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Sinossi

La neurofibromatosi di tipo 1 (NF1) & una malattia genetica neurocutanea con un ampio
spettro di segni e sintomi associati, comprese diverse anomalie scheletriche. L'associazione
della NF1 con le deformita della parete toracica anteriore & stata recentemente riportata in
letteratura, in particolare per quanto riguarda il pectus excavatum (PE). Nel corso degli anni,
diversi autori hanno suggerito la perdita di eterozigosi (LOH) come possibile meccanismo
patogenetico alla base dello sviluppo delle anomalie scheletriche tipiche della NF1.

Verra descritto il caso di un paziente con NF1 e grave deformita toracica, in cui é stata
rilevata a livello delle cellule cartilaginee la variante patogenetica germinale in eterozigosi
NF1 NM_001042492.3: c.4271delC p.(Alal424Glufs*4). Attraverso la Next Generation
Sequencing (NGS), abbiamo studiato la cartilagine interessata presente all’interno del
tessuto malformato del pectus excavatum e abbiamo identificato la variante frameshift
aggiuntiva NM_001042492.3: ¢.2953delC p. (GIn985Lysfs * 7), che funge da secondo hit
patogenetico come mutazione somatica del gene NF1.

L'analisi Western blot ha mostrato I'assenza di proteina NF1 wild-type nella cartilagine del
paziente, coerente con un LOH somatico. Nel loro insieme, i nostri risultati supportano il
ruolo di LOH nel pectus excavatum correlato alla NF1, ampliando lo spettro dei meccanismi
fisiopatologici coinvolti nelle caratteristiche scheletriche correlate a NF1.

Tale meccanismo potra essere in futuro studiato nel nostro centro e applicato ad altri tessuti
anche non scheletrici (neurofibromi plessiformi, vasculopatia e molti altri). La scoperta di
tale possible meccanismo patogenetico ci aiuta nella comprensione di una malattia variegata
e complessa, e ci indica di prestare attenzione alla eventuale esposizione dei pazienti a fonti

che emettono radiazioni ionizzanti, cercando di risparmiare esami come TC e similari.



Abstract

Neurofibromatosis type 1 (NF1) is a neurocutaneous genetic disorder with a broad spectrum
of associated signs and symptoms, including skeletal anomalies. The association of NF1
with anterior chest wall deformities has been recently reported, especially the pectus
excavatum (PE). Over the years, several authors have suggested loss of heterozygosity
(LOH) as the possible pathogenic mechanism underlying the development of the typical

NF1 skeletal features. Here, we report a NF1 patient with severe chest deformity and
harboring the germline heterozygous pathogenic NF1 variant NM_001042492.3: ¢.4271delC
p.(Alal424Glufs*4). Through Next Generation Sequencing (NGS), we investigated the
affected cartilage from the PE deformity and identified the additional frameshift variant
NM_001042492.3: ¢.2953delC p.(GIn985Lysfs*7), occurring as a somatic NF1 second hit
mutation. Western blot analysis showed the absence of wild-type NF1 protein in the
cartilage of the patient, consistent with a somatic LOH. Taken together, our findings support
the role of LOH in NF1-related PE, widening the spectrum of the pathophysiological
mechanisms involved in NF1-related skeletal features.

This mechanism can be studied in the future in our center and applied to other tissues,
including non-skeletal tissues (plexiform neurofibromas, vasculopathy and many others). The
discovery of this possible pathogenetic mechanism helps us in understanding a varied and
complex disease and tells us to pay attention to the possible exposure of patients to sources

emitting ionizing radiation, trying to spare exams such as CT and similar.



1. INTRODUCTION

1.1 Neurofibromatosis type 1

Neurofibromatosis type 1 (NF1), also known as von Recklinghausen disease, is a relatively
common inherited genetic disorder occurring in approximately one in 2500 to one in 3500
people worldwide, irrespective of sex or ethnic origin® 2.

NF1 disease is a complex neurocutaneous condition with an autosomal dominant inheritance

pattern, with complete penetrance and variable expressivity even within families®®.

1.1.1  Pathogenesis

The disease is caused by dominant loss-of-function mutations of the NF1 gene, located at
17q11.2. This gene encodes for a protein called Neurofibromin, which is expressed at high
levels in the nervous system and it functions as a tumor suppressor, playing an important role
in regulating negatively the cellular RAS-MAPK (mitogen-activated protein kinases)
signaling pathway.

Neurofibromin stimulates the GTPase activity of RAS, acting as a GTPase activating protein
(GAP) on RAS. Pathogenetic mutations of the NF1 gene reduces the ability of RAS to
hydrolyze GTP and to shift from an active to a GDP-bound inactive state. Consequently,
any NF1 loss-of-function mutation increases cellular levels of the active GTP-bound form of
RAS, leading to uncontrolled cell growth. For these reasons, patients with NF1 pathogenetic
mutations have an increased risk of developing benign and malignant tumors.
Tumorigenesis probably needs a second somatic mutation to disrupt the remaining functional
copy of this gene, according to the two-hit hypothesis*. Over 1300 different pathogenic NF1
mutations have been identified. Approximately 50% of cases of NF1 are familial and about
50% of individuals with neurofibromatosis type 1 have no family history of the disease and

they develop ade novo NF1 mutation. With the advent of accurate genetic tests, early



genotype-phenotype correlations are beginning to emerge; moreover, studies found out that
people with genomic microdeletions affecting all the NF1 gene have a more severe

phenotype’.

1.1.2  Clinical features

NF1 is characterized by a highly variable inter- and intrafamilial expressivity. Although the
availability of increasingly precise molecular analysis that leads to a diagnosis confirmation
in about 95% of patients, the clinical diagnostic criteria, outlined in the National Institutes of
Health (NIH) Consensus Development Conference in 1988, remains the gold standard for
making the diagnosis. According to these criteria, two or more of the following features,

reported in Table 1, are sufficient to establish a diagnosis of Neurofibromatosis type 1.

Table 1: National Institutes of Health Neurofibromatosis type 1 Diagnostic Criteria. The

diagnostic criteria require the presence of two clinical features

USA National Institute of Health neurofibromatosis 1 diagnosti criteria
Six or more café-au-lait macules with greatest diameter of >5 mm in pre -

pubertal subjects, or >15 mm in post-pubertal subjects

Two or more neurofibromas of any type, or one plexiform neurofibroma
Freckling in the axillary or inguinal region

Optic glioma

Two or more Lisch nodules (iris hamartomas)

bone cortex with or without pseudoarthrosis A first-degree relative
(parent, sibling or offspring) with neurofibromatosis 1 by above criteria

A first-degree relative (parent, sibling, or child) with NF1 diagnosed using
the above criteria




The diagnosis of NF1 is usually based on cutaneous symptoms, especially café-au-lait spots,
axillary freckling, and multiple fibromas which usually appear in early childhood. More rarely

the disease can involve cardiovascular and gastrointestinal systems®(1)6.7(1),

The first signs of the disease usually are cutaneous ones and Lisch nodules of the iris. More
rarely NF1 can involve cardiovascular and gastrointestinal systems or cause intellectual
disabilities, learning difficulties, short stature, vasculopathy, bone dysplasia, optic gliomas,

and an increased risk for benign and malignant tumors®,

The first clinical manifestations of NF1 are café-au-lait macules (CALMSs) which usually
appear at birth or in the first two years of life. These lesions have not malignant potential® and
may be small or large, lighter, or darker and they tend to darken with sun exposure and fade
with advancing age. CALMs are typically flat, uniformly hyperpigmented macules with
borders well defined and they tend to increase in number and size through early childhood.
The presence of more than five café-au-lait macules (>0,5 cm in diameter before puberty or

>1,5 cm after puberty) is one of the diagnostic criteria for Neurofibromatosis type 11.

Ninety-nine percent of NF1 patients have six or more café au lait macules greater than 5 mm
in diameter by the first years of life®.

Axillary and inguinal freckling is a common clinical feature with no malignant potential that
represents another diagnostic criterion of NF1°.

Freckles are small pigmented macules that appear typically in the axillary and inguinal area,
but they could appear in any area of the body, especially in the intertriginous areas, at the base
of the neck, at the upper eyelid and under the breasts in women. More rarely, freckling may
spread all over the body.

Inguinal and axillary freckling affects almost ninety percent of NF1 patients by the age of

seven3®l),



Neurofibromas are benign peripheral nerve sheath tumors that occur in the majority of patients
as single or multiple lesions and they are one of the cardinal features of NF1. They typically
increase in number with age and they are often associated with cosmetical impact or cause
irritation because of rubbing or clothing irritation®®b,

Neurofibromas are composed of Schwann cells, fibroblasts, endoneurial fibroblasts, masts
cells, macrophages, endothelial cells, pericytes, and axons. There are five subtypes:
cutaneous, subcutaneous, nodular, diffuse plexiform, and spinal!. Neurofibromas are present
in 48% of ten years old patients and 84% of twenty years old patients!?2, Cutaneous
neurofibromas are found in the vast majority (>95%) of patients with NF1. They are soft flesh-
colored or purplish nodules that may become pedunculated as they grow. They usually
develop during late childhood or early adolescence and do not undergo malignant
transformation, but they can cause discomfort or disfigurement if they are numerous®. Spinal
neurofibromas may cause neurologic symptoms by compressing the spinal cord or spinal roots
within the foraminal spaces. They are often associated with both sensory and motor deficits?
lO(pl).

Plexiform neurofibromas are benign tumors that arise from multiple nerve fascicles and can
grow along the length of the nerve. They occur in approximately 30% of individuals with
Neurofibromatosis type 1 and can cause significant morbidity in patients because, as they
progress over time, they become intricately involved with the surrounding tissues'®. They
often appear early in childhood and are believed to be congenital lesions; sometimes these
tumors may not be detectable on clinical examination, especially when they reside deep in the
body. These tumors may be asymptomatic or can cause pain and bone destruction by
compression of surrounding structures. Symptomatic lesions have to be removed surgically,
but this approach is often technically impossible due to the interdigitation into normal tissues

and peripheral nerves. Moreover, after surgery, they often relapse!®b,



-

Figure 1: Cutaneous lesions (arrows): multiple cafe au lait lesions (A); freckling and two
CAL (B); Discrete neurofioromas (C); Pigmented skin lesions (epidermal nevus)

misdiagnosed as CAL and freckling in a not NF1 patient

The main difference between dermal neurofibromas and the plexiform counterparts is the risk
of malignant transformation to Malignant Peripheral Nerve Sheath Tumours (MPNSTS). Pain,
rapid growth, and neurologic dysfunction usually anticipate the malignant
transformation4®D 15D The lifetime risk of malignant transformation of plexiform
neurofibromas is approximately 10%®Y- 7 Malignant Peripheral Nerve Sheath Tumors
(MPNST) are uncommon, biologically aggressive soft tissue sarcomas of neural origin®2°,

Optic pathway glioma is the most common brain tumor in patients with NF1. They are usually
bilateral and can involve all the optic tract; in particular the optic nerves alone (type 1), the
chiasm with or without nerves involvement (type 2), hypothalamus, and other adjacent
structures (type 3). Optic gliomas can both be benign and malignant lesions. In children with

Neurofibromatosis type 1 these lesions typically are grade 1 pilocytic astrocytomas, benign,
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indolent, and not requiring any intervention. Instead, sporadic optic pathway gliomas usually

have a more aggressive natural history.

Figure 2: axial T2-weighted fat-saturated brain MRI demonstrates a left optic pathway

glioma in a 4-year-old boy with neurofibromatosis type 1

Although many optic pathway gliomas (OPG) are asymptomatic and they are discovered
accidentally with MRI, up to half of it can cause a large variety of symptoms, such as nerve
compression, neural atrophy, decreased visual acuity, dyschromatopsia, nystagmus, afferent
pupillary defect, visual field restriction and, when enlarging, strabismus and proptosis.
Headaches and papilledema can be associated with large chiasmal and hypothalamic lesions
by compression of the third ventricle and elevated intracranial pressure. More rarely OPG can
cause systemic symptoms like precocious puberty or diencephalic syndrome. They affect 9.5
to 25% of patients with NF1 in the first seven years of life. The two main radiological criteria
used to characterize OPG are thickening (diameter greater than 3.9 mm) and tortuosity of the
nerve. The presence of contrast enhancement at the MRI is associate with more aggressive
formsZO(pl),21,22,23(p1),24

Lisch nodules are hamartomatous lesions, characteristically bilateral, well defined, dome-

shaped, and gelatinous protruding above the iris surface. These lesions are usually
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asymptomatic: they do not impair vision nor cause any medical problems. They can vary in
number, size (2 mm of diameter typically), and color from clear to dark. They usually occur
in most patients with Neurofibromatosis typel older than ten years old. These pigmented
lesions are best detected on slit-lamp examination by an experienced ophthalmologist, but
they must be distinguished from iris nevi®26,

Approximately 50% of children with NF1 have important musculoskeletal manifestations; the
most common findings include sphenoid wing dysplasia, dural ectasia?’, anterior chest wall
deformities like pectus carinatum and excavatum, tibial/fibula pseudoarthrosis, osteopenia,
and osteoporosis?®. Scoliosis usually involves the lower cervical or the upper thoracic spine
and is categorized into dysplastic and not dysplastic forms?°. Dysplastic scoliosis can produce
spinal cord compression and both acute and chronic neurologic complication, but severe
dysplastic form is much less frequent than the not dysplastic one®.

Tibial pseudoarthrosis manifests as cortical thinning and anterolateral bowing which can may
lead to pathological fracture. Its presence requires an early intervention because of the high
risk of fracture and development of pseudoarthrosis tissue that results from healing®°®.
Tibial pseudoarthrosis usually presents within the first year of life and often it is the first
recognized manifestation of NF1. Fracture is common by two years of age and pseudoarthrosis
and ankle valgus develop with time?,

Sphenoid wing dysplasia usually presents as a unilateral defect and it can cause proptosis.
Most cranial defects are associated with an ipsilateral temporal-orbital plexiform
neurofibroma®!.

Children with NF1 often exhibit learning disabilities, cognitive delays, and attention deficits.
Neurocognitive impairment is very common in children with NF1, with a QI score often lower
than 70. Learning disabilities can include visuospatial and visuomotor deficits and verbal

disabilities in the realms of reading (dyslexia), spelling, vocabulary, naming, verbal reasoning,
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written mathematics, and written language. Patients can also have deficits in executive
functions and attention deficit (ADHD)2(),

Neurofibromatosis type 1 is associated with lots of magnetic resonance abnormalities,
interesting both white and grey matter. A typical lesion of NF1 is the “undefied bright object”
(UBO) that is usually discovered in the cerebellum, brainstem, basal ganglia, and thalami®3.
UBOs mainly occur in children and adolescents, tending to disappear in later age3*.

They represent non-neoplastic brain lesions with high T2-weighted signal on MRI, without
mass effect, edema, or contrast enhancement32(L),

The most important question concerning UBOs is their possible involvement in cognitive
impairment and their impact on learning, especially in NF1 children. The literature does not
provide a definitive answer, even if there is increasing evidence correlating their presence

with cognitive dysfunction, especially for UBOs located in the thalamus®.

1.1.3  Differential diagnosis

The severity and clinical features are highly variable between individuals, even within
families. The variable expressivity of NF1 can make clinical diagnosis hard, especially in non-
familial pediatric cases, because lots of symptoms are age-related and frequency of features
increases with age. The variability of clinical expressivity in NF1 also makes it difficult to
predict future manifestations of the disease in affected children®.

For this reason genetic test is often performed: in individuals with an unclear diagnosis, to
confirm suspected mosaic NF1, to establish genotype-phenotype correlation, to assist in
genetic 13avourably13 and family planning. It can be helpful to do differential diagnosis — in
particular among NF2, Legius syndrome, Noonan syndrome with multiple lentigines

(previously called LEOPARD syndrome)®¢(),
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The differential diagnosis is between other neurocutaneous conditions like neurofibromatosis
type 2 (NF2), Legius syndrome and Noonan syndrome with multiple lentigines (previously

called LEOPARD syndrome)*3.

Neurofibromatosis type 2 is an autosomal dominant inherited disorder caused by a mutation
of the NF2 tumor suppressor gene located on chromosome 22q, with nearly 100% penetrance
by 60 years of age Neurofibromatosis type 2.

Patients develop nervous system tumors, peripheral neuropathy, ophthalmological lesions
(cataracts, epiretinal membranes, and retinal hamartomas)®®?  doi:10.1016/S0140-
6736(09)60259-2, and cutaneous lesions (the main three types of skin tumors are: NF2
plaques, nodular schwannomas and neurofibromas)®.

Café au lait macules are found in approximately 40% of patients with NF2, but usually are
smaller than NF1 ones; they tend to be paler and have more irregular margins compared to
those of NF1.

More than 95% of patients have bilateral vestibular nerve schwannomas that are the distinctive
features of Neurofibromatosis type 2 and can cause tinnitus, vertigo, hearing loss, and brain
stem compression. Affected people can also develop schwannomas in other cranial, spinal,
and peripheral nerves and ophthalmological lesions like cataracts and epiretinal membranes.
Other nervous system tumors associated with the disorder include meningiomas and glial cells

tumors like ependymomas and astrocytomas®;

Schwannomatosis is a dominantly inherited disorder caused by germline mutations of either
SMARCB1 or LZTR1 tumor suppressor genes***2. The disease is characterized by multiple
schwannomas, most commonly affecting the spine (74%) and the peripheral nerves (89%),

while cranial nerves schwannomas (mostly trigeminal) are uncommon. Skin manifestations
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are limited to schwannomas and there are not ocular features. Most patients present with pain,

which is the most common feature reported*344.

Legius syndrome is an autosomal dominant inherited disorder caused by a mutation in the
SPRED1 gene, with a complete penetrance®.

Approximately 5% of patients meet the National Institutes of Health diagnostic criteria for
neurofibromatosis type 12,

This condition causes café au lait macules with or without axillary and inguinal freckling.
Learning disabilities and ADHD are often present but they usually are less severe than NF1.
Lisch nodules, optic pathway gliomas, neurofibromas, tibial dysplasia and malignant
peripheral nerves are usually absent*4°.

The distinction between NF1 and Legius syndrome in young children whit out family history

can only be performed with genetic tests*’.

Noonan syndrome with multiple lentigines is a rare multisystem RASopathy caused by
mutations of PTPN11, RAF1, and BRAF. The disease was previously called LEOPARD
syndrome, an acronym for its cardinal features of multiples Lentigines, Electrocardiographic
conduction abnormalities, Ocular hypertelorism, Pulmonary stenosis, Abnormal genitalia,
Retardation of growth, and sensorineural Deafness*34°,

When employed, NF1 mutation analysis is 95% sensitive’®?.

1.1.4  Prognosis
Despite the high prevalence of NF1, there is not much information about mortality. Studies

have shown a shorter lifetime in people affected by NF1 compared to the general population,
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especially in probands. The mean age at death of people with NF1 is probably 15 years lower
than the mean age at death in the rest of the population.

The most common causes of morbidity and mortality are malignant neoplasms, vascular
disease, cerebrovascular disease, scoliosis, epilepsy, and mental retardation. Malignant
neoplasms, in particular, are the principal cause of death in people with NF1°°,

Moreover, patients with NF1 have a higher risk of connective tissue tumors, central nervous
system tumors, gastrointestinal stromal tumors, breast cancer, leukemia, and neuroendocrinal

tumors as pheochromocytoma®:.

Table 2: lifetime risk of cancer in children with NF11!

Tumor Lifetime risk
Glioma of the Optic Pathway 15-20%
Other brain tumors More than fivefold increase
Malignant peripheal nerve-sheat tumor 8-13%
Gastrointestinal tumor 4-25%
Breast cancer About fivefold increase
Leukaemia About sevenfold increase
Phaeochromocytoma 0.1-5.7%
Duodenal carcinoid tumor 1%

Rhabdomyosarcoma 1.4-6%
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2. NF1 AND SKELETAL ANOMALIES

Neurofibromatosis type 1 (NF1) is a complex neurocutaneous condition caused by pathogenic
variants in the NF1 gene (OMIM * 613113) and characterized by a heterogeneous clinical
presentation®2. So far, genotype-phenotype correlations remain elusive in NF1 and this is
especially true for skeletal abnormalities, although these lesions are common in NF1
patients®. NF1-related skeletal defects include a broad range of manifestations, such as
osteoporosis, short stature, dysplasia of the tibia and other long bones, vertebral defects,
sphenoid wings dysplasia, and anterior chest wall deformities®*. Of note, the latter have been
only recently reported in association with NF1, especially pectus excavatum (PE)**. This
consists of a depression in the anterior chest wall resulting from a dorsal deviation of the
sternal bone and 3"-7" rib or costal cartilage®>®’. PE is the most common chest wall deformity
(90% of all cases) and has been recently found to be especially frequent in NF1 patients, with
a higher incidence as compared to the general population®-,

The pathogenic mechanism underlying NF1-related skeletal abnormalities remains
elusive. Previous studies have suggested that the somatic loss of heterozygosity (LOH) in the
NF1 gene may contribute to the development of these defects®-%4. This mechanism is relevant
for cancerogenesis and LOH of essential genes accounts for potential cancer vulnerabilities®®.
LOH of NF1 has been identified in cells extracted from skeletal and nervous tissues in affected
individuals, such as tibial pseudoarthrosis, dystrophic scoliosis, or plexiform neurofibroma
samples®%4. Furthermore, mouse models have been found to recapitulate in part the bone
abnormalities observed in NF1 patients, helping clarify that NF1 haploinsufficiency accounts
for the generalized bone remodeling defects, while the complete loss due to LOH is

responsible for the focal defects, such as the dysplasia®®,
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In this study, we thoroughly investigated a cartilage sample from a PE deformity in
a subject with NF1 caused by a germinal NF1 frameshift variant. The combination of different
techniques allowed to identify a somatic LOH in the affected cartilage leading to the complete

absence of the wild-type NF1 protein.
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3 MATERIALS AND METHODS

3.1 Ethical approval and clinical examination

The study was conducted in accordance with the Declaration of Helsinki and ethical approval
was obtained by the ‘Comitato Unico Regionale Regione Liguria’, Genoa, Italy. Informed
consent was waived for this study as all clinical and radiological information has been
anonymized. The patient was thoroughly evaluated through specialistic pediatric and surgical

assessment. Imaging studies were reviewed by experts in thoracic disorders of childhood.

3.2 Biopsy and pathology examination

A sample of affected cartilage was obtained from the central core of the tissue corresponding
to the PE deformity. After surgery, a cylindrical fragment of discarded cartilage measuring 1
x 1 cm was frozen to allow genetic and histo-enzymatic investigations. It was then thawed,
fixed in 10% buffered formalin, and embedded in paraffin in two blocks. Histochemical stains

were performed using PAS (AB pH2.5; AB pH1).

3.3 Next Generation Sequencing

DNA was extracted from peripheral blood samples and from discarded surgical frozen tissue
using commercial kits. A next generation sequencing (NGS) custom-designed panel was
created using the lon AmpliSeq™ Designer v6.13 algorithm provided by Thermo Fisher
Scientific (Carlsbad, CA, USA) in order to target the entire coding sequence (CDS) and 10
bases of the adjacent intronic regions of NF1 gene (NM_001042492.3). NGS sequencing was
performed on genomic DNA extracted from both blood and cartilaginous biopsy using the lon

Gene Studio S5 platform (Thermo Fisher Scientific, Inc.). Variants were analyzed using both
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the lon Reporter Software v.5.6 (Thermo Fisher Scientific, Inc.) and the CLC Genomics

Workbanch 6.5.1 software (Qiagen).

3.4 Multiplex Ligation-Dependent Probe Amplification

Multiplex Ligation-Dependent Probe Amplification (MLPA) was performed in order to detect
somatic exonic deletions of NF1 using two commercial kits, the SALSA P081/P082 kits
(MRC-Holland, Amsterdam, The Netherlands). Both cartilage and peripheral blood were also
tested by high-resolution oligonucleotide array CGH (Comparative Genomic Hybridization)
using the 4x180 K Kit, with probe design 086332 (Agilent 119 Technologies, Santa Clara,
CA), according to the manufacturer's instructions, in order to detect large somatic LOH

inclusive of NF1.

3.5 Western blot

NF1 frameshift mutations that generate premature termination codons (PTCs) lead to the
synthesis of truncated neurofibromin. To study the effects of NF1 causative mutations at the
protein level on the pathological tissue, we performed a Western Blot (WB) analysis.
Fragments of the abnormal and autoptic control cartilage samples were pulverized in liquid
nitrogen, lysed and analyzed by WB to evaluate NF1 protein expression (Supplementary
Material). Using a primary Ab against the N-terminus domains of neurofibromin, a specific

band of about 260 kDa was detected in the total lysates from control cartilage samples.
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4. RESULTS

4.1 Clinical study

The patient was diagnosed with NF1 at the age of 2 years, when he presented with cafe-au-
lait macules and Lisch nodules. Over the years, he developed a plexiform neurofibroma in the
left popliteal fossa and brain-MRI at the age of 5 years showed unidentified bright objects
(UBOs), thus confirming a clinical NF1 diagnosis. At the age of 4 years, the patient was
referred to our Institution for a rapidly enlarging deformity of the anterior chest wall. Clinical
examination revealed a severe PE deformity, consisting of a severe depression of the sternal
manubrium associated with marked thoracic asymmetry and marked protrusion of the left

costal cartilages (Fig.3).

Fig. 3 Clinical and imaging findings. A) Clinical photograph showing the deformity of the
anterior chest wall and some typical cafe-au-lait macules. The PE deformity consists of a
severe dorsal deviation of the sternal manubrium and costal cartilage. B) Axial CT-scan of

the chest showing the sternal depression and the deformation of the costal cartilage.u
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Thoracic CT-scan confirmed the severe bony depression between the manubrium and the body

of the sternum, which led to the compression of the right ventricle and supra-aortic vessels

(Fig.4).

Figure 4. 3D computed tomography reconstruction of the anterior chest wall showing the

severe dorsal deviation of the manubrium and the sternal bone.

The patient underwent a major elective surgery combining minimal Invasive Repair of
PE/MIRPE (Nuss procedure) and open reconstruction of thoracic wall, with good overall

outcome.

4.2 Pathology

The histological examination revealed a mature type cartilage (Ki67-negative) with isogenic
groups distributed in an abundant amorphous matrix. The endochondral vascularization
network was normal. A nucleus of accentuated condrification with initial degeneration of the

matrix around the largest chondrocytes with prominent nucleus was seen. The intercellular
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matrix, where more abundant, presented accentuated basophilia suggestive of mild

degenerative phenomena (Fig.5).

Fig. 5 Pathology analysis. The cartilage extracted from the PE deformity is of mature type.
B) The chondrocytes appear lightly more immature at the periphery. C) The endochondral
vascularization network is normal. D-E) The isogenic groups are distributed in an abundant

amorphous matrix (AB pH2.5)

Histochemical stains (PAS; AB pH2.5; AB pH1) confirmed the presence of outbreaks of the
mentioned degeneration with excessive accumulations of acidic mucopolysaccharides
(chondroitin sulphate)®®. The chondrocytes appeared slightly immature at the periphery but

lacked fetal cartilage features, which was also confirmed by immunohistochemical stains.
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4.3 Genetic investigation

We identified a germline pathogenic variant ¢.4271delC p.(Alal424Glufs*4) present both in
blood (variant allele frequency 48%, coverage 341X) and in the pathological tissue (variant
allele frequency 38%; coverage 531X). This variant is absent in gnomAD and considered
pathogenic according to the ACMG/AMP guidelines, as it is predicted to lead to a truncated
transcript or nonsense-mediated mMRNA decay (NMD). In the tissue, we identified a somatic
second hit in NF1, the ¢.2953delC p.(GIn985Lysfs*7), with a variant allelic frequency of 18%.
This variant, a frameshift resulting in a stop gain 7 codons after the mutation, is not present in
public databases and it is predicted to be “likely pathogenic”. Both the germline and the

somatic variants were validated by Sanger sequencing (Figure 6).

Fig. 6 Electropherogram traces of variants confirmed by Sanger. Sanger traces of A)
germline heterozygous NF1 c.4271delC variant present both in blood and in the tissue and B)
somatic NF1 c.2953delC (allelic frequency 18%) present only in the pathological tissue

sample (reverse sequence) (B).
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The MLPA assays excluded somatic loss of the NF1 wild-type allele by copy number
variations (data not shown). These data therefore support the assumption that the pectus
excavatum of this patient was a manifestation of NF1 and was driven by a copy neutral LOH

in the pathological tissue.

4.4 \Western blot

No signal was instead detected in the patient’s cartilage, demonstrating a complete loss of

wild-type neurofibromin (Figure 7).

Fig. 7 Western blot analysis of Neurofibromin. WB images showing immunodetection of
NF1 (top) and GAPDH (bottom, as a loading control) in total lysates from control (CT) and
patient cartilage samples (PT). Control cartilage sample was obtained from autoptic biopsy
of a sex- and age-matched control. In the patient’s cartilage, no signal was detected,

consistent with a complete loss of NF1 protein expression.
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The theoretical molecular weight estimated for the two truncated form of neurofibromin
resulting from the mutated alleles of our patient were 108 and 164 KDa. However, no
truncated protein was detected in the assay. It is likely that mutations determining mRNAs
with PTCs can render the mutant transcripts susceptible to degradation by the nonsense-

mediated mRNA decay machinery, rendering the protein undetectable.
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5. DISCUSSION

Skeletal manifestations are particularly common and heterogeneous in NF1 patients>*. Of
note, in comparison to the general population, these subjects show a higher incidence of
anterior chest wall deformities, especially PE®®, even in the pediatric age range™. However,
the pathogenic mechanisms underlying these developmental abnormalities remained elusive.
LOH of NF1 has been implicated in other NF1 manifestations. In 2009, Steinmann et al.
published the results of a LOH analysis study conducted on 43 plexiform neurofibromas from
31 NF1 patients®®. The authors observed LOH involving 17q markers in a total of 13 (30%)
tumors®®. Some evidence in favor of the role of a somatic LOH in the pathogenesis of NF1-
related skeletal manifestations has been provided by a few previous studies, which focused on

the possible role of the double inactivation of the NF1 gene in the affected tissues®*.

In 2006, Stevenson et al. reported two cases of tibial pseudoarthrosis associated with
a double NF1 inactivation®!. This was caused by the combination of germinal stop gain
variants (NM_000267.3: ¢.2446C>T (p.Arg816*) and ¢.7846C>T (p.Arg2616*)) and somatic
LOH of NF1 in the abnormal tissue of affected individuals, as suggested by allele imbalance®:.
The authors concluded that the loss of NF1 function causes a dysregulation of the Ras
pathway, which leads to an impairment of the differentiation and proliferation of osteoblasts
and osteoprogenitors®?. In a further study, the somatic LOH for most of the 17q region was
detected in spinal samples from two NF1 patients with dystrophic scoliosis, who harbored
germinal splicing (NM_000267.3: ¢.6642-1G>T or frameshift (NM_000267.3:

€.4953 4965del (p.Asp1651Glufs*22)) variants®.

The role of LOH in relation to NF1-related skeletal manifestations was also
investigated through animal models. Wang et al. focused on the study of the role of the loss
of NF1 in osteo-chondro-progenitors in the development of NF1-related skeletal

manifestations®. Crossing the Col2al(collagen, type Il, alpha 1)-Cre promoter mouse with
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the Nf171o¥flox mouse, the authors found that the Nf1/Col2”-mice showed progressive scoliosis,
tibial pseudoarthrosis, and skeletal abnormalities involving the skull and anterior chest wall,
demonstrating that loss of Nflin axial and appendicular osteo-chondro-progenitors
recapitulates the skeletal abnormalities of NF1 patients®®. Taken together, these findings
suggest that the somatic LOH of the NF1 gene may be involved in the pathogenesis of NF1-

related skeletal abnormalities, although this should be still considered multifactorial®.

In our patient, we detected the de novo germline frameshift variant
p.(Alal424Glufs*4) in NF1 and a second, somatic and de novo frameshift variant
p.(GIn985Lysfs*7). Although it was not possible to assess if this second variant occurred in
cis or in trans to the germline variant, the western blot revealed absence of wild-type
neurofibromin in the abnormal tissue. This stands in favor of the occurrence of the second
variant in the wild type allele of NF1, thus in trans with the germline variant. This finding
confirms a somatic LOH in the affected cartilage. Accordingly, in line with previous studies
about other NF1-related skeletal features, our observation further supports the role of LOH in
the pathogenesis of PE in NF1 patients. Whether the Ras/Erk constitutive activation caused
by the complete loss of NF1 function or additional molecular mechanisms are implicated in
the development of these skeletal alterations remains to be elucidated®*®*. Further studies will
play a crucial role in the clarification of this aspect. However, our observations confirm that
somatic double hits may be critically involved in the development of diverse clinical
manifestations NF1, leading to suggest that the adoption of radiation-sparing approaches

might be advisable in the diagnosis and management of affected individuals.

Our study had some limitations related to the availability and processing of the
abnormal tissue analyzed. First, the cartilage samples were obtained from discarded tissue
from surgical procedures, which was initially stored for future studies. Thus, the identification

of the affected tissue relied on the judgment of surgeons and pathologists and was based on
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the labels indicated on specimen containers. Second, the DNA employed for genetic studies
was extracted from frozen heterogeneous samples containing a mixed cellular population.
Then, we specifically obtained pathological tissue from the central core of the abnormal
cartilage of the pectus excavatum and, therefore, we were not able to investigate cells from
the peripheral regions of the malformation. Since the second variant occurred as a somatic
change, the abnormal tissue is predicted to be a mosaic and it is possible that other cells within
the PE have traces of wild-type NF1. Eventually, we could not perform exome sequencing on
the sample and thus, for example, we cannot exclude the presence of possible variants in
modifier genes. Indeed, it is possible that other genetic factors may influence the pathogenic
role of the somatic LOH that we observed in relation to the abnormal morphogenesis of the

analyzed cartilage.
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6 CONCLUSIONS

In this study, we detected a somatic double inactivation of the NF1 gene in the cartilage tissue
from a PE deformity in a subject with NF1 due to a germline frameshift variant. Tissue
analysis revealed that this neutral LOH was due to a somatic double hit frameshift variant
resulting in a premature termination codon. Accordingly, the biallelic inactivation of NF1
resulted in no wild-type neurofibromin in the affected tissue. In line with the limited previous
studies, our findings suggest that LOH is a relevant contributing factor in the pathogenesis of
skeletal abnormalities in NF1, including anterior chest wall deformities. Considering the
possible overlapping pathophysiological mechanisms, this would lead to speculate about the
possible use of MEK inhibitors in NF1 patients with severe skeletal abnormalities, which
demonstrated effective in patients with NF1-associated tumors and plexiform neurofibromas.
Further studies will be crucial to delineate the underlying pathogenic mechanisms and shed
light on the possible involvement of similar alterations in other NF1-related extra-neurological
manifestations.

This mechanism can also be studied in the future in our center and applied to other tissues,
including non-skeletal tissues (plexiform neurofibromas, vasculopathy and many others).
The discovery of this possible pathogenetic mechanism helps us in understanding a varied and
complex disease and tells us to pay attention to the possible exposure of patients to sources

emitting ionizing radiation, trying to spare exams such as CT and similar.
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