Chapter 12
NF1 Germline and Somatic Mosaicism

Ludwine Messiaen and Jing Xie

12.1 Introduction

Neurofibromatosis type 1 (NF1, MIM 162200) is a common autosomal dominant
genetic disorder affecting ~1/3,000 individuals worldwide (Huson et al. 1989). NF1
is a progressive disorder, with more symptoms typically developing with time. NF1
shows complete penetrance, although the disease presents with a high degree of
phenotypic variability even within families and within monozygotic twins carrying
the same mutation (Rieley et al. 2011). Patients present with multiple café-au-lait
macules (CALM), skinfold freckles, iris Lisch nodules, and neurofibromas.
Neurofibromas can be subdivided into dermal neurofibromas, benign tumors that
increase in number and size with age but do not undergo malignant transformation,
and congenital plexiform neurofibromas, tumors involving multiple fascicles which
in ~5 % of cases may progress to malignant peripheral nerve sheath tumors
(MPNSTs) (Korf 1999). Optic pathway gliomas and specific skeletal abnormalities
of the sphenoid wing, long bones, and vertebrae are also typical clinical signs
associated with NF1. In addition, macrocephaly, short stature, learning disabilities,
and attention difficulties are frequently observed in NF1 patients. NF1 patients also
have an increased risk of developing specific malignancies (reviewed by Brems
et al. 2009).

NF1 is due to mutations in the 282-kb-long NFI gene located on 17ql1.2,
comprising 57 constitutive and at least three alternatively spliced exons. The
8,454 nucleotides of the open reading frame of the NFI transcript encode
neurofibromin, which negatively regulates Ras-GTPases (Ballester et al. 1990;
Xu et al. 1990). NFI functions as a tumor suppressor, and NF1-associated
neoplasias, such as neurofibromas, gastrointestinal stromal tumors, glomus tumors,
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juvenile myelomonocytic leukemia, astrocytomas, and pheochromocytomas, have
been shown to carry 2 mutant NF1 copies (reviewed by Brems et al. 2009). NF1
inactivation of both alleles has been documented in dermal as well as in plexiform
neurofibromas, but additional genetic changes, including complex karyotypes, have
only been identified in MPNSTs.

In addition, somatic “second hit” NFI mutations have also been identified in
tissues from tibial pseudarthrosis (Stevenson et al. 2006) and CALMs (De Schepper
et al. 2008; Maertens et al. 2007).

Biallelic NF'] inactivation follows the Knudson “two-hit hypothesis”. According
to this model of tumorigenesis, one mutant allele (the “first hit” mutation) is
inherited from an affected parent (for familial cases) or from a mutant germ cell
of an otherwise unaffected parent. Alternatively, the first hit mutation results from a
de novo mutation in the fertilized egg or occurs in very early stages of the
developing embryo. By contrast, the “second hit” mutation affecting the other
(wild-type) allele is then specifically present only in those somatic cells which
represent the tumor or CALM initiating cells.

12.2 Mosaicism

NF1 affects ~1/3,000 individuals irrespective of gender or ethnic background and
as many as 30-50 % of these patients present as “sporadic” or “founder” patients,
that is, have no affected parent from whom the disorder was inherited (Friedman
1999; Evans et al. 2010). It follows that the NFI gene has a new mutation rate of
3.7-26 x 107 , that is, 10—100-fold higher to that which is observed in most other
known human disease-associated genes (reviewed by Poyhonen et al. 2000 and
references therein). The cause of this unusually high mutation rate is still unknown,
the large size and complexity of the gene being possibly only partially contributory.
Zlotogora proposed in 1993 that a proportion of the sporadic or “founder” NF1
patients may have the disease as the consequence of a somatic mutation after
fertilization and the first molecularly proven somatic mosaic NF1 patient was
reported in 1996: a multi-exon deletion of at least 100 kb encompassing exons
4-39 was identified in a 31-year-old patient with seven CALMs, bilateral axillary
freckling, and multiple small cutaneous neurofibromas (Colman et al. 1996).

Genetic mosaicism refers to a condition where two or more genetically distinct
cell populations, derived from the same fertilized egg, coexist in the same individ-
ual. Mosaicism in genetic disorders with significant skin manifestations, such as
neurofibromatosis type 1, will be more readily visible than in disorders mainly
affecting, for example, internal organs. With respect to NFI, mosaicism as
discussed here refers to the fact that (only) a subpopulation of the body cells in a
patient carries a “first hit” NF 1 mutation.

The following types of mosaicism for a “first hit” NF/ mutation may be
encountered. Gonadal or germline mosaicism occurs when a fraction of the germ
cells (sperm or ova) carry a mutation, which may then lead to more than one
affected offspring from clinically normal parents. Pure gonadal mosaicism is likely
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to be extremely rare in NF1, as only two such families have been reported to date
(Lazaro et al. 1994; Bottillo et al. 2010). Mutations occurring early during embry-
onic development, before gastrulation and the formation and separation of the
primordial germ cells, may lead to gonosomal mosaicism where somatic as well
as germ cells can be mosaic. If mutations arise after the primordial germ cells were
formed and set apart, patients may present solely with somatic mosaicism, implying
that they would not be at risk of transmitting the disorder to the next generation.
Ruggieri and Huson (2001) proposed the terms mosaic-generalized NF1 and
mosaic-localized NF1 (or segmental NF1), reflecting the anticipated timing of the
mutational event. Patients with mosaic-generalized NF1 present with typical NF1-
related symptoms such as pigmentary changes and neurofibromas, not restricted to
a few body segments. It may be particularly daunting to predict, solely from clinical
observation, whether a sporadic patient has constitutional NF1 (i.e., with an NF1
mutation in all body cells) versus mosaic-generalized NF1 and if in the latter
patients, whether or not the gonads are involved. Patients with “mosaic-localized”
or “segmental” NF1 present with NF-related symptoms confined to a limited body
area. The affected area may present with pigmentary changes only, with
neurofibromas only, or with both pigmentary changes and neurofibromas. Further,
isolated plexiform neurofibromas also occur and recently the first patient to be
described was proven to carry biallelic NFI inactivation in this isolated lesion
(Beert et al. 2012).

In segmental NF1, the causative mutational event is assumed to have occurred at
a later developmental time, offering an explanation for the clinically observed
phenotype restricted to a specific body segment. It is most likely to assume that
the germ cells of patients with segmental NF1 do not harbour the (first hit) NF1
mutation. However, apart from the timing of the mutational event, the types of
progenitor cells affected as well as the nature of the NF/ mutation (hypomorphic
versus, e.g., a total NFI gene deletion) and the age of the patient at clinical
evaluation will all equally contribute to the observed widely variable phenotypic
outcome in the patient at a given time point. Segmental NF1 is rare, with a frequency
estimated to be at least 15 times less prevalent than NF1, between 0.0014 % and
0.002 % (Huson and Ruggieri 2000; Wolkenstein et al. 1995; Ingordo et al. 1995;
Listernick et al. 2003). The first proof at the molecular level that segmental NF1 is
indeed due to postzygotic NF I/ mutations was provided through identification of an
NFI microdeletion in ~15-24 % of the fibroblasts cultured from the CALMs of the
affected, but not in the fibroblasts from the unaffected region, from an 18-year-old
male with pigmentary lesions scattered over the left upper quadrant of the body
(Tinschert et al. 2000). Importantly, however, thereafter some patients have been
reported who phenotypically presented as having “mosaic-localized” or “segmen-
tal” NF1 disease, yet were confirmed as being gonosomal mosaic by molecular
analysis and as ascertained after birth of their affected offspring (Consoli et al. 2005;
Callum et al. 2012).

In the clinical literature, a number of segmental NF1 patients have been
described having offspring with segmental NF1 (Rubenstein et al. 1983; Huson
and Ruggieri 2000; Oguzkan et al. 2004); such vertical transmission is very difficult



154 L. Messiaen and J. Xie

to explain as a result of mosaicism for a mutation shared between parent and child.
None of these reported cases had molecular analyses performed and hence the
underlying cause remains obscure. In addition, apart from a number of clinical
“mosaic-localized” or “segmental” NF1 cases which are very likely to carry NF1
mutations in the affected cells, though it was not molecularly investigated and
hence the precise underlying cause remains unknown (e.g., Hager et al. 1997,
Ruggieri and Huson 2001; Listernick et al. 2003; Morais et al. 2010), some patients
have been reported in the literature as having “segmental” NF1 even though they
presented with, in addition to pigmentary abnormalities, some features clearly not
associated with NF1 (e.g., Castori et al. 2008; Pascual-Castroviejo et al. 2008). As
these patients were not analyzed at the molecular level, and hence not proven to
carry an NF ] mutation, it must be realized that their phenotype may well be due to a
concurrent defect in more than one gene, including the NF/ gene, or even might be
due altogether to a defect in one or more other genes, not even involving NFI. As
the molecular tools to investigate the genetics associated with NF1 disease have
become more widely available, clinical reports of “segmental NF1” cases should be
accompanied by appropriate supportive data using state-of-the-art molecular
genetic analyses to prove NFI involvement, especially when patients present with
features not associated with NF1.

Finally, revertant mosaicism refers to the situation where a mutant cellular
phenotype is reversed back to normal in some somatic cells by, for example, true
reverse point mutation, gene conversion, nondisjunction, or mitotic recombination.
Revertant mosaicism has been demonstrated in many genetic conditions involving
the skin, including epidermolysis bullosa, Bloom syndrome, and Fanconi anemia
amongst others (reviewed by Lai-Cheong et al. 2011), yet has never been
demonstrated so far in NF1. To date, only three cases have been specifically
investigated for the presence/absence of revertant mosaicism: a woman with NF1
signs throughout the entire body with a few sharply delineated segments of the skin
unaffected, suggestive of revertant mosaicism (Vandenbroucke et al. 2004), and
two pairs of monozygotic twins discordant for neurofibromatosis type 1 (Kaplan
et al. 2010; Vogt et al. 2011).

All cases with molecular data supporting mosaicism for a “first hit” NF/
mutation, reported as of May 2012, are summarized in Table 12.1. Highlights
from these studies and case reports include the following:

¢ The frequency of mosaicism in sporadically affected NF1 patients is currently
still largely unknown. A first estimate was obtained for patients carrying specifi-
cally a total gene deletion (TGD) interphase FISH analysis in 146 patients
carrying a TGD showed mosaicism in blood in 9.6 % (14/146) (Messiaen et al.
2011). At least 10/14 carried a 1.2-Mb NF1 type 2 or atypical TGD deletion
(see Chap. 14).

e The typical 1.4-Mb type 1 TGD, previously uniquely found as a result of
nonallelic homologous recombination during maternal meiosis between the
paralogous recombination sites 1 and 2 (PRS 1 and 2), may also rarely result
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from recombination during mitotic post-zygotic cell divisions, as now proven in
three patients carrying a mosaic TGD type 1 in blood (Messiaen et al. 2011).

¢ Mosaicism in sporadic patients carrying a TGD type 2 is very high, estimated to
occur at least in 70 % of founders (Messiaen et al. 2011). There seems to be a
clear preponderance of females amongst mosaic founder patients with a TGD
type 2 (Kehrer-Sawatzki et al. 2004; Steinmann et al. 2007).

e Several studies found the percentage of hematopoietic cells carrying an NF/
mutation, especially when carrying a TGD type 2, to be higher as compared to
urine and buccal epithelial cells or fibroblasts from affected as well as unaffected
regions in patients with generalized-mosaic NF1 (Kehrer-Sawatzki et al. 2004,
2012; Vandenbroucke et al. 2004; Steinmann et al. 2007; Kehrer-Sawatzki and
Cooper 2008; Roehl et al. 2012). Two mosaic patients were, however, found by
FISH analysis in blood to carry the deletion in all cells, whereas a lower
percentage was found in the buccal cells (Steinmann et al. 2007; Roehl et al.
2012). These tissue-specific differences suggest a selective growth advantage of
hematopoietic stem cells carrying an NF/ deletion (Roehl et al. 2012).

» Patients with mosaic type 2 TGD have milder disease manifestations, with a
significantly lower external and internal plexiform neurofibroma burden, no
facial dysmorphisms, and no delayed cognitive development compared to
patients with a type 1 TGD (which typically is constitutional) (Kehrer-Sawatzki
et al. 2012). This can probably be attributed to the presence of normal cells in the
mosaic patients. However, since the risk of malignant transformation remains in
any plexiform lesions present, special clinical management to allow early
detection is still required.

e The line separating generalized mosaic NF1 from segmental NFI may not
always be clear. In general, a mutation in blood is not detected in patients with
clear segmental presentation. Gonosomal mosaicism has, however, been proven
in an adult male with four pigmentary lesions on the midline of his back as the
sole NF1-related manifestation (Callum et al. 2012). This intragenic multi-exon
deletion, present in <20 % of the blood cells and in ~20 % of the sperm, was
detected because of the preferential amplification of the shorter transcript by
reverse-transcriptase PCR as part of a comprehensive NF/ testing (Callum et al.
2012). Low-level mosaic mutations typically escape detection by Sanger
sequencing and array comparative genome hybridization (aCGH) or multiplex
ligation-dependent probe amplification (MLPA).

» The aggregated data obtained from all patients with mosaic NF1 (“generalized”
or “segmental”) clearly indicate that the percentage of cells carrying the NFI
“first hit” mutation often is too low to be reliably detected in blood (or even is
absent) and hence may be missed (Tinschert et al. 2000; Consoli et al. 2005;
Maertens et al. 2007; Callum et al. 2012).

* A subpopulation of the Schwann cells within the neurofibromas carries the
second NFI hit, in accordance with the two-hit tumor-suppressor hypothesis
(Serra et al. 2000; Maertens et al. 2006). In the CALMs of NFI1 patients,
melanocytes, but not keratinocytes or fibroblasts, carry a first and second hit in
the NF1 gene (De Schepper et al. 2008). Maertens et al. (2007) demonstrated
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that accurate diagnosis of mosaic or segmental NF1 necessitates comprehensive
mutation analysis specifically of those neural-crest derived cells that are rele-
vant, that is, the Schwann cells in the neurofibromas and the melanocytes in the
CALMs. In these specific cells, but not (or only at too low a level) in blood,
fibroblasts, or keratinocytes, a common first NF/ hit can be found in the different
lesions (neurofibromas or CALMs) of segmental NF1 patients. This may also
explain why no mutations were found in the fibroblasts of the patient described
by Schultz et al. (2002).

» Intotal, 49 unrelated patients, mosaic for a “first hit” post-zygotic NF/ mutation
in the gonads and/or somatic cells, were reported and only 6/49 carried a minor
lesion mutation affecting 1 nucleotide, all resulting in a premature stop codon.
This probably reflects the technical difficulties associated with the detection of
mosaic point mutations.

e In 43/49 of these cases, the mutation was either an intragenic multi-exon
deletion or a large deletion. At least 17 of these deletions were type 2 TGD
spanning 1.2-Mb.

 Finally, one pair of discordant twins was reported by Kaplan et al. (2010), with a
woman carrying an NF] nonsense mutation in both the Epstein—Barr virus-
transformed lymphoblastoid cells propagated from her B-lymphocytes and her
buccal epithelial cells, but not in her skin fibroblasts, yet being asymptomatic as
of the age of 57 years. In another pair of discordant twins (Vogt et al. 2011), the
affected 3-year-old twin was shown to be mosaic in blood and buccal cells for a
nonsense mutation p.GIn1370*, which was not found in the unaffected twin.
This can be explained by a post-zygotic mutation occurring after the twinning
event took place, that is, after day 3—4 of embryonic life.

12.3 Molecular Diagnosis of NF1

Molecular diagnosis of NF1 is challenging owing to the large size of the gene, the
existence of multiple highly homologous non-processed pseudogenes, the lack of
mutational hotspots, and the complex mutational spectrum including a significant
fraction of unusual splice mutations such as deep-intronic splice mutations or
mutations affecting exonic splice enhancers, mimicking nonsense, missense, or
even silent mutations at the genomic level (Messiaen and Wimmer 2008). The
highest sensitivity and specificity are obtained using a multistep approach including
an RNA-based center assay (Messiaen et al. 2000; Wimmer et al. 2006; Valero et al.
2011).

Clinical applications of mutational analysis have increased in relevance since
some clear genotype—phenotype correlations have unfolded, with large deletions
resulting in a more severe clinical phenotype (Upadhyaya et al. 1998; Riva et al.
2000; Mautner et al. 2010) and with the 3-bp in-frame deletion of 1 amino acid in
exon 17 resulting in a milder phenotype without cutaneous or superficial plexiform
neurofibromas (Upadhyaya et al. 2007). Further, limited genetic heterogeneity has
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been found by identification of a novel disorder, Legius syndrome, caused by
mutations in the SPRED] gene (Brems et al. 2007). Patients with Legius syndrome
have multiple CALMs with or without skinfold freckling and macrocephaly, but do
not develop the typical NF1-associated tumors (Brems et al. 2012). In patients
presenting solely with CALMs with/without freckling, a correct diagnosis of
constitutional NF1 versus mosaic NF1 (for sporadic patients) versus Legius syn-
drome cannot be made exclusively based on the clinical manifestation.

In ~95% of patients presenting with “classic NF1”, including CALMs, skinfold
freckling and neurofibromas, the NFI/ mutation is identified if a comprehensive
approach including RNA-based sequencing is applied (Messiaen et al. 2009).
However, the detection rate in the blood lymphocytes drops in sporadic patients,
even if they present with CALMs, skinfold freckling and neurofibromas probably
because some of them present with mosaicism for an NF/ mutation undetectable/
absent in the blood.

The majority of generalized mosaic patients reported to date present with a
type 2 or atypical TGD, apparently detectable in a higher percentage of blood
lymphocytes compared to urine-derived or buccal epithelial cells (Kehrer-
Sawatzki et al. 2004, 2012; Vandenbroucke et al. 2004; Steinmann et al.
2007; Kehrer-Sawatzki and Cooper 2008; Roehl et al. 2012). Hence, blood
represents a good sample from which to start analyses. In order to ascertain
mosaicism, it seems to be sensible to pursue quantitative testing such as FISH in
urine-derived epithelial cells in sporadic patients carrying a type 2 or atypical
TGD identified in blood. Establishing a diagnosis of mosaic versus constitu-
tional NF1 has important repercussions for counseling the patients and family
with regard to recurrence risk.

Identification of the cell of origin in the CALMs and neurofibromas, that is, the
melanocyte (De Schepper et al. 2008) and Schwann cell (Serra et al. 2000;
Maertens et al. 2006), can now be applied to the precise identification of the
common “first hit” NF/ mutation in the melanocytes or Schwann cells cultured
from the affected regions of segmental patients (Maertens et al. 2007) or suspected
mosaic patients in whom no mutation could be identified in the blood after
comprehensive testing. Identification of such a common “first hit” establishes the
unambiguous diagnosis of segmental or mosaic NF1. Moreover, it provides a
marker that can be used for family planning, if desired, as the mutation may be at
risk of being transmitted to the next generation and, if so, would result in constitu-
tional NF1 (with all body cells carrying the inherited mutation). Refinement of the
risk for transmission can be pursued in mosaic/segmental male patients, through
analysis of the sperm, but cannot be provided in female patients, given the inacces-
sibility of the eggs for screening.

Future progress in diagnosis of founder patients is likely to come from novel
technologies such as deep sequencing and may provide a means to detect low-level
mosaicism in a reliable and sensitive way.
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