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NEUROFIBROMATOSIS 2: CLINICAL AND DNA LINKAGE STUDIES OF A LARGE KINDRED

WerapiMIR WERTELECKL, M.D., Guy A. RouLeau, M.D., Duane W. SurErNEAU, M.D.,
Lors W. Forenanp, M.S.; Joun P. Wirriams, M.D.,
JonaTaAN L. Hanes, PH.D., aND James F. GuseLra, PH.D.

Abstract At least eight provisional categories of neurofi-
bromatosis have been proposed. Among these, neurofi-
bromatosis 1 (von Recklinghausen’s disease or peripheral
neurofibromatosis) and neurofibromatosis 2 (central or bi-
lateral acoustic neurofibromatosis) have been established
as distinct disorders.

We studied 15 affected male and 8 affected female
members of one large kindred with neurofibromatosis
2. None of the patients met the diagnostic criteria for
neurofibromatosis 1. Between the ages of 15 and 53
years, the patients had multiple central nervous system
tumors of various types — mainly, bilateral acoustic
neuromas. Two or more tumors eventually developed
in 20 of the patients; 9 had evidence of only bilater-

FTER the studies of von Recklinghausen in 1882,
the heterogeneous nature of neurofibromatosis

was recognized.!»? In 1903, Henneberg and Koch de-
scribed “central” neurofibromatosis and emphasized
the lack of skin alterations and the nosologic impor-
tance of acoustic neuromas.® In 1915, Bassoe and Nu-
zum described a 15-year-old boy with multiple sub-
cutaneous nodules, bilateral cerebellopontine angle
tumors and multiple peripheral and central neurofi-
bromas.* In 1937, Worster-Drought et al. proposed a
classification of neurofibromatosis based on the strict
use of the terms “peripheral,” “central,” and “com-
bined forms.” ® Recently, Riccardi has proposed provi-
sional categories of neurofibromatosis, designating
them neurofibromatosis 1 through 7 and an eighth
category of “not otherwise specified forms.”® Consid-
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al acoustic neuromas. Meningiomas and ependymomas
were more common among the young patients; those
who initially presented with acoustic neuromas were
nearly a decade older. Intracranial nontumoral calcifica-
tions were present in most patients and were also found in
symptom-free children. The presence of such lesions is
probably a prodromic feature of neurofibromatosis 2.

Simultaneous analysis of D22S1 and IGLV DNA mark-
ers for coinheritance with neurofibromatosis 2 indicates
that the locus for the disease is near the center of the long
arm of chromosome 22 (22q11.1—22q13.1). The eventual
isolation of this disease gene may reveal a cause of the
most common intracranial tumors in humans. (N Engl J
Med 1988; 319:278-83.)

crable efforts to define the clinical and genetic hetero-
geneity of neurofibromatosis have culminated in a
recent National Institutes of Health Consensus Devel-
opment Conference Statement about “the neurofibro-
matoses.”’

Currently, there are two established forms of neuro-
fibromatosis, and other variants are under study.
The best known is the classic and common form, tradi-
tionally known as peripheral neurofibromatosis or
von Recklinghausen’s disease but now called neuro-
fibromatosis 1 and recently related to a gene local-
ized to chromosome 17. The second form, which
is now called neurofibromatosis 2, is rare and was
historically known as central neurofibromatosis, or
bilateral acoustic neuroma neurofibromatosis.” The
most recent diagnostic criteria proposed for neuro-
fibromatosis 2 are bilateral acoustic neuromas or a
first-degree relative with neurofibromatosis 2 and
either a unilateral eighth-nerve mass, or two of the
following: meningioma, glioma, schwannoma, neuro-
fibroma, and juvenile posterior subcapsular lenticu-
lar opacity.” The frequency of neurofibromatosis 2 is
not known; its natural history was derived mainly
from studies of one large family in Pennsylvania,
begun by Gardner and colleagues more than half a
century ago.?!?
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Our studies focus on another VI VIE VIV I I Hm v v v Vi
large kindred manifesting neurofi-

bromatosis 2.'*'* Its size and ac-
cessibility made this family ideal for
genetic-linkage investigations and
determination of the natural histo-
ry and clinical variability of the dis-
ease. Data from DNA-marker stud-
ies indicated that the gene causing
neurofibromatosis 2 was in the im-
mediate vicinity of the D22S1 lo-
cus.'” Now, after expanded linkage
studies and multipoint linkage
analysis, the data demonstrate that
the gene causing neurofibromatosis
2 is near the center of the long arm
of chromosome 22.
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The white family studied is depicted in the
pedigree in Figure 1 and resides mainly
along the coast of the Gulf of Mexico. Medi-
cal records, histologic slides, death certifi-
cates, and autopsy reports were sought for
all symptomatic family members. Clinical
assessments were performed with use of a
flow chart that included a search for signs of
neurofibromatosis 1. The results of comput-
ed tomography, magnetic resonance imag-
ing, and ophthalmologic and audiologic
examinations were also sought. Family
members were considered to be affected only
if evidence of tumors of the nervous system,
its nerve sheaths, or enveloping membranes
was demonstrated by surgery, biopsy, or
imaging techniques. The studies were ap-
proved by our Committee for the Protection
of the Rights of Human Subjects.

Peripheral-blood lymphocytes were ob-
tained from 137 members of the kindred,
and lymphoblastoid cell lines were estab-
lished to provide a source of DNA.'® Two
DNA markers, D22S1,'"” an anonymous
DNA locus, and IGLV, which encodes the
variable-region segments of the immuno-
globulin lambda light chain, were used to
characterize family members.'® The D22S1
locus displays an apparent single-site restric-
tion-fragment—length polymorphism with
the use of the probe pMS3-18 and enzyme
Bgl1l. Allele 1, a fragment of 9.5 kb, has a
frequency of 0.81, and allele 2, a 6.5-kb frag-
ment, has a frequency of 0.19. The probe
pV3.3, containing a 3.3-kb BamH]I subclone
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Figure 1. Family Pedigree of Patients
with Neurofibromatosis 2.
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fragment of the genomic clone V4A from the IGLV locus, detects a
three-allele polymorphic system with the enzyme Tagl; the three
allelic fragments, denoted here as A (4.2 kb), B (12.9 kb), and C
(11.0 kb), have frequencies of 0.13, 0.55, and 0.32, respectively.'®
Studies of normal families revealed a recombination frequency of 10
percent between these two markers.?

The data were analyzed with the computer programs LINK-
AGE?! and LIPED.?? The penetrance and mean age at onset were
assumed to be 0.95 and 20 years, respectively. Further details about
our methods are given elsewhere.'®

REsuLTs

The clinical manifestations in 15 affected male and
8 affected female family members were narrow in
scope and directly related to emerging tumors. A typi-
cal medical history is that of a woman born in 1950
after an uneventful pregnancy, labor, and delivery
(Fig. 1, Case V-83). At the age of 18 years, the patient
noted increasing facial weakness on the right side and
twitching of the lip and eyelid; three years later, she
was unable to close her right eyelid. Progressive
numbness and tingling in her legs led to a neurologic
examination at the age of 26 years and the diagnosis of
a 4-cm extra medullary spinal mass at the level of
T7-T9 which, upon resection, was found to be a me-
ningioma containing multiple calcified psammoma
bodies. The facial paralysis progressed, and by the age
of 30 years, there was loss of taste because of a right
facial-nerve neuroma. One year later, dizziness, de-
creased brain-stem auditory evoked responses, and
the results of computed tomography and encephalog-
raphy led to the diagnosis of bilateral acoustic neuro-
mas. Extensive choroid plexus calcifications were also
observed. The tumor on the left side was resected,
after which the patient became nonambulatory be-
cause of poor balance.

Soon after the resection, the patient had the onset of
generalized pain that extended from the neck to the
right shoulder and arm and was due to an extramedul-
lary tumor at the level of C2-C3. Surgical exploration
revealed a schwannoma at C2-C3 that was adjacent,
but not attached, to a large extradural and intradural
meningioma at C3-C4. In addition, an intradural me-
ningioma en plaque was noted on the dorsal inner
surface of the dura in the area of C1-C3. The tumor
was partly removed, revealing multiple psammoma-
tous bodies. A cystic lesion at the cervicomedullary
junction revealed no neoplasia and contained cerebro-
spinal fluid.

At the age of 36 years, the patient was increasing-
ly unable to hear, smell, taste, swallow, stand, or recall
recent events. Examinations revealed three small café
au lait spots but no axillary freckles, Lisch spots,
or cutaneous neurofibromas. The patient reported
that menarche (at age 12 years) and pregnancies (at
age 21, 24, and 25 years) had not exacerbated her
symptoms.

The patient has many similarly affected relatives
(Fig. 1 and 2). An autosomal dominant pattern of
inheritance was evident from the pedigree, with no
instances of skipped generations between affected
family members. Each patient met the National Insti-
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tutes of Health diagnostic criteria for neurofibromato-
sis 2, whereas none met the diagnostic criteria for
neurofibromatosis 1.7

The radiologic and histologic landmarks of these
familial tumors revealed the usual features seen in
similar tumors with a sporadic nature. On the other
hand, intracranial nontumoral calcifications of unusu-
al degree, extent, and location were found in 9 of 11
symptomatic and in 4 asymptomatic family members,
3 of whom subsequently had tumors. The fourth (VI-
106) was a six-year-old child who remains asympto-
matic seven years later. A congenital cataract was
found in one patient (V-101); statements about cata-
racts in two others (IV-43 and V-77) could not be
confirmed. Therefore, our data on the nosologic im-
portance of cataracts in neurofibromatosis 2 are incon-
clusive.?? We found no indication that puberty, preg-
nancy, or maternal inheritance influenced the clinical
course of the disease.?*?

Family members were typed for D22S1 and IGLV,
and the results are shown in Table 1 as lod scores
representing the log)o of the ratio of the likelihood of
linkage to neurofibromatosis 2 and various recombi-
nation fractions (6) relative to the likelihood of non-
linkage (8 = 0.50). Generally, a lod score above +3 is
considered proof of linkage, whereas a score below —2
excludes linkage at the specified @ value. Both markers
yielded positive lod scores. The recombination value
(@) at which the maximum lod score (Z) is obtained
provides the best estimate of the recombination fre-
quency separating the defect from the marker locus.
For D22S1, the positive lod score had a maximum
z = 3.42 at 6 = 0.00, indicating that there were no
obligate recombination events between the marker lo-
cus and the defective gene. IGLV yielded a positive
lod score, with a maximum Z = 0.95 at 6 = 0.16.

Knowledge of the frequency of recombination be-
tween these DNA markers permitted us to maximize
the linkage information from our pedigree through si-
multaneous analysis of both marker loci for coinheri-
tance with the disease gene.?' The multipoint analysis
raised the peak lod score in favor of linkage to 4.05
(Fig. 3). Although the lod score was positive over
a large region, the odds were approximately 10:1
against the disease locus being located on the centro-
meric side of the IGLV locus. The IGLV locus has
been mapped to the 22q11.1-22q11.2 region.2%26
D22S1 maps less precisely to the 22q11.2—>22q13 re-
gion,?’ proximal to the marker SIS, which maps to
22q12.3+22q13.1.2%2 We conclude that the locus
for neurofibromatosis 2 is located on the long arm of
chromosome 22, within a region 8 centimorgans proxi-
mal and 24 centimorgans distal to D22S1 (corre-
sponding to the 1-lod unit confidence interval on the
estimate of 6).

DiscussioN

Our study of a large kindred manifesting neurofi-
bromatosis 2 reaffirms the distinct and relatively nar-
row clinical scope of the disease. The four main noso-
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logic landmarks in this family are the postpubertal
emergence of ependymomas, meningiomas, acoustic
neuromas, and other tumors; the development of mul-
tiple tumors in virtually all patients; the lack of char-
acteristics of neurofibromatosis 1; and an autosomal
dominant inheritance pattern of high penetrance. As
shown in Figure 2, nearly half the patients remained
asymptomatic during their first 30 years of life, the
youngest became symptomatic at the age of 15 years
(V-13), and the oldest at the age of 53 years (IV-33).
One patient (VI-76) remains asymptomatic at the age
of 32. Initial symptoms attributable to acoustic neu-
roma appeared nearly a decade later than those attrib-
utable to meningiomas and ependymomas. Since tu-
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Table 1. Lod Scores for Linkage of Neurofibromatosis 2
to D22S1 and IGLV.

MARKER

Locus RECOMBINANT FRACTION (6) PEAK LOD SCORE (2)
0.00 001 005 0.10 020 030 040

D22S1 3.42 337 3.13 2.48 2.11 1.35 0.59 3.42 (é = 0.00)

IGLV  -0.20 0.04 0.60 0.86 0.93 0.72 0.37 0.95 (é = 0.16)

mors that cause no symptoms are often found among
relatives at risk, obtaining the family history is of ex-
ceeding importance in the diagnostic process. On the
other hand, the presence of multiple nervous system
tumors or bilateral acoustic neuro-
mas, regardless of the family histo-

PEDIGREE .
NUMBER AGE IN YEARS ry, should arouse the suspicion that
0 10 20 30 40 50 60 70 neurofibromatosis 2 is present, be-

cause such lesions are rare in the
V-13 " J—— | B-- general population. Multiple me-
VI-81 EM---- ningiomas or spinal neurofibromas
are uncommon,?>3% and less than
v-83 ®----M--bA-M+C 10 percent of acoustic neuromas
vV-77 MbA------- mN------ are bilateral.3!-33
V=13 WbA-+ ] Tl:ie' nonltumoral calgiﬁca;ions
qa ! | me......_ N ouna 1in a large proportion ot pa-
V=99 |E bA---N tients were striking. These occurred
V-76 BbA in unusual areas of the choroid
V-67 | D et bAt plexus, away from the glomus, or
V-4 Q- Dt they re\l/lea}efl l%ILusual lcgililﬁgpra-
tion on the falx. These calcifications
V=44 @M were similar to those observed in
VI-76 {E+bA- neurofibromatosis 1.3*37 We sus-
IV-36 @bA--t pect that further studies of this fam-
-2 [ tbA ily will justify the view that nontu-
3 moral calcifications, mainly of the
V-1 W bAt highly vascular choroid plexus, are
ghly p
V-66 B---mM-bA- prodromal features of neurofibro-
V-43 Y0 e ——— tmM+F matolsis 2. Tumoralﬁcalciﬁcations
_ are also seen in neurofibromatosis 1
V=100 WoA-E and 2, and the tumors in these dis-
V-4 3 | M---A--oo- orders are often highly vascular.
V-101 SbA---I---- Other vascular pathologic features
V-34 BM-—- mM---t haV(? aqu been pbserved .and lilawe
_ A received increasing attention, but a
V-65 B--bA relation of tumoral and nontumoral
V-40 b bA--- calcifications to such features in
IV-33 B---bA+M-—------ neurofibromatosis remains specu-
| lative. 3848

0 10 20 30 40 50 60 70 The isolation of the gene respon-
Report of Symptoms: A = Acoustic Neuroma sible for acoustic neuromas, menin-
B - Male @ = Female B = Conus Medularis Tumor tglorta?. ependyﬁmg)mas;tar}d 2°ther

- . _ ) umors in neurofibromatosis 2 may
/1.1 = Asymptomatic affected C = See text, index case elucidate a cause and influence
t = death D = Pontine Glioma treatment of the most common
b = bilateral E = Ependymoma intracranial tumors in humans.*%-6!
m = multiple F = Vagal Schwannomas
M = Meningioma Figure 2. Age at Onset of Symptoms and
N = Spinal Neurofibroma Diagnosis of Various Neoplasms.
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Figure 3. Lod Scores in Favor of Linkage Derived
from Multipoint Analysis.

The locus of neurofibromatosis 1 is on chromosome
176263, in regard to neurofibromatosis 2, there were
several reasons to narrow the search to chromosome
22. Meningiomas and acoustic neuromas have a tend-
ency to reveal a loss of chromosome 22.%*:%° This com-
mon feature has suggested a similar pathogenesis for
the lesions, although the loss of chromosome 22 may
have been the result of secondary chromosomal events
in tumorigenesis.

The family studies reported here have demonstrat-
ed an etiologic relation between a mutation of a gene
on chromosome 22 and neurofibromatosis 2.!> The
segregation data from two DNA markers and neurofi-
bromatosis 2 in the family provide evidence that
this mutation has a locus near the center of the
long arm of chromosome 22. Although in some
instances we can determine which individual family
members carry the D22S1 allele, which is linked
to the gene for neurofibromatosis 2, the available
data are too limited to predict the frequency with
which recombinations will occur between the locus for
D22S1 and that for neurofibromatosis 2. Because our
data were derived from one family, the genetic hetero-
geneity of neurofibromatosis 2 remains to be deter-
mined. However, we found that the clinical manifesta-
tions in our family were nearly identical to those in
another large kindred manifesting neurofibromatosis
2812 In contrast, others have reported familial and
sporadic occurrences of multiple central nervous
system tumors in association with peripheral-nerve
sheath tumors®® and even with pigmentary changes
in skin.2'® Thus, prospective DNA linkage studies
will require considerable attention to the clinical cate-
gorization of such families.

Finally, predictive diagnostic tests also draw atten-
tion to psychosocial issues faced by symptomatic —
and particularly, by asymptomatic — affected family
members. Many experience unforeseen anxieties,
pressures, and demands from both within and outside
their families. However, in neurofibromatosis 2, in
contrast to Huntington’s chorea (for which treatment
options remain limited), the negative effects of pre-

Aug. 4, 1988

dictive diagnostic testing are tempered by potential
advantages that can accrue from diagnosis before the
appearance of symptoms, as well as early treatment.8*

We are indebted to Ms. Amelia Canfield, who promoted this
project, and to Dr. Henry Urich and Dr. Leonard S. Rich for shar-
ing with us their expertise in neuropathology and ophthalmology.
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