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Abstract

We present monozygotic twins discordant for the autosomal dominant disorder neurofibromatosis
type 1 (NF1). The affected twin was diagnosed with NF1 at age 12, based upon accepted clinical
criteria for the disorder. Both twins were re-examined at ages 35 and 57, at which times the
unaffected twin continued to show no clinical manifestations of NF1. Short tandem repeat marker
(STR) genotyping at 10 loci on chromosome 17 and 10 additional loci dispersed across the
genome revealed identical genotypes for the twins, confirming their monozygosity. The affected
twin has three children, two of whom also have NF1, while the unaffected twin has two children,
both unaffected. Using lymphoblastoid, fibroblast, and buccal cell samples collected from both
twins and from other family members in three generations, we discovered a pathogenic nonsense
mutation in exon 40 of the NF1 gene. This mutation was found in all cell samples from the
affected twin and her affected daughter, and in lymphoblastoid and buccal cells but not fibroblasts
from the unaffected twin. We also found a novel non-synonymous change in exon 16 of the NF1
gene that was transmitted from the unaffected mother to both twins and co-segregated with the
pathogenic mutation in the ensuing generation. All cells from the twins were heterozygous for this
apparent exon 16 polymorphism and for single nucleotide polymorphisms (SNPs) within 2.5kb
flanking the site of the exon 40 nonsense mutation. This suggests that the NF1 gene of the
unaffected twin differed in the respective lymphoblastoid cells and fibroblasts only at the mutation
site itself, making post-zygotic mutation leading to mosaicism the most likely mechanism of
phenotypic discordance. Although the unaffected twin is a mosaic, the distribution of the mutant
allele among different cells and tissues appears to be insufficient to cause overt clinical
manifestations of NF1.
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INTRODUCTION

Neurofibromatosis type 1 (NF1; OMIM 162200) is a progressive inherited neurocutaneous
disorder affecting ~1/3500 individuals worldwide, though ~50% of cases are thought to
represent de novo mutations [Huson et al., 1989; Littler and Morton, 1990]. Clinical features
are extremely variable and include café-au-lait macules, skin fold freckling, benign
peripheral nerve sheath tumors (primarily neurofibromas), Lisch nodules of the iris, optic
gliomas, and bone manifestations and learning disabilities [Boyd et al., 2009; National
Institutes of Health Consensus Development Conference, 1988]. Variation is considerable
even within the same family [Riccardi, 1992] and irrespective of the causative genetic
alterations, most of which are point mutations or small deletions, insertions or duplications
[Kayes et al., 1994; Szudek et al., 2000]. The NF1 gene is located on chromosome 17q11.2,
spans a region of 283 kb of genomic DNA and produces an 11-12.5 kb mRNA. Though a
variety of splice forms are known, the longest, isoform 1, combines 58 exons to encode
2,839 amino acids. The NF1 protein, neurofibromin, is a tumor suppressor with a GAP
domain that is involved in negative regulation of Ras family GTPases [Ballester et al., 1990;
Xu et al., 1990]. The NF1 gene shows a remarkably high and as yet unexplained rate of
spontaneous mutation: ~50% of patients have no family history of the disorder and appear to
result from de novo germline mutations, although some may have a parent who is mosaic for
a NF1 mutation [Kehrer-Sawatzki and Cooper 2008]. A number of reports have presented
monozygotic twins who are both affected with NF1 but who differ markedly in their
phenotypes [Akesson et al., 1983; Bauer et al., 1988; Detjen et al., 2007; Kelly et al., 1998;
Koul et al., 2000]. None of these reports identified the causative mutation. The authors are
unaware of any previous reports of monozygotic twins discordant for NF1.

SUBJECTS AND METHODS

Clinical Evaluation

The pedigree shown in Figure 1 depicts a pair of monozygotic twins born at term to a G3P2
21-year-old mother (1-3) and her 23-year-old partner (I-2), at 3374 g (11-1) and 3487 g (11-2),
respectively, following a pregnancy complicated by diagnostic X-ray exposure of the
mother’s abdomen to confirm a twin pregnancy and initial breech presentation of one twin.
The monozygotic twins shared a single placenta and spontaneous vaginal delivery was
accomplished without complications following manual version of the breech twin. The
postnatal course was uncomplicated. 11-2 (the breech twin) was diagnosed with NF1 at age
12 based upon multiple café-au-lait macules, multiple cutaneous neurofibromas and a single
plexiform neurofibroma involving the left lower extremity. Neither 11-1 nor the parents
showed signs of NF1. The twins were evaluated clinically at NIH at ages 35 and 57, with
I1-1 continuing to show no manifestations of the disorder. The NIH clinical evaluations
included a full body skin examination, ophthalmologic examination, brain MR images, and
X-rays of the skull, thoracic and lumbar spine, and long bones of upper and lower
extremities. In addition to the cutaneous findings of NF1 mentioned above, 11-2 also had
Lisch nodules, axillary freckling and slight scalloping of some lumbar vertebra. Her skin
color was darker and her facial features were coarser than those of her unaffected twin. She
also differed from her unaffected twin in several other features: height (160.4 cm vs. 164
cm), occipitofrontal circumference (56.3 cm vs. 54.7 cm), dominant handedness (left vs.
right) and eye findings (severe myopia vs. mild myopia/astigmatism). I-2 produced three
children with the same mate, two of whom have been diagnosed with NF1. This study was
approved by the Institutional Review Boards of the Massachusetts General Hospital and the
National Cancer Institute.
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MOLECULAR ANALYSIS

Lymphoblastoid cell lines were made from whole blood obtained from the twins and the
extended family [Anderson and Gusella 1984] and fibroblast cells were cultured from skin
punches. DNA and RNA were prepared from both types of cell lines [Owerbach et al., 1981]
and DNA was also prepared from buccal cells. DNAs from the twins were genotyped using
10 highly informative multi-allele (STRs) markers across chromosome 17 (D175784,
D17S787, D17S791, D17S799, D17S802, D17S925, D175928, D17S938, D175945,
D175949), and an additional 10 markers across the genome (D2S337, D3S1267, D4S402,
D4S414, D12S78, D12S86, D13S159, D13S170, D15S205, D22S283) to confirm the twins’
monozygosity. Array Comparative Genomic Hybridization (CGH) analysis of the twins’
DNA was performed using the Agilent 244K oligonucleotide array (G4411B) following the
manufacturer’s instructions (Oligonucleotide Array-Based CGH for Genomic DNA
Analysis protocol version 3 (Agilent Technologies, Palo Alto, CA, USA)). Images were
captured by the Agilent DNA microarray scanner and quantified using Feature Extraction
software v9.0 (Agilent Technologies, Palo Alto, CA, USA). CGH analytics software v3.4
(Agilent Technologies, Palo Alto, CA, USA) was subsequently used for data normalization,
quality evaluation and data visualization. Copy number aberration was examined using the
ADM-2 (Aberration Detection Method 2) algorithm.

For mutation identification, we performed RT-PCR and then amplified and sequenced the
NF1 cDNA (primer sequences and PCR conditions available upon request). All variations
are presented in base pair and codon positions based upon NF1 variant 1 in the NCBI
database (accession number NM_001042492) (http://www.ncbi.nlm.nih.gov/) and the exon
numbering is based upon the matching of this sequence to the genome in the UCSC Genome
Browser (http://genome.ucsc.edu hg18 assembly). Sequencing was performed after PCR
clean-up using the Qiagen MiniElute PCR purification kit (VValencia, CA), on an ABI 3730
DNA Analyzer, and the results analyzed using Sequencher 4.8 software (Gene Codes, Ann
Arbor, MI). The cDNA sequence variations were confirmed in genomic DNA. The exon 16
variation was assessed by SNP analysis in 100 unrelated human DNAs from the CEPH
collection, and was found in 0/200 alleles. Polymorphisms in the regions flanking exon 40
were found while examining the cause of the pathogenic mutation by methodical step-wise
sequencing from either side of the exon. Primers were overlapping and sequencing ceased
once a heterozygous SNP was found proximal and distal to the mutation (primer sequences
available upon request).

STR analysis revealed that genotypes for 20 highly informative multi-allele markers (10 on
chromosome 17 and 10 elsewhere in the genome) were identical in the twins, confirming
that they are indeed monozygotic. Array CGH analysis of both the lymphoblastoid and
fibroblast DNAs revealed no differences in copy humber variants between the twins,
although comparison across cell types revealed the expected deletion in the light and heavy
chain immunoglobulin gene regions in the lymphoblastoid cell DNA. Sequencing the entire
NF1 cDNA coding region from lymphoblastoid cells of the affected twin uncovered two
novel changes. Using GenBank accession number NM_001042492
(http://www.ncbi.nlm.nih.gov/Genbank/) as our reference sequence, we found a non-
synonymous alteration (S592N) in exon 16 and a nonsense alteration (R1968X) in exon 40
predicted to cause a truncated NF1 protein. Neither change was present on 200 control
chromosomes. The S592N variant has not been reported previously from extensive mutation
analyses of NF1 patients. This variant is predicted by analysis using PolyPhen
(http://genetics.bwh.harvard.edu/pph/) [Ramensky et al., 2002; Sunyaev et al., 2000;
Sunyaev et al., 2001] to be benign suggesting that it represents a rare polymorphism. In
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contrast, the R1968X alteration has been reported previously as a recurring pathogenic NF1
mutation (sometimes referred to as R1947X based upon neurofibromin isoform 2, GenBank
NM_000267) [Cawthon et al., 1990; De Luca et al., 2004; Fahsold et al., 2000; Upadhyaya
et al., 1994]. Interestingly and unexpectedly, both alterations were also found in the
lymphoblastoid cells from the unaffected twin.

We next examined DNAs from other available family members and detected the S592N
polymorphism in the unaffected mother of the twins (I-3) and in the affected daughter (111-3)
of the affected twin (11-2) (Fig 1 and Table I). This helped us to phase the R1968X mutation,
since it was transmitted together with the S592N variant to 111-3, and to deduce that the
mutation had occurred on the maternal chromosome transmitted from -3 to the twins.
Sequencing the genomic DNA surrounding exon 40 in the twins and family members also
revealed an 8 base pair duplication in intron 39 of the paternal uncle and the two siblings of
the twins. This is a known polymorphism (rs17882240) that further permitted us to phase the
chromosomes in the siblings of the twins and to infer the genotypes at these three locations
for their father, who was unavailable for study.

To explore the distribution of the pathogenic R1968X mutation in the cells of both twins, we
obtained an independent set of lymphoblastoid cell lines (collected 5 years after the first set),
fibroblast cultures and buccal cells (two independent collections 8 years apart) from them.
Sequencing DNAs from buccal cells, whole blood and all lymphoblastoid cells from both
twins confirmed the presence in them of the nonsense mutation, whereas sequencing DNA
from two independent fibroblast cultures from each twin revealed the R1968X mutation
only in the affected twin 11-2 (see Fig 2). The unaffected twin, 1I-1, displayed only the wild-
type sequence at this location in both fibroblast cultures #1 and #2. These findings suggested
that either the R1968X mutation occurred as a post-zygotic event, leading to mosaicism in
the twins, or that the mother was mosaic in her germline for the mutation, which reverted to
wild type, possibly by gene conversion, during embryonic development in the unaffected
twin. Reversion of an NF1 mutation to wild type has not yet been reported in NF1.
Mosaicism for NF1 mutation has been reported,; it is sometimes manifested as segmental
neurofibromatosis, in which a portion or segment of the patient is affected, while the rest of
the body remains unaffected [Hager et al., 1997;L.isternick et al., 2003;Moss and Green
1994;Riccardi 1982;Schultz et al., 2002; Tinschert et al., 2000]. To explore the possibility of
gene conversion, we sequenced the genomic region on either side of the site of the nonsense
mutation. We found that although the twins differed in fibroblast DNA for the presence of
the R1968X mutation, they were identically heterozygous for SNPs 2.5kb proximal
(rs17880965) and 1.7kb distal (rs35370249) to this site, indicating that any putative gene
conversion event would have spanned at most 4.2kb. While this does not entirely rule out a
small gene conversion event, or reversion in I1-1 of an NF1 mutation that occurred in the
mother, the simplest explanation for the discordant manifestations of NF1 in the twins is
post-zygotic mutation leading to mosaicism in the unaffected twin.

DISCUSSION

Monozygotic twinning occurs in humans at a rate of 0.3—-0.4% [Pison and D’ Addato 2006]
and is relatively constant across races and ethnic groups around the world. It is generally
non-familial, as genetic factors are not thought to play a significant role in the global
twinning rate. Monozygotic twins arise by division of an embryo to form identical copies
from one fertilization event. Twinning can occur from as early as the two cell stage until
after the formation of the ectoplacental cone. For ~1/3 of all monozygotic twins, the
twinning event occurs early (dichorionic/diamnionic), prior to the formation of the two cell
layers (inner-cell mass and trophectoderm) allowing discrete development of the
extraembryonic and embryonic components of the blastocyst. The most common mechanism
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of monozygotic twinning, accounting for ~2/3 of all live twin births, occurs when the
embryo divides at the blastocyst stage (diamnionic/monochorionic), after the formation of
the two distinct cell layers. Rarely, the twinning event occurs very late and results in
monoamnionic, monochorionic twins, or incomplete separation and conjoined twins [Scott,
2002]. The twinning event in the NF1 family reported here appears to have taken place after
the early post-zygotic occurrence of a pathogenic R1968X mutation, leading to a shared
placenta and mosaicism for the mutation in one twin. Indeed, it is conceivable that the
effects of the NF1 mutation and consequent differences in microenvironment resulting from
co-development of mutant and normal cells could have contributed to inducing the
formation of two submasses, leading to the discordant monozygotic twins [Hall, 1996;
Machin, 2009]. As monochorionic twins exchange their blood in utero through the single
placenta, the appearance of the mutation in the blood elements of both twins might be
expected even if the lesion had occurred after the twinning event. However, the presence of
the mutation in two independent buccal samples (uncontaminated by blood) from the
unaffected twin indicates that the gastrointestinal tract of the unaffected twin is also mosaic,
as the mutation occurred before twinning. Interestingly, neither twin displays any abnormal
gastrointestinal phenotype.

The occurrence of mosaicism and post-zygotic mutations in NF1 are not new concepts;
however, our report highlights the need to test a variety of accessible tissues from both
patients and family members in situations where mosaicism is suspected or should be ruled
out. Most patients documented to be mosaic for NF1 mutation have had whole gene
deletions that have been found in varying levels in DNA from fibroblasts, buccal cells, and
lymphocytes. This preponderance of whole gene deletions likely reflects an ascertainment
bias due to the relative ease of detection of individual copies of such gross mutations by in
situ hybridization techniques. If more subtle mutations, such as R1968X, are present in
mosaics, they may not be detected using DNA from any of these sources using current DNA
screening assays, leading to false negative results and underestimation of reproductive risks
[Kehrer-Sawatzki et al., 2004]. Our ability to detect and characterize the mosaic status of
twin 11-1 depended on the testing of multiple tissues, on the high proportional difference of
the mutant and wild-type alleles between fibroblasts and other tissues and on the ability to
phase the allelic variants through genotyping of other family members. If the mutation had
been more evenly distributed in the different tissues, we might have failed to detect it using
standard DNA sequencing. This technological limitation may be overcome in the future
through diagnostic implementation of next generation DNA sequencing, which allows
ascertainment and counting of individual sequenced molecules rather than yielding only the
predominant sequence in a mixture.

The pathogenic NF1 mutation found in this study (R1968X) is a recurrent variant present in
1-2% of patients with NF1 [Dublin et al., 1995; Krkljus et al., 1998] that results from
alteration of a methylatable CpG dinucleotide which is thought to a hotspot for Cto T
transitions due to deamination of 5-methylcytosine [Andrews et al., 1996]. In our study, this
mutated allele is of maternal origin; this is interesting because several studies have
suggested that over 90% of spontaneous mutations in NF1 originate in the paternal genome
[Jadayel et al., 1990; Wallace et al., 1991]. These authors have hypothesized that transition
mutations occur at methylated CpG dinucleotides which are present in the male germline,
but these sites remain unmethylated in female germ cells [Driscoll and Migeon, 1990].
Further, patterns of methylation may be disrupted during development of monozygotic twins
as a single ovum supplies all nutrients until implantation, raising the possibility of early
folate deficiency. In our study, the R1968X mutation occurred on the maternally derived
chromosome 17, suggesting that the alteration occurred after methylation was re-established
post-fertilization; this is consistent with the mosaic pattern that we observed in the
unaffected twin’s cells.

Am J Med Genet A. Author manuscript; available in PMC 2011 March 1.
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The R1968X alteration has been reported previously in a mosaic individual who displayed
segmental NF1 [Consoli et al., 2005]. In this woman, the mutation was found in a subset of
the cells in affected areas, but not in any cells in unaffected areas. Interestingly, the mutation
was present in her germline because it was transmitted from the patient to her daughter, who
had a non-mosaic NF1 phenotype. The mosaic twin, whom we have described, displayed no
signs of even segmental NF1. Experiments in mouse models have showed that variation in
phenotypic manifestations of NF1 may be due to the micro-environment surrounding the
target cells. In these models, tumor formation occurs following homozygous inactivation of
the NF1 gene in the Schwann cells themselves, but only when the surrounding cells are
heterozygous for an NF1 mutation and not if they are wild-type [Le and Parada, 2007].
Thus, the absence of manifestations of NF1 in the mosaic twin reported here result from too
low a percentage of cells of neural crest origin with the mutation, from too low a percentage
of cells with the mutation to create a micro-environment conducive to tumor formation, or to
some combination of these factors. In any event, the unaffected twin described here
demonstrates that some mosaic individuals may have no clinical evidence of NF1.
Consequently, the frequency of NF1 mosaicism in the population may be underestimated.
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Figure 1. Pedigree depicting this three generation NF1 family

Symptomatic individuals are shown as filled symbols. Some symbols are given as diamonds
to protect confidentiality. Genotypes are arranged as two phased haplotypes shown below
each individual: top row, exon 16 change ¢.1776G>A (p.S592N) (1=G, 2=A); middle row,
rs17882240 intron 39 8 base pair in/del (¢.5813-663_654dupTGTGAACC; 1=1 copy, 2=2
copies); bottom row, exon 40 nonsense mutation ¢.5902C>T (p.R1968X) (1=C, 2=T).
Individual 11-2 shows the exon 40 nonsense mutation as a de novo event on the chromosome
17 inherited from her mother. 11-1 shows either the mutation or wild-type sequence at this
site, depending on the tissue source of DNA. Haplotypes in I-2 are shown in brackets, as the
genotype was inferred.
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Figure 2. Sequence analysis of the R1968X mutation

Page 10

DNA sequence traces of the region of the R1968X (¢.5902C>T) mutation are shown for
pedigree member 11-1 lymphoblastoid DNA (top panel), 11-1 fibroblast DNA (second panel),
11-2 lymphoblastoid DNA (third panel) and I1-2 fibroblast DNA (bottom panel). Software-

generated base calls are shown above the colored traces, with heterozygosity for the

pathogenic mutation being designated by “N”. Only the 11-1 fibroblast DNA fails to show

evidence of the R1968X change.
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