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Abstract

Individuals affected with the neurofibromatosis 2 (NF2) cancer predisposition syndrome develop
specific ocular lesions. To determine whether these lesions result from altered NF2 gene expression,
microdissection and PCR were used to investigate 40 ocular lesions from seven eyes of four NF2
patients for LOH, with markers that flank the NF2 gene on chromosome 22qg. NF2 protein (merlin)
expression was also evaluated in these lesions, using immunohistochemistry. Retinal hamartoma was
observed in all seven eyes, including one with combined pigment epithelial and retinal hamartoma
(CPERH). Retinal tufts were present in four eyes (three patients), retinal dysplasia in two eyes (two
patients), optic nerve neurofibroma in one eye, iris naevoid hyperplasia in two eyes (two patients)
and pseudophakia in all eyes. Markers were informative in three patients (six eyes from three
unrelated families). One patient was non-informative due to prolonged decalcification. All retinal
and optic nerve, but not iris lesions, demonstrated consistent LOH for the NF2 gene. Merlin was not
expressed in the retina, optic nerve, or iris lesions. These results suggest that inactivation of the
NF2 gene is associated with the formation of a variety of retinal and optic nerve lesions in NF2
patients.
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Introduction

The neurofibromatoses consist of at least two distinct autosomal dominant disorders caused
by mutations in different genes [1,2]. Neurofibromatosis 1 (NF1) was first described by von
Recklinghausen in 1882 [3] and is the most common form, with a birth incidence of about 1
in 3000 [1]. It has also been called ‘von Recklinghausen disease’ or peripheral
neurofibromatosis. The earliest description of neurofibromatosis 2 (NF2), formerly called
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central or bilateral acoustic neurofibromatosis, was by Wishart in 1822 [4]. Since the 1987
National Institutes of Health (N1H) Consensus Development Conference on Neurofibromatosis
[5], the designations of NF1 and NF2 have gained widespread recognition and the genes of
each disorder have been cloned. NF1 is caused by mutations that inactivate the NF1 gene on
chromosome 17q, while the NF2 gene resides on chromosome 22q [2]. Both genes are tumour
SUppPressor genes.

NF2 is much rarer than NF1, with a birth incidence of about 1 in 40 000 [6], and the morbidity
and mortality associated with it are greater, due to the intracranial and intraspinal tumours [1,
7]. The major feature of NF2 is the presence of bilateral vestibular schwannomas (acoustic
neuromas). Schwannomas of other cranial, spinal and peripheral nerves, as well as intracranial
and spinal meningiomas, are also frequent findings. In addition, café au lait spots and cutaneous
schwannomas may be present. Previously documented ocular manifestations of NF2 include
loss of vision due to optic nerve meningioma, neurotrophic keratopathy, juvenile posterior lens
opacities [8,9], juvenile cortical cataracts, intraocular neurilemmoma [10], epiretinal
membrane [11-13], retinal hamartoma [14,15], combined pigment epithelial and retinal
hamartoma (CPERH) [16-18], optic nerve glioma [19,20] and iris Lisch nodules [21]. Juvenile
posterior lens opacities and juvenile cortical cataracts are included in the diagnostic criteria for
NF2 [22].

Ocular abnormalities associated with NF2 have been documented in other phacomatoses such
as NF1 and tuberous sclerosis [7,23,24]. Although they may present similar clinical and
histological pictures (phenotype), involve genetic mutation and/or deletion of various tumour
suppressor genes and result in loss of normal protein expression at the phacomatous lesions,
the genotypes of each phacomatosis are completely different and the genes of each disease
locate in different chromosomes [25-27]. Tuberous sclerosis has two genes that are identified
on chromosomes 16q (TSC 2) and 9q (TSC 1).

The identification of the NF2 gene in 1993 ushered in a new era of NF2 research [28-30]. Since
then, germline NF2 mutations have been found in large numbers of NF2 patients, and
genotype—phenotype correlations have been identified. Nonsense and frame-shift mutations
are generally associated with severe disease, splice-site mutations are usually associated with
variable phenotypes, and missense mutations and large deletions are frequently seen with mild
disease. Schwannomas and meningiomas from NF2 patients and the same types of sporadic
tumours have shown frequent loss of heterozygosity (LOH) for polymorphic DNA markers
close to the NF2 gene [31,32]. In the LOH studies, the tumours lose the wild type NF2 allele
and retain the inherited or somatically mutated NF2 allele, which likely produces little or no
functioning NF2 protein. The NF2 protein, called merlin or schwannomin [33,34] shares
sequence homology with the ERM (ezrin, radixin, and moesin) family of cytoskeleton
membrane-linking proteins.

Because NF2 is not a common disease and the eyes are often difficult to obtain, there are only
afew reported isolated patients with routine ocular pathology. Thus far, no molecular pathology
of the eyes with NF2-associated lesions has been reported in the literature. In this study, we
report the results of LOH analysis for polymorphic markers flanking the NF2 gene in 40 ocular
lesions from four NF2 patients, from three unrelated families. We also studied NF2 protein
expression in all abnormal ocular lesions from these four patients.

Materials and methods

Patients

The patients had been enrolled in an IRB-approved protocol at the Clinical Center, NIH.
Clinical evaluation included physical and neurological examinations, a complete eye
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examination, including slit lamp and dilated fundoscopic evaluation of the lens and fundus,
audiology, auditory brain stem-evoked responses and magnetic resonance imaging of the brain
and entire spine. Peripheral blood was obtained for molecular studies. Complete study details
have been reported previously [35,36]; the report by Parry et al. includes clinical and molecular
details of the four patients whose eyes are the subjects of this report [36]. All four patients met
standard diagnostic criteria for NF2 [22]. The patients were from three unrelated families.
Patients 1 and 3 were the proband and his sib, respectively, from family G17703 in Parry et
al. [36], and patient 2 was the father of patient G17900 [36]. These patients had the same exon
11 nonsense mutation. Patient 4 was the proband of family G17690 [36]; he had an exon 2
nonsense mutation. Patients 1, 3, and 4 died at ages 42, 47, and 16, respectively, from
complications of central nervous system tumours. Patient 2 died at age 70 from Kidney failure
unrelated to NF2.

Two eyes from patient 4 were obtained at the time of autopsy at the NIH. Two eyes from each
of patients 2 and 3 and one eye from patient 1 were received from outside institutions. All four
patients had a variety of clinically detected ocular findings. These included posterior capsular
cataracts, retinal hamartomas including a CPERH, epiretinal membranes and iris Lisch
nodules, all of which were reported previously [9,18]. The seven eyes were fixed in 10%
formalin, and processed and sectioned through the pupillary optic nerve plane according to
their clinical presentations. The entire material was paraffin-embedded and at least 10 serial
sections were cut through each lesion from each block. All slides were thoroughly reviewed
to identify various ocular lesions that were suitable for subsequent microdissection and genetic
studies.

Immunohistochemistry

After deparaffinization, the sections were immunostained using the avidin-biotin—peroxidase
complex technique. The primary antibodies were polyclonal rabbit antibodies against glial
fibrillary acidic protein (GFAP), neuron-specific enolase (NSE) and S-100, and a monoclonal
mouse antibody against HMB-45 (Dako Corporation, Santa Barbara, CA), or control rabbit
IgG for polyclonal antibodies (GFAP, NSE, and S-100) and control mouse 1gG for HMB-45.
In addition, polyclonal rabbit antibody against merlin (WA30;
YAEHRGRARDEAEMEYLKGC; residues 192-209 plus a carboxyl terminal cystein residue)
was also applied as a primary antibody after the deparaffinized section had been treated in
0.4% pepsin in 0.01 ~ HCI for 30 min at 37 °C as previously reported [37]. The secondary
antibodies were biotin-conjugated goat anti-rabbit 1gG or horse anti-mouse IgG (Vector
Laboratories, Burlingame, CA). The substrate was avidin-biotin—peroxidase complex, and the
chromogen was diaminobenzidine. A deparaffinized section from a normal eye was used as a
positive control for immunostaining against merlin antibody.

Microdissection

Unstained 5 pm sections on glass slides were deparaffinized with xylene, rinsed in ethanol
from 100% to 80%, briefly stained with haematoxylin and eosin, and briefly rinsed in 10%
glycerol in tromethamine hydrochloride-EDTA buffer. Microdissection was performed under
direct light microscopic visualization using a 30-gauge needle as previously described [38]. A
total of 40 separate ocular lesions were microdissected from the seven eyes. From each eye, at
least two areas of ‘normal’ tissues (retina, ciliary body, iris, or cornea) were selected and
analysed as normal control tissue.
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DNA extraction

Procured cells were immediately resuspended in 5-10 pl buffer containing tromethamine
hydrochloride, pH 8.0; 10 mw ethylenediamine tetraacetic acid, pH 8.0; 1% polyoxyethylene
20 sorbitan monolaurate; and 0.5 mg/ml proteinase K, and were incubated at 37 °C overnight.
The mixture was boiled for 10 min to inactivate the proteinase K, and 2 pl of this solution was
used for polymerase chain reaction (PCR) amplification of the DNA.

Primers and PCR conditions

All samples were examined for LOH at the NF2 gene locus using markers D225683, TOP1P2,
and CYP2D on chromosome 22q. Markers D22S5683 and CYP2D are 6.3 and 12.4 Mbs
telomeric to the NF2 gene respectively, and marker TOP1P2 (M55630) is 4.8 Mbs centromeric
to the NF2 gene. The three flanking markers, as compared to the intragenic NF2 markers, are
more satisfactory for the analysis of minuscule microdissected material; they were therefore
used in this study. Each PCR sample contained 2 ul of template DNA as described above, 10
pmol of each primer, 20 nmol each of dATP, dCTP, dGTP, and dTTP, 15 mM MgCl,, 0.1 U
Taq DNA polymerase, 0.05 pl 32P-dCTP (6000 Ci/mmol), and 1 pl of 10 x buffer in a total
volume of 10 pl. PCR was performed with 35 cycles: denaturing at 94 °C for 1 min, annealing
at 55 °C for 1 min and extending at 72 °C for 1 min. The final extension was continued for 10
min.

Loss of heterozygosity (LOH) analysis

Results

Labelled amplified DNA was mixed with an equal volume of formamide loading dye (95%
formamide, 20 mw EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol). Samples were
then denatured for 5 min at 95%, loaded onto a gel consisting of 6% polyacrylamide
(acrylamide : bisacrylamide 49 : 1), and electrophoresed at 1800 V for 90 min. After
electrophoresis, the gels were transferred to 3 mm Whatman paper and dried. Autoradiography
was performed with Kodak X-OMAT film (Eastman Kodak, Rochester, NY).

A patient was considered informative for a polymorphic marker if normal tissue DNA showed
two different alleles (heterozygosity). The criterion for LOH was complete or near complete
absence of one allele in the DNA from any ocular lesion compared to normal DNA, as defined
by direct visualization.

Histopathology

Ocular lesions were found in all seven eyes (Table 1). Cataracts were evident by pseudophakia
(presence of intraocular lenses) in seven eyes, iris naevoid hyperplasia at the anterior surface
in two eyes of two patients, and retinal lesions in all eyes. The specific retinal lesions included
epiretinal membranes and retinal hamartomas in seven eyes (Figure 1A-D) with additional
CPERH in one eye (Figure 1E) [18], retinal tufts in four eyes of three patients (Figure 2A),
retinal dysplasia in two eyes of two patients (Figure 2B), and optic glioma in one eye (Figure
2C). Retinal hamartomas were defined as hamartomatous growths of glial, vascular, and/or
melanocytic derivation in the retina. They appeared as flat, discoid masses, or bulged forward
prominently into the vitreous chamber. In a few, there were ganglion cells and neurons.
Coloboma was also identified in two eyes. A Fuchs adenoma was seen in the ciliary body of
one eye.

Immunohistochemistry

All retinal hamartomas consisted of cells positive for GFAP, NSE, and/or S-100. In general,
the glial elements (GFAP) were located in the periphery of each lesion and neural components
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(NSE) appeared throughout each lesion. Retinal tufts were mostly positive for GFAP or
composed mainly of glial tissue. Positive staining for melanin component (HMB-45) was found
only in the CPERH.

Using the polyclonal antibody (WA30) against merlin [24], normal adult eye showed strong
positive merlin staining in the lens, iris and ciliary body epithelial cells and the optic nerve and
weak staining of the internal limiting membrane and the rods and cones, but not of other retinal
layers where there are no myelinated nerve fibres. The data were similar to the report by
Rouleau and associates [39]. All NF2-associated retinal hamartomas and the optic nerve glioma
were negative for merlin by immunohistochemistry. Loss of merlin expression was also noted
in the residue lens epithelial cells of the pseudophakic eyes. In addition, there was a marked
decrease of anti-merlin immunoreactivity in the optic nerve surrounding the NF2 glioma lesion
(Figure 3).

LOH on chromosomes 22q

Microdissected cells from a total of 40 separate ocular lesions were examined for loss of the
three chromosome 22q markers. Thirty-five lesions in three patients (patients 2—-4) were
informative (Table 2). The eye of patient 1 had bone formation in the posterior choroid and
retina and the specimen had undergone prolonged decalcification for routine histological
processing; thus the eye was non-informative. LOH of D22S683, TOP1P2, and CYP2D was
found in all examined retinal solid lesions as well as the optic nerve glioma (Figure 4A and
B). Only one of the two patients with iris naevoid lesions was informative (patient 4); the iris
naevoid lesions in that patient did not demonstrate LOH for NF2 (D22S683 and TOP1P2)
markers. In addition, a Fuchs adenoma at the ciliary body did not show LOH for the three
markers on chromosome 22¢. These findings indicate inactivation of the NF2 gene in all types
of retinal and optic nerve lesions in the eyes of the NF2 patients included in this study (Table
2).

Discussion

We have provided histopathological documentation of the occurrence of retinal hamartomas,
CPERH, epiretinal membranes, retinal tufts, and optic nerve glioma in four NF2 patients whose
other clinical manifestations of NF2 have also been reported [36]. We and others have reported
these ocular lesions in association with NF2 [11,12,14,15,17-20,35,40-43]. Retinal hamartoma
is the most commonly found lesion in the retina of NF2 patients. Unlike the hamartoma in
tuberous sclerosis, composed of mainly glial tissue, NF2-associated retinal hamartoma usually
contains multiple tissues of glial, vascular and even melanocytic origin [23]. In addition, we
also observed the occurrence of retinal dysplasia in two eyes from two patients. This
abnormality showing retinal dysmorphogenesis has not been documented in the eyes of patients
with NF2. Retinal dysplasia is a malformation of the developing retina that leads to a rosette-
like configuration described by ophthalmic pathologists and can only be demonstrated in
pathological sections.

Our observation of such a large number and variety of abnormal ocular lesions in the seven
studied eyes may reflect the fact that all four patients had germline nonsense mutations; this
group of mutations is generally associated with severe clinical manifestations [36]. We found
somewhat different arrays of ocular lesions in the three patients with germline mutation of the
same exon (patients 1-3) and similar phenotypes in two patients with mutations in different
exons (patient 2 vs. patient 4).

LOH in various hamartomas has been detected in other phacomatous lesions including NF1,
tuberous sclerosis, familial adenomatous polyposis coli and Peutz—Jeghers syndrome [25,26,
44]. LOH of NF2 gene is detected in schwannoma [45,46]. We have detected consistent LOH
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for markers flanking the NF2 gene in all the retina and optic nerve, but not iris and ciliary body,
lesions in the three informative patients. In addition, we have shown that no detectable merlin
protein was present in any of the hamartomatous lesions and the residual lens epithelial cells
in those pseudophakic eyes that had an inserted intraocular lens after cataract extraction.

Merlin expression is observed in cells migrating from the ventricular zone to the cortical plate
during mid-embryonic development of the mouse neocortex and in a majority neural crest
derived cells [47]. This developmental pattern suggests that merlin may play a role in neuronal
maturation and cellular migration in the developing central nervous system. Loss of merlin,
through NF2 mutation and allele loss, could result in a developmental defect involving
migration of the neuroblastic cells in the retina, resulting in retinal dysplasia.

In summary, we found that retinal dysplasia is an additional ocular lesion associated with
NF2. All of the various types of retinal and optic nerve lesions that were present in the eyes of
three informative NF2 patients demonstrated LOH for three chromosome 22q markers flanking
the NF2 gene, and by inference, loss of the normal allele of that gene resulting in loss of merlin
expression. These results are consistent with the NF2 gene acting as a tumour suppressor and
indicate that inactivation of this gene is important in the pathogenesis of retinal and optic nerve
lesions associated with NF2.
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Figure 1.

Retinal hamartomas. (A) A small vascular hamartoma (arrow) located in the inner retina. (B)
A large vascular hamartoma (asterisk) infiltrated most of the retinal layers. (C) A glial
hamartoma in the retina (asterisk). (D) Two small hamartomas (arrow) located at the optic
nerve head. (E) CPERH (asterisk) (haematoxylin and eosin; original magnification: A, x200;
B, x50; C, x200; D, x100; E, x400)
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Figure 2.

Other NF2-associated lesions. (A) Retinal tuft arising from the nerve fibre layer. (B) Retinal
dysplasia showing a rosette-like configuration. (C) Neurofibroma in the optic nerve
(haematoxylin and eosin; original magnification, A, x200; B, x400; C, x200)
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Figure 3.

Expression of merlin in optic nerve. (A) Positive, black colour merlin staining of the optic
nerve in an NF2 patient without an optic nerve lesion, showing no difference compared to the
normal optic nerve control, where there are Schwann cells and myelinated nerve fibres; note,
as expected, absence of staining beyond the level of the lamina cribrosa (LC). (B) Negative
merlin staining of the neurofibroma (NF) and positive staining of the optic nerve (left lower
corner) of case 4 (immunohistochemical staining against anti-merlin antibody, original
magnification, x100)
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Figure 4.

Autoradiography showing LOH at the NF2 gene locus in ocular lesions. Representative retinal
hamartomas showing LOH for both markers D22S683 (A) and TOP1P2 (B). Arrowheads point
to the position of the respective alleles. ‘Duplication bands’ are seen associated with the
dinucleotide repeat marker TOP1P2 (B). (A: lanes 1 and 2, normal retina; lane 3, retinal
hamartoma; lane 4, optic nerve neurofibroma. B: lanes 1 and 4, normal retina; lanes 2 and 3,
two different retinal hamartomas)
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