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Bilateral acoustic neurofibromatosis (BANF) is a genetic defect assodated with 
multiple tumors of neural crest origin. Specific loss of alleles from chromosome 22 was 
detected with polymorphic DNA markers in two acoustic neuromas, two neurofibro- 
mas, and one meningioma from BANP patients. This indicates a common pathogenetic 
mechanism for all three tumor types. The two neurofibromas were among three taken 
from the same patient, and both showed loss of identical alleles demonstrating that the 
same chromosome suffered deletion in both tumors. The third neurofibroma from this 
patient showed no detectable loss of heterozygosity, which suggests the possibility of a 
more subtle mutational event that affects chromosome 22. In the two acoustic 
neuromas, only a portion of chromosome 22 was deleted, narrowing the possible 
chromosomal location of the gene that causes BANP to the region distal to the D22S9 
locus in band 22ql l .  The identification of progressively smaller deletions on chromo- 
some 22 in these tumor types may well provide a means to clone and characterize the 
defect. 

B ILATERAL ACOUSTIC NEUROFIBRO- 

matosis (BANF) (also known as cen- 
tral neurofibromatosis) is an autoso- 

mal dominant human disorder characterized 
by neoplasia of cells of neural crest origin 
(1). Individuals possessing this gene defect 
show a predisposition to a number of differ- 
ent tumors of the central and peripheral 
nervous system, including meningiomas, 
ghomas, and spinal neurofibromas (I). In 
particular, the hallmark of this disease is the 
bilateral occurrence of acoustic neuromas, 
which are Schwann cell-derived tumors of 
the vestibular branch of the eighth cranial 
nerve (2). The consequences of tumors in 
patients with BANF can be severe; deafness, 
paralysis, and other neurological morbidity 
and mortality can occur within the first few 
decades of life (I ). The primary biochemical 
defect underlying tumor formation has not 
yet been elucidated. 

The same types of tumors that are associ- 

ated with BANF also occur with a relatively 
greater frequency singly in individuals who 
did not inherit the tendency (1, 3). In 
contrast to the bilateral tumors of BANF, 
sporadic acoustic neuromas are typically 
unilateral. Using polymorphic DNA mark- 
ers, we have recently demonstrated that 
specific loss of genes on chromosome 22 is a 
frequent event in these sporadic cases of 
acoustic neuroma (4). We have now extend- 
ed this approach to investigate tumors of 
several different histological types from pa- 

Fig. 1. Loss of constitutional heterozygosity for 
distinct chromosome 22 loci in acoustic neuromas 
from patients with BANF. DNA was isolated 
from tumor specimens and corresponding normal 
tissue (peripheral leukocytes), digested with ap- 
propriate restriction enzymes, fractionated by 
agarose gel electrophoresis, and transferred to 
nylon membrane (4). Southern blots were hybrid- 
ized to "P-labeled DNA probes pMS3-18 
(D22S1) and ~22134 (D22S9), respectively. Pa- 
tient designations are shown above the autoradio- 
grams. Numbers on the left indicate the observed 
alleles, with "1" and "2" referring to the larger 
and smaller allelic restriction fragments, respec- 
tively. pMS3-18 reveals an RFLP in Bgl II- 
digested human DNA with fragments of 9.5 kb 
("1" allele) and 6.5 kb ("2" allele) (8). p22134 
detects a RFLP with fragments of 5.8 kb ("1" 
allele) and 3.2 kb ("2" allele) in Taq I-digested 
DNA (7). Blood, DNA from peripheral blood 
leukocytes; AN, DNA from acoustic neuroma 
tissue. 

tients with BANF. Our results indicate that, 
like spontaneous noninherited tumors, he- 
reditary acoustic neuromas also display a 
specific loss of constitutional heterozygosity 
for chromosome 22. Furthermore, two oth- 
er tumor types in these patients, meningio- 
ma and neurofibroma, also show loss of 
alleles on chromosome 22, which suggests a 
common pathogenetic mechanism possibly 
related directly to the primary defect. 

Genornic DNA was isolated fiom tumor 
tissue and lymphocytes from six patients 
who had confirmed BANF according to the 
recently established National Institutes of 
Health criteria (5). To detect the somatic 
loss of chromosome 22 sequences, we typed 
tumor and corresponding normal (leuko- 
cyte) DNA with four polymorphic DNA 
markers for chromosome 22: SIS, the plate- 
let-derived growth factor p-chain locus (ho- 
mologous to the #-oncogene) mapping to 
22q12.3-$3.1 (6, 7); D22S1, an anony- 
mous DNA locus detected by probe pMS3- 
18 and mapping to 22q11.2-q13 (7, 8); 
D22S9, an anonymous DNA locus detected 
by probe p22134 and mapping to 22ql l  
(7); and IGLC, the constant region of the A 
light chain of immunoglobulin at 22ql l  
(7). Four of the six patients were heterozy- 
gous in their normal tissue for at least one of 
the four polymorphic DNA markers, and we 
were therefore able to determine whether 
loss of constitutional heterozygosity had oc- 
curred in their respective tumor tissue. The 
results of the analysis of these four patients 
are presented in Table. 1. 

In a previous report (4), we determined 
that acoustic neuroma tissue from patient 
AN14 had lost heterozygosity for the D22Sl 
locus. We have now reanalyzed this tumor, 
along with a new acoustic neuroma from 
patient AN36, with markers D22Sl and 
D22S9. Patients AN36 and AN14 were 
constitutionally heterozygous at both 
D22S1 and D22S9. In DNA from the corre- 
sponding acoustic neuroma tissue of each 
patient, heterozygosity was lost for D22S1, 
but not for D22S9 (Fig. 1). These two DNA 
markers both map on the long arm of 
chromosome 22 with D22S9 located closer 
to the centromere (7-9). Our findings are 
consistent with either a partial deletion or a 
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Patient NF1 Patient M31 

Flg. 2. Loss of constitutional heterozygosity for 
chromosome 22 loci in neurofibroma and menin- 
gioma tumors from BANF patients. DNA from 
tumor specimens and corresponding peripheral 
leukocytes was digested with appropriate restric- 
tion enzymes (Table 1) and analyzed by the 
Southern blot technique (4). Filters were hybrid- 
ized with radiolabeled probes pMS3-18 (DZZSl), 
~22134 (D22S9), and HuAC2 (IGLC), respective- 
ly. Patient designations are shown above the 
autoradiograrns. Numbers on the left indicate the 
observed alleles with "1" and "2" referring to the 
larger and smaller allelic restriction fragments, 
respectively. The RFLPs detected by probes 
pMS3-18 and ~22134 are described in the legend 
to Fig. 1. HuAC2 reveals a multi-allele RFLP 
represented by fragments of 8, 13,18, and 23 kb 
in Eco RI-digested genomic DNA (7). Blood, 
DNA from peripheral blood leukocytes; NF, 
DNA from neurofibroma tissue; M, DNA from 
meningioma tissue. 

mitotic recombination on 22q with a break- 
point between 22qll  D22S9 and 22q11.2- 
913 (D22S1). 

To determine whether the loss of hetero- 
zygosity was the result of a reduction to 
hemizygosity, we analyzed the hybridization 
signals h m  Fig. 1 by densitometry, relative 
to signals obtained when the same filters 
were rehybridized with probes for control 
loci on other chromosomes (see Table 2). As 
shown in Table 2, the ratio of the normal- 
ized hybridization signals for the D22Sl 
marker in acoustic neuroma DNA versus 
DNA fiom the corresponding normal tissue 
was approximately 1 : 2 in both cases. This 
indicates deletion of one copy of the D22S1 
locus in each of these tumors rather than a 
mitotic recombination or gene conversion 
event. The DNA from the tumors displayed 
no change in the normalized hybridization 
signal for the D22S9 marker relative to 
DNA from normal tissue (Table 2). These 
data provide fiuther support for the conclu- 
sion that a partial deletion occurred in each 
case with a breakpoint distal to the D22S9 
locus in band 22qll. 

In the densitometric analysis, the hybrid- 
ization signals corresponding to the deleted 
allele of the D22S1 locus were diminished by 
83 and 78% in the tumors from patients 
AN36 and AN14, respectively. The remain- 
ing hybridization signals might be caused by 

Table 1. Loss of heterozygosity on chromosome 22 in different tumor types from patients with bilateral 
specimens and corresponding normal tissue (peripheral leukocytes) as described (4). Approximately 5 pg 
electrophoresis, transferred to nylon membranes, and hybridid to 32P-labeled probe DNA (4). Probes 
length polymorphisms (RFLPs) in human genomic DNA with the indicated restriction enzymes: 
(nerve growth factor-@ NGFB) (13); G8 (D4SlO) (14); Dry 5-1 (DlOSl) (7); pEJ6.6 (HRASl) (15); 
(D13S5) (18). Awl01 (D14S1) (19); B74 (D18S3) (7); pC3 (C?) (20); and pGSH8 (D21S17) (21). 
heter0zy~osi~~"l2" indicates heterozygosity (even though different pairs of alleles may be present for 
and loss of the smaller allelic fragment relative to normal tissue DNA; and "2" indicates continued 
was tested but was uninformative because it did not display heterozygosity a dash has been entered to 
of limited availability of DNA. 

AN36 
AN14 
NFla 
NFlb 
NFlc 
M31 

Marker? 

SIS D22S1 D22S9 IGLC NGFB NGFB D4SlO DlOSl HRASl 
(H;22) (B;22) (T;22) (E;22) (BJ) (T;l) (H;4) (T;10) (T;11) 
- 1 12 - 12 - 12 - 
- 2 12 - - - - 12 - 
- 1 - - 12 12 12 - 12 
- 1 - - 12 12 12 - 12 
- 12 - - 12 12 12 - 12 
- - 1 2 - - 12 - 12 

-- - 

*Tissues used were as foUows: (AN36) acousdc neuroma; (AN14) acousdc neuroma; (NFla) neurofibroma a, cervical 
neath the markers are the sin le letter abbreviations for the restriction enzymes used (H, Hind 111; B, Bgl 11; T, Taq I; 
D22S9 and IGLC are at 22q?l;. 

contaminating nontumor cells (vascular or 
connective tissue), which may be present in 
primary surgical specimens (4, 10). Alterna- 
tively, the tumors might consist of a mosaic 
of cells with normal karyotype and cells with 
deletions on chromosome 22, which has 
been observed, for example, in cytogenetic 
studies of cultured meningiomas (1 1). 

In addition, we obtained three neurofi- 
bromas from the upper cervical spinal re- 
gion of patient NF1. Of the four DNA 
markers typed, the patient's normal DNA 
displayed heterozygosity only for D22Sl. 
Constitutional heterozygosity for D22S1 
was lost in two of the three neurofibromas 
(Fig. 2 and Table 1). In both tumors, the 
same allele (the 2 allele in Fig. 2) was lost. A 
meningioma from patient M31 was found 
to have lost constitutional heterozygosity 
for the chromosome 22 loci D22S9 and 
IGLC (Fig. 2 and Table 1). As with the 
acoustic neuromas. marked reductions in 
one allele were dete'rmined by densitometric 
analysis of the hybridization signals in each 
of the two newfibromas of NF1 (85 and 
53%) and the meningioma of M3l (72%). 
Similarly, comparison of the relative hybrid- 
ization signal for the nondeleted allele in the 
tumor tissue and the two alleles in the 
normal tissue yielded a ratio of approximate- 
ly 1 : 2 in each of these cases (Table 2). This 
suggests a "true" loss of loci on chromosome 
22 rather than a mitotic recombination or 
loss with subsequent reduplication of the 
remaining chromosome. At present, howev- 
er, we are unable to conclusively differenti- 
ate a partial deletion fiom loss of the entire 
chromosome. This will require the charac- 
terization and application bf additional lo- 
calized DNA markers for chromosome 22. 

The specificity of the loss of loci on 
chromosome 22 in tumors from BANF 
patients was investigated with several poly- 

morphic DNA markers for ten other chro- 
mosomes (Table 1). In every case where 
constitutional heterozygosity was observed, 
heterozygosity was also maintained in the 
corresponding tumor tissue. Thus, these tu- 
mors exhibited a remarkable genome stabil- 
ity with chromosomal losses being highly 
specific to chromosome 22. The data in 
Table 1 also provide assurance that the 
differences between tumor and normal 
DNA observed for chromosome 22 did not 
arise fiom simply mispairing of the samples 
or unreliability of the applied techniques, 
since filters first used for chromosome 22 
studies then were rehybridized with the 
probes for other chromosomes. 

Our previous report on sporadic acoustic 
neuromas included two tumors from BANF 
patients that maintained constitutional het- 
erozygosity for either D22Sl or SIS (4). 
Although these tumors, like the third neuro- 
fibroma from patient NF1 in the current 
study, showed no apparent loss of heterozy- 
gosity on chromosome 22, they might well 
have undergone mitotic or mutational 
events on this autosome that could not be 
detected with the available genetic markers. 
The possibilities would include the occur- 
rence of point mutations in a specific gene, 
or small interstitial deletions, as well as 
larger deletions or mitotic recombination 
events with breakpoints distal to the infor- 
mative loci. Additional high-quality markers 
from many different regions on chromo- 
some 22 would facilitate the elucidation of 
such cases. 

This report demonstrates that specific loss 
of genes on chromosome 22 is a fiequent 
event not only in sporadic cases of acoustic 
neuroma (4) but also in the heritable form in 
BANF. It is likely that both types of acoustic 
neuroma result from similar mechanisms 
involving the same gene locus. Moreover, 
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acoustic neurofibromatosis. High relative molecular mass DNA was isolated from surgical tumor 
of DNA was digested to completion with appropriate restriction enzymes, fractionated by agarose gel 
for loci on several different chromosomes were chosen that were known to reveal restriction fragment 
Psis.1 (Oncor) (SIS) (6); pMS3-18 (D22Sl) (8); p22134 (D22S9) (7); HuhC2 (IGLC) (7); N8C6 
pHINS321 (INS) (16); p640 (I(RAS2) (15); p7F12 (D13Sl) (17); pIE8 (D13S4) (17); pHUB8 
The phenotype observed in the tumor tissue is shown for every case where the blood DNA displayed 
certain multi-allele markers); "1" indicates continued presence of the larger allele restriction fragment 
presence of the smaller allelic restriction fragment and loss of the larger fiagment. Where the normal DNA 
simphfy consideration of the data. The absence of an enuy indicates that a marker was not tested because 

Markert 

lNS ICRAS2 D13Sl D13S4 D13S5 D14S1 D14Sl D18S3 C3 D21S17 
(S;ll) (T;12) (M;13) (M;13) (E;13) (E;14) (H;14) (M;18) (S;19) (B;21) 

1 ;  (Pu'Flb) neurofibroma b, foramen ma urn; (NFlc) neurofibroma c, cervical 2; (M31) meningioma. tUnder- 
E, Eco RI, S, Sac I; M, Msp I) and the cgomosome location ( S I S  is at 22q12.3-13l;D2251 is at 22q11.2-q13; and 

Table 2. Quantitative densitometry of probe hybridization for tumors from patients with bilateral 
acoustic neurofibromatosis. Southern blots that had been hybridized to probes for chromosome 22 
(Fig. 1) were freed of these probes in distilled water for 2 hours at 65°C and rehybridized with probes 
for polymorphic loci on other chromosomes ("control chromosomes"). The autoradiograrns from all 
hybrilzations were analyzed by scanning densitometry in an LKB Ultrascan XL; peak areas 
corresponded to each hybridization signal as quantitated by electronic integration. To determine 
whether any chromosome 22 alleles had been duplicated in the tumors, we normalized hybridization 
signals specific for chromosome 22 relative to hybridization signals for control chromosome probes in 
the same sample, and then calculated a ratio of the normalized values for each tumorlnormal tissue pair. 
In order to validate our approach of normalizing the hybridization signals for chromosome 22 probes, 
we previously compared hybridization signals for pairs of markers from other chromosomes. These 
invariably gave constant ratios for tumor and normal DNA (4). Chrom., chromosome; NGFB, nerve 
growth factor+. 

Patient Tissue 
Chrom. Control Chrom. 221 Tumor, 

22 locus control 
locus chrom. normal 

AN36 

AN36 

AN14 

AN14 

NFla 

NFlb 

NF lc  

M3 1 

Acoustic neuroma 
Leukocytes 
Acoustic neuroma 
Leukocytes 
Acoustic neuroma 
Leukocytes 
Acoustic neuroma 
Leukocytes 
Neurofibroma a 
Leukocytes 
Neurofibroma b 
Leukocytes 
Neurofibroma c 
Leukocytes 
Meningioma 
Leukocytes 

D21S17 

NGFB 

D21S17 

NGFB 

D21S17 

D21S17 

D21S17 

NGFB 

this specific chromosomal alteration appar- 
ently represents a common pathogenetic 
mechanism for different histologic tumor 
types in BANF. 

By analogy to the pathogenetic mecha- 
nism proposed for retinoblastoma and 
Wilms' tumor (12), the loss of alleles on 
chromosome 22 may serve to unmask a 
recessive mutant allele by elimination of the 
homologous wild-type gene. This model 
predicts that the inherited defect in BANF is 
in a gene on chromosome 22. Loss of the 
same, presumably wild-type, copy of chro- 

mosome 22 in two separate tumors of 
BANF patient NF1 is consistent with this 
hypothesis. Alternatively, the BANF gene 
may be located on another autosome; loss of 
genes on chromosome 22 may then repre- 
sent a secondary event promoting turnori- 
genesis in certain cell types. The detection of 
familial cases of acoustic neuroma exhibiting 
only partial deletion of chromosome 22 
narrows the region that may contain the 
BANF gene, or another locus involved in 
the development of BANF-associated tu- 
mors, to the long arm of chromosome 22 

(distal to D22SY). The identification of ad- 
ditional tumors with progressively smaller 
deletions represents a potential strategy for 
cloning of this locus. Further characteriza- 
tion of the defect might not only have a 
profound impact on diagnosis and treat- 
ment of these tumors in both their sporadic 
and familial forms but could also provide a 
greater understanding of fimdamentai con- 
trol mechanisms operating in the normal 
developing nervous system. 
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