliomas, also 
brainstem gliomas are often asymptomatic in individuals with NF1 (Mahdi et al., 
2017). Despite the typical benign course of optic pathway gliomas and brainstem 
gliomas among individuals with NF1, NF1 is also associated with high-grade brain 
tumors, such as glioblastoma multiforme (Shearer et al., 1994; Guillamo et al., 2003; 
Peltonen et al., 2019; Landry et al., 2021). High-grade CNS tumors may occur both 
in children and adults with NF1 (Guillamo et al., 2003; Rosenfeld et al., 2010; 
Peltonen et al., 2019). 

2.2.7 Breast cancer 
Several studies have reported an increased risk for breast cancer among women with 
NF1 (Table 5). The relative risk seems to be particularly high among women younger 
than 50 years (Walker et al., 2006; Sharif et al., 2007; Madanikia et al., 2012; Wang 
et al., 2012). The risk after 50 years of age has been suggested to be at the general 
population level (Madanikia et al., 2012), yet a meta-analysis documented an 
increased risk also among older women (Suarez-Kelly et al., 2019). Some 
population-based studies and case reports have reported males with NF1 and breast 
cancer, yet no formal analysis of breast cancer risk among males with NF1 has been 
conducted (Wilson et al., 2004; Seminog and Goldacre, 2015). 

The role of the NF1 gene in breast cancer development has been highlighted in 
a mouse model with deficient DNA replication and a high rate of spontaneous 
mutations causing a high incidence of mammary tumors resembling luminal breast 
cancer (Wallace et al., 2012). Nf1 mutations causing Ras hyperactivation were 
observed in 59 out of 60 murine mammary tumors. Another rodent study reported 
that Nf1 heterozygous rats with a defective GAP-related domain developed multiple 
aggressive mammary tumors at a young age (Dischinger et al., 2018). Interestingly, 
mammary tumors also occurred in some male rats. The role of the genetic 
background was also highlighted in the study, as the same Nf1 alteration was 
associated with a different risk for mammary tumors in various lines of Nf1 
heterozygous rats (Dischinger et al., 2018). 
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Table 5. Studies reporting the relative incidence of female breast cancer in neurofibromatosis 
type 1. 

STUDY 
AREA OF 
ORIGIN 

FEMALES 
AT RISK 

FEMALES WITH 
BREAST CANCER 

RELATIVE INCIDENCE 
(95% CI) 

Walker et al. 
(2006) 

UK 227 5 SIR 1.87 (0.61–4.37) 

Sharif et al. 
(2007) 

North West 
England, UK 

405 14 SIR 3.5 (1.9–5.9) 

Madanikia et 
al. (2012) 

Maryland, US 126 4 SIR 1.71 (0.54–4.12) 

Wang et al. 
(2012) 

Michigan, US 76 9 SIR 5.2 (2.4–9.8) 

Seminog and 
Goldacre 
(2013) 

England, UK ~3,370 58 SIR 2.3 (1.7–2.9) 

Landry et al. 
(2021) 

Texas, US 840 47 OR 3.8 (2.9–5.1) 

CI: confidence interval; OR: odds ratio; SIR: standardized incidence ratio 

2.2.8 Other cancers 
The risk for malignant melanoma in NF1 has been of interest, since somatic 
mutations of the NF1 gene are frequent in sporadic melanomas and especially in 
desmoplastic melanomas (Hodis et al., 2012; Krauthammer et al., 2015; Shain et al., 
2015; Peltonen et al., 2017). NF1 deficiency is also mechanistically linked to 
melanoma development (Maertens et al., 2013; Whittaker et al., 2013; Nissan et al., 
2014; Shalem et al., 2014). While some studies have reported an increased risk for 
melanoma in NF1 (Seminog and Goldacre, 2013; Landry et al., 2021), others have 
not detected a melanoma risk significantly higher than in the general population 
(Uusitalo et al., 2016; Zhang et al., 2019). Geographical differences may be 
accentuated in the case of melanoma, since the highest risk for melanoma in NF1 
has been reported in Texas (Landry et al., 2021). It has been suggested that the 
cutaneous manifestations of the NF1 syndrome may lead to covering the skin with 
clothes even in warm temperatures, and social isolation and physical restrictions 
could reduce the time spent outdoors (Zhang et al., 2019). Such behavioral 
mechanisms could compensate for a minor additional risk caused by the germline 
NF1 variant. The high frequency of somatic NF1 mutations in sporadic melanoma 
naturally does not have to mean that pathogenic germline NF1 variants would be 
associated with an excess risk for melanoma. 

Leukemia, and particularly juvenile myelomonocytic leukemia (JMML), is often 
mentioned in association with NF1 (Miller et al., 2019). JMML has shared 
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characteristics with chronic myelomonocytic leukemia (CMML) (Emanuel, 2008), 
and JMML was long recorded as CMML in the absence of a specific registration 
code. JMML is an extremely rare childhood leukemia with an overall incidence rate 
of 0.7–1.3 per million (Passmore et al., 2003). The association between NF1 and 
JMML was first suggested in a 1978 report of seven individuals with NF1 and 
chronic myelogenous leukemia (Bader and Miller, 1978). Later on, a relative risk of 
221 for CMML in NF1 was estimated (Stiller et al., 1994). The risk for leukemia in 
NF1 has been documented in large cohort studies with estimates of relative risk 
ranging from 2.5 to 28.2 (Cheuk et al., 2013; Seminog and Goldacre, 2013; Landry 
et al., 2021). Moreover, two deaths due to JMML were reported in an English cohort 
of 1,186 individuals with NF1 (Evans et al., 2011). On the other hand, some studies 
have found no cases of JMML in association with NF1 (Walker et al., 2006; Uusitalo 
et al., 2016; Peltonen et al., 2019). It thus seems that the absolute risk for JMML is 
rather low in NF1. 

NF1 has also been observed to predispose the affected individuals to, for 
example, thyroid, lung, and ovarian carcinomas (Seminog and Goldacre, 2013; 
Uusitalo et al., 2016; Landry et al., 2021). A highly characteristic endocrine tumor 
is pheochromocytoma that arises in the adrenal medulla and may, for example, cause 
hypertension (Seminog and Goldacre, 2013; Uusitalo et al., 2016; Landry et al., 
2021). 

2.2.9 Subsequent primary cancers 
Multiple cancers may arise because of shared environmental risk factors such as 
tobacco smoke (Teppo et al., 1985; Coyte et al., 2014), mutagenicity of the treatment 
for a prior tumor (de Vathaire et al., 1999; Eulo et al., 2020), or as a result of genetic 
predisposition (Eulo et al., 2020). A history of a prior cancer is generally associated 
with a slightly increased risk for a subsequent malignancy (Neglia et al., 2001; Coyte 
et al., 2014; Jégu et al., 2014; Molina-Montes et al., 2015). 

Studies on cancer risk in NF1 often report patients with multiple primary tumors 
(Schneider et al., 1986; Sørensen et al., 1986; Doorn et al., 1995; Zöller et al., 1997; 
McGaughran et al., 1999; Singhal et al., 2002; Barbaric et al., 2003; Walker et al., 
2006; Cecen et al., 2011; Kim et al., 2012; Landry et al., 2021). While individuals 
with NF1 harbor a pathogenic germline variant of a tumor suppressor gene and may 
therefore be prone to develop several cancers, the NF1 deficiency may also 
predispose them to the adverse effects of oncological treatments. Mouse models have 
found an increased rate of tumors after radiation in Nf1-haploinsufficient mice 
compared to wild-type mice (Chao et al., 2005; Nakamura et al., 2011; Choi et al., 
2012). 
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Studies systematically examining the risk for subsequent tumors in NF1 are 
scarce. An analysis of individuals diagnosed with MPNST before the age of 30 years 
found a 946-fold increase in the incidence of second malignant neoplasms compared 
to individuals with any prior cancer (Williams et al., 2020). Especially the risk for a 
second MPNST was high. Individuals with MPNST at an age of less than 30 years 
likely, although not necessarily, have NF1. Subsequent malignant neoplasms were 
found in 11% of children with NF1 treated for cancer at a single institution from 
1960 to 1995 (Maris et al., 1997). Especially monosomy 7 myelodysplastic 
syndrome was commonly seen, and the authors suggested an association with 
alkylating chemotherapy used to treat the first malignancy (Maris et al., 1997). The 
largest cohort of subsequent cancers in individuals with NF1 published to date 
exhibited a 7.3% cumulative risk for second neoplasms within 20 years of a 
childhood cancer, and a HR of 2.6 compared to non-NF1 survivors of childhood 
cancer (Bhatia et al., 2019; de Blank et al., 2020). The risk for second primary 
malignancies was higher among patients whose first tumor had been treated with 
radiotherapy, yet no association between alkylating chemotherapy and subsequent 
neoplasms was observed (Bhatia et al., 2019). 

The risk posed by radiotherapy to individuals with NF1 was initially shown by a 
study reporting a risk ratio of 3.0 for individuals whose optic pathway glioma had 
been treated with radiotherapy, as compared to individuals with an optic pathway 
glioma but without a history of radiotherapy (Sharif et al., 2006). Because of the risk 
for subsequent malignancies, radiotherapy of optic pathway glioma in individuals 
with NF1 is to be avoided (Evans et al., 2006).  

Multiple breast cancers among individuals with NF1 have also been reported 
(Sharif et al., 2007; Wang et al., 2012, 2016; Yap et al., 2018). A meta-analysis 
reported bilateral breast cancer in 12.4% of 286 women with NF1 and breast cancer 
(Suarez-Kelly et al., 2019). 

2.3 Cancer screening and surveillance 
Cancer is a gradually progressing disease where the loss of cellular growth control 
first leads to extensive proliferation eventually followed by dissemination of the 
malignant cells outside the primary tumor. Metastatic cancer is generally incurable. 
Therefore, an important approach for reducing cancer-related mortality is diagnosing 
malignant tumors at an early stage, before metastasis, which can be achieved via 
different screening approaches. However, not all pre-malignant tumors progress to 
clinically detectable disease during a lifetime, yet screening may also lead to the 
detection of such indolent tumors (Haber and Velculescu, 2014; Niell et al., 2017). 
The rate of tumors detected is therefore not a relevant outcome measure when 
assessing the efficacy of cancer screening, yet an effective screening protocol should 
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lead to a lower average tumor stage at diagnosis and ultimately reduce cancer 
mortality (Lousdal et al., 2016; Niell et al., 2017). 

Currently, population-based screening programs for breast cancer (Sarkeala et 
al., 2008a), cervical cancer (Lönnberg et al., 2012), and colorectal cancer 
(Koskenvuo et al., 2019; Sarkeala et al., 2021) have been established in Finland. The 
breast cancer screening is reviewed in detail below. The cervical cytological 
screening every five years reduces the risk for cervical cancer after 30 years of age 
(Lönnberg et al., 2012). Population-based colorectal cancer screening programs are 
often based on the detection of fecal blood and follow-up colonoscopy among those 
who initially test positive (Lauby-Secretan et al., 2018), yet the sensitivity of such 
tests may vary depending on, for example, tumor location within the colon 
(Koskenvuo et al., 2019). Nevertheless, the biennial screening reduces the mortality 
caused by colorectal cancer (Lauby-Secretan et al., 2018). Individuals at an increased 
risk for colorectal cancer, such as those with the Lynch syndrome, may be invited 
directly to colonoscopy screening (Seppälä et al., 2021). 

In the following section, screening and surveillance approaches particularly 
relevant for the NF1-associated cancer risks are reviewed. In addition to considering 
magnetic resonance imaging (MRI) and PET used for the monitoring of NF1-
associated tumor burden and mammography screening for the detection of breast 
cancer, analysis of circulating free DNA (cfDNA) is discussed. In contrast to the 
well-established imaging-based screening and surveillance approaches, the analysis 
of cfDNA is an emerging technology, whose role in the clinical care has not been 
fully established (Ignatiadis et al., 2021). While imaging and the analysis of cfDNA 
can be used for the detection of cancer, they also have value in the diagnostic work-
up, follow-up, and therapeutic targeting of an already detected tumor 
(Schwarzenbach et al., 2011; Heitzer et al., 2015; Mann et al., 2019). 

2.3.1 Monitoring of NF1-associated tumor burden 
Plexiform neurofibromas may be externally visible or they may lie deeper and be 
only detectable by imaging. In either case, the presence of plexiform neurofibromas 
in 20–50% of individuals with NF1 (Easton et al., 1993; Szudek et al., 2000; Ferner 
et al., 2007; Duong et al., 2011; Morris et al., 2021) and their potential for 
transformation into an MPNST emphasize the need for surveillance. The cornerstone 
for the surveillance of NF1-associated plexiform neurofibromas is monitoring for 
clinical symptoms by physicians and the patients themselves (Stewart et al., 2018; 
Miller et al., 2019). Persistent pain, changes in tumor consistency, and a rapid growth 
may indicate malignant degeneration. Clinically detected changes can be further 
examined by MRI and PET (Stewart et al., 2018; Miller et al., 2019), as they can aid 
the differentiation of a plexiform neurofibroma from an MPNST when malignancy 
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is suspected (Ferner et al., 2008; Evans et al., 2017; Ahlawat et al., 2020). 
Comparison with previous imaging may be helpful in detecting changes in the tumor. 
While 18F-fluorodeoxyglucose-PET is useful for detecting malignant transformation, 
it may not allow determining the MPNST grade (Ferner et al., 2008). 

Whole-body MRI can be used to quantify the tumor burden to obtain a baseline 
for comparison with future imaging at the time of transition from pediatric to adult 
care (Ahlawat et al., 2020). Moreover, information on the existing tumor burden and 
the detection of deep-seated, clinically undetected plexiform neurofibromas may 
guide the planning of surveillance (Mautner et al., 2008; Ahlawat et al., 2020). While 
the evidence is still scarce, repeated whole-body MRI for the screening of 
asymptomatic individuals with NF1 is not currently recommended, yet it may be 
useful among individuals with NF1 and a particularly high risk for MPNST due to, 
for example, NF1 microdeletion (Ahlawat et al., 2020). 

2.3.2 Breast cancer screening: breast self-examination and 
mammography 

Breast self-examination has been suggested to allow for the early detection of breast 
cancers. Its benefits include the lack of ionizing radiation and an ease of access 
allowing monthly examination, which would ideally lead to an earlier detection of 
tumors. While randomized clinical trials are scarce, there is no evidence showing 
that breast self-examination would reduce breast cancer mortality (Kösters and 
Gøtzsche, 2003; Nelson et al., 2009). Moreover, breast self-examination may even 
increase the rates of unnecessary diagnostic procedures and therefore cause harm. In 
a study of a clinical breast examination by a radiographer nurse in conjunction with 
a mammography screening visit, symptoms, such as lumps, were associated with the 
risk for breast cancer, yet the sensitivity of clinical breast examination alone was 
poor (Singh et al., 2015). 

Mammography screening of the general population often starts at the age of 50 
years, which is also the case in Finland (Sarkeala et al., 2008a; Roman et al., 2014). 
The screening may either be invitation-based or opportunistic (Hofvind et al., 2008). 
In, for example, Finland and Norway, women aged 50–69 are invited to 
mammography screening every second year (Sarkeala et al., 2008a; Roman et al., 
2014). Especially, the first round of screening increases breast cancer incidence, as 
prevalent cancers are detected prior to symptoms (Nyström et al., 2002). Also, 
overall, mammography screening leads to the detection of more early-stage tumors 
than would be detected without screening (Lousdal et al., 2016). In addition to 
malignant and low-risk tumors, the screening is associated with false-positive 
findings that may lead to further imaging or biopsies. The risk for false-positive 
findings is 1.8–4.1% per screening round, and the cumulative risk over ten screening 
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rounds is 18–23% (Roman et al., 2014; Singh et al., 2016). In addition to the direct 
medical harms related to the further examinations, false-positive findings may cause 
psychological distress and affect future participation in screening (Salz et al., 2011). 
Despite the potential downsides of mammography screening, the screening programs 
have been found beneficial in decreasing breast cancer-related mortality (Nyström 
et al., 2002; Swedish Organised Service Screening Evaluation Group, 2006; Sarkeala 
et al., 2008b; Niell et al., 2017). In Finland, the risk ratio for breast cancer death is 
0.72 among those attending the mammography screening (Sarkeala et al., 2008b), 
and a highly concordant risk ratio of 0.73–0.79 has also been observed in Sweden 
(Nyström et al., 2002; Swedish Organised Service Screening Evaluation Group, 
2006). 

It has been suggested that mammography screening of genetically predisposed 
individuals should start at the age when the 5-year risk for breast cancer exceeds the 
5-year risk observed in the general population undergoing screening (Tung et al., 
2016). Moreover, MRI should be used when the 5-year risk for breast cancer exceeds 
the peak 5-year risk seen in the general population (Tung et al., 2016). Breast MRI 
has a greater sensitivity than mammography alone or in combination with 
ultrasonography, yet also false-positive findings are frequent (Berg et al., 2012; 
Raikhlin et al., 2015; Niell et al., 2017). However, many factors need to be 
considered when extending the screening of individuals who are at an increased risk 
for breast cancer. Young women generally have denser breasts than postmenopausal 
women, which reduces the sensitivity of mammography (Burton et al., 2017). 
Moreover, mammography exposes the women to ionizing radiation, and the earlier 
start of screening increases the cumulative exposure (Hendrick, 2010; Miglioretti et 
al., 2016). This is particularly a concern in the case of NF1, where the patients 
already harbor a defective tumor suppressor gene and are at an increased risk for 
many tumors (Sharif et al., 2006; Evans et al., 2006; Choi et al., 2012; Evans, 2012). 
Furthermore, the cutaneous neurofibromas associated with NF1 may interfere with 
the reading of mammograms and compromise sensitivity (Zhou et al., 2012; Da Silva 
et al., 2015; Howell et al., 2017). Due to these considerations, it has been highlighted 
that more studies on the utility of mammography screening and breast MRI in NF1 
are urgently needed (Stewart et al., 2018). 

Maani and co-workers (2019) conducted a retrospective review of medical 
records of 61 women with NF1 undergoing mammography, ultrasonography, or MRI 
for breast cancer screening. They found an excellent attendance and a high rate of 
49% of women who were referred to further investigation at least once. Out of the 
27 women with positive findings in the initial screening, four were diagnosed with 
breast cancer (Maani et al., 2019). Therefore, the rate of false-positive findings was 
rather high. Importantly, another study found no distress or anxiety associated with 
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breast cancer screening or even recall after a screening visit among women with NF1 
(Crook et al., 2022). 

2.3.3 Circulating free DNA 
Analysis of cfDNA isolated from plasma or serum represents an emerging approach 
for cancer screening and surveillance. Cells from a primary or metastatic tumor or 
circulating tumor cells may release DNA into the blood plasma (Schwarzenbach et 
al., 2011; Crowley et al., 2013; Heitzer et al., 2015). The tumor-derived cfDNA is 
termed “circulating tumor DNA” (ctDNA). Analyses based on cfDNA are applied 
also in fields outside oncology, since non-invasive prenatal testing can be used to 
detect chromosomal aberrations during pregnancy (Wang et al., 2013; Amant et al., 
2015). 

The analysis of cfDNA and ctDNA can be applied for cancer detection, 
prognostic evaluation, monitoring of treatment response and recurrence, and for the 
targeting of therapy (Schwarzenbach et al., 2011; Crowley et al., 2013; Haber and 
Velculescu, 2014; Heitzer et al., 2015; Ignatiadis et al., 2021). Changes in cfDNA 
concentration may be associated with tumor burden and malignant transformation, 
and somatic variants associated with cancer may imply the development of a 
clinically undetected tumor. For example, ctDNA may reveal disease relapse up to 
11 months before clinical relapse in early breast cancer (Ignatiadis et al., 2021). 
Especially among patients who are at an increased risk for cancer, cfDNA-based 
screening could allow for the diagnosis of malignant tumors at a curable stage (Haber 
and Velculescu, 2014; Jones et al., 2021). Since ctDNA can be derived from the 
whole tumor and its metastases, it is not spatially restricted like traditional tissue 
biopsies and can therefore provide a more comprehensive molecular portrait of the 
disease, which is essential especially when targeted therapies are used (Crowley et 
al., 2013; Heitzer et al., 2015; Ossandon et al., 2018; Siena et al., 2018; Ignatiadis et 
al., 2021). Moreover, cancer may acquire resistance to therapy by different 
mechanisms at various metastatic sites, which can be feasibly detected using ctDNA 
analysis (Razavi et al., 2018). The cfDNA-based “liquid biopsy,” i.e., drawing a 
blood sample, is also less invasive than traditional biopsies and can be done 
repeatedly over the disease course (Schwarzenbach et al., 2011; Crowley et al., 2013; 
Haber and Velculescu, 2014; Heitzer et al., 2015; Bonner et al., 2018; Ignatiadis et 
al., 2021). Moreover, early detection of recurrence may allow proactive treatment 
and therefore better treatment results (Crowley et al., 2013). 

The cfDNA primarily originates from apoptotic and necrotic cells, yet also other 
mechanisms such as autophagy, phagocytosis, and the release of extracellular 
vesicles contribute to the cfDNA (Jahr et al., 2001; Grabuschnig et al., 2020). Most 
of the cfDNA may be contained in exosomes that protect DNA from cleavage by 
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DNAses (Fernando et al., 2017), and cfDNA has been estimated to have a half-time 
of at least 15 minutes (Thierry et al., 2010; Schwarzenbach et al., 2011; Heitzer et 
al., 2015). Also, tissue damage, inflammation, smoking, physical exertion, or cardiac 
insufficiency may increase the concentration of plasma cfDNA (Schwarzenbach et 
al., 2011; Heitzer et al., 2015). However, T cells and endothelial cells, which are the 
cells most intimately in contact with the circulation, rarely release cfDNA (Jahr et 
al., 2001). 

Despite the other sources of cfDNA, persons with cancer often show higher 
cfDNA concentrations than healthy individuals, yet there is marked variation 
between individuals and between different types of cancer. The cfDNA 
concentration in healthy individuals typically ranges from 0 to 100 ng/ml, while 
those with cancer may have cfDNA levels up to 1,000 ng/ml (Leon et al., 1977; Jahr 
et al., 2001; Wu et al., 2002; Boddy et al., 2005; Umetani et al., 2006a; Chun et al., 
2006; Schwarzenbach et al., 2008; Kamat et al., 2010; Schwarzenbach et al., 2011; 
Kim et al., 2014; Yu et al., 2019). Tumor progression is known to increase the 
cfDNA concentration (Leon et al., 1977; Wu et al., 2002; Sunami et al., 2008; Kim 
et al., 2014), and surgery often causes at least transient reduction in cfDNA levels 
(Szpechcinski et al., 2008; Kim et al., 2014; Namløs et al., 2017). A high cfDNA 
concentration has also been associated with poor survival in various cancer types, 
such as breast cancer, non-small cell lung cancer, ovarian cancer, and colorectal 
cancer (Schwarzenbach et al., 2008; Kamat et al., 2010; Dawson et al., 2013; Tissot 
et al., 2015; Cheng et al., 2018). The association of cfDNA concentration and 
prognosis may be because of a correlation between the tumor stage and cfDNA 
concentration (Lamminaho et al., 2021). Individuals with and without cancer may 
show overlapping cfDNA concentrations, and therefore the concentration alone is 
not a specific cancer biomarker (Leon et al., 1977; Jahr et al., 2001; Wu et al., 2002; 
Schwarzenbach et al., 2011; Heitzer et al., 2015). 

The size of cfDNA ranges from 70–200 bp up to 21 kb (Jahr et al., 2001; 
Schwarzenbach et al., 2011). The size distribution of ctDNA has been reported to 
differ from cfDNA from other sources, and the association may depend on tumor 
type (Wu et al., 2002; Wang et al., 2003; Umetani et al., 2006a; Mouliere et al., 2018; 
Ossandon et al., 2018; Cristiano et al., 2019). Both increased fragmentation of 
ctDNA (Wu et al., 2002; Thierry et al., 2010; Mouliere et al., 2018; Ossandon et al., 
2018) as well as a higher integrity of ctDNA compared to cfDNA (Wang et al., 2003; 
Umetani et al., 2006a, 2006b) have been reported. Nevertheless, cfDNA size can 
provide a way for estimating the proportion of ctDNA out of all cfDNA (Crowley et 
al., 2013). Moreover, tumor progression may affect DNA integrity (Umetani et al., 
2006a; Thierry et al., 2010; Cheng et al., 2018), and the integrity of cfDNA may 
have prognostic value (Lamminaho et al., 2021). The length of cfDNA fragments 
depends at least on the mechanism of release, as apoptosis yields multiples of 
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nucleosomal fragments of 180 bp, while necrosis may result in the release of DNA 
fragments longer than 10 kb (Jahr et al., 2001; Grabuschnig et al., 2020). DNA has 
also been suggested to leak out from cells during proliferation (Mouliere et al., 
2018). 

The highest specificity of cfDNA-based analyses can be achieved if a tumor-
specific variant is known and its presence in the cfDNA can be monitored (Dawson 
et al., 2013; Thierry et al., 2014; Heitzer et al., 2015; Bonner et al., 2018; Ignatiadis 
et al., 2021). Another option is to search for mutations typical in a given type of 
cancer (Kammesheidt et al., 2018; Ossandon et al., 2018; Jones et al., 2021) or to 
sequence the cfDNA for the detection of any variants (Heitzer et al., 2015; Bonner 
et al., 2018; Ignatiadis et al., 2021). In such approaches, it is essential to discriminate 
tumor-associated somatic variants from germline variants (Ignatiadis et al., 2021). 
The sensitivity of ctDNA analysis depends on the concentration of ctDNA and also 
the proportion of ctDNA out of total cfDNA (Risberg et al., 2018; Ignatiadis et al., 
2021). For example, in the case of non-invasive prenatal testing, a high maternal 
cfDNA concentration decreases the sensitivity of the assay to detect alterations in 
fetal DNA (Wang et al., 2013). Therefore, any conditions affecting the baseline 
cfDNA concentration may affect the sensitivity of cfDNA-based screening. While 
cfDNA alone is not completely specific, it can be used to supplement other 
biomarkers or imaging. For example, the risk for malignancy in a neural tumor that 
is detected by imaging, but inaccessible for biopsy, can be estimated based on the 
cfDNA (Bonner et al., 2018; Jones et al., 2021). Moreover, cfDNA findings can be 
supplemented with protein-based assays, such as prostate-specific antigen levels in 
the case of prostate cancer (Wu et al., 2002; Chun et al., 2006; Bonner et al., 2018; 
Ignatiadis et al., 2021). 

2.4 Diabetes and NF1 
Diabetes is a common disease associated with excess mortality (DiMeglio et al., 
2018; Zheng et al., 2018). Diabetes is characterized by impaired insulin production 
or action that leads to an excessive blood glucose concentration. The two main 
categories of diabetes are types 1 and 2, yet also less frequent disease forms exist, 
such as the maturity-onset diabetes of the young that is a monogenic form of diabetes 
(Redondo et al., 2020). 

2.4.1 Type 1 diabetes in general 
Type 1 diabetes is an autoimmune disease where the body’s own immune system 
attacks the insulin-producing pancreatic cells leading to insufficient insulin 
production. Clinical type 1 diabetes is preceded by autoantibodies indicating the 
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body’s autoimmune reaction towards itself (Krischer et al., 2017; DiMeglio et al., 
2018), and the disease most often has onset already during childhood (Diaz-Valencia 
et al., 2015). Latent autoimmune diabetes of adults (LADA) has also been described 
(Tuomi, 2005; Redondo et al., 2020). While LADA is an autoimmune disease, onset 
in adulthood and lack of insulin-dependency in the early phase may lead to an initial 
diagnosis of type 2 diabetes. 

Type 1 diabetes has a strong genetic component with type 1 diabetes of a parent, 
sibling, or identical twin conferring risks of 1–9%, 6–7%, and 30–70% for type 1 
diabetes, respectively (DiMeglio et al., 2018). Approximately 50% of the heredity 
of type 1 diabetes is associated with the human leukocyte antigen (HLA) genes 
(Noble and Valdes, 2011; Pociot and Lernmark, 2016; DiMeglio et al., 2018). 
Especially class II HLAs modify the risk for type 1 diabetes, and particularly HLA-
DR3-DQ2 and HLA-DR4-DQ8 confer an increased risk for diabetes (Noble and 
Valdes, 2011; Pociot and Lernmark, 2016; Jerram and Leslie, 2017; Pociot, 2017; 
Inshaw et al., 2020). In addition, multiple non-HLA loci associated with type 1 
diabetes have been identified affecting, for example, the immune system and the 
insulin gene (Pociot and Lernmark, 2016; Jerram and Leslie, 2017; Pociot, 2017; 
DiMeglio et al., 2018; Inshaw et al., 2020). Genetic factors not only affect the 
predisposition to type 1 diabetes, but they may also modify the age of onset (Inshaw 
et al., 2020). Some variants in, for example, HLA genes and the INS gene encoding 
insulin also protect against type 1 diabetes (Nejentsev et al., 2009; Pociot, 2017). In 
addition to genetics, environmental factors, including the prenatal environment, 
affect the onset of type 1 diabetes (Jerram and Leslie, 2017; DiMeglio et al., 2018). 
The incidence of type 1 diabetes is particularly high in Finland (Patterson et al., 
2019). 

2.4.2 Type 2 diabetes in general 
In contrast to type 1 diabetes, type 2 diabetes is typically diagnosed later in life and 
is associated with various environmental factors, such as a sedentary lifestyle, 
excessive energy intake, and obesity (Zheng et al., 2018). Type 2 diabetes is the 
predominant type of diabetes, and its global prevalence is increasing along with the 
rising standard of living (Zheng et al., 2018). Type 2 diabetes is primarily a disease 
of insulin action, and it is characterized by insulin resistance. The insulin receptor is 
a tyrosine kinase receptor whose downstream signaling is mediated by PI3K and Ras 
(Figure 1). The receptor activates PI3K both directly and via Ras, and the PI3K–
Akt–mTOR pathway is considered essential in mediating the cellular effects of 
insulin (Saltiel, 2021). Pharmacological inhibition of PI3K or mTOR is used in the 
treatment of, for example, breast cancer. The inhibition of PI3K or mTOR frequently 
causes hyperglycemia because inhibition of the pathway decreases the activation 
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induced by insulin stimulation and therefore leads to insulin resistance (Sivendran et 
al., 2014; André et al., 2019). The PTEN gene encodes a negative regulator of PI3K–
Akt activity (Figure 1), and haploinsufficiency of PTEN leads to a decrease in the 
negative regulation of Akt activation. Individuals with pathogenic germline variants 
of PTEN display increased insulin sensitivity, i.e., lower levels of insulin are 
sufficient to produce a similar response as seen in healthy controls (Pal et al., 2012). 
Taken together, a higher level of PI3K–Akt–mTOR activation increases insulin 
sensitivity, while reduced activation causes insulin resistance and hyperglycemia. 

Type 2 diabetes is linked to various lifestyle factors and, consequently, it often 
coincides with other diseases, such as the metabolic syndrome, gestational diabetes, 
dyslipidemia, and hypertension (Fletcher et al., 2002; Zheng et al., 2018). Many of 
the risk factors of type 2 diabetes are also shared with, for example, breast cancer 
(Barnard et al., 2015; Rojas and Stuckey, 2016; Zheng et al., 2018). While type 2 
diabetes is more strongly associated with environmental factors than type 1 diabetes, 
the family history is also an indicator of the risk for type 2 diabetes (Fletcher et al., 
2002; Lyssenko et al., 2008; Zheng et al., 2018). It is naturally difficult to discern 
genetics from inherited lifestyle and environmental factors. However, certain genes 
have been linked to the risk for type 2 diabetes (Xue et al., 2018). For example, 
variants of the WSF1, HNF1A, PAM, AKNRD55, and PPIP5K2 genes increase the 
risk for type 2 diabetes (Lyssenko et al., 2008; Morris et al., 2012; Steinthorsdottir 
et al., 2014). Some genes associated with the risk for type 2 diabetes, such as FTO1, 
TCF7L2, and PRC1, are also linked with breast cancer risk (Zhao et al., 2016). 
Variants of the SLC30A8, PPARG, and TCF2 genes are associated with a reduced 
risk for type 2 diabetes (Deeb et al., 1998; Gudmundsson et al., 2007; Flannick et 
al., 2014, 2019). Loss-of-function variants of the G-protein coupled receptor gene 
MC4R confer an increased risk for type 2 diabetes, yet the gain-of-function variants 
of the same gene reduce the risk for type 2 diabetes (Lotta et al., 2019). In CCND2, 
both predisposing and protective variants have been described (Steinthorsdottir et 
al., 2014; Mahajan et al., 2018). 

2.4.3 The risk for diabetes in NF1 
Little is known about the risk for diabetes in NF1. NF1 is associated with an 
increased risk for death due to cardiovascular disease (Zöller et al., 1995; Evans et 
al., 2011; Uusitalo et al., 2015), which would suggest a potential increased risk for 
diabetes as well. However, diabetes-related deaths seem to be rare in NF1, as 
proportionate mortality ratios of 0.2–0.27 have been reported in death certificate-
based studies (Rasmussen et al., 2001; Masocco et al., 2011). The low rate of 
diabetes-related deaths may, however, be because of the excess mortality associated 
with NF1 at ages younger than the typical onset of type 2 diabetes. It is plausible that 
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so many individuals with NF1 die due to other causes before the onset of type 2 
diabetes that the risk for diabetes seems artificially low in death certificates. A study 
based on insurance claims reported an odds ratio of 0.4 for diabetes in NF1 
(Madubata et al., 2015). A recent analysis of hospitalizations of Danish patients with 
NF1 estimated a risk ratio of 0.4 (95% confidence interval [CI] 0.2–0.97) for type 1 
diabetes and 0.8 (95% CI 0.4–1.5) for type 2 diabetes in NF1 (Kenborg et al., 2020). 
However, the study did not encompass outpatient care, which is the typical treatment 
setting of diabetes. The rates of preexisting diabetes in pregnant women (Terry et al., 
2013) and gestational diabetes (Leppävirta et al., 2019) are similar among 
individuals with NF1 and among controls. 

Individuals with NF1 have been found to show lower fasting blood glucose and 
leptin levels, increased insulin sensitivity, and a higher resting energy expenditure 
compared to controls (de Souza et al., 2015, 2019; Martins et al., 2016, 2018). While 
it is difficult to perform mechanistic studies of energy metabolism in humans, animal 
models allow examining even the long-term effects of high-glucose diet with a 
controlled energy intake. A recent study characterized the metabolic features of Nf1 
heterozygous mice (Tritz et al., 2021). Interestingly, the results were highly 
concordant with the observations in individuals with NF1, as Nf1 heterozygous mice 
showed increased insulin sensitivity and did not develop insulin resistance even after 
a prolonged administration of dietary glucose. The Nf1-haploinsufficient mice also 
exhibited decreased fat mass and altered fat distribution compared to wild-type mice 
and showed lower blood glucose and leptin levels (Tritz et al., 2021). The Nf1 
heterozygous mice were able to process glucose more efficiently than their wild-type 
littermates. After a 16-week administration of glucose in drinking water, the Nf1-
haploinsufficient mice had gained less weight than controls and did not develop 
hyperglycemia like wild-type mice (Tritz et al., 2021).
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3 Aims 

The overall aim of this thesis was to estimate the prevalence of NF1 and to gain new 
information on the comorbidities associated with NF1. Specifically, two diseases 
that are relatively common in the general population, breast cancer and diabetes, 
were studied in the context of NF1. The information on the prevalence is essential 
for assessing how many individuals with NF1 should be undergoing surveillance and 
for identifying any biases affecting cohort studies. Knowledge about the 
comorbidities of NF1 allows targeting of surveillance efforts and may thus improve 
the health of individuals with NF1. The marked cancer risk associated with NF1 
highlights the need for better surveillance and screening of individuals with NF1. 
Since the neurofibromin protein encoded by the NF1 gene is part of the signaling 
networks involved in the pathogenesis of both cancer and diabetes (Figure 1), the 
epidemiology of NF1 also elucidates the molecular biology underlying these 
diseases. 

 
The specific aims of the thesis were to: 

 

1. estimate the prevalence of NF1 by age group (Study I), 

2. study the effect of NF1 and the underlying NF1 haploinsufficiency on 
breast cancer risk and the prognosis of breast cancer to improve 
surveillance and treatment (Studies II and III), 

3. study the effect of germline deficiency of functional neurofibromin on the 
risk for diabetes (Study IV), 

4. examine whether NF1 affects the baseline concentration of circulating 
free plasma DNA and could therefore interfere with the sensitivity of 
cfDNA-based analyses (Study V). 
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4 Materials and Methods 

4.1 Study populations 
Studies I–IV are based on the Finnish NF1 cohort. The cohort has been previously 
collected (Uusitalo et al., 2015). The Finnish NF1 cohort is based on searching all 
hospital visits related to neurofibromatosis in the 15 central and five university 
hospitals in mainland Finland from 1987 to 2011 and is therefore representative of 
the whole population of mainland Finland. Hospital visits of interest were identified 
with the International Classification of Diseases, 9th edition (ICD-9) diagnosis code: 
2377A and the ICD-10 codes: Q85.00, Q85.0, Q85.09, Q85, and Q85.01. ICD-9 has 
been used to record hospital visits in 1987–1995 and ICD-10 since 1996. The 
diagnosis codes also included NF2 and unspecified neurofibromatosis because the 
initial search was aimed at comprehensively identifying all potential individuals with 
NF1 rather than being specific for NF1. The medical records of all individuals 
identified in the initial search were then examined to confirm NF1 diagnosis 
according to the NIH diagnostic criteria for NF1 (National Institutes of Health 
Consensus Development Conference, 1988). The procedure yielded 1,476 
individuals with confirmed NF1. However, the number of individuals included in 
Studies I–IV varied because of different follow-up periods and availability of 
necessary information (Figure 2). For the same reason, the cohort size also slightly 
differed from previous publications (Uusitalo et al., 2015, 2016). For each individual 
with NF1, the cohort entry date was the date of the first NF1-related hospital visit 
that led to the inclusion of the individual in the cohort. 

In Study III focusing on the risk for contralateral breast cancer, the Finnish NF1 
cohort was analyzed together with data from four other NF1 cohorts being the 
Manchester regional NF1 registry of 2,148 patients from the United Kingdom, the 
Paris NF1 registry of 1,895 patients from France, the Hamburg neurofibromatosis 
clinic cohort of 2,019 patients from Germany, and 811 patients from the Padua NF1 
clinic in Italy. The Manchester cohort of individuals with NF1 was ascertained based 
on referrals from physicians and clinical examination of family members of known 
patients with NF1, and the cohort is representative of the population in the 
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Manchester area in North West England. The Paris, Hamburg, and Padua cohorts are 
based on individuals visiting specialized NF1 clinics. The individuals with NF1 from 
the Finnish, Manchester, Paris, and Hamburg cohorts had not received additional 
breast cancer screening because of their NF1, yet they may have participated in the 
general population screening programmes established from 1989 to 2005 for women 
older than 49 years of age. The individuals with NF1 in the Padua cohort had been 
screened for breast cancer using annual mammography and/or ultrasonography 
starting at the age of 45 years beginning in 2009 and 2010. 

The NF1 patients for the assays of cfDNA concentrations (Study V) were 
recruited from the NF clinic operative in Turku University Hospital. The participants 
were adults, fulfilled the NIH diagnostic criteria for NF1, and came in for a regular 
follow-up visit related to their NF1. The 21 individuals with NF1 enrolled in the 
study were aged 18–64 years. They were all included in the Finnish NF1 cohort used 
in Studies I–IV. 

In Studies I and II, individuals with NF1 were compared with the Finnish general 
population. When breast cancer characteristics were examined in Study II, five 
controls matched for the age at diagnosis and sex were obtained for each individual 

Figure 2. Source populations, study cohorts and comparison cohorts in each study. NF1: 
neurofibromatosis type 1 
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with NF1 from the Auria Biobank (Turku, Finland). When survival after breast 
cancer was assessed, five control breast cancers matched for the age at diagnosis, 
year of diagnosis, estrogen receptor status, and sex were retrieved for each individual 
with NF1. In Study III on breast cancer characteristics and survival and the risk for 
contralateral breast cancer, a Manchester-based cohort of non-NF1 women with 
breast cancer and enhanced screening was used as a reference. These women had a 
17% or greater risk for breast cancer based on family history. They had been 
screened annually with mammography at ages of 30–49 and every 18 months at ages 
of 50–59. 

When the risk for diabetes was examined in Study IV, individuals with NF1 were 
compared with two cohorts being their 1,881 non-NF1 siblings and a ten-fold control 
cohort of 14,017 individuals matched to individuals with NF1. The siblings were 
defined by at least one shared parent, and those with known or suspected NF1 were 
excluded from the non-NF1 sibling cohort. Comparison of individuals with NF1 with 
their non-NF1 siblings allowed controlling for the effects of genes other than NF1 
and environmental factors such as family socioeconomic status. For each individual 
with NF1, a maximum of ten control individuals matched for sex, area of residence, 
and age were also retrieved from the Finnish Population Register Centre. The 
controls were required to live in the same municipality as the respective individual 
with NF1 on the cohort entry date. The date of birth of the controls had to be within 
a maximum of 12 months from the birth of the respective individual with NF1. Due 
to the small population of some municipalities, the full number of controls could not 
be retrieved for all individuals with NF1. First-degree relatives of individuals with 
NF1 were excluded from the control cohort.  

For Study V, the controls were recruited from the personnel of the University of 
Turku and Turku University Hospital. The controls were healthy by their own 
announcement, but no medical records were reviewed. The controls were not 
individually matched to individuals with NF1, yet the controls were selected to 
obtain an approximately similar age and sex distribution as in the NF1 group. 

In Study II, data on primary invasive breast cancers were retrieved from The 
Cancer Genome Atlas (TCGA) project (Cancer Genome Atlas Network, 2012). 
These data were used to examine somatic NF1 alterations in breast cancers of the 
general population. The cancers were grouped according to their NF1 gene status: 
breast cancers with NF1 intact were compared with breast cancers harboring somatic 
NF1 mutations or shallow or deep NF1 deletions. Information on deletions has been 
algorithmically produced in the TCGA data (Cancer Genome Atlas Network, 2012), 
and shallow deletions likely represent heterozygous loss and deep deletions likely 
represent homozygous loss of a gene. 

Studies I–IV were register-based and retrospective and therefore the use of the 
Finnish NF1 cohort was exempt from obtaining informed consent from the 
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participants. The studies were approved by the Ethics Committee of the Hospital 
District of Southwest Finland and had research permissions from the Finnish 
Institute for Health and Welfare, The Social Insurance Institution of Finland, The 
National Supervisory Authority for Welfare and Health (Valvira), Statistics Finland, 
the Finnish Population Register Centre, and all participating hospitals. The 
international cohorts included in Study III also had local approvals. Study V was 
approved by the Ethics Committee of the Hospital District of Southwest Finland, it 
had a research permission from Turku University Hospital, and all participants 
provided written informed consent. The study was preregistered in 
ClinicalTrials.gov with identifier NCT02680431. All studies adhered to the 
principles of the Declaration of Helsinki. 

4.2 Data sources and outcomes of interest 
For the Finnish NF1 cohort, the Finnish personal identity code was used as the key 
for retrieving data from various registers. Dates of birth, death, and emigration were 
retrieved from the Finnish Population Register Centre in order to define the follow-
up time of each participant in Studies I–IV. The use of data from the Finnish 
Population Register Centre allowed a complete follow-up in the sense that no 
missing data were present. 

Study I focused on estimating the prevalence and survival in NF1. The age-, sex- 
and calendar year-specific mortality rates of the general population and the 
population sizes in each age, sex, and year category were obtained from Statistics 
Finland. Prevalence was defined as the ratio of the numbers of individuals with NF1 
and individuals in the general population alive in each age category on the last day 
of each year. In the survival analysis, time from birth to death was of interest. 

Breast cancer diagnoses of the Finnish patients, and the cancer incidence rates 
of the general population were obtained from the Finnish Cancer Registry for Studies 
II and III. The causes of death were obtained from Statistics Finland. The Finnish 
Cancer Registry has collected information on cancers diagnosed in Finland since 
1953, and health care providers are required to report cancers in the registry. As a 
result, the Finnish Cancer Registry has a very high coverage of most cancer types 
diagnosed in Finland (Leinonen et al., 2017). The information on the international 
cohorts in Study III was based on medical records of the patients and on local cancer 
registry information. Breast cancer was defined with the ICD-10 code: C50 or the 
International Classification of Diseases for Oncology, third edition (ICD-O-3) 
topology code: C50. 

Data for Study II were also collected from the medical records of each individual 
with NF1 and breast cancer. Archived formalin-fixed, paraffin-embedded breast 
cancer samples of the individuals with NF1 were obtained from the pathology units 
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of the participating hospitals. Only invasive breast cancers and only one sample per 
individual with NF1 were retrieved. Breast cancer tissue samples were 
immunolabeled as described below, and samples showing nuclear immunoreactivity 
for estrogen and progesterone receptor in more than 10% of tumor cells were 
considered positive for the receptors. Breast cancer subtyping was based on the 
estrogen and progesterone receptors, ERBB2 amplification, Ki-67, and cytokeratin 
5. Auria Biobank provided information collected from the medical records for the 
control breast cancers. The information collected on the Finnish NF1-related breast 
cancers in Study II was also used in the Study III examining survival after breast 
cancer and the risk for contralateral breast cancer. 

Hospital visits and hospital stays for Study IV were retrieved from the Care 
Register for Health Care maintained by the Finnish Institute for Health and Welfare, 
and the drug purchases were obtained from the Drug Reimbursement Register 
maintained by the Social Insurance Institution of Finland. The Care Register for 
Health Care has recorded inpatient care using ICD-9 coding since 1987 and ICD-10 
coding since 1996. In 1998, also specialized outpatient care was incorporated in the 
register. The Care Register for Health Care contains a total of six diagnosis codes 
associated with each hospital visit or hospital stay. The Drug Reimbursement 
Register contains information on reimbursed outpatient purchases of prescription 
drugs since 1995 and is comprehensive since 1996. The drug purchases are recorded 
using the Anatomical Therapeutic Chemical (ATC) classification. 

Diagnoses of diabetes were retrieved using ICD-10 codes: E10–E14 from the 
Care Register for Health Care. Purchases of insulin were collected using ATC code: 
A10A and blood glucose-lowering drugs other than insulins with the ATC code: 
A10B from the Drug Reimbursement Register. When type 1 and type 2 diabetes were 
analyzed separately, the ICD-10 code: E10 was used for type 1, and the ICD-10 code: 
E11 and the ICD-9 code: 250xA were used for type 2. The letter “x” denotes any 
digit. Since insulins can be used to treat either type 1 or type 2 diabetes, type 1 
diabetes was defined solely by its ICD-10 diagnosis code. However, since type 1 
diabetes always leads to insulin dependency, only individuals with an insulin 
purchase (ATC A10A) at any time were included. This allowed exclusion of coding 
errors where other types of diabetes would have been recorded with an ICD-10 code 
for type 1 diabetes. Patients with type 2 diabetes are often treated in a primary care 
setting and therefore cannot be comprehensively identified using the Care Register 
for Health Care. Consequently, both purchases of anti-diabetic drugs and the specific 
ICD-9 and ICD-10 diagnosis codes were considered as evidence of type 2 diabetes. 
However, the individuals identified as having type 1 diabetes were excluded from 
the analyses related to type 2 diabetes. To study the comorbidities and predisposing 
conditions of diabetes, the ICD-10 codes: E66 and E78 were used to search for 
diagnoses of obesity and disorders of lipoprotein metabolism, respectively. Both the 
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primary and secondary diagnoses included in the Care Register for Health Care were 
taken into account. 

In Study V, the primary outcome was the concentration of plasma cfDNA that 
was measured as described below and normalized relative to the plasma protein 
concentration. As a sensitivity analysis, the plain concentration of cfDNA without 
normalization was also studied. The doctor treating the patients extracted the history 
of cancer, optic pathway glioma, and plexiform neurofibroma from medical records. 
In addition, the clinician estimated the numbers of cutaneous and subcutaneous 
neurofibromas at the time of blood sampling. 

4.3 Histology and immunohistochemistry of breast 
cancers (II) 

The formalin-fixed, paraffin-embedded breast cancer samples retrieved from 
pathology archives were cut into 3-µm sections. Samples stained with hematoxylin 
and eosin were examined for histological type and grade by a specialist in pathology 
according to the World Health Organization classification of tumors of the breast 
(Lakhani et al., 2012). The tumors were also immunolabeled for the estrogen and 
progesterone receptors, Ki-67, HER2, cytokeratins 5/6, and cytokeratin 14 using the 
BenchMark XT automated immunostaining instrument (Roche/Ventana, Tucson, 
AZ, USA) and ultraView Universal DAB Detection Kit (Roche/Ventana). Sections 
positive for HER2 immunostaining were further examined for ERBB2 amplification 
using the BenchMark XT instrument. In situ hybridization for ERBB2 was performed 
using the Ventana HER2 DNA probe and the ultraView SISH Detection Kit and for 
chromosome 17 using the Inform Chromosome 17 probe and ultraView Alkaline 
Phosphatase Red ISH Detection Kit (all from Roche/Ventana). A pretreatment with 
ISH Protease 3 (Roche/Ventana) for 8 minutes was followed by ERBB2 
hybridization at 52°C for 6 hours and chromosome 17 hybridization at 44°C for 2 
hours. A specialist in breast pathology scored the breast cancers for estrogen and 
progesterone receptor and cytokeratin positivity, for ERBB2 amplification and for 
Ki-67 labeling (<14% or ≥14%) according to clinical practices. 

4.4 Analysis of circulating free DNA (V) 
Peripheral blood was drawn into lithium-heparin tubes. The samples were processed 
within four hours of sampling to avoid cell lysis and release of intracellular DNA 
into plasma. It has been previously reported that the plasma cfDNA concentration is 
stable for at least four hours after sampling (Jung et al., 2003; Lam et al., 2004; 
Crowley et al., 2013). The samples were processed to isolate a mononuclear cell 
fraction for another study (Pennanen et al., 2021) and blood plasma for the present 
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study. Blood was diluted 1:1 with phosphate-buffered saline and fractionated using 
Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, Uppsala, Sweden) gradient 
centrifugation at 2,000 g for 30 min. Plasma was aspirated without disturbing the 
underlying mononuclear cell fraction and stored at −80°C until analysis. 

After thawing the samples for analysis, 3 ml of each plasma sample was 
centrifuged at 1,000 g for 10 min and the supernatant was carefully aspirated for use 
in the analysis. The aim was to remove any potentially remaining cells whose lysis 
could release intracellular DNA. Plasma protein concentration was measured using 
the bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher 
Scientific, Rockford, IL, USA) at dilutions 1:20 and 1:30, and the computed original 
concentrations were averaged. The cfDNA was isolated from 2 ml of plasma using 
the QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) according to 
the kit instructions, and the extracted DNA was eluted in a volume of 50 µl. The 
concentration of DNA in the eluate was measured in duplicate using the Qubit 2.0 
Fluorometer (Invitrogen, Eugene, OR, USA) and Qubit HS Assay Kit (Invitrogen) 
that utilizes a dye specific for double-stranded DNA. 

All plasma samples were visually evaluated for hemolysis. Cell degradation 
indicated by hemolysis could be caused by, for example, aberrant blood drawing or 
defective sample processing and would likely imply contamination of the plasma 
cfDNA with intracellular DNA. Two samples from individuals with NF1 and two 
samples from controls were excluded because of visually detected hemolysis. 
Hemolysis can also be detected based on the spectrophotometric measurement of 
absorbance at the hemoglobin peak absorbance of 414 nm (Shah et al., 2016). After 
excluding the four samples based on visually detected hemolysis, all remaining 
samples demonstrated a low absorbance at 414 nm as measured using the NanoDrop 
ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

4.5 Statistical methods 
In all studies, two-tailed P values <0.05 were considered statistically significant. The 
proportional hazards assumption of the Cox proportional hazards model was 
assessed using scaled Schoenfeld residuals. The R software (versions 3.2.2–3.3.0, 
3.6.1) was used for the analyses. 

4.5.1 Study periods 
The study periods for Studies I–IV are shown in Table 6. In the cfDNA study (V), 
no longitudinal follow-up data were available. In the epidemiological studies based 
on the Finnish NF1 cohort (I, II, and IV), the follow-up started at the cohort entry of 
each individual with NF1 from 1987 to 2011 or the beginning of study period, 
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Table 6. Study periods in Studies I–IV. 

STUDY BEGINNING OF STUDY PERIOD END OF STUDY PERIOD 

I   

PREVALENCE 31.12.1990 31.12.2011 

SURVIVAL 1.1.1987 31.12.2014 

II   

BREAST CANCER 
INCIDENCE 

1.1.1987 31.12.2013 

III   

FINNISH NF1 COHORT 1.1.1987 / first breast cancer 31.12.2014 

INTERNATIONAL 
COHORTS 

cohort entry / first breast cancer last clinical contact 

IV   

PRIMARY STUDY 
PERIOD 

1.1.1998 31.12.2014 

SENSITIVITY ANALYSIS 1.1.1987 31.12.2014 

 
whichever was later. In Study III on breast cancer survival and risk for contralateral 
breast cancer, the follow-up started at the cohort entry or the first breast cancer 
depending on the analysis. Starting the follow-up before the cohort entry would have 
led to an immortality bias, since those who died before their prospective cohort entry 
could not be detected as having NF1. Many diseases, especially cancer, increase the 
risk for death. The risk for such diseases would be underestimated in the period 
preceding the cohort entry, because there would be bias towards those without these 
diseases. 

In the study on diabetes in NF1 (IV), the cohort entry of the respective individual 
with NF1 was used for controls, as all control individuals were required to be alive 
on the date of the cohort entry of the respective individual with NF1. The follow-up 
of the non-NF1 siblings started at the latter of birth or the cohort entry of the first 
sibling with NF1, because the inclusion of the non-NF1 siblings in the cohort was 
contingent on having a sibling with NF1. 

In Study IV, the primary study period started on January 1st, 1998, since 
information on both drug purchases and specialized outpatient care were available 
since 1998 (Table 6). As a sensitivity analysis, type 2 diabetes was also studied 
starting from 1987. However, since drug purchases were only available since 1995, 
they were omitted from this analysis. 

In Studies I–IV, the follow-up always ended at death or emigration, since 
register-based follow-up is only possible for individuals living within a national 
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registration system. Moreover, the availability of register data ended on December 
31st, 2013 in Study II and on December 31st, 2014 in Studies I and IV. Also, in Study 
III, the follow-up of the Finnish NF1 cohort ended on December 31st, 2014, and the 
follow-up of the international cohorts was based on the last clinical contact with each 
individual with NF1 or register-based information. 

4.5.2 Estimation of NF1 prevalence (I) 
In Study I, the observed prevalence of NF1 was calculated in five-year age categories 
during years 1990–2011 and more specifically on December 31st, 2005. It has been 
reported that the great majority of individuals with NF1 fulfill the diagnostic criteria 
by the age of 6 years (DeBella et al., 2000) implicating that those born before year 
2006 were likely to have been diagnosed by the end of the ascertainment period of 
the NF1 cohort in 2011. The number of live individuals with NF1 in each stratum 
was divided by the general population in the corresponding stratum to obtain 
prevalence estimates. The 95% CIs were estimated with the Wilson score interval 
with continuity correction. 

However, the observed prevalence underestimates the true prevalence of NF1, 
since it is highly unlikely that all individuals living with NF1 at a given moment 
would have been diagnosed and included in the NF1 cohort. Therefore, two 
approaches to estimate the true prevalence of NF1 were undertaken. Firstly, the 
highest prevalence observed in each age category over the years 1990–2011 was 
taken to represent the prevalence in this age group, similar to the work of Evans and 
colleagues (2010). The approach assumed that the incidence of NF1 was constant, 
and the prevalence only changed due to differential mortality compared to the 
general population. However, since the study period was limited and some age 
groups showed higher ascertainment than others, the method was prone to artifacts. 

The second approach was also based on assuming a constant incidence of NF1, 
but the estimation was not based on the directly observed age-specific prevalence. 
Instead, the highest prevalence observed among boys aged 0–4 years was assumed 
to represent the incidence of NF1. In this age group, the effect of mortality associated 
with NF1 only plays a small role. The analysis was focused on boys since they may 
be diagnosed earlier than girls, and there is no evidence to suggest that the incidence 
of NF1 would differ by sex. The incidence was then multiplied with the ratio of 
survival probabilities calculated for individuals with NF1 and the general population 
in each age group to obtain age-specific prevalence estimates, similar to the approach 
applied by others (Crowell et al., 2021). The 95% CIs were estimated using the 
asymptotic normal distribution method (Tofighi and MacKinnon, 2011). 
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4.5.3 Breast cancer incidence, survival, and characteristics 
in the Finnish NF1 cohort and in the TCGA dataset (II) 

The SIR was computed to compare breast cancer incidence in the NF1 cohort and 
the Finnish general population in Study II. Age group, calendar period, and sex-
specific cancer incidence rates in the general population were multiplied with the 
person-years observed in the NF1 cohort in each stratum to compute the number of 
expected breast cancers. The SIR was then obtained as the ratio of observed and 
expected breast cancers, and the 95% CIs were based on the Poisson distribution. 
The competing risk for death was taken into account when the cumulative risks for 
breast cancer by the age of 85 years or within a specific age range were estimated. 

When survival after breast cancer was estimated in Study II using the NF1 cohort 
and matched controls or data from TCGA, the follow-up started from the surgery of 
the cancer, and deaths due to any cause were considered events. The cumulative 
survival proportion was estimated using the Kaplan-Meier method, and the groups 
were compared using the Cox proportional hazards model with stratification to take 
into account the matching of individuals with NF1 and controls. 

Breast cancer characteristics were compared between individuals with NF1 and 
matched controls using generalized linear mixed effects models to account for the 
matching. The characteristics of the sporadic TCGA breast cancers were compared 
using the Chi squared test and Fisher’s exact test. 

4.5.4 Survival and risk of contralateral breast cancer in five 
international cohorts (III) 

In Study III, individuals with NF1 and no enhanced breast cancer screening, that is, 
the cohorts from Finland, Manchester, Paris, and Hamburg, were compared with 
individuals with NF1 and enhanced screening from Padua and the non-NF1 women 
at increased risk for breast cancer. Three outcomes were examined: 1) overall 
survival after breast cancer, 2) breast cancer-specific survival after breast cancer, and 
3) cumulative risk for contralateral breast cancer. 

Kaplan-Meier estimates were computed for each outcome, and the groups were 
compared using the Cox proportional hazards model. The follow-up started at the 
first breast cancer or, in another analysis, the latter of cohort entry and the first breast 
cancer. The two approaches were included to demonstrate the effect of an 
immortality bias in the time preceding the cohort entry. In the survival analyses, 
deaths due to any cause or deaths due to breast cancer were considered as events. 
Censoring was caused by emigration, last information on patient status, or, in the 
breast cancer-specific analysis, death due to other causes than breast cancer. When 
the incidence of contralateral breast cancer was studied, contralateral breast cancer 
was considered as an event, and death, emigration, and the last information on patient 
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status led to censoring. The incidence of contralateral breast cancer was computed 
with and without the competing risk of death. The characteristics of the breast 
cancers were compared using the Chi-squared test and Fisher’s exact test. 

4.5.5 The risk for diabetes (IV) 
The rates of diabetes were estimated based on the Poisson distribution in Study IV. 
Cox proportional hazards models were used for comparisons of individuals with NF1 
and the control and non-NF1 sibling cohorts. Since the controls were individually 
matched to patients with NF1, the groups were dependent, and a frailty term was 
included to allow heterogeneity between the subgroups of each individual with NF1 
and the respective controls. A frailty term was also included for each family when 
individuals with NF1 and their non-NF1 siblings were compared. The occurrence of 
a diagnosis or drug purchase of interest was defined as an event, while death, 
emigration, or the end of follow-up was handled as censoring. 

4.5.6 Concentration of plasma cfDNA (V) 
In Study V, cfDNA levels were compared between individuals with NF1 and 
controls and within the NF1 group by the presence of various clinical characteristics. 
The variation in plasma dilution during sample processing was accounted for by 
normalizing cfDNA concentration with plasma protein concentration. Measured 
cfDNA concentration values were divided with a normalization coefficient that was 
obtained by dividing the plasma protein concentration of each sample with the 
average of protein concentrations observed in all samples. Natural logarithm 
transformation led to a Gaussian distribution of the normalized cfDNA values and 
allowed construction of linear regression models for comparisons. Separate age-
adjusted and sex-adjusted models were studied in addition to an unadjusted model, 
yet the low number of participants did not allow incorporation of both age and sex 
in the same model. 
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5 Results 

5.1 Prevalence of NF1 (I) 
A total of 1,279 individuals from the Finnish NF1 cohort were alive on December 
31st, 2005. This corresponds an observed prevalence of 1/4,088 (95% CI 1/4,320–
1/3,869), which is of similar magnitude as previously reported (Section 2.1.2). The 
year 2005 marked the highest prevalence observed in the material because of the 
high rate of NF1 diagnoses among those born in the mid-1990s. Studying the 
maxima of prevalences observed in each age group over the period 1990–2011 
confirmed that the youngest patients had been diagnosed at a much higher rate than 
those born before 1990, since the prevalence appeared to steeply decrease around 15 
years of age. Interestingly, boys seemed to be diagnosed with NF1 at a younger age 
than girls. 

Consequently, the observed prevalence is likely not an accurate estimate of the 
prevalence of NF1, since it is unlikely that there would have been a sudden and 
substantial change in the true incidence of NF1. The mortality of individuals with 
NF1 was higher than in the general population throughout the lifetime, and the age-
specific prevalence of NF1 was therefore expected to decline along with increasing 
age. When the age-specific survival probabilities of individuals with NF1 and the 
general population were used to estimate the prevalence of NF1, a decline from 
1/1,706 (95% CI 1/2,158–1/1,410) among children aged 0–4 years to 1/3,380 (95% 
CI 1/4,545–1/2,690) among adults aged 70–74 years was seen. The estimated overall 
prevalence of NF1 among individuals aged 0–74 years was 1/2,052 (95% CI 
1/2,176–1/1,941) in Finland. This would correspond to 2,370 individuals with NF1 
living in Finland in 2005. 

5.2 Risk for breast cancer and contralateral breast 
cancer (II, III) 

The risks for breast cancer and second contralateral breast cancer were significantly 
increased in NF1, and the highest relative risk for breast cancer was observed among 
young women with NF1. Thirty-one female breast cancers were diagnosed in the 
Finnish NF1 cohort during the follow-up in 1987–2013 yielding a SIR of 2.82 (95% 
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CI 1.92–4.00) for breast cancer in NF1 compared to the general population. When 
stratified by age group, the SIR was 5.1 (95% CI 2.9–8.1) among women younger 
than 50 years of age and 2.0 (95% CI 1.2–3.1) among women older than 49 years of 
age. The cumulative risk for breast cancer by 50 years of age was 7.8% (95% CI 3.9–
11.5%) among women with NF1 and 2.1% in the general population. The respective 
numbers by the age of 85 years were 18.0% (95% CI 11.4–24.1%) and 9.7%. Women 
with NF1 had a risk of 4.7% (95% CI 1.5–7.9%) at ages 30–39, 3.9% (95% CI 0.77–
7.0%) at ages 40–49, and 5.9% (95% CI 1.9–9.8%) at ages 50–59 for being 
diagnosed with breast cancer. The corresponding numbers in the Finnish general 
population were 0.34%, 1.5%, and 2.6%, respectively. Regarding the risk factors of 
breast cancer, the proportions of nulliparous women or those with the first birth 
before 30 years of age did not differ between individuals with NF1 with or without 
breast cancer. Three women with NF1 were tested for pathogenic variants of 
BRCA1/2, yet none were detected. No ovarian cancers were seen among the 
individuals with NF1 and breast cancer. 

The risk for contralateral breast cancer was studied by following up 142 women 
with NF1 and breast cancer from the Finnish, Manchester, Paris, Hamburg, and 
Padua cohorts. There were 12 contralateral breast cancers diagnosed at a median age 
of 53 years. The cumulative risk for being diagnosed with a contralateral breast 
cancer within 20 years of the first breast cancer was 27% (95% CI 12–57%). When 
competing mortality was taken into account, the risk for contralateral breast cancer 
was 16% (95% CI 8.1–30%). Half of the contralateral breast cancers were detected 
in screening, and half were detected because of symptoms. 

5.3 Survival after breast cancer diagnosis (II, III) 
Survival after breast cancer diagnosis was worse among women with NF1 compared 
to matched controls. Tissue samples were available from the breast cancers of 26 
women with NF1 in the Finnish NF1 cohort. These women were compared with 130 
controls who had cancers matched with the age and year of diagnosis and estrogen 
receptor status. The Kaplan-Meier estimate for 5-year all-cause survival was 68% 
(95% CI 52–89%) among women with NF1 and 82% (95% CI 76–89%) among the 
matched controls (HR 2.34, 95% CI 0.99–5.6). 

When the female breast cancers observed in the Finnish NF1 cohort were 
combined with the data from the Manchester, Hamburg, and Paris cohorts, women 
with NF1 and breast cancer had lower survival compared to non-NF1 women 
undergoing enhanced screening irrespective of cancer grade. Out of the 115 women 
with NF1 and breast cancer, 53 had died during the follow-up with 26 of them due 
to breast cancer. The 5- and 10-year all-cause survival estimates of women with NF1 
and breast cancer were 65% (95% CI 55–77%) and 50% (95% CI 39–63%), 
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respectively, when the follow-up started from the latter of breast cancer and cohort 
entry. The breast cancer-specific 10-year survival was 64% (95% CI 54–77%). As 
expected, the survival probabilities were overestimated if the follow-up was allowed 
to start before cohort entry. The non-NF1 women undergoing enhanced screening 
because of familial risk for breast cancer displayed 93% (95% CI 89–96%) and 90% 
(95% CI 86–94%) 5- and 10-year all-cause survival, respectively. Women from the 
Padua cohort had been screened for breast cancer since 45 years of age, and their all-
cause and breast cancer-specific 10-year survival estimates were 93% (80–100%) 
and 100%, respectively. The women from Padua had significantly lower risk for 
death after breast cancer than women from the four other NF1 cohorts (HR 0.18, 
95% CI 0.04–0.72). Among women with NF1, estrogen receptor negativity was 
associated with reduced survival (HR 2.8, 95% CI 1.2–6.8). 

5.4 Breast cancer characteristics (II, III) 
The histopathological characteristics of breast cancers from women with NF1 
differed from control breast cancers. Twenty-six breast cancers from the Finnish 
NF1 cohort were compared with 130 female control breast cancers matched with the 
age at diagnosis. Breast cancers of women with NF1 were more often estrogen and 
progesterone receptor-negative (54% and 65%) than breast cancers of the controls 
(21% and 22%; P=0.001 and P<0.001, respectively). Moreover, ERBB2 
amplifications were more frequent in the breast cancers of individuals with NF1, as 
ERBB2 amplification was observed in 31% of NF1-related cancers and 10% of 
control cancers (P=0.006). The breast cancers of women with NF1 were of a higher 
grade (P=0.050) and a larger size (P=0.019), yet lymph node involvement was not 
significantly higher in NF1 than among controls (P=0.332). Out of the 26 NF1-
related breast cancers, 89% were ductal carcinomas and 7.7% were lobular 
carcinomas. The luminal B subtype represented 35% of the cancers, while 15% of 
the NF1-related breast cancers were luminal A, 31% were the HER2 subtype, and 
19% were triple-negative. Despite the association of NF1 with hormone receptor 
negativity, the proportion of triple-negative breast cancers did not significantly differ 
between the NF1 (19%) and control (13%) groups (P=0.399). 

In the international cohorts of women with NF1 and breast cancer, the cancer 
was estrogen receptor-negative in 5/16 (31%) women from Manchester, 3/12 (25%) 
women from Hamburg, 1/6 (17%) women from Paris, and 1/12 (8.3%) women from 
Padua. With all five cohorts combined, the rate of estrogen receptor negativity was 
32%. HER2 positivity ranged from 0.0% in the Hamburg and Paris cohorts to 22% 
in Padua, 31% in Manchester, and 32% in Finland. The combined rate of HER2 
positivity of 24% was significantly higher than the 11% seen in the non-NF1 cohort 
with enhanced screening (P=0.03). NF1-related breast cancers were also less 



Roope Kallionpää 

 60 

frequently in situ and, when invasive, less often stage 1 than tumors seen among the 
non-NF1 women with enhanced screening. 

5.5 Somatic NF1 alterations in breast cancers of 
the general population (II) 

Analysis of the primary breast cancers included in the TCGA dataset revealed similar 
features in sporadic breast cancers with somatic NF1 alterations as observed in the 
breast cancers of women with NF1. Mutations, shallow deletions, or deep deletions 
of the NF1 gene were present in 33% of the TCGA breast cancers. The 5-year 
survival after breast cancer harboring somatic NF1 alteration was worse than after 
breast cancer with NF1 intact (77%, 95% CI 71–84% and 87%, 95% CI 82–92%, 
respectively; HR 1.9, 95% CI 1.14–3.00). The breast cancers with somatic alterations 
in the NF1 gene were more often estrogen- and progesterone receptor-negative and 
harbored ERBB2 amplification more frequently than cancers without NF1 alterations 
(P<0.001 for all). 

5.6 Risk for diabetes (IV) 
A comparison of 1,349 individuals with NF1 to 13,870 controls and 1,871 non-NF1 
siblings of individuals with NF1 in 1998–2014 yielded a relative rate of diabetes of 
0.34 (95% CI 0.23–0.49) compared to controls and 0.35 (95% CI 0.23–0.55) 
compared to the non-NF1 siblings indicating a clearly decreased risk. The rate of 
diabetes diagnoses was 1.7 (95% CI 1.1–2.4) per 1,000 person-years in the NF1 
cohort, 5.1 (95% CI 4.8–5.4) in the control cohort, and 4.3 (95% CI 3.5–5.2) in the 
cohort of the non-NF1 siblings. 

The risk for type 1 diabetes was decreased among individuals with NF1, yet the 
association was not statistically significant with HRs of 0.58 (95% CI 0.27–1.25) 
and 0.55 (95% CI 0.23–1.33) compared to controls and the siblings without NF1, 
respectively. There were seven individuals with NF1, 129 controls and 19 siblings 
without NF1 who had a diagnosis of type 1 diabetes during 1998–2014. Only two 
males with NF1 (29%) had type 1 diabetes, while male predominance was observed 
in the control (56%) and the non-NF1 sibling (63%) cohorts. The differences in the 
sex distribution were reflected in the HR estimates, as the HR for type 1 diabetes in 
NF1 was 0.95 (95% CI 0.38–2.36) among females and 0.29 (95% CI 0.07–1.2) 
among males compared to controls. However, the small number of individuals with 
NF1 and type 1 diabetes limits any conclusions regarding the effect of sex. 

The HR for type 2 diabetes showed a markedly and statistically significantly 
lower relative rate in NF1 compared with controls (0.27, 95% CI 0.17–0.43) or the 
non-NF1 siblings (0.28, 95% CI 0.16–0.47). The numbers of individuals with type 2 



Results 

 61 

diabetes were 19, 779, and 83 among those with NF1, controls, and the non-NF1 
siblings, respectively. Individuals with NF1 had 1.1 (95% CI 0.68–1.8) new 
diagnoses of type 2 diabetes per 1,000 person-years, while the respective rates were 
4.4 (95% CI 4.1–4.7) among controls and 3.4 (95% CI 2.7–4.2) among the non-NF1 
siblings of individuals with NF1. As in the case of type 1 diabetes, the effect of NF1 
on the risk for type 2 diabetes was more pronounced among males than among 
females, yet the difference to controls or to the non-NF1 siblings was significant 
irrespective of sex. The great majority of individuals with NF1 and type 2 diabetes 
had purchased anti-diabetic medication during the follow-up time, while only a 
minority (37%) had hospital encounters related to type 2 diabetes.  

The results regarding type 2 diabetes remained essentially similar when the 
analysis was limited to individuals younger than 50 years of age. This was also the 
case when only hospital visits and hospital stays were considered and years 1987–
2014 were studied among 1,410 individuals with NF1, 14,017 matched controls, and 
1,881 non-NF1 siblings. The decreased risk for type 2 diabetes in NF1 was not 
related to a lower risk for obesity or dyslipidemias, since the HR for a diagnosis of 
obesity or dyslipidemia was 1.04 (95% CI 0.76–1.43) in NF1 versus controls and 
1.20 (95% CI 0.77–1.87) in NF1 versus the non-NF1 siblings. 

5.7 The effect of NF1 on circulating free plasma 
DNA (V) 

Only a minor effect of NF1 on plasma cfDNA concentration was observed. Two 
samples suggestive of hemolysis were excluded from the NF1 group, and two 
samples were excluded from the control group. The mean age of individuals with 
NF1 was 36.0 years (standard deviation [SD] 12.9), and the mean age of the controls 
was 38.7 years (SD 12.0). Analysis of the 19 plasma samples from individuals with 
NF1 and 12 controls revealed medians of normalized cfDNA concentrations of 19.3 
ng/ml (range 6.6–78.6) and 15.9 ng/ml (range 4.8–47.0), respectively. The difference 
between individuals with NF1 and controls was not statistically significant 
(P=0.369). A negative correlation was observed between age and cfDNA among 
individuals with NF1 (Spearman’s rho −0.55). Consequently, when the comparison 
between individuals with NF1 and controls was adjusted for age, NF1 was 
marginally significantly associated with a higher normalized cfDNA concentration 
(P=0.023 for NF1, P=0.032 for the interaction between NF1 and age). When the 
effects of NF1 and sex on normalized cfDNA were studied, no significant 
associations were found. The results remained essentially unchanged when a plain 
cfDNA concentration was used instead of the normalized cfDNA concentration. 

Among individuals with NF1, those with at least six subcutaneous neurofibromas 
or a plexiform neurofibroma had a slightly higher normalized cfDNA concentration 
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than those with less than six subcutaneous neurofibromas or without a known 
plexiform neurofibroma, yet the differences were not statistically significant 
(P=0.514 and P=0.122, respectively). No association between the number of 
cutaneous neurofibromas and normalized cfDNA concentration was observed. 
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6 Discussion 

The results of the present study elucidate the prevalence of NF1 and the associated 
risks for breast cancer and diabetes. In addition, a small-scale trial on the effect of 
NF1 on the plasma cfDNA concentration serves as a starting point for further studies. 
Although the epidemiologic Studies I–IV were register-based, they can also 
elucidate the molecular biology of the NF1 gene. The Finnish NF1 cohort is well 
suited for the epidemiological study of NF1, since the cohort is relatively large, and 
the NF1 diagnoses of all the included individuals have been confirmed according to 
the NIH diagnostic criteria for NF1, which increases the reliability and statistical 
power of the analyses. If individuals with potentially misregistered diagnoses, such 
as NF2 and tuberous sclerosis, were included, a false association between NF1 and, 
for example, vestibular schwannoma could be observed. Moreover, individuals with 
an unaltered risk for a disease, such as diabetes, would contribute person-time thus 
diluting the estimated effect of NF1. However, the Finnish NF1 cohort alone 
provides insufficient statistical power for studying very uncommon events, such as 
contralateral breast cancer. The risk for contralateral breast cancer is nevertheless 
clinically relevant, and an international collaboration in Study III was necessary to 
allow a quantitative study. The Finnish nationwide registries allow a long-term 
follow-up with practically no missing information. The Finnish registers can also 
provide pertinent control data, such as the population level statistics for estimating 
the prevalence of NF1 in Study I, and general population breast cancer incidence 
rates in Study II. When diabetes in NF1 was studied, comparisons with matched 
controls and the non-NF1 siblings of individuals with NF1 yielded highly concordant 
results, which increases the confidence that the decreased risk for diabetes is indeed 
related to NF1. 

The excess mortality caused by NF1 throughout the lifetime (Study I) is 
concordant with prior evidence (Wilding et al., 2012). The poor survival associated 
with NF1 had major methodological implications for the present study. The 
competing risk for death was taken into account when estimating the risks for breast 
cancer and contralateral breast cancer in Studies II and III. The results of Study III 
highlight the consequences of taking the competing risk for death into account, as 
the plain estimate for the risk of contralateral breast cancer was 27% within 20 years, 
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yet the estimated risk was 16% allowing for the competing risk for death. The 27% 
risk applies to those who live 20 years after their first breast cancer, yet since the risk 
for death is marked among individuals with NF1, a woman with NF1 and breast 
cancer faces a 16% risk for contralateral breast cancer plus a significant risk for death 
within 20 years. In the case of diabetes, in Study IV, the excess mortality associated 
with NF1 could introduce bias due to the scarcity of older individuals who are at the 
greatest risk for type 2 diabetes, but the age-specific follow-up overcame this bias, 
which was further confirmed in a sensitivity analysis restricted to individuals 
younger than 50 years of age. 

6.1 Implications for the care of individuals with NF1 
The results regarding the prevalence of NF1 (Study I) and breast cancer (Studies II 
and III) have clear clinical implications for the care of individuals with NF1. In 
contrast, the decreased risk for diabetes observed among individuals with NF1 in 
Study IV cannot be used to guide clinical practice. As type 2 diabetes is a relatively 
common disorder, it is clear that the risk remains clinically significant also in NF1. 
Individuals with NF1 should undergo similar testing for blood glucose 
concentrations as the general population, and they also need to be educated about the 
risks related to type 2 diabetes irrespective of their NF1. 

Study V focused on exploring the association of NF1 and cfDNA concentration. 
The results are insufficient to advise the clinical care of individuals with NF1. Even 
though the results suggest that NF1 does not markedly interfere with plasma cfDNA 
levels, the sample size was too small, and the cohort included, for example, no 
individuals with MPNST. Importantly, another recent trial did not observe a 
significant tumor fraction in cfDNA among individuals with plexiform 
neurofibromas (Szymanski et al., 2021). However, further studies are called for to 
assess how plexiform neurofibromas affect the sensitivity of cfDNA-based assays 
for non-invasive prenatal testing or for cancer screening or monitoring. An ideal 
study would compare serial samples of plasma cfDNA between individuals with and 
without plexiform neurofibromas and encompass a sample size and follow-up time 
sufficient for observing cancers and pregnancies in the course of the study. 

6.1.1 Prevalence and access to specialized health care 
The estimated prevalence of NF1 (1/2,052) was markedly higher than the observed 
prevalence of NF1 (1/4,088) in Finland. The difference between the estimated and 
observed prevalence was particularly high in the older age groups. The prevalence 
estimate of 1/2,052 is also high compared to most previous estimates of overall 
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prevalence of NF1 (Huson et al., 1989; Clementi et al., 1990; Poyhonen et al., 2000; 
Lammert et al., 2005; McKeever et al., 2008; Evans et al., 2010). 

Individuals who have not visited specialized health care were missed in the 
present study, since the individuals included in the Finnish NF1 cohort were searched 
from central and university hospitals. However, it is currently recommended that all 
individuals with NF1 should undergo surveillance in specialized health care 
(Peltonen et al., 2014; Stewart et al., 2018). The gap between the estimated and 
observed prevalence of NF1 indicates that a marked proportion of individuals with 
NF1 are not undergoing the surveillance that they would need. The lack of proper 
surveillance may postpone the detection of NF1-related health concerns, such as 
cancers and cardiovascular disease, which complicates their management. Indeed, 
the survival of individuals with NF1 was poor even among those who had been 
diagnosed. Morbidity and mortality caused by NF1 could be reduced by 
encompassing a higher proportion of individuals with NF1 in surveillance by a 
multidisciplinary team of specialists. The education of individuals with NF1 and 
primary care physicians is needed to achieve this goal. 

Since the results indicate that the youngest age groups have been diagnosed more 
comprehensively than their parents, the situation is already likely improving, and the 
observed prevalence of NF1 will likely be higher a decade later. However, most 
studies on the prevalence of NF1, including the present Study I, are based on 
hospital-based ascertainment and may therefore be inclined to include individuals 
with the most severe NF1-related disease manifestations. As the diagnostic 
sensitivity is increasing in the youngest age groups, also the milder NF1 may be 
diagnosed more often. When treating these individuals, it is important to remember 
that the risk estimates based on older NF1 cohorts may overestimate the risks for 
comorbidities due to the selection bias. 

6.1.2 Breast cancer risk associated with NF1 
The results related to the breast cancer risk of individuals with NF1 have clinical 
implications. A marked breast cancer risk was observed among women with NF1 
already after 30 years of age, as the risk for being diagnosed with breast cancer at 
age 30–39 was 4.7% (95% CI 1.5–7.9%). The result is in concordance with other 
studies showing a significantly increased risk for breast cancer among women with 
NF1 after 30 years of age (Walker et al., 2006; Sharif et al., 2007; Madanikia et al., 
2012; Wang et al., 2012; Seminog and Goldacre, 2015). Notably, the 18% absolute 
risk for breast cancer by 85 years of age is higher than the lifetime risk of 7.5–16% 
for MPNST in NF1 (McGaughran et al., 1999; Evans et al., 2002; Ingham et al., 
2011; Uusitalo et al., 2016). Moreover, the risk for contralateral breast cancer was 
markedly high among individuals with NF1 after the first breast cancer. Given the 
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high breast cancer incidence in NF1, it remains to be elucidated whether having a 
history of breast cancer indicates an increased risk for a second breast cancer, or 
whether the rate of contralateral breast cancer only reflects the high baseline 
incidence of breast cancer in NF1. 

In accordance with other studies (Uusitalo et al., 2016; Yap et al., 2018; Suarez-
Kelly et al., 2019), also the survival after NF1-associated breast cancer was poor. 
The comparison cohort of Study III consisted of women undergoing enhanced 
screening due to familial risk for breast cancer in Manchester and it does not 
represent breast cancer in the general population. However, the combined 5-year 
survival rate of 65% in the four unscreened NF1 cohorts was also poor compared to 
previous reports of a 5-year survival of 80–87% after breast cancer in the general 
population (Allemani et al., 2018). The tumors often displayed poor prognostic 
factors, and it is thus evident that breast cancers in individuals with NF1 need to be 
detected at an earlier stage to improve the prognosis. Unfortunately, the relapse-free 
survival after NF1-related breast cancer could not be examined in Studies II and III 
due to the lack of sufficiently detailed follow-up data. 

It has been suggested that the breast cancer screening of individuals with breast 
cancer-predisposing gene variants should be started at the age when the risk exceeds 
that of the general population being routinely screened (Tung et al., 2016). In 
Finland, women aged 50–69 years undergo mammography screening (Sarkeala et 
al., 2008a), and the risk for being diagnosed with breast cancer at ages 50–59 years 
is 2.6% in the general population (Study II). Consequently, the results suggest that 
women with NF1 should be screened with mammography starting at the age of 30. 
However, the efficacy of mammography screening of young women with NF1 is 
currently poorly known (Stewart et al., 2018; Maani et al., 2019). Young women 
have radiologically dense breasts which reduces the diagnostic sensitivity of 
mammography (Burton et al., 2017). Cutaneous neurofibromas may further interfere 
with image analysis (Zhou et al., 2012; Da Silva et al., 2015; Howell et al., 2017). 
The cumulative dose of ionizing radiation caused by repeated mammography has 
also been a concern in NF1 (Sharif et al., 2006; Evans, 2012). Biennial screening 
would reduce the radiation dose compared to annual examinations, yet longer 
screening interval may lead to more interval cancers and a higher tumor stage at 
diagnosis especially if the cancers display aggressive phenotype. 

A simulation study estimated that the ionizing radiation associated with annual 
screening mammography at the ages 30–80 causes 36–46 breast cancer deaths per 
100,000 screened women in the general population, while the corresponding 
mortality rates are 27–35 and 10–12 for women screened at the ages of 35–80 and 
50–80 years, respectively (Hendrick, 2010). Thus, the start of annual screening 
mammography at the age of 30 instead of 50 years would cause 26–34 breast cancer-
related deaths per 100,000 women in the general population. Similarly, the start of 
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screening at 35 years of age could be related to 17–23 additional deaths. Another 
simulation estimated rates of 16 and 7 breast cancer deaths per 100,000 women in 
the general population, if annual mammography screening is performed at the ages 
of 40–74 or 50–74 years, respectively (Miglioretti et al., 2016). Importantly, the 
modeling estimated that the rates of breast cancer deaths avoided owing to the 
screening are 968 and 819 per 100,000 women in the age ranges of 40–74 and 50–
74 years, respectively. Therefore, these simulations clearly show the benefit of 
mammography screening and support its initiation already at 40 years of age. 
Extrapolating these figures for women with NF1 is difficult, yet the large gap 
between the numbers of radiation-induced and screen-prevented deaths suggests that 
the screening is likely beneficial also in NF1. Cutaneous neurofibromas may increase 
the need for follow-up imaging (Howell et al., 2017; Maani et al., 2019), which 
further increases the radiation dose and thereby the risk for radiation-induced 
carcinogenesis (Miglioretti et al., 2016). Moreover, data from animal models suggest 
that NF1 may increase radiation-induced tumorigenesis (Chao et al., 2005; 
Nakamura et al., 2011; Choi et al., 2012). 

Nevertheless, mammography screening for women with NF1 at ages of greater 
than 30 years is already recommended in, for example, the USA (Daly et al., 2018). 
In Finland, annual breast MRI is recommended for women with NF1 at ages 30–50 
and mammography starting at age 35 (Suomen Rintasyöpäryhmä Ry, 2021). The 
accumulating experience will elucidate the effectiveness of the different screening 
approaches. The excellent breast cancer-specific survival observed in the Padua 
cohort with enhanced screening since the age of 45 years (Study III) suggests that 
earlier start of screening may indeed be beneficial. However, to verify the benefit of 
screening, a reduction in breast cancer mortality should be observed. Women with 
NF1 can also be encouraged to perform regular breast self-examination, yet the 
efficacy of this practice remains to be elucidated (Kösters and Gøtzsche, 2003; 
Nelson et al., 2009). Nevertheless, women with NF1 should be educated about their 
breast cancer risk. Both the patients and their physicians need to bear in mind that a 
new breast lump always requires proper examination. This is particularly important 
since cutaneous and subcutaneous neurofibromas are frequent in women with NF1 
and may confuse the evaluation. 

The true risk for breast cancer likely varies between women with NF1, since the 
NF1 phenotype overall is highly variable. The risk conferred by different pathogenic 
variants of breast cancer risk genes may differ even among protein truncating 
variants, and the effects of missense variants are even more challenging to predict 
(Easton et al., 2015). Identification of the germline NF1 variants causing the greatest 
increase in breast cancer risk would allow targeting of screening efforts and would 
thus reduce the harms associated with radiation and the psychological burden of 
cancer screening. However, currently available evidence does not allow stratification 
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of women with NF1 by their breast cancer risk. The overall risk for breast cancer 
among women with NF1 can be termed moderate, and the risk is smaller than, for 
example, the risk for breast cancer among carriers of pathogenic variants of PALB2, 
CHEK2, or BRCA1/2 (Easton et al., 2015). Common variants of other genes, as 
measured by a polygenic risk score, significantly modify the breast cancer risk of 
women with a pathogenic variant of PALB2 (Mars et al., 2020). Genes other than 
NF1 may also modify the breast cancer risk in the case of NF1. While the roles of 
polygenic risk scores and specific modifier-genes in NF1-associated breast cancer 
risk have not been identified, family history needs to be taken into account when 
considering, for example, a contralateral risk-reducing mastectomy.  

6.2 The role of the NF1 gene in breast cancer 
evolution 

In Study II, somatic NF1 alterations in sporadic primary breast cancers were 
associated with a similar pattern of poor survival, decreased hormone receptor 
positivity, and an increased frequency of ERBB2 amplifications as breast cancers 
occurring in women with NF1. The concordance of these observations suggests that 
they are due to the loss of NF1 in breast cancer cells. While it is plausible that the 
NF1-haploinsufficient microenvironment, present in individuals with NF1 due to the 
pathogenic germline NF1 variant, can also affect cancer progression, the 
microenvironment does not seem to be a necessary contributor to the poor prognosis 
and prognostic factors observed in Study II. The association between NF1 and HER2 
positivity was also observed in the five combined NF1 cohorts in Study III, yet the 
rate of estrogen receptor positivity was only non-significantly decreased. However, 
the association of NF1 with hormone receptor negativity and HER2 positivity of 
breast cancer has been reported also in other studies (Wang et al., 2016; Yap et al., 
2018; Landry et al., 2021), and taken together, the phenomenon seems to be 
reproducible and real. Similar to NF1, also the pathogenic germline variants of 
BRCA1 are associated with hormone receptor-negative breast cancer (Foulkes et al., 
2004; Lakhani et al., 2005), and pathogenic germline variants of TP53 are linked to 
ERBB2 amplifications (Wilson et al., 2010; Masciari et al., 2012). 

6.2.1 The NF1 gene and resistance to hormonal therapy 
In addition to the present study, also others have reported that somatic alterations of 
the NF1 gene are frequent in breast cancers of the general population (Wallace et al., 
2012; Yap et al., 2018). Moreover, the observation of breast cancers with somatically 
acquired NF1 deficiency being often hormone receptor-negative and HER2-positive 
has been reproduced in multiple studies (Dischinger et al., 2018; Griffith et al., 2018; 
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Razavi et al., 2018; Yap et al., 2018). While the TCGA dataset represents primary 
breast cancers, somatic NF1 mutations have often been observed especially in 
advanced breast cancers (Razavi et al., 2018; Angus et al., 2019; Bertucci et al., 
2019; Sokol et al., 2019; Pareja et al., 2020; Pearson et al., 2020; Huang et al., 2021). 
The higher frequency of NF1 mutations in a metastatic than in a primary setting 
could be related to, for example, an initial treatment resistance or an aggressive 
phenotype (Sokol et al., 2019). However, several studies have found a higher 
frequency of NF1 alterations at metastatic sites than in matched primary tumors 
(Keene et al., 2018; Razavi et al., 2018; Fumagalli et al., 2020; Richard et al., 2020; 
Akcakanat et al., 2021). This suggests that somatic NF1 loss is associated with the 
acquisition of treatment resistance in sporadic breast cancer (Yates et al., 2017; 
Razavi et al., 2018; Fumagalli et al., 2020). While NF1 alterations are apparently 
associated with hormone receptor negativity in primary breast cancer, especially 
hormone receptor-positive cancers seem to acquire NF1 mutations during cancer 
progression (Yates et al., 2017; Angus et al., 2019; Pearson et al., 2020). It has also 
been suggested that NF1 mutations would be more frequent in advanced lobular 
breast cancers than in ductal carcinomas, which may be related to the high frequency 
of hormone receptor positivity in lobular tumors (Sokol et al., 2019; Pareja et al., 
2020). These observations suggest that the treatment of hormone receptor-positive 
breast cancers with anti-estrogen therapy provides NF1-deficient cells an 
evolutionary benefit. Thus, an initial NF1 deficiency often yields the primary breast 
cancer as hormone receptor-negative, yet an initially hormone receptor-positive 
breast cancer with normal NF1 may acquire NF1 alterations during disease 
progression. 

Somatic NF1 deficiency has indeed been reported to be associated with gene 
expression patterns related to endocrine therapy resistance (Dischinger et al., 2018; 
Pearson et al., 2020). Mutations of the ESR1 gene encoding the estrogen receptor are 
a mechanism of resistance to endocrine therapy (Razavi et al., 2018; Pearson et al., 
2020), and NF1 deficiency has been reported to be mutually exclusive with ESR1 
mutations (Razavi et al., 2018; Sokol et al., 2019; Angus et al., 2019; Fumagalli et 
al., 2020; Pareja et al., 2020; Pearson et al., 2020). This suggests that NF1-mutant 
cancer cells gain no further benefit of ESR1 mutations, and vice versa, indicating a 
role for NF1 loss in the acquisition of endocrine therapy resistance in breast cancer 
(Griffith et al., 2018). Supporting this hypothesis, a study reported that the 
prevalence of somatic NF1 mutations in breast cancer after endocrine therapy such 
as treatment with tamoxifen or aromatase inhibitor is twice as high as prior to 
hormonal therapy (Razavi et al., 2018). Somatic NF1 mutations may therefore be a 
mechanism of tamoxifen resistance in breast cancer (Griffith et al., 2018; Razavi et 
al., 2018; Sokol et al., 2019; Pearson et al., 2020; Zheng et al., 2020). 



Roope Kallionpää 

 70 

An in vitro study found that NF1 silencing yields resistance to tamoxifen and to 
estrogen deprivation (Pearson et al., 2020). NF1 knockdown reduces estrogen 
receptor expression, while it increases MAPK pathway activation and upregulates 
cyclin D1 expression driving resistance to endocrine therapy such as tamoxifen or 
estrogen deprivation (Pearson et al., 2020). Another mechanistic study found that 4-
hydroxytamoxifen stimulates the growth of estradiol-deprived breast cancer cells 
both in vitro and when xenografted into nude mice, if the NF1 gene is silenced 
(Zheng et al., 2020). The effect is only seen in estrogen receptor-positive breast 
cancer cells. Normally, 4-hydroxytamoxifen acts as an antagonist of cell growth. The 
NF1 knockdown also modulates the effects of estradiol and 4-hydroxytamoxifen on 
gene expression. Neurofibromin protein contains estrogen receptor co-repressor 
motifs that normally downregulate the response to estrogen (Zheng et al., 2020). 
Consequently, NF1 deficiency reduces the downregulation of estrogen receptor 
activity. The results suggest that tamoxifen treatment of NF1-deficient breast cancer 
can even be detrimental (Zheng et al., 2020). 

In concordance with the idea of endocrine therapy resistance induced by somatic 
NF1 mutations, somatic NF1 mutations have been found to be associated with lower 
survival compared with NF1-wild-type tumors in sporadic, hormone receptor-
positive breast cancer (Griffith et al., 2018; Bertucci et al., 2019; Pearson et al., 
2020), independent of tumor grade and disease stage (Griffith et al., 2018). 
Moreover, NF1 deletions are also associated with a high tumor grade, stage, and size 
in addition to worse survival (Dischinger et al., 2018). Low NF1 expression detected 
in biopsies taken prior to the initiation of tamoxifen therapy is associated with an 
increased risk for distant metastasis independent of other prognostic markers 
(Mendes-Pereira et al., 2012). In addition to the signaling contributing to endocrine 
therapy resistance, NF1 loss has been suggested to be associated with epithelial-to-
mesenchymal transition in cell models (Zheng et al., 2020). NF1 silencing increases 
the expression of transcription factors inducing epithelial-to-mesenchymal transition 
in MCF7 and T47D breast cancer cell lines (Arima et al., 2010). 

Taken together, initially hormone receptor-positive breast cancer can acquire 
resistance to anti-estrogen therapy via somatic NF1 mutations during the disease 
progression, which suggests that NF1-deficient breast cancer cells can prosper 
without or at low levels of hormone stimulation. This phenomenon likely explains 
the high rate of hormone receptor negativity in breast cancers of individuals with 
NF1, which was observed in Study II. Since individuals with NF1 are born with a 
germline pathogenic variant of the NF1 gene, their breast cancers are NF1-deficient 
already at the beginning of tumorigenesis. This enables a relative independence of 
hormone receptors leading to low estrogen and progesterone receptor expression 
already in the primary tumor. The findings highlight that the order of mutations 
leading to malignant transformation guide the tumor phenotype, as an initial NF1 
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deficiency leads to hormone-independent tumors, while initially NF1-wild-type 
tumor expressing the estrogen receptor may gain an evolutionary benefit upon NF1 
loss, especially when endocrine therapy leads to the selection of hormone-
independent cells. As observed in Studies II and III focusing on breast cancer in NF1, 
individuals with NF1 can also have hormone receptor-positive breast cancers, which 
suggests that estrogen receptor expression may still be beneficial for the cancer cells 
in some genetic contexts, or NF1 variants may differ in terms of their effects on 
hormone receptor signaling. The poor survival observed in association with both 
somatically NF1-deficient sporadic breast cancer, and breast cancer of women with 
NF1 may be partly explained by the effects of NF1 deficiency on estrogen signaling, 
as suggested by the agonistic action of tamoxifen in NF1-deficient cells reported by 
Zheng and colleagues (2020). Understanding the causal role of the NF1 gene in 
breast cancer evolution should receive a high priority in future research, since it can 
affect the treatment of NF1-deficient breast cancers both in association with the NF1 
syndrome and in sporadic settings. 

6.2.2 MAPK pathway activation and resistance to hormonal 
therapy 

The effects of NF1 deficiency on hormone signaling are partly mediated by the 
MAPK pathway (Razavi et al., 2018; Pearson et al., 2020; Zheng et al., 2020). 
Similar to the downregulation of estrogen receptor expression by NF1 deficiency 
(Pearson et al., 2020), such an effect can also be caused by other mechanisms of 
MAPK pathway activation, such as constitutively active Ras or MEK (Creighton et 
al., 2006). Tamoxifen, fulvestrant, and estradiol deprivation fail to reduce the ERK 
and Akt phosphorylation induced by NF1 knockdown in breast cancer cell lines 
(Mendes-Pereira et al., 2012; Pearson et al., 2020). The Ras–Raf–MEK–ERK 
activation resulting from NF1 loss confers resistance to anti-estrogen therapy, and 
Raf, MEK, or ERK inhibition can restore the sensitivity to hormonal therapy 
(Mendes-Pereira et al., 2012; Razavi et al., 2018; Pearson et al., 2020; Zheng et al., 
2020). MEK inhibition for recovering sensitivity to endocrine therapy can be 
achieved via, for example, trametinib or selumetinib (Pearson et al., 2020; Zheng et 
al., 2020). 

Mutations of also MAPK pathway genes other than NF1, such as ERBB3, KRAS, 
HRAS, BRAF, and MAP2K1, have been found to be mutually exclusive with ESR1 
mutations and to enrich after endocrine therapy of hormone receptor-positive breast 
cancer (Razavi et al., 2018). Alterations of the MAPK pathway are associated with 
poor progression-free survival compared with wild-type cancers when treated with 
an aromatase inhibitor or selective estrogen receptor degrader (Razavi et al., 2018). 
Moreover, epidermal growth factor receptor overexpression confers resistance to 
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fulvestrant (Razavi et al., 2018). When a MCF7 breast cancer cell line was modified 
to display MAPK hyperactivation, the expression of several genes involved in 
estrogen receptor signaling and estradiol response was similarly altered irrespective 
of the genetic event leading to MAPK hyperactivation (Creighton et al., 2006). 

6.2.3 The interplay between NF1 and ERBB2 
In Study II, a positive association between NF1 alterations and ERBB2 
amplifications was observed in breast cancers of women with NF1 and in sporadic 
primary breast cancers included in the TCGA dataset. A later study found that 
somatic NF1 deficiency is also associated with higher HER2 expression among 
tumors with ERBB2 amplification as compared to ERBB2-amplified tumors with 
normal NF1 (Wang et al., 2018b). The association between NF1 deficiency and 
HER2 expression remained unclear in tumors without ERBB2 amplification, since 
the NF1 deficiency was often caused by deletions spanning also the ERBB2 locus 
(Wang et al., 2018b). Another study reported that somatic NF1 frameshift or 
nonsense mutations are frequent in HER2-enriched breast cancer without ERBB2 
amplification (Griffith et al., 2018). These observations further highlight that NF1-
deficient breast cancer often upregulates HER2 expression either through the 
amplification of the ERBB2 gene, as in Study II, or increased transcription. 

Neurofibromin is a negative regulator of the MAPK pathway, and the pathway 
can be activated by HER2 (Figure 1). It can thus be hypothesized that early NF1 loss, 
such as a germline pathogenic NF1 variant or somatically acquired NF1 deficiency 
that is already present in the primary tumor, molds the cancer cells dependent on the 
MAPK pathway. Such MAPK-dependent cells would gain a growth benefit by 
HER2 amplification or overexpression. On the other hand, an initially ERBB2-
amplified breast cancer may acquire resistance to HER2 inhibition via loss of NF1 
(Smith et al., 2021). This implies that the somatic loss of NF1 can make cell growth 
independent of HER2, which is discordant with the idea of an evolutionary benefit 
upon HER2 upregulation in cells with an initially high MAPK pathway activation. 
However, the apparent discrepancy may be related to the neurofibromin dose: cells 
with the loss of one NF1 allele may gain a growth advantage upon increased HER2 
activity, yet biallelic loss of NF1 can render HER2 activation obsolete. 

6.2.4 Alterations of the NF1 gene in breast carcinogenesis 
While it seems clear that NF1 deficiency has profound effects on the cell signaling 
in breast cancer and breast cancer evolution, reflected in the hormone receptor and 
HER2 status, the high risk for breast cancer of women with NF1 observed in Studies 
II and III calls for further explanations. One obvious contributor is the germline loss 
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of one allele of the NF1 tumor suppressor gene that takes the breast cells one step 
towards tumorigenesis. In the tumorigenesis of cutaneous and plexiform 
neurofibromas, a somatic NF1 second-hit mutation in the healthy allele or loss-of-
heterozygosity is a crucial step (Maertens et al., 2006a). Studies examining the NF1 
status of NF1-associated breast cancer are scarce, yet NF1 second-hit mutations or 
loss-of-heterozygosity have been observed in some breast cancers of individuals 
with NF1 (Güran and Safali, 2005; Yap et al., 2018). A research group observed 
somatic NF1 loss-of-heterozygosity in 4/9 NF1-related breast cancers studied (Wang 
et al., 2018b). This is well in accordance with the 2–4-fold overall risk for breast 
cancer associated with the NF1 syndrome in Study II and in previous reports (Table 
5). Since there is no reason to believe that individuals with NF1 would be protected 
from the pathogenic mechanisms occurring in sporadic breast cancers, 25–50% of 
their breast tumors would occur irrespective of the NF1 syndrome. The NF1 
syndrome can therefore be considered the underlying reason of approximately half 
of the tumors, which is consistent with the 44% rate of NF1 loss-of-heterozygosity 
observed by Wang and co-workers (2018b). 

While the somatic inactivation of the healthy NF1 allele is considered a 
necessary step in the pathogenesis of neurofibromas (Jouhilahti et al., 2011), a mouse 
study reporting recurrent spontaneous Nf1 deletions in mammary tumors found a 
homozygous deletion only in half of the cases suggesting that already the loss of one 
Nf1 allele drives tumorigenesis (Wallace et al., 2012). This conclusion is supported 
by a study on NF1 mutations in sporadic breast cancer, where the NF1 loss was 
heterozygous in 20% of NF1-mutant cancers (Sokol et al., 2019). Experiments based 
on breast cancer cells have demonstrated that partial NF1 silencing affects the cell 
phenotype highlighting the contribution of heterozygous NF1 loss (Pearson et al., 
2020). Obviously, the pathogenicity of heterozygous NF1 loss is also supported by 
the various consequences of germline loss of one NF1 allele in individuals with the 
NF1 syndrome. Frayling and co-workers (2019) suggested that the dimerization of 
neurofibromin could explain why already the loss of one NF1 allele leads to 
haploinsufficiency and has major consequences. A faulty protein product can 
dimerize with unaffected neurofibromin and yield inactive dimers, thereby 
theoretically reducing the protein activity down to 25% instead of the 50% expected 
after loss of one allele (Frayling et al., 2019; Sherekar et al., 2020). 

6.3 NF1 deficiency and energy metabolism 
Study IV revealed that individuals with NF1 are at a decreased risk for diabetes, in 
general, and for type 2 diabetes in particular. These findings are corroborated by a 
previous Danish study that reported a significantly decreased risk for hospitalizations 
related to type 1 diabetes and a non-significantly decreased risk for hospitalizations 
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related to type 2 diabetes (Kenborg et al., 2020). The results are also concordant with 
the previously reported low proportions of diabetes-related deaths in NF1 
(Rasmussen et al., 2001; Masocco et al., 2011) and the decreased rate of diabetes-
related insurance claims among individuals with NF1 (Madubata et al., 2015). The 
decreased risk for type 2 diabetes likely reflects the same process as the previous 
reports on lower fasting blood glucose levels, increased insulin sensitivity, and a 
higher resting energy expenditure in NF1 compared to controls (de Souza et al., 
2015, 2019; Martins et al., 2016, 2018). These phenomena could be partly due to 
NF1-related tumors since even the benign tumor mass likely consumes energy. 
However, similar phenotypes have been reported in other RASopathies, which 
suggests a mechanism unrelated to neurofibromas. Individuals with Costello 
syndrome, who have an activating variant of the HRAS gene, show increased resting 
energy expenditure compared to age- and sex-matched controls (Leoni et al., 2016). 
Moreover, individuals with Costello syndrome, Noonan syndrome, or Noonan 
syndrome with multiple lentigines show a decreased mean weight and a reduced rate 
of obesity (Binder et al., 2012; Tajan et al., 2014; Leoni et al., 2016). Mouse models 
of NF1 and Noonan syndrome with multiple lentigines have demonstrated higher 
insulin sensitivity and better glucose tolerance than seen in control mice (Tajan et 
al., 2014; Tritz et al., 2021). 

Together, these findings suggest that the low risk for type 2 diabetes observed in 
NF1 likely represents a more general association of the Ras pathway with energy 
metabolism, and that the lower risk for diabetes observed in NF1 is related to the 
Ras-GAP function of neurofibromin. This is fully concordant with the known 
pathways of downstream signaling activated by receptor tyrosine kinases (Figure 1). 
However, the role of Ras activation has not received as much attention as the direct 
signaling route through PI3K in the regulation of insulin sensitivity (Saltiel, 2021). 
NF1 haploinsufficiency in NF1; activating variants of HRAS in Costello syndrome; 
and activating variants of, for example, SOS1, KRAS, or NRAS in the Noonan 
syndrome have a role upstream of Raf and PI3K, and thus their effects on insulin 
sensitivity can be ultimately mediated through PI3K. However, the lean phenotype 
observed in the murine model of Noonan syndrome with multiple lentigines was 
partially reversed upon MEK inhibition (Tajan et al., 2014). In mouse embryonic 
fibroblasts, loss of neurofibromin led to altered mitochondrial function via ERK 
phosphorylation (Masgras et al., 2017). The role of ERK phosphorylation was also 
highlighted in a study that identified an association between the gain-of-function 
variants of the MC4R gene and a reduced risk for type 2 diabetes (Lotta et al., 2019). 
In another study, MAPK pathway proteins mediated the decreased risk for type 2 
diabetes conferred by AKNRD55 variants (Morris et al., 2012). 

The presence of similar changes in energy metabolism in multiple conditions 
associated with Ras pathway hyperactivation, the reversal of these characteristics 
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upon MEK inhibition in a murine model, and other reports on the association of the 
MAPK pathway with protection against type 2 diabetes suggest that also the Raf–
MEK–ERK pathway mediates the effect of, for example, NF1 deficiency on insulin 
sensitivity and not only the PI3K–Akt–mTOR pathway. Interestingly, a study on 
HER2-positive breast cancer found that the somatic loss of NF1 can drive a shift of 
pathway dependence from PI3K–Akt–mTOR to the MAPK pathway (Smith et al., 
2021). The hypothesis regarding the important role of the MAPK pathway in 
mediating the effects of insulin is also supported by data from the clinical trials of 
the MEK inhibitor, selumetinib, in the treatment of tumors in individuals with NF1. 
Weight gain has been reported as an adverse effect of selumetinib (Klesse et al., 
2020; Fangusaro et al., 2019, 2021), and grade 1–2 hyperglycemia was reported in 
20% of children treated for low-grade glioma (Fangusaro et al., 2019). Among the 
clinically approved MEK inhibitors, selumetinib provides a particularly interesting 
case, since it is used for the treatment of NF1-associated benign tumors and is 
therefore free of the bias caused by cancer cachexia, which complicates the 
evaluation of weight gain in the treatment of malignant tumors. 

Taken together, the findings of Study IV and previous reports in NF1 and other 
RASopathies, the murine experiments, and the adverse events observed in 
selumetinib trials highlight the role of the Ras pathway and also the MAPK route in 
the regulation of insulin sensitivity. While this may be due to crosstalk with PI3K or 
directly mediated by the MAPK cascade, the risks for weight gain and 
hyperglycemia need to be considered in future clinical trials of Raf, MEK, and ERK 
inhibitors. 

Type 2 diabetes and breast cancer have shared environmental and genetic risk 
factors (Boyle et al., 2012; Barnard et al., 2015; Rojas and Stuckey, 2016; Zhao et 
al., 2016; Zheng et al., 2018). Interestingly, NF1 decreased the risk for diabetes and 
increased the risk for breast cancer. These opposite effects further support the 
hypothesis that NF1 affects specific pathogenic processes instead of environmental 
factors affecting both diabetes and breast cancer. Similar opposite effects on the risk 
for breast cancer and diabetes have previously been reported for the FTO and PRC1 
genes (Zhao et al., 2016). 

6.4 NF1-related alterations in circulating free 
plasma DNA 

The analysis of plasma cfDNA in general holds a great promise for cancer screening, 
targeting of therapy, and monitoring of treatment response (Cristiano et al., 2019; 
Ignatiadis et al., 2021). In addition to oncology, non-invasive prenatal testing has 
become an important application of cfDNA analysis. The benefits of cfDNA-based 
methods in the context of NF1 could be multiple if the method was proven feasible 
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and reliable despite the NF1 syndrome. Individuals with NF1 are at a highly 
increased risk for cancer (Uusitalo et al., 2016), and new methods for the earlier 
detection of developing tumors are urgently needed to improve the prognosis. This 
is the case in common cancers frequently seen in NF1, such as breast cancer, yet 
especially the transformation of a benign plexiform neurofibroma into an MPNST is 
a long-standing problem. Traditional biopsies of plexiform neurofibromas are 
problematic, since the localization of the tumors in the close vicinity of nerves 
increases the risk for adverse events. Moreover, traditional biopsy likely misses the 
intratumor heterogeneity, i.e., most of the tumor may still be benign, while some 
cells have undergone malignant transformations. Assays based on cfDNA could 
mitigate these problems. Interestingly, a recent trial found differing tumor fractions 
in cfDNA in individuals with MPNST and individuals with benign plexiform 
neurofibroma only (Szymanski et al., 2021). Moreover, the authors could 
differentiate individuals with MPNST from those with plexiform neurofibroma 
using copy-number alterations detected in cfDNA. 

As shown by the breast cancer characteristics in Studies II and III, NF1-
associated cancers may follow a specific evolutionary path due to the germline NF1 
variant (Section 6.2), which highlights the need for studying cancer somatic 
mutations in both clinical and research settings. The analysis of cfDNA would allow 
a comprehensive characterization of the full tumor mutational spectrum in the patient 
(Heitzer et al., 2015; Ignatiadis et al., 2021). 

While Study V only focused on cfDNA concentration, an ideal study would 
characterize specific genetic alterations, such as somatic mutations and copy number 
alterations. This would allow answering questions regarding malignant 
transformation and tumor burden. However, the sensitivity of the molecular analysis 
of cfDNA depends on the baseline concentration of cfDNA that represents the 
background for the detection of tumor-specific signals (Ignatiadis et al., 2021). 
Therefore, knowing the baseline level of cfDNA is a prerequisite of detailed cfDNA-
based assays. Since cfDNA concentration may not increase only because of tumors, 
but it may be associated with, for example, inflammation (Schwarzenbach et al., 
2011; Heitzer et al., 2015), the concentration assay alone is not specific to tumors. 
The length distribution of tumor-derived cfDNA has been suggested to differ from 
cfDNA from healthy individuals, yet the direction of association may be tumor type-
specific (Wu et al., 2002; Wang et al., 2003; Umetani et al., 2006a, 2006b; Thierry 
et al., 2010; Mouliere et al., 2018; Ossandon et al., 2018; Cristiano et al., 2019). 
Analysis of the fragment length and its distribution could improve the specificity of 
cfDNA analysis even if sequencing was not possible. 

The small sample size in the present study did not allow conclusive evidence 
regarding the contribution of NF1 overall or plexiform neurofibromas on cfDNA 
concentration. Another caveat was relying only on clinical information about the 
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presence of plexiform neurofibromas. The association of cfDNA and plexiform 
neurofibromas should be explored in a larger sample where all participants would 
have been imaged with whole-body MRI at some point of their life, which would 
allow reliable stratification by the presence of plexiform neurofibromas. 

6.5 Limitations of the study 
Publications I–V of the present thesis were based on individuals who have visited 
secondary or tertiary health care because of their NF1. The hospital-based 
ascertainment may bias the material towards those with severe disease 
manifestations. Individuals with very mild NF1-related manifestations may not have 
been diagnosed with the disease, or they have only been treated in primary care. 
Moreover, individuals can also be missed because of an unusual disease phenotype 
and not fulfilling the diagnostic criteria for NF1, which may be the case in, for 
example, the spinal subtype of NF1 (Poyhonen et al., 1997; Ruggieri et al., 2015; 
Legius et al., 2021). Studying this cohort may therefore result in overestimation of 
the NF1-related risks. In the study focusing on the prevalence of NF1 (Study I), it 
was estimated that approximately half of all the individuals with NF1 in Finland are 
included in the cohort. If the risk for various comorbidities was at the general 
population level in the missing half of individuals with NF1, for instance, the point 
estimate of the SIR for breast cancer would be 1.91, which still indicates an almost 
two-fold risk. It is, however, unlikely that only the individuals with mild NF1 
phenotype would be missing from the cohort or that those with mild phenotype 
would carry no excess risk for NF1-related complications. The results regarding 
diabetes (Study IV) indicate that the Finnish NF1 cohort is not extensively biased, 
because if the individuals included in the cohort were highly morbid, it would be 
difficult to detect a decreased risk for any condition. It should also be noted that the 
results represent a description of the NF1 population seen in specialized health care 
and can therefore be used, as such, for purposes like genetic counselling. Despite the 
hospital-based ascertainment, these population-based results are likely more 
representative of NF1 as a whole than estimates obtained using material from single 
very specialized NF1 clinics. 

Studies I–IV were register-based, while the data for Study V were generated with 
laboratory measurements and extracted from medical records. Register-based data 
can always be subject to bias related to recording of the information. The prevalence 
of NF1 was studied using the comprehensive Finnish Population Register Centre 
data on births, deaths, and emigration, yet the NF1 cohort may show bias towards 
more severe phenotypes, as described above. The breast cancer risk in NF1 was 
examined using data from the Finnish Cancer Registry. The Finnish Cancer Registry 
collects information on cancer diagnoses from clinicians, pathology laboratories, and 
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death certificates. As a result, the register is highly comprehensive in most cancer 
types, including breast cancer (Leinonen et al., 2017). In contrast, the Care Register 
for Health Care, that was utilized for studying diabetes, is not curated, as it directly 
records the clinical diagnosis codes collected from hospitals. Consequently, the 
material may contain misregistered diagnosis codes, such as inaccurate codes and 
typographical errors. If a patient has a severe and acute disorder, former and non-
acute diseases may not be recorded. The diagnosis codes may also represent a mere 
suspicion of a disease. During the time period examined in this study, the Care 
Register for Health Care did not cover primary outpatient care where most patients 
with diabetes are treated. To overcome these uncertainties, diagnosis of type 1 
diabetes was confirmed with a purchase of insulin, and individuals with any type of 
diabetes or type 2 diabetes were also searched based on purchases of anti-diabetic 
medication. The Drug Reimbursement Register is relatively reliable for identifying 
individuals with relevant prescriptions, and it is reasonable to assume that a 
prescription indicates the diagnosis of a related disease. On the other hand, the Drug 
Reimbursement Register does not reveal whether the patients have actually used the 
prescribed medication. 

The early mortality associated with NF1, demonstrated in Study I, complicates 
the comparisons between individuals with NF1 and the general population. Since 
individuals with NF1 die on average at a younger age than the general population, 
detecting diseases that become more common at an older age is difficult. For 
example, prior observations of a decreased risk for diabetes in NF1 were made in 
cross-sectional settings and could therefore have been caused by the lower number 
of live individuals with NF1 in the age groups where type 2 diabetes becomes 
common. However, the problem can be overcome by computing SIR as in the case 
of breast cancer (Study II) and by performing age-dependent analysis using patient-
specific person-time as in the studies on prevalence and diabetes (Studies I and IV). 

In Study III, five cohorts were combined to estimate the prognosis of breast 
cancer and the risk for contralateral breast cancer in NF1. International collaboration 
was necessary to obtain a sufficient number of patients for a reliable estimation of 
contralateral breast cancer risk. However, the five cohorts were highly 
heterogeneous and caution is therefore needed when interpreting the findings. Two 
of the cohorts, the Finnish and Manchester cohorts, are population-based and 
encompass individuals with NF1 who have been treated in secondary or tertiary 
health care. The other three cohorts – Paris, Hamburg, and Padua – are derived from 
specialized NF1 clinics and may not be equally representative of the whole 
population with NF1. Patients seen in these clinics may be more aware of the risks 
associated with NF1 than other individuals with NF1, they may receive targeted 
surveillance, have more frequent health care contacts, and an overall better 
socioeconomic status. Thus, although no deaths due to breast cancer were observed 
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in the Padua cohort with enhanced breast cancer screening, the result is not 
necessarily merely representative of the effects of the enhanced screening protocol 
but may also be due to biased selection of patients or overall better awareness of the 
breast cancer risk. 

The limitations of Study V on cfDNA are related to both the sample size and 
methods of cfDNA measurement. Because of the small numbers of individuals with 
NF1 and controls enrolled in the study, the full spectrum of NF1 manifestations 
potentially affecting cfDNA concentration could not be examined. Moreover, the 
small cohort had insufficient statistical power for detecting associations of cfDNA 
level and specific NF1 features, such as plexiform neurofibromas or optic pathway 
gliomas. It also remains to be explored whether the interaction of NF1 and age is a 
coincidence observed in this small-scale study, or due to, for example, age-related 
alterations in the immune system or neurofibroma tumor burden. Laboratory 
measurements are always subject to uncertainty. Each sample was measured in 
duplicate, yet no technical replicates of cfDNA extraction were included. The 
cfDNA measurements were solely fluorescence based. The assay method is specific 
to double-stranded DNA, yet the integrity or purity of cfDNA were not assessed. 
While fluorescence-based methods for the quantification of double-stranded DNA 
allow the detection of non-amplifiable DNA, future studies should confirm the 
findings using quantitative real-time polymerase chain reaction. The cfDNA 
concentrations were normalized relative to the total plasma protein concentration in 
order to control for plasma dilution during sample processing. While this 
normalization can correct for variation in sample processing, it could also introduce 
bias in cases where plasma protein concentration and cfDNA correlate. However, 
the analysis results were highly concordant using both the normalized and plain 
cfDNA. 

6.6 Future perspectives 
The characteristic disease manifestations related to NF1 such as neurofibromas, café-
au-lait macules, and skeletal defects are well known. However, the incidence of 
many common diseases among individuals with NF1 is only beginning to emerge. 
The effect of NF1 on the risk for breast cancer is not surprising given the known 
function of neurofibromin as a tumor suppressor protein, yet NF1 also alters the risks 
for dementia (Uusitalo et al., 2015; Kallionpää et al., 2021a), behavioral and 
cognitive disorders (Vogel et al., 2017; Johansson et al., 2021), and diabetes (Study 
IV). More epidemiological studies using well-defined cohorts of individuals with 
NF1 are needed to better describe the risks associated with NF1. For example, 
hypertension is often mentioned in association with NF1 (Gutmann et al., 2017), yet 
estimates of relative risk are scarce and the contributions of different disease 
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mechanisms have not been fully elucidated. Given the interplay between 
socioeconomic well-being and health, the effects of NF1 on all aspects of life need 
to be taken into account in future epidemiological research (Doser et al., 2019; 
Johansson et al., 2021, 2022). 

The high risk for breast cancer observed among women with NF1 calls for 
further evidence regarding optimal management. While breast cancer screening is 
already widely recommended for young women with NF1 (Daly et al., 2018; 
Suomen Rintasyöpäryhmä Ry, 2021), more research is needed to establish the 
efficacy and best practices of screening, such as the optimal imaging modality, 
screening interval, sensitivity, and the risk for false positives. Since the current 
screening practices for women with NF1 have been only recently introduced, it will 
take time for the evidence regarding their efficacy to accumulate. In the meantime, 
analysis of the Finnish Mass Screening Registry and similar resources related to the 
population-level breast cancer screening programs could elucidate the risks for false 
positives and interval cancers in women with NF1 older than 50 years. Further 
studies on the role of family history in predicting the breast cancer risk associated 
with NF1 and on the associations of NF1 genotype and the risk for breast cancer 
might also contribute to the better targeting of screening efforts. While Study III 
described the absolute risk for a second contralateral breast cancer after an initial 
breast cancer diagnosis, it is essential to know how this risk relates to the baseline 
risk for breast cancer in NF1, that is, whether the history of breast cancer can be used 
to predict the risk for a new breast cancer. Overall, the aggregation of cancers to the 
same individuals with NF1 also needs to be studied in further detail, as the history 
of cancer could help to identify those at the greatest risk for new cancers. Three 
males with breast cancer were included in the international NF1 cohorts of Study III, 
yet the risk for male breast cancer in NF1 remains to be formally evaluated in future 
studies. 

The results demonstrated that breast cancer in NF1 has specific characteristics 
that likely stem from the changes in cell signaling caused by the germline NF1 
deficiency. The role of the NF1 gene in breast cancer evolution calls for therapies 
specifically tailored for NF1-deficient breast cancers. The MEK inhibitor, 
selumetinib, has been approved for the treatment of plexiform neurofibromas (Gross 
et al., 2020), and cell models have demonstrated its efficacy in overcoming NF1-
associated endocrine treatment resistance in breast cancer (Pearson et al., 2020; 
Zheng et al., 2020). The use of selumetinib or other MEK inhibitors for the treatment 
of NF1-deficient breast cancer is a feasible therapeutic option to be explored in 
preclinical models and in clinical trials. Since the survival after breast cancer was 
worse among women with NF1 compared to controls even after matching for 
estrogen receptor status in Study II, resistance to endocrine therapy may not solely 
explain the poor prognosis of breast cancer in NF1. Further studies are therefore 
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required to establish any effects of NF1 on, for example, the efficacy of traditional 
chemotherapeutic agents. 

The age-specific estimates of NF1 prevalence reported in Study I can be used to 
compute an age-adjusted expected prevalence in a given population, yet the 
estimates are not fully reliable when applied to other geographical areas, and future 
studies should establish the prevalence of NF1 in different societies and frequently 
update the prevalence estimates. The survival of individuals with NF1 and therefore 
also the prevalence of NF1 is dependent on the quality of care and availability of 
efficient therapies as evidenced by the improvements observed in the prognosis of 
NF1-associated MPNST (Ingham et al., 2011; Kolberg et al., 2013). The treatment 
of NF1 is constantly evolving, and the availability of new drugs (Gross et al., 2020) 
and better surveillance practices (Daly et al., 2018) may improve the survival of 
individuals with NF1. Therefore, even if the birth incidence of NF1 was constant 
worldwide, the overall prevalence of NF1 depends on the time period and 
geographical area of interest. A major source of variation in the overall prevalence 
is the age structure of the population. If the mean age of a population is low, the 
overall prevalence of NF1 is likely to be higher than in an area with an older 
population. On the other hand, it is likely that access to modern medical care reduces 
the excess mortality associated with NF1, which may increase the overall prevalence 
of NF1 in developed countries compared to developing countries, and in the modern 
times compared to prior decades. Nevertheless, the results of Study I are likely 
representative of the prevalence of NF1 in developed countries where the availability 
of medical treatment is similar as in Finland. The age-specific prevalence estimates 
provide a tool for future studies assessing whether individuals with NF1 are 
overrepresented in cohorts defined by other features, such as intracranial aneurysms 
(Kurtelius et al., 2017) or JMML (Bader and Miller, 1978). 

The evidence from NF1 and other RASopathies clearly highlights the roles of 
Ras and the MAPK pathway in the pathogenesis of diabetes. However, mechanistic 
studies are required to dissect the direct signaling through the MAPK pathway and 
the indirect crosstalk with the PI3K pathway. The non-significant observation of a 
decreased risk for type 1 diabetes observed in Study IV and the previously reported 
reduced rate of hospitalizations related to type 1 diabetes in NF1 (Kenborg et al., 
2020) still require further verification and mechanistic explanation. Since type 1 
diabetes is an autoimmune disease, its pathogenesis is expected to be largely 
different than in type 2 diabetes. It is thus possible that the decreased risks for the 
two types of diabetes observed in NF1 are a mechanistically distinct coincidence or 
that NF1 may affect a pathogenic process involved in both type 1 and type 2 diabetes. 
The results also suggested that sex may contribute to the interplay between NF1 and 
the risk for diabetes, as only a few men with NF1 had type 1 or type 2 diabetes. 
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However, the size of the Finnish NF1 cohort was insufficient to formally 
demonstrate such an interaction, and the topic requires further studies. 

As one potential tool for cancer screening, the use of cfDNA-based assays should 
be explored for the detection of NF1-related malignancies in clinical studies with a 
sufficiently long follow-up. Given the experience from the current imaging-based 
screening tools, such as mammography (Singh et al., 2016; Maani et al., 2019), the 
specificity of cfDNA-based assays represents a major challenge, as false-positive 
findings may prompt extensive further studies and anxiety in the patients. 
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7 Conclusions 

Most parts of the present study were based on the Finnish NF1 cohort of more than 
1,400 individuals with NF1. This epidemiological study of relatively common 
diseases, breast cancer and diabetes, in a nationwide and population-based cohort 
has implications relevant to the clinical management of NF1, and the results 
highlight the need for efficient surveillance of NF1-related comorbidities. On the 
other hand, the monogenic etiology of NF1 allows drawing biochemical conclusions 
based on the epidemiologic findings. Taken together, the results imply that: 

1. NF1 is more common than previously thought. Many individuals with 
NF1 are still lacking the health care services that they would need for the 
optimal management of the disorder. Cohort studies on NF1 may not 
capture the full phenotypic spectrum of NF1. 

2. women with NF1 are at an increased risk for breast cancer and a 
contralateral second breast cancer, and the prognosis of NF1-related 
breast cancer is poor. Raising awareness of the breast cancer risk in NF1 
and providing enhanced surveillance to the affected individuals may help 
to improve the prognosis. 

3. variants of the NF1 gene affect the evolutionary course of breast cancer. 

4. the germline haploinsufficiency of the NF1 gene protects against diabetes, 
apparently via the hyperactivation of the Ras pathway. 

5. the NF1 syndrome, as such, may not significantly affect the baseline 
concentration of cfDNA, yet further studies are required to establish the 
analytical and clinical validity of cfDNA-based assays in the context of 
NF1. 
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