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Abstract

Genetic Analysis of Acoustic Neuromas.

Kelly A. Frazer

Acoustic neuromas are common intracranial tumors occurring in humans.

The majority of acoustic neuromas arise in the general population as sporadic

unilateral tumors. However, a small percentage occur as bilateral tumors in

individuals with the rare hereditary syndrome known as Neurofibromatosis

Type 2 (NF2). Analyses of sporadic and hereditary acoustic neuromas have

shown that specific loss of chromosome 22 DNA material frequently occurs in

these tumors. These data suggest that both sporadic and inherited acoustic

neuromas most likely result from inactivation of the same genetic locus.

However, it is also possible that two separate loci, one responsible for the

inherited predisposition and the other involved in the formation of sporadic

tumors, are located in close proximity to one another on chromosome 22.

In order to identify genes involved in the development of acoustic neuromas,

I analyzed sporadic tumors for chromosome 22 rearrangements. The strategy

was to first identify the locus involved in the development of sporadic acoustic

neuromas by determining the smallest common region of deletions in these

tumors. Next, tumor DNA and blood DNA from NF 2 patients would be

analyzed for mutations at this locus to determine if the same gene was involved

in the formation of hereditary acoustic neuromas.

As an initial step to identify genes involved in the development of acoustic

neuromas on chromosome 22, I constructed a 500 kb resolution radiation
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hybrid map of the NF 2 region between the markers, D22S1 to D22S28. This

radiation hybrid map was used to localize chromosome 22 rearrangements in

sporadic tumors. Secondly, I developed an approach to efficiently analyze

acoustic neuromas for chromosomal rearrangements that involves generating

hamster-tumor hybrid cell lines. These hybrid cell lines immortalize the

chromosome 22 DNA from the tumors, which allows one to karyotype the

chromosomes and provides an unlimited source of material for molecular

analysis.

These approaches allowed me to identify an acoustic neuroma that is

monosomic for chromosome 22 and contains a reciprocal translocation in the

remaining chromosome 22 homolog. Radiation hybrid mapping localized the

translocation breakpoint to a 250 kb region of chromosome 22 between DNA

markers D22S347 and D22S349. This region is approximately 2 Mb distal to

the Merlin gene, a recently described candidate for the NF 2 tumor suppresser

locus. Our results suggest that more than one chromosome 22 locus is

involved in the development of acoustic neuromas.

S. Gº
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Chapter 1

Introduction



Acoustic neuromas, the commonly used term for Schwannomas of the eighth

cranial nerve, account for approximately 8 percent of all intracranial tumors

(Jackler and Pitts 1990). The majority of acoustic neuromas arise in the general

population as sporadic unilateral tumors. However, approximately 5 percent of

acoustic neuromas occur as bilateral tumors in individuals with the rare

hereditary syndrome known as Neurofibromatosis Type 2 (NF2) (Jackler and

Pitts 1990). In addition to bilateral acoustic neuromas, NF2 patients frequently

develop other types of nervous system tumors, including meningiomas,

gliomas, and spinal neurofibromas.

At the time I began my dissertation research, genetic linkage analysis in a

large extended family had identified significant linkage between the NF 2

genetic disorder and a polymorphic marker on chromosome 22 (Rouleau et al.

1987). Comparisons between tumor DNA and blood DNA in NF 2 patients

showed that specific loss of chromosome 22 DNA frequently OCCurs in

hereditary acoustic neuromas (Seizinger et al. 1987b, Fontaine et al. 1991,

Wolff et al. 1992). Similar analysis of sporadic acoustic neuromas and

meningiomas also demonstrated specific loss of chromosome 22 DNA

(Seizinger et al. 1986, Fontaine et al. 1991, Wolff et al. 1992). These data

suggested that the NF 2 locus is a recessive tumor suppressor gene involved in

the development of hereditary and sporadic NF 2-related tumors (Seizinger et

al. 1986, 1987a, 1987b).

My dissertation research involved the development and application of new

technology in an effort to isolate the NF 2 gene, using an approach commonly

referred to as positional cloning (Collins, 1992). Positional cloning is a strategy

that identifies and isolates mutant genes involved in the development of

inherited single gene disorders, based on their chromosomal location. Since
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the mutant loci are isolated on the basis of their genetic/physical position in the

genome, prior knowledge about the biochemical or physiological properties of

the disease gene products and their role in the genetic disorder is not

necessary.

In positional cloning, the disease locus is first localized to a specific region in

the human genome by genetic linkage analysis of pedigrees segregating the

disorder. Next the DNA between the flanking markers of the disease gene is

cloned, and then all the transcribed genes in the region are isolated and

analyzed for mutations in individuals with the genetic disorder. A locus is

considered a likely candidate for the disease gene if it contains alterations

specifically associated with the genetic disorder.

At the time I initiated my dissertation research, very few human disease

genes had been successfully isolated using the positional cloning approach. In

practice, it was difficult to localize a disease gene in the human genome

because the available genetic linkage maps lacked highly informative markers

evenly spaced along the chromosomes. Over the past few years, efforts to

develop a high resolution linkage map of the human genome have resulted in

maps, with relatively high marker density and numerous informative loci, for

each of the 23 pairs of chromosomes (NIH/CEPH Collaborative Mapping Group,

1992). These currently available genetic maps span at least 92% of the

genome and therefore can be used to localize most disease genes. However,

genetic linkage mapping is still limited by the number of informative meiosises

in the pedigrees segregating the disorder. For most genetic disorders, the

number of informative meiosises available is usually between 10 and 100;

therefore genetic linkage analysis usually localizes a disease locus to a genetic



interval of 1 to 10 centimorgans (cM), which corresponds to approximately 1 to

10 million base pairs (Mb).

Six years ago, after a disease gene was localized by linkage analysis, a

tremendous amount of effort was required to isolate the DNA between the

flanking markers. The current availability of human yeast artificial chromosome

(YAC) libraries, containing clones with large inserts, has greatly facilitated the

ability to isolate large segments of genomic DNA. A YAC contig spanning the

region between the flanking markers of a disease gene provides the necessary

cloned materials for the identification of the transcribed genes in the region.

Several new strategies, including exon amplification (Buckler et al., 1991),

exon trapping (Duyk et al., 1990) and using YACs as probes to screen cINA

libraries directly, are capable of isolating the majority of the genes in a

candidate region relatively easily. However, in order to identify the disease

gene, it is necessary to analyze all the isolated genes for mutations in

individuals with the genetic disorder. This approach is quite a laborious

process for megabase-sized candidate regions. By contrast, the availability of

either cytogenetic or molecular rearrangements associated with a genetic

disorder can precisely define the chromosomal localization of the gene and

therefore greatly expedite its isolation. In fact, almost all of the disease genes

isolated to date by positional cloning have relied on chromosomal

rearrangements, such as translocations, deletions, and trinucleotide repeat

expansions, which are detectable by using Southern blot analysis. The strategy

used to isolate the majority of these disease genes has relied on obtaining a

probe that identified restriction fragments altered by the chromosomal

rearrangement. To find transcribed sequences affected by the chromosomal



rearrangement, such probes are used to directly screen cIDNA libraries, or as a

reagent to isolate cloned trapped exons by exon amplification.

At the time I began my dissertation research, the majority of the reagents and

techniques currently used for constructing genetic linkage maps, physical maps,

isolating large segments of genomic DNA, and identifying candidate genes

were not available. Through my efforts to isolate the NF2 gene based on its

chromosomal position, I helped establish several of the current techniques used

for Constructing physical maps, analyzing solid tumors for chromosomal

rearrangements, and isolating large genomic regions in overlapping DNA

clones. In addition, my analysis of NF 2-related tumors has suggested that two

separate chromosome 22 loci separated by approximately 2 Mb of DNA may be

involved in the development of acoustic neuromas. Specifically my dissertation
research addressed the following issues:

1. Construction of a physical map at the 500 kilobase level of

resolution of the NF 2 region on chromosome 22.

Just after I began my dissertation research, a study was published that had

localized the NF 2 locus within a 13 cM region on the long arm of chromosome

22, between the DNA markers D22S1 and D22S28 (Rouleau et al., 1990). To

further refine the position of the NF2 gene, two approaches were available:

linkage analysis of NF 2 families and deletion analysis of sporadic and inherited

NF 2 associated tumors. Due to the rarity of the disorder, very few NF 2 families

large enough to obtain additional information about the location of the NF 2

gene by linkage analysis were available. However, because acoustic

neuromas compose a large percentage of the sporadically-occurring central

nervous system tumors, a large number of these tumors are available for study.

5



Therefore, I decided to further localize the position of the NF2 gene on

chromosome 22 by determining the smallest common region of deletions in

sporadic acoustic neuromas. The basic assumption underlying this deletion

analysis approach is that inherited and sporadic acoustic neuromas result from

inactivation of the same genetic locus. At the time, we did not know if this

assumption was valid or not. We discussed the possibility that the chromosome

22 rearrangements observed in acoustic neuromas may result from two

separate genetic loci, one responsible for the inherited predisposition and the

other involved in the formation of sporadic tumors. If this were the case, we

realized that the deletion analysis approach that I decided to use would not

result in the isolation of the NF2 gene but instead would identify a genetic locus

involved in the development of sporadic acoustic neuromas.

To analyze the acoustic neuromas for chromosomal rearrangements, it was

necessary to construct a high-resolution map of the region between D22S1 and

D22S28 on chromosome 22. High-resolution maps are not easily generated by

genetic linkage analysis because in molecular terms their resolution is low, and

only a limited number of the available markers that recognize polymorphisms

can be mapped. For example, construction of a 1 cM genetic interval map of the

13 cm NF 2 region would have required analyzing an estimated 130 meiosis

with approximately 30 informative polymorphic probes. The technique of pulse

field gel electrophoresis (PFGE), which allows the separation of small and large

DNA fragments, provides a method of producing long-range physical maps

several megabase pairs in size. A physical map is constructed by first cleaving

genomic DNA with restriction enzymes that cut infrequently in human DNA and

then separating the DNA fragments, usually hundreds of kilobases in length, in

agarose gels. The DNA fragments separated on the gels are probed with
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markers which are then ordered relative to each other based on their

recognition of restriction fragments of the same length. However, it is difficult to

construct maps more than a few hundred kilobases in length using PFGE

because the rare cutter sites are non-randomly distributed in the human

genome and there are only a limited number of rare cutter enzymes. Thus, in

practice, the inability to easily construct maps of the human genome at the 100

500 kilobase level of resolution is a major problem encountered in using the

positional cloning approach to isolate disease genes.

In order to overcome some of the difficulties in constructing a map of the

human genome at the 500 kilobase level of resolution, I helped develop a

Somatic cell genetic mapping approach known as radiation hybrid (RH)

mapping. In chapter 2, I describe the use of RH mapping to generate a map at

the 500 kilobase level of resolution of the region on chromosome 22 between

BCR2L and PDGFB.

2. Analysis of acoustic neuromas for chromosomal

rearrangements.

After I generated the RH map of the NF 2 region on chromosome 22, I used

this map to search for chromosomal rearrangements in sporadic acoustic

neuromas. Most prior studies involving the analysis of acoustic neuromas for

chromosome 22 rearrangements have used polymorphic markers to compare

tumor DNA with blood DNA from single patients to identify the loss of

chromosome 22 alleles (Seizinger et al. 1986, 1987b, Fontaine et al. 1991,

Bijlsma et al. 1992, Wolff et al. 1992). This type of analysis has been limited by

the degree of polymorphism of available chromosome 22 markers as well as by

the fact that this approach only detects those chromosomal rearrangements that
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result in deletions and monosomy. While other types of chromosomal

rearrangements, such as translocations and inversions, could be detected by

Cytological analysis of the tumors, acoustic neuromas grow poorly in culture, are

contaminated with non-tumor cells and thus are difficult to karyotype accurately

(Rey et al. 1987, Couturier et al. 1990). In addition, analysis of acoustic

neuromas for chromosome 22 rearrangements are often limited by the small

amount of material available from each tumor.

In order to solve these problems, I developed an approach for tumor analysis

that involves fusing tumor cells with an established hamster cell line to generate

hamster-tumor hybrid cell lines. In Chapter 3, I describe how the resulting

hamster-tumor hybrids immortalize the chromosome 22 sequences from the

tumors, which allows the chromosomes to be karyotyped and provides an

unlimited source of material for molecular analysis.

3. The possibility that two separate genetic loci, one responsible

for the development of inherited acoustic neuromas and the other

involved in the formation of sporadic acoustic neuromas, may lie

approximately 2 Mb apart from one another on chromosome 22.

Based on studies of constitutional chromosome 22 rearrangements in a

number of different NF2 patients, a candidate gene for the NF2 tumor

suppressor locus was recently identified (Trofatter et al. 1993). This candidate

gene, Merlin, is currently being analyzed for mutations in hereditary and

sporadic acoustic neuromas. Preliminary data has indicated that the Merlin

gene is not rearranged in all sporadic acoustic neuromas (R.K. Wolff, personal

communication), suggesting that other chromosome 22 genes are involved in

the development of these tumors.



In Chapter 3, I describe the analysis of a sporadic acoustic neuroma that has

lost one chromosome 22 homolog and contains a translocation approximately 2

Mb distal to the Merlin gene on the copy of chromosome 22 remaining in the

tumor. Sequence analysis indicates that the primary structure of the Merlin

gene in the tumor is not mutated (R.K. Wolff, unpublished data). Other workers

have also reported chromosomal rearrangements in acoustic neuromas and a

meningioma (Zhang et al. 1990, Ahmed et al 1991), located approximately 2 Mb

distal to the Merlin gene. These data suggest that two separate chromosome

22 genetic loci, the Merlin gene and a locus affected by the translocation, may

be involved in the development of acoustic neuromas.

4. Isolation of DNA clones in the genomic region between

D22S347 and D22S349.

After characterizing the sporadic acoustic neuroma containing the

chromosome 22 translocation, I attempted to isolate the genetic locus affected

by the breakpoint. The positional cloning strategy of isolating genes generally

relies on cloning large regions of genomic DNA between the two flanking

marker loci. In this case, the closest flanking DNA markers of the translocation

breakpoint, D22S347 and D22S349, are separated by approximately 250 kb.

The ability to clone segments of genomic DNA of this size has been greatly

facilitated by the development of human YAC libraries, which contain clones

with large DNA inserts. A YAC contig spanning the region between the flanking

loci, D22S347 and D22S349, would provide the necessary cloned materials for

the identification of the breakpoint. However, YAC clones are often difficult to

analyze and manipulate. A major problem in using YACs is that approximately

fifty percent of the clones in most libraries are chimeric, such that a considerable
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amount of DNA in a set of overlapping YAC clones is not from the genomic

region under study. In addition, isolating DNA directly from YACs is time

Consuming and usually only small quantities of DNA are obtained.

In Chapter 4, I describe how I solved these problems by converting the YAC

clones isolated with STSs at the loci D22S347 and D22S349 into cosmids,

which are more easily analyzed and manipulated. Since the YACs were used

as probes to directly screen a sub-chromosome 22 specific cosmid library, I only

required small quantities of YAC DNA and was quickly able to access the

chromosome 22 DNA present in the chimeric YAC clones.
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Chapter 2

A Radiation Hybrid Map of the Region on Human Chromosome 22
Containing the Neurofibromatosis Type 2 Locus

Copyright: American Press, Inc., 1992.
Genomics 14, 574-584
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We describe a high-resolution radiation hybrid map
of the region on human chromosome 22 containing the
neurofibromatosis type 2 (NF2) gene. Eighty-five ham
ster-human somatic cell hybrids generated by X-irra
diation and cell fusion were used to generate the radia
tion hybrid map. The presence or absence of 18 human
chromosome 22-specific markers was determined in
each hybrid by using Southern blot hybridization. Six
teen of the 18 markers were distinguishable by X-ray
breakage in the radiation hybrids. Analysis of these
data using two different mathematical models and two
different statistical methods resulted in a single frame
work map consisting of 8 markers ordered with odds
greater than 1000:1. The remaining nonframework
markers were all localized to regions consisting of two
adjoining intervals on the framework map with odds
greater than 1000:1. Based on the RH map, the NF2
region of chromosome 22, defined by the flanking
markers D22S1 and D22S28, is estimated to span a
physical distance of approximately 6 Mb and is the
most likely location for 9 of the 18 markers studied:
D22S33, D22S41, D22S42, D22S46, D22S56, LIF,
D22S37, D22S44, and D22S15. c 1992 Academie Press, Inc.

INTRODUCTION

Neurofibromatosis type 2 (NF2) is an autosomal domi
nant disorder associated with the development of bilat
eral acoustic neuromas and other nervous system tu
mors, including meningiomas, gliomas, and neurofibro
mas. The growth of these tumors in patients with NF2
can have severe consequences, leading to deafness, ver
tigo, paresis, and death in the third to fourth decade of
life (Martuza and Eldridge, 1988). The observation of
common nonrandom loss and structural rearrangements
of chromosome 22 in acoustic neuromas and meningio

"To whom correspondence should be addressed at the University of
California, 401 Parnassus Avenue, P.O. Box 0.984, San Francisco, CA
94143-0984.
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Copyright © 1992 by Academic Press, Inc.
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mas first suggested that the NF2 gene might be present
on this chromosome (Zankl and Zang, 1972; Seizinger et
al., 1986, 1987). More recently, tumor deletion studies
and genetic linkage analyses have indicated that the
NF2 locus is a tumor suppressor gene located within a
13-cM region on the long arm of chromosome 22, be
tween the flanking markers D22S1 and D22S28
(Rouleau et al., 1990). Genetic linkage studies have local
ized several polymorphic markers to the NF2 region of
chromosome 22, between D22S1 and D22S28 (Rouleau
et al., 1989, Dumanski et al., 1991). In addition, physical
mapping studies have used somatic cell hybrids contain
ing defined portions of chromosome 22 to assign a num
ber of probes to the NF2 region (Budarf et al., 1991,
Delattre et al., 1991). However, the orders and distances
between many of these markers are not completely de
fined, and the published maps of the NF2 region are
crude in molecular terms.

In this study we have used radiation hybrid (RH)
mapping to construct a fine-structure map of the NF2
region on chromosome 22. RH mapping is a somatic cell
genetic technique in which the frequency of X-raybreak
age between chromosome-specific DNA markers is ana
lyzed statistically to determine the order and distance
between these markers along the chromosome (Cox et
al., 1990). A distinct advantage of RH mapping over ge
netic linkage mapping is that nonpolymorphic as well as
polymorphic DNA markers can be ordered at a very high
level of resolution. Although RH mapping is a statistical
rather than a physical mapping method, the frequency
of X-ray breakage between two markers has been found
to be directly related to the physical distance between
them, such that at a dose of 8000 rads of X rays, 1%
breakage between markers corresponds to a physical
distance of approximately 50 kb (Cox et al., 1990; Bur
meister et al., 1991).

Several different mathematical models and methods
for the statistical analysis of RH mapping data have
been described, each with its own strengths and weak
nesses (Cox et al., 1990; Boehnke et al., 1991; Falk, 1991;
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Lawrence et al., 1991; Bishop and Crockford, 1992;
Chakravarti and Reefer, 1992; Green, 1992). However,
for the limited number of data sets analyzed to date, no
single model or method of analysis has been shown to be
clearly preferred in all cases. Models that assume a sin
gle retention frequency for all markers in a set of radia
tion hybrids are attractive, since they provide mathemat
ically simple means for estimating the distance between
markers as well as the likelihood of one map order versus
another. However, for those data sets in which the re
tention of different markers is clearly not identical, it is
not known whether the use of a single retention fre
quency model will lead to incorrect maps.

In this report we use two different mathematical mod
els for analyzing RH data: the equal retention model,
which assumes a single retention frequency for all
markers in the radiation hybrids, and the unequal reten
tion model, which permits a different retention fre
quency for each marker. In addition, we use two differ
ent statistical estimation procedures to analyze the data:
the method of moments and maximum likelihood analy
sis. Despite the fact that the marker retention is not
identical for the different markers in this data set, the
use of the equal retention model and the method of mo
ments results in a framework map of 8 markers ordered
at 1000:1 odds that is the same as that obtained using the
unequal retention model and the method of moments.
Analysis of this data set using the equal retention model
and a maximum likelihood estimation approach yields
the same framework map as the method of moments
estimation procedure. In addition, the maximum likeli
hood approach results in a comprehensive map that
gives the most likely order for all 16 distinguishable loci.
Our RH map assigns new markers to the NF2 region and
provides additional order and distance information for
markers previously localized to this segment of human
chromosome 22.

MATERLALS AND METHODS

DNA probes. The chromosome 22 DNA marker loci used in this
study, with the probe that recognizes each locus listed in parentheses
following that locus, were D22S33 (pH4), D22S36 (pH11), D22S37
(pH13), D22S41 (pH20), D22S42 (pH22), D22S44 (pH35), D22S46
(pH43), D22S47 (pH59), D22S48 (pH60), and D22S56 (pH97b).
These probes were isolated from a flow-sorted library (LL22NS01)
constructed at the Biomedical Sciences Division, Lawrence Liver
more National Laboratory (Livermore, CA) (Budarf et al., 1991).
DNA marker D22S28 (W23C) was isolated from the same library de
scribed above (Rouleau et al., 1989). The following genes and anony
mous markers were also used: platelet-derived growth factor 3 polypep
tide chain gene, PDGFB (pa-csis) (gift from Dan Mirda); myoglobin
gene, MB (pHM27.B2.9) (Weller et al., 1984); leukemia inhibitory
factor gene, LIF (pC4.7) (Lowe et al., 1989); D22S1 (pMS3-18)
(Barker et al., 1984); and D22S15 (DP22) (Rouleau et al., 1988). The
breakpoint cluster region gene (BCR) and a BCR-like locus (BCRL2),
each of which maps to a distinct region of 22all, were detected with a
single probe derived from the 3' end of a BCR cDNA clone (Croce et
al., 1987; Budarf et al., 1988).

Cell lines and culture conditions. Cell line EYEF3A6 (GM10027) is
a Chinese hamster-human hybrid cell line containing an intact hu
man chromosome 22 and fragments of human chromosomes 15 and 19
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(Van Keuren et al., 1987; Ledbetter et al., 1990). EYEF3A6 cells were
grown in Ham's F12 medium supplemented with 10% dialyzed fetal
calf serum (FCS), penicillin, and streptomycin. 380-6, a hypoxan
thine-guanine phosphoribosyltransferase (HPRT)-deficient hamster
cell line, was cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% FCS, penicillin, and streptomycin.

Production of radiation hybrids. X-irradiation and cell fusion were
performed as previously described (Cox et al., 1989). Briefly,
EYEF3A6 cells were irradiated with 8000 rads of X rays and fused in a
1:1 ratio with nonirradiated HPRT-deficient 380-6 hamster cells by
polyethylene glycol. The fused cells were then cultured in HAT me
dium (DMEM plus 100 u■ / hypoxanthine, 1 u■ aminopterin, and 12
uM thymidine) to eliminate the nonhybrid 380-6 cells and to select for
hybrids retaining the hamster HPRT gene from the irradiated
EYEF3A6 cells. Two to three weeks after fusion, an average of one
EYEF3A6 x 380-6 radiation hybrid clone per plate was observed, indi
cating a hybrid formation efficiency of approximately one hybrid per
1.5 x 10" recipient 380-6 cells. No colonies formed from either 10'
irradiated, nonfused EYEF3A6 cells or 10' unfused 380-6 cells grown
in HAT medium. A total of 130 independent colonies that grew under
HAT selection were expanded in HAT medium. DNA was isolated
from 86 of the fastest growing hybrids and was analyzed for the reten
tion of human chromosome 22 DNA markers by Southern blot analy
sis as described below. Southern blot data from one of the 86 hybrids
were not included in the statistical analysis due to inconsistent results
for multiple markers on different blots; thus the map is based on re
sults using 85 radiation hybrids. In addition, it should be noted that
not all hybrids could be scored reliably for all markers, resulting in
some missing data (see Tables 1 and 2).

Southern blot analysis and hybridization. Genomic DNA was iso
lated from cultured cells as previously described (Cox et al., 1990),
digested to completion with HindIII, electrophoresed through 1% aga
rose gels, and transferred to Hybond N plus nylon filters (Amersham).
The Southern transfers were prehybridized, hybridized with radiola
beled inserts, washed, and stripped of probe prior to rehybridization,
according to the manufacturer's recommendations. Probes were radio
actively labeled with [a"P]dCTP by the random primer procedure
(Feinberg and Vogelstein, 1984). The hybridized filters were exposed
to X-ray film with an intensifying screen at −70°C for 3–7 days.

Analysis of radiation hybrid data using the method of mornerits. We
analyzed the RH data using the method of moments, as previously
described (Cox et al., 1990). In the N-locus case, the likelihood of the
RH data is a function of N – 1 breakage probabilities between adja
cent loci, and one or more retention probabilities. The general model
allows all N(N + 1)/2 such retention probabilities to differ (Cox et al.,
1990). Here we also consider an equal retention probability model, in
which all retention probabilities are assumed equal. This model has
the advantage of requiring fewer parameters than the general, unequal
retention frequency model and is computationally much simpler.
Computation of the likelihood for the equal retention model scales
linearly with the number of loci N, while computation for the unequal
retention model scales geometrically with N (Boehnke et al., 1991).
Both the equal and the unequal retention models assume that break
age occurs at random positions along the chromosome and that frag
ments are retained independently. Using the method of moments, we
estimate the frequency of breakage between two markers, A and B, by
the equation

6 = {(A*BT) + (ATB*)}/{(T)[R, + Ra - (2)(RA)(Ra)]},

where (A*BT) is the observed number of hybrid clones retaining
marker A but not marker B, (ATB*) is the observed number of hybrid
clones retaining marker B but not marker A, T is the total number of
hybrids analyzed for both markers A and B, RA is the fraction of all
hybrids analyzed for marker A that retain marker A, and Rs is the
fraction of all hybrids analyzed for marker B that retain marker B. For
the equal retention model, the single retention frequency R is calcu
lated as
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n w

R = X Ru/ 2 Tu,
ºf-1 AM-1

where Rºw is defined as the number of hybrids that retain marker M,
T, is defined as the total number of hybrids scored for marker M, and
N is defined as the total number of markers. The mapping function, D
* —ln(1 - 9), is used to estimate D, the distance between two markers.
D is expressed in centirays. It is important to include information
about X-ray dose when describing the centiray distance between two
markers, since the frequency of breakage, and thus D, depends on the
amount of radiation used to generate the radiation hybrids. A distance
of 1 cFaroo between two markers corresponds to a 1% frequency of
breakage between the markers after exposure to 8000 rads of X rays.

The lod score for a marker pair is defined as

lod(0) = log(L(0)/L(6 - 1)),

where L(9) is the likelihood of obtaining the observed data for a given
pair of markers and L(6 = 1) is the likelihood assuming that the two
markers are not linked; that is, 0 = 1. This lod score can be used to
identify marker pairs that are significantly linked, in a manner analo
gous to meiotic mapping (Cox et al., 1990).

In principle, we can use the method of moments to determine the
order of markers with the highest overall likelihood given the data.
However, for maps consisting of more than four loci, it is impractical
to use the unequal retention model and the method of moments to
calculate the likelihood for even a single order including all loci (Cox
et al., 1990). In contrast, using the equal retention model and the
method of moments and assuming that all hybrids are scored for all
markers (i.e., no missing data), the overall likelihood for a particular
order of many loci can be easily determined by summing the individual
two-point likelihoods calculated using adjacent loci. Unfortunately,
our chromosome 22 data set has missing data, so we cannot use this
approach to determine the overall likelihood of a particular order of
many loci. Therefore, we have used the method of moments consider
ing groups of four loci at a time to construct a “framework map" of loci
ordered at odds of 1000 to 1 (Cox et al., 1990). In contrast to the
maximum likelihood analysis described below, this method includes
only those hybrids that have been scored for all four markers in each
group, and thus does not include incomplete data. For a given set of
four markers, each of the 12 possible orders with likelihoods greater
than one thousandth of the most likely order for these four markers is
used to construct the map. Such orders for different groups of four
markers are used to build a consistent map that includes as many
markers as possible. To identify those groups of four markers most
useful for constructing the framework map, we first used two-point
distances to build a map including all markers, such that the distance
between adjacent markers is minimized (Cox et al., 1990). This map is
used to select groups of four markers that are considered initially in
the construction of the framework map.

Nonframework markers are positioned on the framework map as
follows. A nonframework locus is placed sequentially in each of the
intervals defined by a set of three framework markers, and the likeli
hood for each of these locus orders is determined. Those orders with
likelihoods greater than one thousandth of the most likely order for
the set of four markers represent possible locations for the nonframe
work locus on the framework map. Likelihood ratios are used to deter
mine the relative odds that a nonframework locus maps within one
framework map interval versus another.

Analysis of radiation hybrid data using a maximum likelihood
approach. In addition to the method of moments described above, we
analyzed the data using the equal retention model and a multipoint
maximum likelihood method (Boehnke et al., 1991). Unlike the
method of moments, this maximum likelihood method makes use of
data on all loci simultaneously, including information on partially
typed hybrids. For a given locus order, breakage and retention proba
bilities are estimated by those values that maximize the likelihood for
the RH mapping data. Orders can be compared by their maximum
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likelihoods, the order with the largest maximum likelihood being best
supported by the data.

Since it is not practical to consider explicitly all possible locus
orders, we used a stepwise locus-ordering algorithm to identify the
most likely locus order (Boehnke et al., 1991). This algorithm builds
locus orders by adding one locus at a time. At each stage, it keeps
under consideration those partial locus orders no more than K times
less likely than the current best partial locus order. Analogous meth
ods are often employed in constructing genetic linkage maps (Barker
et al., 1987). We carried out stepwise locus ordering for the equal re
tention model for the 16 distinguishable loci with K = 10°.

Stepwise locus ordering results in a list of the locus orders with the
largest maximum likelihoods. The comprehensive map is defined as
the order from this list with the highest maximum likelihood. A frame
work map is constructed using orders from this list that have maxi
mum likelihoods no less than one thousandth that of the comprehen
sive map. We define framework loci as a set of loci whose positions are
consistent relative to one another among these orders. As there is no
simple algorithm for constructing the largest set of framework loci,
this is done by eye. The remaining loci are then considered one at a
time to see if any can be added with 1000:1 support to a specific posi
tion on the map. Nonframework markers are positioned on the frame
work map as described above. Each locus is placed sequentially in each
of the map intervals defined by the framework markers, and the maxi
mum likelihood for each of these locus orders is determined. Those
orders with likelihoods greater than one thousandth of the most likely
order represent possible locations for the nonframework locus on the
framework map. Likelihood ratios are used to determine the relative
odds that a nonframework locus maps within one possible framework
interval versus another.

RESULTS

Radiation Hybrid Data

To construct an RH map of the NF2 region on human
chromosome 22, we isolated DNA from 85 independent
radiation hybrids and used Southern blot analysis to de
termine the presence or absence of 18 human chromo
some 22-specific loci in each DNA sample (see Materials
and Methods). Although in a few cases the human
probes cross-hybridized with hamster DNA, the human
specific bands could always be distinguished from the
hamster bands on the basis of size. The retention fre
quency of the individual human loci in the radiation hy
brids, defined as the fraction of hybrids scored for a locus
that retain that locus, ranged from 17 to 42% (Table 1).
The segregation patterns observed for all possible pairs
of loci in the radiation hybrids are shown in Table 2.

Analysis of Radiation Hybrid Data Using the Method of
Moments

We initially compared the equal and the unequal re
tention models using the method of moments to esti
mate the frequency of breakage, 6, and to calculate the
lod score for each pair of markers. The distance between
two markers, D, is expressed in cFsooo (see Materials and
Methods). As shown in Table 2, the estimates of dis
tance and lod score are very similar using both the equal
and the unequal retention model, despite the fact that
the retention frequency is not the same for all of the
markers in this data set. Three of the markers, D22S41,
D22S42, and D22S46, co-segregated in all of the radia
tion hybrids, with no evidence of breakage between them
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TABLE 1

Retention Frequencies

Locus No. of hybrids scored Retention frequency

D22S36 80 0.24
BCRL2 71 0.42
BCR 71 0.34
D22S1 83 0.30
D22S33 70 0.39
D22S41 84 0.32
D22S42 84 0.31
D22S46 85 0.32
D22S56 85 0.27
LiF 84 0.18
D22S37 85 0.21
D22S15 83 0.17
D22S44 83 0.20
D22S47 84 0.18
D22S28 82 0.17
D22S48 85 0.19
MB 84 0.17
PDGFB 85 0.20

Note. The human chromosome 22 loci scored in the radiation hy
brids, the total number of hybrids scored for each locus, and the pro
portion of hybrids scored for each locus that retain that locus (Reten
tion frequency) are listed.

(Table 2). Therefore, we used only one of these three
loci, D22S41, in subsequent analyses. Since it was im
practical to calculate the overall likelihood for even a
single order of the 16 distinguishable loci under either
the unequal retention model or the equal retention
model using the method of moments, we constructed a
framework map of loci ordered with odds of 1000:1 by
considering groups of four markers at a time (see Mate
rials and Methods). As a first step in the construction of
this framework map, we used a trial and error process
and two-point distance information from Table 2 to con
struct a map that includes the entire set of 16 markers in
an order such that the sum of the distances between
adjacent markers is minimized. Under the equal reten
tion model, this map consists of the marker order
D22S36–BCR2L–BCR-D22S1-D22S33-D22S41–
D22S56–LIF-D22S37–D22S44–D22S15–D22S28–
D22S47–D22S48—MB-PDGFB, spanning a distance of
307 cFaooo. Under the unequal retention model, the map
spans a distance of 301 cRsooo with the same order as
above, except that the loci D22S33 and D22S1 are in
verted. These maps were used to select groups of
markers for four-point likelihood calculations. Under
the equal retention model, the likelihood for the order
BCR2L-BCR-D22S1-D22S56 is more than 1000 times
greater than the likelihood of any of the other 11 possi
ble orders of these four markers (Table 3). Similarly,
the likelihoods of the orders BCR-D22S1-D22S56–
D22S37.D22S1-D22S56–D22S37–D22S15 and D22S56–
D22S37–D22S15–D22S28 are more than 1000 times the
likelihood of each alternative order, respectively (Table
3). Taken together, this set of four four-point orders is
consistent with the unique framework order BCR2L
BCR-D22S1-D22S56–D22S37–D22S15–D22S28. Simi
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lar analyses place PDGFB distal to D22S28 at the oppo
site end of the map from BCR2L (data not shown). Us
ing the approach described under Materials and
Methods, each of the remaining 8 nonframework loci
can be localized to a region of the framework map con
sisting of two adjoining intervals with greater than
1000:1 odds (Fig. 1A). Similar analyses assuming an un
equal retention frequency model result in a framework
map identical to that described above, and relative likeli
hoods for the position of nonframework markers that
are very similar to those obtained using the equal reten
tion frequency model (data not shown).

Maximum Likelihood Multipoint Analysis of the
Radiation Hybrid Data

As shown above, data analysis using the method of
moments provides a single framework map of 8 markers
ordered at an odds of 1000:1 employing either the equal
retention model or the unequal retention model. How
ever, given the missing data in our data set, it is not
practical to use the method of moments to calculate
overall likelihoods for maps including all 16 distinguish
able markers (see Materials and Methods). Further
more, since each four-point analysis using the method of
moments includes only those hybrids scored for all 4
markers, this method does not include all of the avail
able data, which reduces the power of the analysis. In
light of these considerations, we analyzed the data using
a maximum likelihood approach, which provides overall
likelihoods for maps of the 16 distinguishable markers
and incorporates all of the data (see Materials and
Methods). We began the maximum likelihood multi
point analysis by carrying out stepwise locus ordering.
Table 4 presents the 36 locus orders with maximum like
lihoods no more than 1000 times less than that of the
best locus order under the equal retention probability
model. The most likely comprehensive map spans a dis
tance of 302 cFsooo (Fig. 1B). The framework map con
structed using the maximum likelihood approach (see
Materials and Methods) is identical to that obtained us
ing the method of moments, despite the fact that the
method of moments analysis does not incorporate all the
data. In addition, the relative likelihoods for the posi
tions of nonframework loci are very similar, although
not identical, using the two different methods of analysis
(Figs. 1A and 1C).

DiSCUSSION

We have constructed an RH map of human chromo
some 22 with 18 22411.1–22a13.1 markers, 16 of which
are distinguishable by X-ray breakage in radiation hy
brids. Eight of these markers are uniquely ordered on a
framework map with greater than 1000:1 odds, while the
remaining nonframework markers are all localized to re
gions consisting of two adjoining intervals on the frame
work map with greater than 1000:1 odds. On the basis of
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TABLE 2

MARxers # OF CLONES OBSERVED UNEQUAL RETENTION EQUAL RETENTION

A B ++ +- - -- TOT LoD e crewoo LOD 6 cFsooo

D22S36 BCR2L 19 O 6 41 66 10. 60 0.20 22 10. O9 O. 24 28
D22S36 BCR 13 6 8 4o 67 3. 73 0.5o 70 3. 61 O. 56 81
D22S36 D22s1 9 lo 11 48 78 1. 36 0. 68 11.4 l. 25 0.72 126
D22S36 D22S33 10 5 12 38 65 2.07 0.59 90 1. 73 0.70 119
D22S36 D22S41 10 9 12 48 79 1. 68 0. 65 106 l. 52 0.71 123
D22S36 D22S46 10 9 12 49 80 1. 73 0. 65 105 1.56 O. 70 120
D22S36 D22s 42 9 9 12 49 79 1. 47 0. 66 109 1. 29 O. 71 123
D22S36 D22ss 6 lo 9 9 52 80 2. 32 0.59 90 2.26 0. 60 91
D22S3.6 LIF 8 11 4 56 79 2.41 0. 57 85 2.43 O. 51 70
D22S36 D22ss 7 10 9 5 56 80 3.47 o. 50 70 3. 50 0.47 63
D22S36 D22s 44 8 11 7 52 78 1.59 0.67 11.1 1. 60 0. 61 95
D22S36 D22s15 9 10 3 56 78 3. 37 0.51. 72 3.39 O. 44 59
D22S36 D22s28 7 12 - 54 78 1.54 O. 67 110 1. 53 0.58 87
D22S36 D22S47 6 13 6 5 4 79 O. 93 0.73 129 0.89 0. 64 102
D22S36 D22s 48 6 13 7 54 80 0.80 O. 74 13.6 O. 76 O. 67 109
D22S3.6 MB 6 13 5 55 79 1. 10 0.70 121 1. O7 0. 61 93
D22S36 PDGFB 9 lo 6 55 so 2.49 0.58 88 2.51 O. 53 76
BCR2L BCR 18 9 4 36 67 5. 2 1 0. 41 53 5. 60 O. 52 73
BCR2L D22s1 17 13 5 35 70 3. 33 0.55 79 3.47 O. 68 115
BCR2L D22S33 18 7 7 29 61 3. 81 0.48 65 4.58 0.61 94
BCR2L D22S41 18 12 6 35 71 3. 50 0.54 77 3. 80 0. 67 112
BCR2L D22S46 18 12 6 35 71 3.52 0.54 77 3. 80 0. 67 112
BCR2L D22s 42 1.7 12 6 35 70 3.29 O. 55 79 3. 47 0. 68 115
BCR2L D22S56 16 1 4 5 36 71 3. O'7 O. 58 86 2.95 0.71 125
BCR2L LIF 12 18 2 39 71 2. 62 0. 63 98 1. 77 O. 75 139
BCR2L D22S37 13 1.7 3 38 71 2.54 0.62 96 1. 98 0.75 139
BCR2L D22s 44 10 20 4 37 71 1. O7 O. 74 136 0. 57 0.90 230
BCR2L D22S15 11 19 2 38 70 2. 14 0.67 110 1. 28 0.80 160
BCR2L D22S28 9 19 3 38 69 l. 35 0.71 124 0.71 O. 85 189
BCR2L D22S47 10 20 3 38 71 1. 42 0.72 127 O. 76 O - 86 198
BCR2L D22S48 10 20 4 37 71 1. 16 O. 75 la 8 0. 57 0.90 230
BCR2L me 9 21 3 37 70 1. 06 0.76 145 0.42 0.91 244
BCR2L PDGFB 11 19 3 38 71 1. 68 0. 68 115 l. 11 0. 82 174
BCR D22s1 18 5 4 43 70 7. 77 o'. 3 o 35 8. 02 0.34 42
BCR D22S33 19 3 5. 32 59 7. 20 o'. 29 3.5 7. 97 o - 36 45
BCR D22S4 l 19 5 5 42 71 7.49 0.32 38 7. 90 O. 37 47
BCR D22S46 19 5 5 42 71 7.50 O. 32 38 7. 90 O. 37 47
BCR D22S42 1.8 5 5 42 70 7. 12 O. 33 39 7.43 O. 38 48
BCR D22S56 15 9 5 42 71. 4. 48 o. 46 62 4. 53 0.52 74
BCR LIF 9 15 5 42 71 1. 48 0.71 124 1. 15 0.75 139
BCR D22S37 11 13 5 42 71. 2 - 28 O. 62 98 2.05 0.67 112
BCR D22S44. 9. 14 5 42 70 1. 52 0.67 111 1. 30 O. 72 128
BCR D22s15 9. 15 4 42 70 1. 71 0. 69 118 1. 30 O. 72 128
ecr D22S28 8 16 5 42 71 1. O9 0.75 139 0.78 O. 79 155
BCR D22S47 7 17 5 42 71 0. 69 0.78 153 0.48 0.82 174
BCR D22S48 9 15 4 43 71 1. 63 0. 67 111 l. 34 0.71 125
BCR MB 9 15 3 43 7o 1.94 0. 66 107 l. 51 0. 68 115
BCR PDGFB 10 14 4 43 71 2.07 0.63 99 1. 80 0.67 112
D22S1 D22S33 24 O 2 43 69 16.00 0.06 7 16. 60 0.08 8
D22S1 D22S41 24 l l 56 82 17.91 0.06 6 18. 15 O. O.6 7
D22S1 D22S46 24 l l 57 83 18.06 0.06 6 18. 26 O. 06 7
D22s1 D22S42 23 l l 57 82 17. 56 0.06 6 17. 68 0.06 7
D22S1 D22S56 20 5 1 57 83 12.28 0.18 19 12. 29 O. 19 21
D22s1 Lif 14 11 1 57 83 6.46 0.39 49 6. Oo O. 38 49
D22 S1 D22s27 15 lo 2 56 83 6. 61 0. 33 47 6. 37 o . 33 49
D22S1 D22S44 13 ll 3 54 81 4. 84 O. 45 60 4. 60 0.46 62
D22S1 D22s15 11 13 3 55 82 3. 66 0.53 75 3.26 o. 52 73
D22s1 D22s28 11 12 2 55 so 4. 24 0.47 64 3. 84 0.47 63
D22S1 D22S47 12 13 2 55 82 4. 31 0.49 68 3.94 o. 49 67
D22S1 D22S48 14 11 1 57 83 6. 38 0.38 49 6. OO O. 38 49
D22s1 Me 12 12 1 57 82 5.2.1 0. 43 56 4. 73 0.42 55
D22S1 PDGFB 12 13 4 54 83 3.54 O. 54 77 3. 32 0.55 79
D22S33 D22S41 25 2 O 42 69 16. 15 0.06 7 17. 06 0.08 8
D22S33 D22S46 25 2 0 43 70 16.34 0.06 6 17. 18 O. 08 8
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TABLE 2–Continued

MARKERs # OF CLONES OBSERVED UNEQUAL RETENTION EQUAL RETENTION

A B ++ +- - -- TOT Loo e crºcos LOD 6 cFsoon

D22S33 D22S42 24 2 O 43 69 15.94 0.06 7 16. 60 O. O.8 8
D22S33 D22S56 21 6 O 43 70 11. 21 O. 19 21 11. 35 0.23 26
D22S33 LIF 14 13 O 43 70 5. 46 O. 44 57 4. 54 0.49 68
D22S33 D22S37 15 12 1 42 70 5. 40 0.43 56 4. 87 O - 49 68
D22S33 D22S44 13 13 2 40 68 3.83 0.51 71 3. 32 O. 59 88
D22S33 D22s15 11 15 2 41 69 2.97 0.58 87 2. 21 0. 66 107
D22S33 D22s28 11 14 1 41 67 3. 46 0.53 7-5 2.67 0. 60 91
D22S33 D22S47 12 15 1. 41 69 3.50 0.54 78 2. 77 0. 62 96
D22S33 D22S48 13 14 1 42 70 4. 16 0.50 69 3.46 O. 57 84
D22s2 2 MB 11 15 1. 42 69 3. 31 O. 55 79 2. 49 O. 62 96
D22S33 PDGFB 12 15 4 39 70 2.46 0. 63 99 1.97 O. 72 128
D22S41 D22S46 27 O O 57 84 22.91. O O 23. 37 O O
D22S41 D22 S42 26 O O 57 83 22.42 0 0 22. 77 O O
D22S41 D22S56 23 4 O 57 84 15. 49 0.11 12 15. 58 0.13 1.4
D22S41 LIF 15 11 O 57 83 7.54 0.34 42 6. 89 O. 35 44
D22S41 D22S37 17 10 1 56 84 8. 10 O. 33 40 7. 74 O. 35 4 3
D22S41 D22S44 15 11 2 55 83 6. 27 O. 4 O 51 5. 89 O. 42 54
D22S41 D22s15 12 13 2 55 82 4.52 O. 48 65 3.94 O. 49 67
D22S41 D22S28 la 12 1 55 81 5. 64 0.42 54 5. O2 O. 43 56
D22S41 D22S47 14 13 1. 56 84 5. 74 0. 43 57 5. 17 O. 44 59
D22S41 D22s 48 15 12 1 56 84 6.49 0.40 51 5.97 0.41 53
D22S41 MB 13 13 1. 56 83 5. 40 0.44 58 4. 74 0.45 60
D22S41 PDGFB 13 1.4 4 53 84 3. 68 0.55 79 3. 37 0.57 84
D22S46 D22S42 26 O O 58 84 22.58 0 0 22. 89 0 0
D22S46 D22S56 23 4 0 58 85 15. 62 0. 11 12 15. 69 O. 13 13
D22S46 L.I.F 15 11 O 58 84 7. 60 0.34 42 6.97 O. 35 4 3
D22S46 D22S37 17 10 1 57 85 8.18 0.33 40 7. 83 0.34 42
D22S46 D22S44 15 11 2 55 83 6.25 O. 4 O 51. 5. 39 O. 42 54
D22S46 D22S15 12 13 2 56 83 4.56 0.48 65 4.01 0. 48 66
D22S46 D22S28 13 12 1 56 82 5. 70 0.42 54 5.09 0. 42 55
D22S46 D22s 47 14 13 1. 56 84 5. 72 0.44 57 5. 17 O. 44 59
D22S46 D22S48 15 12 1 57 85 6.55 0.40 50 6. O5 O. 41 52
D22S46 MB 13 13 1 57 84 5.45 O. 44 58 4. 81 0. 44 59
D22S46 PDGFB 13 1.4 4 54 85 3.73 o. 54 78 3. 43 0.56 83
D22S42 D22S56 22 4 0 58 84 15.09 0.12 12 15. 13 0.13 14
D22S42. LIF 14 11 O 58 83 7. O4 O. 35 4 3 6.51 0.35 44
D22S42 D22S37 16 10 l 57 84 7. 66 0.34 41 7.36 0.35 43
D22S42 D22S44. 14 11 2 55 82 5. 76 O. 41 53 5. 4.5 O. 42 55
D22S42 D22s15 11 13 2 56 82 4.08 0.49 67 3. 61 0.49 67
D22S42 D22S28 12 12 1 56 81 5. 17 O. 43 56 4. 66 O. 43 56
D22S42 D22S47 13 13 1. 56 83 5. 20 0.45 59 4. 74 O. 45 60
D22S42 D22S48 14 12 1 57 84 6. 03 0.41 52 5. 61 0. 41 53
D22S42 MB 12 13 1. 57 83 4.92 O. 45 60 4. 39 O. 45 60
D22S42 PDGFB 12 14 4 54 84 3. 32 0.56 81 3. O'7 O. 57 84
D22ss 6 LIF 15 7 0 62 84 9.75 0.24 27 9. 48 0.22 25
D22S56 D22S37 17 6 1 61 85 lo - 55 o. 22 25 10. 42 0.22 25
D22S56 D22S44 15 8 2 58 83 7.58 O. 33 - 40 7. 44 O. 32 39
D22S56 D22S15 12 9 2 60 83 5. 98 0.38 48 5. 74 O. 35 44
D22S56 D22S28 12 9 2 59 82 5. 89 O. 38 49 5. 66 0.36 44
D22S56 D22S47 13 10 2 59 84 5.94 0.41 52 5. 71 O. 38 48
D22S56 D22S48 14 9 2 60 85 6. 87 O. 36 4.5 6.67 0.34 42
D22S56 MB 12 10 2 60 84 5. 59 O. 41 53 5.33 O. 38 48
D22S56 PDGFB 11 12 6 56 85 2.92 0.58 88 2. 82 0.56 83
LIF D22S37 14 1 3 66 84 11.28 0.15 les 11.56 0.13 14
LIF D22S44 12 3 4 63 82 7.74 0.28 32 8. 02 0.23 26
LIF D22S15 ll 3 3 66 83 7. 85 0.25 29 8. 43 0. 19 21
LIF D22S28 10 4 3 64 81 6.53 0.30 36 7.09 O. 23 26
LIF D22S47 10 5 4 64 83 5.59 O. 37 46 6. O3 O. 29 34
LIF D22S48 10 5 5 64 84 5. 19 O. 4 O 51 5. 56 O. 32 38
LIF MB 9 5 4 65 83 5. O7 O. 38 48 5. 62 0.29 34
LIf PDGFB 9 6 7. 62 84 3. 55 o .50 7 o 3. 79 0.41 53
D22S37 D22S44 15 3 2 63 83 10. 84 0.18 20 10. 98 0.16 17
D22S37 D22s15 13 3 l 66 83 10. 66 0.16 17 11. 01 0. 13 14
D22S37 D22S28 11 6 3 62 82 6. 12 0.35 44 6. 34 O. 29 35
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TABLE 2–Continued

markers # of CLones observed UNEQUAL RETENTION EQUAL RETENTION

A B ++ +- --- -- tor LOD e cRacoo LOD e cRsco,

D22S37 D22s 47 11 7 4 62 84 5. 27 O. 42 54 5. 44 O. 35 43
D22S37 D22S48 12 6 4 63 85 6. 26 O. 37 46 6. 43 0.31 38
D22S37 Me ll 6 3 64 84 6. 26 O. 35 43 6. 52 0.29 34
D22s27 PDGFB 10 8 7 6o 85 3.36 0.54 78 3.46 0.47 63
D22S44. D22 S15 13 2 1 65 81 ll. 4 0.12 13 11.80 0.10 10
D22S44 D22S28 12 4. 2 62 80 8. 28 0.25 28 8. 56 O. 20 22
D22S44 D22S47 l.2 5 3 63 83 7.21 O. 31. 37 7. 45 0.26 30
D22S44 D22S48 13 4. 3 63 83 8.33 0.27 31 8. 54 0.22 25
D22S44 MB 12 4. 2 64 82 8. 43 0.24 28 8.76 O. 19 22
D22S44 PDGFB ll. 6 5 61 83 5. 18 0.41 53 5.36 0.35 44
D22S15 D22S28 lo 3. 2 65 80 7.74 O. 22 25 8. 48 O. 17 18
d2 2s15 D22s 47 lo 4 3 65 82 6. 60 O. 30 35 7. 18 O. 23 26
D22 S15 D22S48 lo 4 4 65 83 6. 13 0.33 40 6. 63 0.26 30
d22s 15 MB 10 4 3 66 83 6. 63 0.30 36 7.28 0.22 25
D22s15 PDGFB 9 5 7 62 83 3. 87 0.48 65 4. 14 0.38 49
D22s28 D22s.47 13 l 0 67 81 13. 66 0.04 4. 14.34 0.03 3.
D22s28 D22S48 13 l 1. 67 82 12. 48 0.08 9 13. O'7 0.06 7
d22s28 MB 12 l 1. 67 81 11. 72 O. O.9 9 12.50 O. O.7 7
D22s28 PDGFB 10 4 6 62 82 5. 11 O. 40 52 5.4 O O. 32 39
D22S47 D22S48. 14 l 2 67 84 12. 18 0.12 13 12.59 0.10 10
D22S47 MB 12 2 2 67 83 9.94 O. 17 18 10.56 0.13 14
D22s 47 PDGFB 10 5 7 62 84 4. 37 0.47 63 4.59 0.38 48
D22S48 MB 14 l O 69 84 14. 58 0.04 4. 15. 18 O. O.3 s
D22S48 PDGF8 ll 5 6 63 85 5. 30 0.41 53 5. 52 O. 34 42
me PDGFB ll 3 6 64 84 6. 22 0.36 44 6. 52 0.29 34

Note. All pairwise combinations of the 18 chromosome 22 DNA markers used to generate the radiation hybrid map are listed. For each
marker pair, the number of radiation hybrids containing both markers A and B (++), containing marker A but not B (+-), containing marker B
but not A (-4-), and containing neither marker A nor B (--), as well as the total number of hybrids analyzed for both markers (TOT), are listed.
The lod scores (LOD), breakage probability estimates (6), and distance estimates (cKeow) in RH map units were calculated using the method of
moments with either the unequal retention probability model (Unequal retention) or the equal retention probability model (Equal retention)
(see Materials and Methods).

our RH map, the NF2 region of chromosome 22, between
D22S1 and D22S28, is the most likely location for 9 of
the 18 markers studied: D22S33, D22S41, D22S42,
D22S46, D22S56, LIF, D22S37, D22S44, and D22S15.

We have used two different statistical estimation pro
cedures to analyze our data: the method of moments and
a maximum likelihood approach. The method of mo
ments provides a simple, rapid approach for construct
ing RH maps, particularly in those cases where an equal
retention frequency model can be employed. In such
cases, an overall likelihood for a particular order of
markers can be obtained by simply summing the lod
scores for adjacent loci (Richard et al., 1991). However, it
is important to recognize that summing lod scores for

adjacent locus pairs to obtain the multipoint maximum
lod score requires that every locus be typed in every hy
brid. In cases where there are substantial missing data,
as is the case for the data set analyzed here, such an
approach should not be employed. In such situations,
one can still use the method of moments to calculate
likelihoods, considering four loci at a time. However, in
such cases, the approach no longer provides a practical
means for determining the overall likelihood of a given
order of more than four markers, and does not incorpo
rate information from partially typed hybrids in the
analysis. In contrast, the maximum likelihood approach
does incorporate information from partially typed hy
brids in the calculation of overall likelihoods, making it

TABLE 3

Four-Point Analysis Using the Method of Moments

Most likely order Second most likely order Odds

BCR2L-BCR-D22S1-D22S56 BCR-D22S1-D22S56–BCR2L 1.7 x 10°
BCR-D22S1-D22S56–D22S37 BCR-O22S1-D22S37-D22S56 9.2 x 10°
D22S1-D22S56–D22S37-D22S15 D22S1-D22S56–D22S15-D22S37 7.0 × 10^
D22S56–D22S37-D22S15–D22S28 D22S15-D22S37-D22S56–D22S28 5.6 x 10°

Note. An equal retention probability model and the method of moments were used to estimate the likelihoods of the 12 possible orders for
each set of 4 markers listed above. The most likely order and the second most likely order, as well as the odds favoring the most likely order over
the second most likely order, are listed for each of the 4 sets of markers. The odds were determined by likelihood ratios (see Materials and
Methods).
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FIG. 1. (A and C) Framework RH maps constructed assuming an equal retention frequency model using the method of moments analysis
and the maximum likelihood analysis, respectively. Brackets mark the regions in which loci not in the framework map cannot be excluded based
on relative maximum likelihoods of 1000:1. Numbers adjacent to a locus provide relative likelihoods for the two possible positions of that locus;
numbers above (below) a locus indicate that the upper (lower) position has the larger maximum likelihood. For example, LIF is 164 times more
likely to be located between S56 and S37 than between S37 and S15 on the maximum likelihood framework map. (B) The most likely
comprehensive RH map based on the maximum likelihood method. Distances between the markers are indicated in cFacco to the left of the
diagrams. The DNA markers are abbreviated by deleting D22, so that D22S1 - S1.

possible to compare the likelihoods for different maps
and to identify the map that best fits the data. The only
disadvantage of the maximum likelihood method is that
it is more mathematically complex than the method of
moments and requires a sophisticated computer soft
ware package. In contrast, the mathematical simplicity
of the method of moments makes this approach more
attractive for initial interactive data analysis by the ex
perimental scientist.

In the present case, the order of markers on the frame
work map, as well as the likelihoods for the positions of
the nonframework markers on this framework map, ob
tained with the method of moments is very similar to
that obtained with the maximum likelihood approach.
The most striking exception is the placement of marker
D22S41, which is placed in the interval D22S1-D22S56
versus the interval BCR-D22S1 with odds of 910:1 using
maximum likelihood analysis, but with odds of only 83:1
using the method of moments. Although the method of
moments and the maximum likelihood analysis give sim

ilar results for this data set, we recommend the maxi
mum likelihood approach in those cases where there are
significant missing data.

Recent studies have demonstrated that it is much eas
ier to score for the presence of human DNA markers in
radiation hybrids by using PCR-based assays and analyz
ing ethidium-stained gels than by using Southern blot
ting procedures (Richard et al., 1991). This change in
methodology is likely to produce data sets with many
fewer missing data than has been the case to date. Given
such data sets with little or no missing data and assum
ing an equal retention frequency model, the method of
moments approach can be expected to give results very
similar to those obtained using the computationally
more complex maximum likelihood approach. Whether
the mathematical simplicity of the method of moments
will make it the preferred method of analysis in such
cases will require further study.

Irrespective of the statistical estimation procedure
employed, analysis of RH data is significantly less com

22



TABLE 4

Maximum Likelihood Locus Orders for the Chromosome 22 Radiation Hybrid Mapping Data
Relative

Rank Locus Order Likelihood

l S36 BCR2L BCR S1 s33 S41 S56 LIF S37 S15 S44 MB S48 S28 S47 PDGFB 1.

2 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S15 S44 S47–S28_S48_MB PDGFB 3.

3 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S44_S15 S4]_S28_S48_MB PDGFB 5

4 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S15 S44 MB S48 S47 S28 PDGFB 6

5 S36 BCR2L BCR Sl S33 S41 S56 LIF S37 S15 S44 S28 S47 S48 MB PDGFB 8

6 S36 BCR2L BCR Sl S33 S41 S56 LIF S37 S44_S15 S28 S47 S48 MB PDGFB 12

7 BCR2L_S36 BCR Sl S33 S41 S56 LIF S37 S15 S44 MB S48 S28 S47 PDGFB 17

8 S36 BCR2L BCR S33_Sl S41 S56 LIF S37 S15 S44 MB S48 S28 S47 PDGFB 26

9 BCR2L–S36 BCR Sl S33 S41 S56 LIF S37 S15 S44 S4LS28_S48_MB PDGFB 47

10 S36 BCR2L BCR S33_Sl S41 S56 LIF S37 S15 S44 S47 S28_S48_MB PDGFB 71

11 BCR2L–Sjá BCR Sl S33 S41 S56 LIF S37 S44–S15 S47–S28–S48_MB PDGFB 84

12 BCR2L_S36 BCR S1 S33 S41 S56 LIF S37 S15 S44 MB S48 S4LS28 PDGFB 98

13 PDGFB S36 BCR2L BCR S1 S33 S41 S56 L.I.F. s.37 S15 S44 MB sq8 S28 S47 107

1 4 S36 BCR2L BCR Sl S33 S41 S56 LIF S37 S44_S15 MB S48 S28 S47 PDGFB 124

15 S36 BCR2L BCR S33_Sl S41 S56 LIF S37 S44–Sli S41–S28–S48–MB PDGFB 126

16 BCR2L_S36 BCR S1 S33 S41 S56 LIF S37 S15 S44 S28 S47 S48 MB PDGFB 144

17 S36 BCR2L BCR S33_S1. S41 S56 LIF S37 S15 S44 MB S48 S47 S28 PDGFB 147

18 s36 BCR2L BCR S1 S33 S41 S56 S.37_LIE S15 S44 MB S48 S28 S47 PDGFB 159

19 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S15 S44 S48_MB S28 S47 PDGFB 175

20 BCR2L_S36 BCR S1 S33 S41 S56 LIF S37 S44_Slºi S28 S47 S48 MB PDGFB 211

21 S36 BCR2L BCR S33_Sil. S41 S56 LIF S37 s.15 S44 S28 S47 S48 MB PDGFB 216

22 S36 BCR2L BCR S1 Sal_S33 S56 LIF S37 S15 S44 MB S48 S28 S47 PDGFB 238

23 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S15 S44 S47 S28 MB S48 PDGFB 311

24 S36 BCR2L BCR S33_Sil. S4 l S56 LIF S37 S44_S15 S28 S47 S48 MB PDGFB 317

25 BCR2L S36 BCR S33–Sl S41 S56 L.I.F. s.37. Sls S44 MB S48 S28 sq.7 PDGFB 421

26 S36 BCR2L BCR S1 S33 S41 S56 S.37_LIE S15 S44 S47–S28_S48_MB PDGFB 436

27 s36 BCR2L BCR S1 S33 S41 S56 S.37–LIE S44–Sl3 S47–S28–S48_MB PDGFB 516

28 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S44_S15 S47 S28 MB S48 PDGFB 553

29 S36 BCR2L BCR Sá 1–S33_Sl S56 LIF S: 7 S15 S44 MB S48 S28 S47 PDGFB 618

30 s36 BCR2L BCR S41 Sl S33 ss6 LIF six 7 S15 S44 MB S48 S28 S47 PDGFB 649

31 S36 BCR2L BCR S1 Sá1_S33 S56 LIF S37 S15 S44 S47–S28_S48_MB PDGFB 653

32 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S44_S15 MB S48 S47–S28 PDGFB 710

33 s36 BCR2L BCR sl s33 sq1 s56 LIF s37 s.15 sq4 PDGFB MB SA8 S28 S47 890

34 S36 BCR2L BCR S1 S33 S41 S56 S3LLIE S15 S44 MB S48 S47 S28 PDGFB 908

35 s36 BCR2L BCR S1 S33 s.41 S56 L.I.F. s.37 s.15 S44 S28 S47 MB S48 PDGFBB 912

36 S36 BCR2L BCR S1 S33 S41 S56 LIF S37 S15 S44 S48_MB S47–S28 PDGFBB 961

Note. Relative likelihood compares the maximum likelihood for the given locus order to that for the overall maximum likelihood order.
Underlines indicate inversions of two or more loci relative to the best locus order; double underlines indicate more complex modifications. The
DNA markers are abbreviated by deleting D22, so that D22S1 = S1.
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plicated if one can use a model of equal marker retention
frequency as opposed to a model of unequal marker re
tention frequency. In certain instances, including the
present data set, the equal retention model yields esti
mates of distance and lod scores that are very similar to
estimates obtained using the unequal retention model,
even though the observed marker retention is clearly not
the same for all markers (see Boehnke et al., 1991).
Whether this will be the case for all data sets with un
equal marker retention remains to be determined.

Although the maximum likelihood approach identifies
a comprehensive map of the 16 distinguishable markers
that is most likely, given the data, it should be empha
sized that this order of markers is not significantly more
likely than a number of other map orders listed in Table
4. We are confident of the order of a set of markers only
when the odds of that order are greater than 1000:1 com
pared to all other orders. Thus, in a practical sense, the
framework map is much more useful than the compre
hensive map. It is interesting to note that the most likely
position of a nonframework locus with respect to flank
ing framework loci can differ, depending on whether one
considers the nonframework locus with respect to only
framework markers or with respect to both framework
and nonframework markers on the comprehensive map.
For example, although MB is in the D22S15–D22S28
interval on the comprehensive map, it is more likely lo
cated in the D22S28–PDFGB interval versus the
D22S15–D22S28 interval with odds of 122:1 when con
sidered solely with respect to the framework markers.
Independent physical mapping information indicates
that MB does indeed map between D22S28 and PDFGB
(Delattre et al., 1991). This example illustrates that al
though the comprehensive map may be the most likely
map given the data, it is not always the correct map and
should not be considered as such.

The region of chromosome 22 between markers
D22S1 and D22S15 is known to be involved in Ewing
sarcoma and neuroepithelioma, malignant small round
cell tumors often associated with somatic t|11:22)
(q24; q12)translocations (Budarf et al., 1989). Previ
ously, the Ewing sarcoma translocation breakpoint was
mapped on chromosome 22 between flanking markers
D22S1, D22S41, D22S46, D22S42, and D22S56 on the
proximal side and markers LIF, D22S37, D22S44,
D22S15, and D22S28 on the distal side (Budarf et al.,
1989; Selleri et al., 1991). Because our framework RH
map orders these markers, we have refined the location
of the Ewing sarcoma breakpoint between the proximal
marker D22S56 and the distal markers LIF and D22S37,
a distance of approximately 30 cFsooo.

The order of the markers on the framework RH map is
consistent with existing physical and genetic linkage
maps of chromosome 22. Somatic cell hybrid panels of
chromosome 22 have previously placed the markers used
to construct our RH map into four regions (Budarf et al.,
1989, 1991). The markers D22S36 and BCR2L have
been localized centromeric to the constitutional t■ 11;22)
breakpoint; BCR has been mapped at the chromosome
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22 breakpoint observed in chronic myelogenous leuke
mia (CML); D22S1, D22S33, D22S46, D22S42, and
D22S41 lie between the CML and Ewing sarcoma re
lated breakpoints; and LIF, D22S37, D22S44, D22S15,
D22S28, D22S47, D22S48, MB, and PDGFB map distal
to the Ewing sarcoma breakpoint. Several of the probes
that lie distal to the Ewing sarcoma breakpoint have
recently been linearly ordered in defined groups of
markers using somatic cell hybrids: (D22S15, LIF)—
(D22S28)–(MB)–(PDGFB) (Delattre et al., 1991). Thus,
these data assigning DNA markers to physical locations
are consistent with the order of these markers in our RH
framework map. Published genetic linkage maps of
chromosome 22 include one by Dumanski et al. (1991),
which consists of 40 markers; one by Rouleau et al.
(1989), which consists of 16 markers; and one by Julier et
al. (1988), which consists of 5 markers. These maps
share in common with our RH map 4 markers (BCR,
D22S1, MB, and PDGFB), 5 markers (BCR, D22S1,
D22S15, D22S28 and PDGFB), and 2 markers (MB and
PDGFB), respectively. Our RH framework map is con
sistent with the order and orientation of the markers
shared with these genetic linkage maps. In some in
stances, the RH map provides strong support for the
order of markers when other methods provide either no
support or only weak support for order (i.e., the order of
LIF with respect to D22S15). In other situations, an
other method provides strong support for an order that
is only weakly supported by the RH map (i.e., the order
of D22S28 with respect to MB). These comparisons of
the RH map with the available physical and genetic
maps of human chromosome 22 illustrate the power of
using complementary methods to obtain high-resolution
maps of mammalian chromosomes.

Our RH mapping data can be used to estimate the
physical distance of the markers within and flanking the
NF2 region. Previous comparisons of RH map distance
with physical distance have not revealed any hot or cold
spots of chromosome X-ray breakage distorting the rela
tionship between RH map units and physical distance
and suggest that 1 cFsooo corresponds to approximately
50 kb (Cox et al., 1990; Burmeister et al., 1991). Thus,
assuming that RH mapping closely reflects physical dis
tance, we estimate that the 302 cFsooo region spanned by
the 16 markers that comprise the maximum likelihood
comprehensive map equals a physical distance of approx
imately 15 Mb. Similarly, we estimate that the 126 cFsooo
region of the map between the flanking markers of the
NF2 gene, D22S1 and D22S28, represents approxi
mately 6 Mb or 10% of the total length of the long arm of
chromosome 22.
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Abstract

As part of an ongoing effort to identify genes involved in the development of

acoustic neuromas we used a combination of molecular and somatic cell

genetic techniques to analyze chromosome 22 rearrangements in a sporadic

tumor. Our data indicate that the tumor which we have characterized is

monosomic for chromosome 22 and contains a reciprocal translocation in the

remaining chromosome 22 homolog. Radiation hybrid mapping localizes the

translocation breakpoint to a 250 kb region of chromosome 22 between DNA

markers D22S347 and D22S349. This region is approximately 2 Mb distal to

the Merlin gene, a recently described candidate for the NF2 tumor suppressor

locus. Our results suggest that more than one chromosome 22 locus is involved

in the development of acoustic neuromas.
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Introduction

Acoustic neuromas are common benign tumors of the central nervous system

that result from proliferation of Schwann cells along the vestibular branch of the

eighth cranial nerve. The clinical symptoms frequently associated with these

tumors are hearing loss, disequilibrium, and vertigo. Approximately 2000 to

3000 acoustic neuromas are diagnosed in the United States each year (Jackler

and Pitts 1990). The majority of these are unilateral, nonhereditary tumors that

occur sporadically in the general population. It is estimated that 5 percent of

acoustic neuromas occur in individuals who have the hereditary syndrome

known as Neurofibromatosis Type 2 (NF2).

NF2 is a rare autosomal dominant disorder characterized by the

development of bilateral acoustic neuromas, meningiomas and other central

nervous system tumors (Martuza and Eldridge 1988). Genetic linkage studies

performed using NF2 pedigrees have localized the NF2 gene to a 13 cm region

on the long arm of chromosome 22 between the DNA markers D22S1 and

D22S28 (Rouleau et al. 1990, Narod et al. 1992). Comparisons between tumor

DNA and blood DNA from NF2 patients using polymorphic chromosome 22

DNA markers have indicated that chromosome 22 rearrangements often occur

in hereditary acoustic neuromas (Seizinger et al. 1987b, Fontaine et al. 1991,

Wolff et al. 1992). Similar analyses of sporadic acoustic neuromas have

demonstrated the same types of chromosome 22 rearrangements found in

tumors from NF2 patients (Seizinger et al. 1986, Fontaine et al. 1991, Wolff et al.

1992). These data suggest that the NF2 locus is a recessive tumor suppressor

gene involved in the development of both hereditary and sporadic acoustic

neuromas (Seizinger et al. 1986, 1987a, 1987b).
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Recently, based on studies of constitutional chromosome 22 rearrangements

in NF2 patients a candidate gene for the NF2 tumor suppressor locus was

identified in the proximal part of the NF2 region, near the heavy neurofilament

subunit locus, NEFH (Trofatter et al. 1993). This candidate gene, Merlin, has

been shown to be mutated in the germline of a number of different NF2 patients.

However, to date there have not been any reports of sporadic acoustic

neuromas being studied for Merlin mutations. Studies of sporadic acoustic

neuromas and meningiomas have revealed chromosome 22 rearrangements

both proximal and distal to the Merlin gene. A sporadic meningioma has been

described that has a chromosome 22 involved in a reciprocal translocation

approximately 1 Mb proximal to the Merlin gene (Lekanne Deprez et al. 1991,

E.C. Zwarthoff, personal communication). Other workers have observed

chromosome 22 rearrangements in acoustic neuromas and meningiomas

approximately 2 Mb distal to the Merlin gene (Zhang et al. 1990a, Ahmed et al.

1991). These results suggest that there may be more than one chromosome 22

gene in the region between D22S1 and D22S28 involved in the development

Of these tumors.

Based on evidence for multiple sites of rearrangement between the markers

D22S1 and D22S28 on chromosome 22, we are analyzing acoustic neuromas

for chromosomal rearrangements in this region, in an effort to define genes

involved in the development of acoustic neuromas. A high resolution map is an

essential tool for detecting and localizing the position of such chromosome 22

rearrangements. In a previous report we generated a 500 kb resolution

radiation hybrid map of the D22S1 to D22S28 region of chromosome 22

(Frazer et al. 1992) and we are currently using this map to search for

chromosomal rearrangements in acoustic neuromas.
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Most prior studies involving the analysis of acoustic neuromas for

chromosome 22 rearrangements have used polymorphic markers to compare

tumor DNA with blood DNA from single patients to identify the loss of

chromosome 22 alleles (Seizinger et al. 1986, 1987b, Fontaine et al. 1991,

Bijlsma et al. 1992, Wolff et al. 1992). This type of analysis has been limited by

the degree of polymorphism of the chromosome 22 markers available for study

as well as by the fact that this approach only detects those chromosomal

rearrangements that result in deletions and monosomy. While other types of

chromosomal rearrangements such as translocations and inversions could be

detected by cytological analysis of the tumors, acoustic neuromas grow poorly

in Culture and are contaminated with non-tumor cells and thus are difficult to

accurately karyotype (Rey et al. 1987, Couturier et al. 1990). In addition to

these limitations analysis of acoustic neuromas for chromosome 22

rearrangements are often limited by the small amount of material available from

each tumor.

In order to solve these problems, we have used an approach for tumor

analysis which involves the fusion of tumor cells with an established hamster

cell line to generate hamster-tumor hybrid cell lines. A similar approach has

been used previously to analyze chromosome 22 rearrangements in a

meningioma (Lekanne Deprez et al. 1991). The resulting hamster-tumor

hybrids immortalize the chromosome 22 material from the tumors which allows

one to karyotype the chromosomes as well as provides an unlimited source of

material for molecular analysis. In addition, since these hamster-tumor hybrids

segregate the two chromosome 22 homologs derived from the tumor, DNA

isolated from the hybrids can be used in conjunction with both non-polymorphic

and polymorphic probes to detect chromosome 22 rearrangements. In this
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study, we have used a combination of hamster-tumor hybrid analysis and

conventional loss of heterozygosity studies to identify abnormalities involving

both copies of chromosome 22 in a sporadic acoustic neuroma. We determined

that this tumor is deleted for one copy of chromosome 22 and contains a

reciprocal translocation approximately 2 Mb distal to the Merlin gene in the

remaining copy of chromosome 22. Our data indicate that a chromosome 22

gene distal to Merlin may be disrupted by the translocation and thus may play a

role in the development of acoustic neuromas.
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Materials and Methods

DNA Extraction from Tumors and Lymphoblastoid cell lines, Southern Blotting

and Hybridization

High-molecular-weight DNA was isolated from the tumor tissue,

lymphoblastoid cell lines, and hamster-tumor hybrids, digested to completion

with restrictions enzymes, fractionated by electrophoresis, transferred to nylon

membranes (Hybond N+; Amersham), hybridized with radioactive

probes,washed, exposed to Kodak XAR film, and stripped of probe prior to

rehybridization, as previously described (Wolff et al. 1992). Probes were

radioactively labeled with [a-32PkiCTP by the random primer procedure
(Feinberg and Vogelstein 1984).

Production of Hamster-Tumor Hybrid Cell Lines From Tumor Cells

The tumor specimen was rinsed in Calcium Magnesium Free PBS (0.2 g/L

KH2PO4, 2.16 g/L Na2HPO47H2O, 0.2g/L KCL, 8.0 g/L NaCL), minced into

small pieces with a razor blade, and incubated at 370C for 25 minutes in 5 ml

L15 medium containing 0.03% collagenase (Sigma, C9407), and 0.25% trypsin

(Sigma, T0511). The cells were pelleted, the supernatant decanted and the

procedure was repeated. After the second digestion period the cells were

resuspended in 10 ml Dulbecco's Modified Eagles Medium (DMEM) containing

10% fetal calf serum (FCS), penicillin and streptomycin, and further dissociated

by several cycles of trituration through a 200 hypodermic needle. Cells were

preplated two times for 5 minutes each in a tissue culture Petri dish, 10 cm in

diameter. Cells were plated on a tissue culture Petri dish, 10 cm in diameter

and maintained in culture for 6 days. After this period, we added immortalized
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A3 hamster cells to the tumor cells in order to generate hamster-tumor hybrid
Cell lines. Thymidine kinase (TK) deficient hamster cells were were co-cultured

with the tumor cells for 12 hours at a ratio of approximately 5:1 hamster to tumor

Cells. We rinsed the co-cultured hamster and tumor cells twice with 10 ml

serum-free DMEM media and then fused them by incubating at room

temperature for 1 minute in 2 ml 50% polyethylene glycol (PEG) (Boehringer

Mannheim, Cat. No. 783 641). The PEG was diluted by the addition of 10 ml

serum free DMEM media and then aspirated off the plates. The cells were

rinsed twice and then incubated in 10 ml serum free DMEM media at 370C for

30 minutes. After this incubation period, the cells were trypsinized off the plates

added to 10 ml HAT media (DMEM plus 100 um hypoxanthine, 1 um

aminopterin, and 12 um thymidine) and plated at 3.5 x 104 cells per ml to

eliminate nonhybrid hamster cells and to select for hamster-tumor hybrids. Two

weeks after fusion,74 independent colonies were observed, indicating a hybrid

formation efficiency rate of one hybrid per 2 x 105 fused cells. Thirty-two of these

hybrids were expanded and genomic DNA was isolated as previously

described (Cox et al. 1990). No colonies were observed from 107 unfused A3

cells grown in HAT media.

In Situ Hybridization and Cytogenetics

Metaphase cells were harvested by mitotic shake-off from cultures, exposed

to hypotonic solution, fixed, and dropped onto slides according to standard

procedures (Trask and Pinkel 1990). To harvest a greater number of

metaphase spreads, we incubated cultures in log-phase growth at 370C for 17

hours in 10 ml DMEM media containing 10-7M methotrexate, then for 5 hours in

10 ml HAT media, and then for 1 hour after addition of 0.1 ug/ml colcemid to the
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HAT media. After the cells were dropped onto the slides, they were either aged

for at least two weeks at room temperature or incubated for 2 hours at 650C

prior to hybridization.

The chromosomes were denatured by immersing the slides in 70%

formamide, 2X SSC at pH 7.0 at 750C for 5 minutes, dehydrated in ethanol

(70%, 95%, and 100% ethanol each for 3 minutes), and then air dried. The

probes were labeled by nick translation with biotin or digoxigenin (Trask and

Pinkel 1990). Approximately 100 ng of probe DNA and 2.5 ug sonicated human

placenta DNA in 10 ul hybridization buffer (10% dextran sulphate, 2XSSC, 50%

formamide, 1% Tween 20, at pH 7.0) were denatured at 950C for 5 minutes,

incubated at 370C for 5 hours, adjusted to a final volume of 30 ul with

hybridization buffer and then applied to a denatured slide. Slides were

incubated in a moist chamber at 370C for at least 16 hours.

Following hybridization the slides were washed three times in 50%

formamide, 2X SSC pH 7.0 at 42°C for 5 minutes each, and then washed three

times in 2X SSC at 420C for 5 minutes each. The Slides were rinsed at room

temperature in 2X SSC and then incubated for 5 minutes under a coverslip in

blocking solution (0.1 M phosphate buffer, pH 8.0, 0.5%NP-40, 5%(w/v) non-fat

dry milk and 0.01% Na azide) (PNM). First the biotin labeled probes were

detected by incubation with Texas Red conjugated avidin (2.5 ug/ml in PNM

buffer, 1 hr at RT). The slides were washed in 0.005% Chaps, 2X SSC for 5

minutes at room temperature and then rinsed in 0.1 M phosphate buffer, pH 8.0,

0.5%NP-40 (PN). The digoxigenin labeled probes were then detected and the

Texas Red probe signal amplified by incubation with FITC conjugated sheep

anti-digoxigenin Fab fragments (15 ug/ml in PNM buffer, 1 hour at room

temperature), and biotin conjugated goat anti-avidin (5 ug/ml in PNM buffer, 1
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hour at room temperature), respectively. The slides were washed in 0.005%

Chaps, 2X SSC for 5 minutes at room temperature and rinsed in PN buffer.

To amplify the FITC and Texas Red probe signals, the slides were incubated

with FITC conjugated Donkey anti-Sheep IgG (20 ug/ml in PNM buffer, 1 hour at

room temperature) and Texas Red conjugated avidin (2.5 ug/ml in PNM buffer, 1

hour at room temperature) and then washed in 0.005% Chaps, 2X SSC for 5

minutes at room temperature. The chromosomes were counterstained in 4',6-

diamidino-2-phenylindole (DAPI) (0.5 ug/ml in water), rinsed in PN buffer, and

then mounted in antifade solution (0.1% p-phenylenediamine dihydrochloride

in glycerol, pH 8-9).

G-(trypsin-Geimsa) banding was performed according to standard

procedures (Cox et al. 1982). The slides were examined with a Zeiss Neofluor

(100X/1.4 N.A.) oil immersion objective lens. A 530-585 nm band pass exciter

filter, a 600 nm dichroic mirror, and a 615 nm low pass filter were used.

Photographs were taken using Ektachrome 400ASA color slide film.

Analysis of Radiation Hybrid Mapping Data

DNA isolated from 94 radiation hybrids previously characterized (Frazer et al.

1992) were analyzed for the retention of ten chromosome 22 loci by PCR

analysis. The DNA was amplified as described below, electrophoresed

through 2% agarose gels, and stained with ethidium bromide. The radiation

hybrids were scored for the presence or absence of chromosome 22 loci based

on the ethidium bromide staining pattern. Each radiation hybrid DNA sample

was amplified by PCR in duplicate. In cases where a hybrid had inconsistent

results between the duplicate runs of a particular chromosome 22 locus, the
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score for that locus in that hybrid was not included in the statistical analysis.

This resulted in approximately 4% incomplete data.

We constructed a Radiation Hybrid (RH) map using an equal retention model

and a multipoint maximum likelihood method as previously described (Frazer et

al. 1992). This method assumes that X-ray breakage occurs at random

positions along the chromosome, and that fragments are retained

independently. In the N-locus case, the likelihood of the RH data is a function of

N-1 breakage probabilities between adjacent loci, and one or more retention

probabilities. For a given locus order, breakage and retention probabilities are

estimated by those values that maximize the likelihood for the RH mapping

data. Orders can be compared by their maximum likelihoods, the order with the

largest maximum likelihood being best supported by the data.

To identify the best locus order, we used a stepwise locus ordering algorithm

that builds locus orders by adding one locus at a time while keeping under

consideration at each step those partial locus orders no more than K times less

likely than the current best partial locus order. We used the stepwise locus

ordering algorithm with K = 108 to generate a list of 72 locus orders that have

maximum likelihoods no less than one thousandth that of the comprehensive

map. The comprehensive map is defined as the order of loci on this list with the

highest maximum likelihood. We designated four DNA makers previously

ordered relative to one another at odds of 1000 to 1 as framework markers;

D22S1, LIF, D22S15, and MB (Frazer et al. 1992). Our knowledge of the order

of these four framework markers allowed us to exclude 46 of the 72 locus Orders

on the list generated by the stepwise locus ordering algorithm.
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DNA Probes used for Southern Analysis

The following chromosome 22 genes and anonymous markers were used for

Southern analysis in this study: D22S1 (pMS3-18) (Barker et al. 1984), D22S9

(p22/34) (McDermid et al. 1986), D22S28 (W23C) (Rouleau et al. 1989),

D22S32 (pHFZ31) (Krapcho et al. 1988), D22S33 (pH4) (Budarf et al. 1991),

D22S44 (pH35) (Budarf et al. 1991), D22S46 (pH43) (Budar■ et al. 1991),

(D22S54) (pH85) (Budarf et al. 1991), D22S56 (pH97b) (Budarf et al. 1991),

D22S164 (pMS619) (Armour et al. 1990),and D22S219 (cRWC10) (Dumanski

et al. 1991).

DNA Probes Used for PCR Analysis

We selected primers for PCR amplification from published sequence for the

Immunoglobulin lamda polypeptide, variable region (IGLV), Heavy

neurofilament subunit (NEFH), and Leukemia inhibitory factor (LIF) genes

(Table 1). We used published oligonucleotide primer sequences for the

Myoglobin (MB) and cytochrome P450(CYP2D) genes and the DNA marker

D22S268 (Cos 75C8) (Table 1). We sequenced the DNA probes and

developed oligonucleotide primers for the following anonymous chromosome

22 loci. D22S1 (pMS3-18), D22S15 (DP22), D22S346 (GT193), D22S347

(RW3-8), D22S348 (RW3-16), D22S349 (RW3-20), and D22SS350 (RW3-26)

(Table 1).

The RH map was generated using the following PCR amplification conditions

for all DNA markers except D22S346: 20 ng of human genomic DNA was mixed

with 1.6 pmoles of each deoxyribonucleoside triphosphate, 10 pmoles of each

oligonucleotide primer, 0.25 units of Themus aquaticus DNA polymerase, in 10

ul PCR buffer (2.5 mM MgCl2, 50mM KCI, 20mM Tris-Cl, pH 8.3). PCR samples
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were incubated at 940C (15 seconds), 62oC (23 seconds) 720C (30 seconds)

for markers LIF, D22S1, D22S15, D22S268, D22S347, D22S348, and

D22S349, and for markers MB and D22S350 at 940C (15 seconds), 640C (23

seconds), 72°C (30 seconds), in a 9600 Cetus-Perkin Elmer thermal cycler for

a total of 35 cycles.

PCR amplifications used for mapping the marker D22S346, and

characterizing the tumor DNA and the hamster-tumor somatic cell hybrids were

performed as follows: 200 ng of genomic DNA was mixed with 10 pmoles each

deoxyribonucleoside triphosphate, 25 pmoles of each oligonucleotide primer,

2.5 units of Thermus aquaticus DNA polymerase, in 50 ul PCR buffer (1.5 mM

MgCl2, 50 mM KCI, 20 mg/ml gelatin, 10 mM Tris-HCl, pH 8.4). The samples

were overlaid with mineral oil and incubated at 940C, either 580C, 600C, 62oC,

or 640C and 720C for 1 minute at each temperature in an automated Cetus

Perkin Elmer thermal cycler for a total of 35 cycles.
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Results

Analysis of Tumor DNA

As part of our ongoing effort to define the location of genes involved in the

development of acoustic neuromas we examined a sporadic acoustic neuroma

for chromosomal rearrangements. The tumor had been surgically removed from

a 68 years old patient with no family history of NF 2. We analyzed the acoustic

neuroma for chromosome 22 deletions or complete loss of one chromosome 22

homolog (i.e. monosomy), by comparing the tumor DNA with the patient's blood

DNA with 8 polymorphic chromosome 22 DNA markers, D22S1, D22S9,

D22S29, D22S32, D22S33, D22S164, D22S219, and D22S346. Three of these

markers, D22S9, D22S164 and D22S346, were heterozygous in the patient and

thus we were able to distinguish between the alleles on the two chromosome 22

homologs in the blood DNA. In the tumor DNA, all 3 markers had lost one of the

alleles present in the blood DNA, indicating that a deletion of chromosome 22

material had occurred. Because D22S9 maps proximal to the NF 2 region

defined by D22S1 - D22S28 on chromosome 22 and, D22S164 and D22S346,

map distal this region on chromosome 22 (Rouleau et al. 1989, Zhang et al.

1990b, Dumanski et al. 1991, K.A. Frazer, unpublished data), these data suggest

that the tumor is missing a large part of one chromosome 22 homolog and that it

is probably monosomic (Figure 1A). Based on these results, we suspected that

the chromosome 22 homolog remaining in the tumor was structurally normal, but

that it contained an undetected mutation in a tumor suppressor gene involved in

the development of acoustic neuromas. However, as shown below, analysis of

this chromosome 22 homolog in a hamster-tumor hybrid cell line indicated that it

was structurally rearranged.
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Analysis of Hybrid cell lines

In order to obtain sufficient material for an extensive analysis of the

chromosome 22 homolog remaining in the tumor we captured and immortalized

this chromosome in a hamster-tumor somatic hybrid cell line. We cultured tumor

Cells, fused them with an established hamster cell line, and isolated 31

independent hybrid cell lines (see Materials and Methods). Since the hybrid cell

lines were not grown under selection requiring the retention of the chromosome

22 homolog from the tumor cells, we expected only a fraction of them to contain a

human chromosome 22. To determine which hybrid cell lines had retained a

human chromosome 22, we screened DNA isolated from the hybrid cell lines

using PCR with DNA marker IGLV, which is located on chromosome 22 proximal

to the NF 2 region (Rouleau et al. 1989, Zhang et al. 1990b, Delattre et al. 1991,

Dumanski et al. 1991). Thirteen of the thirty-one independent hybrid cell lines

scored positive for the IGLV marker, indicating that they contained a human

chromosome 22.

Acoustic neuromas are frequently contaminated with fibroblasts which contain

both human chromosome 22 homologs. Therefore to assess the success of our

approach in specifically capturing the chromosome 22 homolog derived from the

tumor we analyzed the thirteen hybrid cell lines with the polymorphic D22S346

marker. These data showed that four of the hybrids contained both D22S346

alleles, and that four contained only the allele not present in the tumor. Therefore

these eight hybrids must have resulted from fusion of the hamster cells with

contaminating fibroblasts and not with the tumor cells. In contrast, the other five

hybrid cell lines were possibly derived from the tumor. Three of these hybrid cell

lines contained the D22S346 allele present in the tumor while two, cell lines A6-1

and A5-3, which had scored positive for the IGLV marker, did not contain any
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D22S346 allele (Figure 1A). We had anticipated capturing only structurally

normal chromosome 22 homologs because our analysis of the tumor DNA

suggested it was monosomic for chromosome 22. Therefore these hybrid cell
lines which contained the IGLV marker but were deleted for the D22S346 marker

were an unexpected finding and suggested the chromosome 22 homolog

remaining in the tumor was structurally rearranged (Figure 1B).

Our data were consistent with the tumor containing either a balanced

translocation in a single chromosome 22 homolog or structural rearrangements

involving both chromosome 22 homologs. To determine if the chromosomal

rearrangements in the tumor involved one or both chromosome 22 homologs, we

analyzed D22S9 and D22S346 alleles in the tumor DNA. If the hemizygosed

alleles in the tumor DNA are on the same chromosome 22 in normal cells (i.e. in

phase), this would suggest the chromosomal rearrangement involved a single

chromosome 22 and was a balanced translocation. By contrast, if the two

hemizygosed alleles are on different chromosome 22 homologs in normal cells

(i.e. not in phase), this would indicate that in the tumor DNA both chromosome 22

homologs were rearranged. Since our data revealed that several of the hybrid

Cell lines were generated by fusion with normal human cells, we were able to

analyze the segregated chromosome 22 homologs in these cell lines to

determine the phase of the D22S9 and D22S346 alleles in the patient. As shown

in Figure 1, the alleles of D22S9 and D22S346 retained in the tumor DNA are

present in cell line B8-2 which contains a single copy of chromosome 22 derived

from a normal cell. In addition, cell line A6-1, which contained no D22S346

allele, retained the same allele of D22S9 present in the tumor DNA, supporting

our hypothesis that the rearranged chromosome was derived from the tumor.

Together these data suggest that the chromosomal rearrangement present in cell
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lines A6-1 and A5-3 most likely is a balanced translocation involving a single

chromosome 22 homolog.

Characterization of Chromosome 22 rearrangement

To define more precisely the location of the chromosome 22 rearrangement

detected in hybrid A6-1, we screened DNA isolated from this hybrid cell line with

17 DNA markers and genes on chromosome 22 that had previously been

ordered relative to one another. Radiation hybrid mapping (RH mapping),

genetic linkage analysis, and physical mapping techniques had placed markers

IGLV, D22S9,and D22S219 proximal to the NF2 region, ordered the following

markers in the NF2 region, (D22S1,D22S33, D22S46) - D22S56 - (NFH,

D22S268, LIF) - (D22S15, D22S44) - (MYO, D22S28), and placed markers

CYP2D, and D22S54 distal to the NF2 region (Rouleau et al. 1989, Delattre et al.

1991, Dumanski et al. 1991, Frazer et al. 1992, Marineau et al. 1992b, K.A.

Frazer, unpublished data). DNA markers D22S347, D22S349, D22S350,

D22S348 and D22S346 were known to lie in the NF2 region but had not

previously been ordered (R.K. Wolff, unpublished data). The tumor hybrid cell

line A6-1 scored positive for twelve probes, IGLV, D22S9, D22S219, D22S1,

D22S33, D22S46, D22S56, NEFH, D22S268, LIF, D22S15, and D22S347, while

eight probes were absent, D22S44, D22S350, D22S348, MB, D22S28,

D22S346, CYP2D, and D22S54 (data not shown). These data showed that all

DNA markers previously mapped proximal to D22S15 were retained and all

markers which mapped distal to D22S44 were absent, indicating that the

chromosome 22 rearrangement occurred within the NF2 region, between DNA

markers D22S15 and D22S44.
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In an effort to refine the location of the chromosome 22 rearrangement, we

constructed an RH map to determine if any of the markers placed but not

previously ordered in the NF2 region were the closest flanking markers. We

used PCR to screen DNA isolated from 94 independent radiation hybrids

containing fragments of human chromosome 22 for the presence or absence of

ten human chromosome 22 specific loci, resulting in the RH map in Figure 2A.

Since the hybrid cell line A6-1 had retained marker D22S347 but was missing

marker D22S349, the chromosome 22 rearrangement in the NF2 region can be

placed between between DNA markers D22S347 and D22S349, a distance of

approximately 250 kb (Figure 2B).

Chromosome 22 rearrangement in the NF2 region identified as a translocation

To test our hypothesis that the rearranged chromosome 22 captured in cell

line A6-1 consisted of a balanced translocation in the NF2 region, we performed

in situ hybridization and G-banding analysis. We simutaneously hybridized

metaphase spreads of the A6-1 cell line with digoxigenin-labeled D22S347

cosmid and biotin-labeled D22S349 cosmid and then detected and amplified the

probes as described in Material and Methods. After analyzing numerous

metaphase spreads of this cell line, we determined that the D22S347 cosmid

hybridized to the center of a small acrocentric-shaped chromosome and, as

expected, that the D22S349 cosmid did not specifically hybridize to any

chromosome (Figures 3F, 3G, and 3H). This finding supports the hypothesis that

the chromosomal rearrangement is a translocation. If it were a terminal deletion,

the D22S347 probe, shown by RH mapping to lie within 250 kb of the

rearrangement, would have hybridized at the distal end of the derivative

chromosome 22.
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Based on our translocation hypothesis the hybrid cell lines, B8-2, C6-1, and

C4-1,which had retained the D22S349 marker and only the allele of D22S346

present in the tumor, were either derived from the tumor and contained both

halves of the chromosome 22 translocation or were derived from fibroblasts and

Contained a normal human chromosome 22. To ascertain if we had captured the

distal half of the chromosome 22 translocation in one of these hybrid cell lines we

performed in situ hybridization using the D22S347 and D22S349 cosmids as

probes. In all three cell lines the D22S347 cosmid and the D22S349 cosmid had

identical patterns of hybridization indicating that a normal chromosome 22 had

been captured (fig. 3C, 3D, and 3E).

To compare the relative size of the derivative chromosome 22 with a normal

human chromosome 22, we hybridized metaphase spreads of the A6-1, A5-3,

B8-2, C6-1, and C4-1 cell lines, with biotin-labeled total human probe followed by

detection with avidin-conjugated to FITC. In the A6-1 and A5–3 cell lines only

one small acrocentric-shaped human chromosome was observed per metaphase

spread (Figures 3A and 3B). Analysis of the five cell lines hybridized with the

total human probe indicated that the acrocentric-shaped derivative chromosome

captured in cell lines A6-1 and A5-3 is slightly larger than a normal human

chromosome 22. The total human probe hybridized to both the proximal and

distal halves of the acrocentric shaped derivative chromosome 22 indicating that

it is composed entirely of human material (Figures 3A and 3B). Analysis of the

A6-1 and A5–3 hybrid cell lines showed that they contain different human

chromosomes (data not shown). Based on these data and the fact that cell lines

A6-1 and A5–3 were selected from different petri dishes, we believe that these

hybrids are derived from two independent fusion events. These data provide

additional support of our hypothesis that the chromosomal rearrangement is a
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translocation derived from the acoustic neuroma and not an artifact of tissue

Culture.

To determine if the translocated chromosome 22 appeared rearranged

cytologically we G-(trypsin-Geimsa) banded metaphase spreads of the A6-1 cell

line. We discovered that the acrocentric-shaped derivative chromosome 22 had

a dark band in the distal half of the long arm which is not the banding pattern of a

normal human chromosome 22 (Figures 3 and 3J). Although a deletion distal to

the q12.2 band of chromosome 22 would have resulted in this pattern, this would

be inconsistent with the size, and the fact that the D22S347 Cosmid is located in

the center, of the derivative chromosome. Therefore, we believe that this dark

band is material from an as-yet unidentified human chromosome involved in a

reciprocal translocation with the derivative chromosome 22. These results are

consistent with our hypothesis that the tumor DNA contained a balanced ". .

chromosome 22 translocation and that the hybrid cell line A6-1 captured the

proximal half of this derivative chromosome 22.

sºI
º:
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Discussion

Our laboratory is analyzing acoustic neuromas for chromosomal

rearrangements in an effort to identify genes that play a role in the development

of these tumors. In this report, we describe the characterization of chromosome

22 rearrangements detected in a sporadic acoustic neuroma.

The ability to extensively analyze acoustic neuromas for chromosomal

rearrangements is limited by the fact that only a small amount of DNA is isolated

from each tumor. To avoid running out of tumor material, we have made it a

standard component of our protocol to fuse cultured tumor cells with an

established hamster cell line. This procedure immortalizes the chromosome 22

material from the tumor in the resulting hamster-tumor somatic cell hybrids. Any

informative polymorphic chromosome 22 probe can be used to determine which

hybrids have retained and segregated the chromosome 22 homologs from one

another. The availability of separated chromosome 22 homologs then enables

one to use non-polymorphic markers to detect chromosomal rearrangements by

simply screening for their presence or absence in the hybrid cell lines

containing only one chromosome 22 homolog. Since this procedure does not

actively select for the retention of chromosome 22, one could use this approach

to immortalize any human chromosome derived from tumor material. These

hamster-tumor hybrids are relatively easy to generate; however a considerable

amount of time is required to grow and isolate DNA from each one. Therefore,

to reduce the amount of work initially involved, our standard approach is to

freeze the hamster-tumor fusion plate as a single mass culture. Individual

hamster-tumor hybrid clones can then be isolated at a later date as desired.
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In this study, we were surprised to find both copies of chromosome 22 in

hamster-tumor hybrids, since the molecular analysis of the tumor DNA indicated

that the tumor was monosomic for chromosome 22. This finding suggests that

some of the hybrid cell lines retained one or more copies of human

chromosome 22 derived from non-tumor cells present in the tumor material. It is

extremely difficult to distinguish between a chromosome 22 captured from tumor

cells and from non-tumor cells in the absence of a gross structural

rearrangement of the captured chromosome. The possibility that chromosomes

from both tumor and non-tumor cells may be captured in the hamster-tumor

hybrids needs to be taken into account when tumors are analyzed by this

approach. Despite this drawback, the hamster-tumor hybrid approach should

provide a useful method for analyzing chromosomal rearrangements in a

variety of tumors in which the cells are difficult to grow in culture.

Our analysis of the rearranged chromosome 22 captured in hamster-tumor

hybrid A6-1 is consistent with it being derived from the tumor. Because this

derivative chromosome 22 was isolated in two independent hybrid cell lines, it

is unlikely to be an artifact of tissue culture. In situ hybridization indicates that a

significant amount of human material lies distal to the D22S347 cosmid on the

derivative chromosome 22 in hybrid cell line A6-1. This finding, combined with

the fact that D22S347 is within an estimated 250 kb of the chromosomal

rearrangement, is inconsistent with a terminal deletion. The data are consistent

with the interpretation that the derivative chromosome 22 represents a

translocation with an as-yet unidentified human chromosome. The fact that the

tumor DNA contains chromosome 22 markers distal to D22S347 derived from a

single chromosome 22 homolog suggests that this translocation in the tumor is

reciprocal, and that the tumor retains both halves of the translocation, while the
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tumor hybrid retains only the derivative chromosome 22. This study shows the

power of using molecular and cytogenetic approaches in parallel to study

chromosomal rearrangements in tumors. Neither approach used in isolation

would have determined that the acoustic neuroma had lost one copy of

chromosome 22 while retaining both halves of a reciprocal translocation of the

remaining chromosome 22 homolog.

We believe that the chromosome 22 translocation described in this report

most likely interrupts expression of a gene involved in the development of

acoustic neuromas. Preliminary sequence analysis has indicated that the

primary structure of the Merlin gene remaining in the sporadic acoustic

neuroma was not mutated. (R.K. Wolff, manuscript in preparation). These data

Support our hypothesis that a second locus is likely to be interrupted by the

translocation and is responsible for the development of this tumor. The fact that

acoustic neuromas rarely contain nonspecific chromosomal rearrangements

(Seizinger et al. 1986, Couturier et al. 1990) argues against the possibility that

the translocation we have identified is a coincidental rearrangement that played

no role in the development of the tumor. Furthermore, the translocation occurs

in a region of chromosome 22 in which other rearrangements have been

detected in sporadic acoustic neuromas and in a meningioma (Zhang et al,

1990a, Ahmed et al. 1991). Based on our RH map, the chromosomal

rearrangements detected in these tumors are located approximately 2 Mb distal

to the Merlin gene.
-

Hybrids A6-1 and A5-3 should provide a valuable reagents for further studies

aimed at isolating the translocation breakpoint described here and defining

genes whose function or expression is altered by this chromosomal

rearrangement.
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Table
1

Primersfor
Amplification
ofDNAbyPCR LocusSequence

(5'to3')Size(bp)aReference
|GLVforward:

CTGCTTCCTCCCACAGGACAAATCCACAGC
340Anderson
etal.1984

reverse:
CAGACACATGTTAGAAATTAGAAGGGCAGA

NEFHforward:
CTCAGAAGAGTCCCGGAGCTCAAGGATCAG
595Leesetal.1988

reverSe:
GTCTGGGGTGTCACATCCAGACCTCCCCTG

LIFforward:
CCGAGGGATCTCAGGAGTTGGGTGC
512Moreau
etal.1988

reverse:
GAAGACAGCCTTCCATCCCAGAGGC

MBforward:
ACTTGAACTCTAGTCTGGCTGCCCC
471AbbottandPovey1991

reverse:
CAAAGTGGGTGGCAGTCCCCTTTAC

CYP2Dforward:
CGCCTTCGCCAACCACTCCG
334Goughetal.1990

reverse:
AAATCCTGCTCTTCCGAGGC

3.



Table
1-

Continued LocusSequence
(5'to3')Size(bp)Reference D22S268forward:

TACGTCCTCACAATCCAGCGT
=250Marineau1992a

reverse:CTGAGGTGGGAGGATTAC
D22S1forward:

GGTGATGAGAT(G/T)AGGTCTCATCCA
a:600Barkeretal.1984

reverse:
CTGGATGGTGAAGAATGGAGATCA

D22S15forward:
TGGACCCTGTATTAACAGAAGCAACTC
as580Rouleau
etal.1988

reverse:
GGCTCTTTTTCACCAGAACAACGACC

D22S346forward:
CCAGCCTTGAGAGGTTAGAATGGC
as150Wolff1993

reverSe:
GTGGACTGTTAATTTCTAGAATTGCC

D22S347forward:
TGGTGAATGTGACATTCATGGTCT
550Wolff1993

reverse:
CAGAGTAAGGAGGCAAGATAGTGC

g;



Table
1-

Continued LocusSequence
(5'to3')Size(bp)Reference D22S348forward:

TCCCCGTCTGTGCTCTGTACTTGTT
199Wolff1993

reverse:
GTCTTTCTTCCTCATTTTGGCCTTG

D22S349forward:
CCGTTCCCTGTTATTCCAGCTCTAC
143Wolff1993

reverSe:
GATGAATTTCTTAGCACACTAGGCC

D22S350forward:
CTAGTCCTGACTCCCACAGCTGGC
229Wolff1993

reverse:
CCAACATAATCCAGCCCCCATCATC

a

Expectedsizeof
amplifiedDNAproducrt

3.



Figure Legends

Figure 1. A, Analysis of genomic DNA isolated from blood, tumor tissue and

four somatic cell hybrid cell lines, A6-1, B7-2, B8-2, and A8-1, containing one or

more copies of human chromosome 22 derived from the tumor. Southern blot

analysis using marker D22S9 and PCR analysis using marker D22S346 shows

that in the tumor DNA both markers are missing an allele present in the blood

DNA. Cell line A6-1 retained the allele of D22S9 present in the tumor but did

not contain any D22S346 allele, cell line B7-2 retained both alleles of D22S9

and D22S346, cell line B8–2 retained the alleles of D22S9 and D22S346

present in the tumor DNA, and cell line A8-1 retained the alleles of D22S9 and

D22S346 not present in the tumor DNA. Based on this analysis hybrid cell lines

B7-2 and A8-1 resulted from fusion of hamster cells with normal human

fibroblasts. Therefore these results indicate that the alleles of D22S9 and

D22S346 present in the tumor DNA represent a single homolog of chromosome

22. B, Schematic diagram illustrating the status of chromosome 22 material

present in blood, tumor cells, and hamster-tumor hybrid cell line A6-1. Our data

indicates that both chromosome 22 homologs are structurally normal in non

tumor cells. In the tumor DNA the hemizygosed alleles of DNA markers D22S9

and D22S346 are derived from the same chromosome 22 homolog suggesting

that the tumor is monosomic for chromosome 22. Hybrid cell line A6-1 contains

the allele of D22S9 present in the tumor DNA but contains no D22S346 allele

indicating that it has captured a structurally rearranged chromosome 22. These

data are consistent with the tumor containing a balanced translocation involving

a single chromosome 22 homolog and the hybrid cell line A6-1 retaining the

proximal half of this derivative chromosome 22.
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Figure 2. A, The order of the markers in the comprehensive Radiation hybrid

map constructed using an equal retention model and a maximum likelihood

method (see Materials and Methods). Distances between the markers are

indicated in cF3000 to the left of the diagram. The markers D22S268 and LIF

had no breaks between them and therefore we are unable to determine their

relative order. In this system 1 cFa000 is equal to a frequency of 1 percent

breakage between two markers after exposure to 8000 rad of X-rays. Previous

analysis of these hybrids has shown that 1 cF3000 equals approximately 50 kb

(Frazer et al. 1992). The four groups of DNA markers, as defined by the shaded

boxes, are ordered relative to one another at 1000:1 odds as determined by

likelihood ratios. For example, the two markers S347 and S349 are located

between the marker in the proximal shaded box, S15, and the markers in the

distal shaded box, MB, S350, S348, S346, at 1000:1 odds. The DNA markers

are abbreviated by deleting D22, so that D22S1 equals S1. B, Analysis of

hybrid cell line A6-1 with markers S347 and S349 indicating that the

chromosome 22 rearrangement occurred in the NF2 region. Lane 1 contains

DNA amplified from cell line EYEF3A6 (GM10027), a hamster-human hybrid

cell line containing an intact human chromosome 22 and fragments of human

chromosomes 15 and 19 (Van Keuren et al. 1987, Ledbetter et al. 1990). Lanes

2 and 3 contain DNA amplified from the hamster-tumor hybrid cell line A6-1 and

the hamster cell line A3, respectively. This data demonstrates that hybrid cell

line A6-1 retains marker S347 but is missing marker S349 and therefore

localizes the chromosome 22 rearrangement in the NF2 region between these

two markers.
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Figure 3. Analysis of hamster-tumor hybrid cell lines containing rearranged

and normal chromosomes 22 by FISH and G-banding. A complete metaphase

spread of cell line A6-1 stained with Dapi (panel A) and hybridized with a total

human DNA probe (panel B) which distinguishes the 10 human chromosomes

present in this hybrid cell line from the hamster chromosomes. Of these 10

human chromosomes only one, indicated by the arrow, is a small acrocentric

chromosome.

A partial metaphase spread of the hamster-tumor hybrid cell line B8-2 which

contains a normal human chromosome 22 is stained with Dapi (panel C),

hybridized with the S347 cosmid (panel D) and hybridized with the S349

cosmid (panel E). The S347 and S349 cosmids both specifically hybridize to

the same location on the normal human chromosome 22, indicated by the

arrows, and have identical background hybridization patterns on the other

human chromosomes.

A partial metaphase spread of cell line A6-1 stained with Dapi (panel F),

hybridized with the S347 cosmid probe (panel G), and hybridized with the S349

cosmid probe (panel H). Although all human chromosomes in this hybrid show

faint signal with these probes, the S347 cosmid specifically hybridizes to the

center of the small acrocentric human chromosome, indicated by the arrows.

Note that no specific signal is observed with the S349 cosmid.

G-banding of cell line A6-1 shows that the acrocentric shaped derivative

chromosome 22 has a dark band in the distal half of the long arm (panel I)

which is not in the G-banded normal human chromosome 22 present in the

metaphase spread of a lymphoblast cell line (panel J).
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Abstract

Acoustic neuromas are common intracranial tumors occurring in humans. As

part of an effort to clone genes involved in the development of these tumors, I

previously identified a sporadic acoustic neuroma that contains a reciprocal

chromosome 22 translocation. Our data suggest that this chromosome 22

translocation may alter the expression of a gene involved in the development of

acoustic neuromas. In an attempt to clone this gene, l isolated DNA from the

estimated 250 kb genomic region between the loci which flank the

translocation, D22S347 and D22S349. Six YAC clones were isolated by

screening two YAC libraries with sequence-tagged sites (STSs) generated from

the loci D22S247 and D22S249. To establish the Order of the YAC clones and

to simultaneously convert them into more easily manipulated cosmid clones, I

used the YACs as probes to screen a sub-chromosome 22 specific cosmid

library. The isolated cosmids were grouped into defined regions, referred to as

bins, based on their hybridization patterns with the overlapping YACs, and were

further analyzed by YAC end and cosmid hybridization experiments. The

cosmids isolated with the YACs at the D22S347 locus were placed into 6

separate bins, spanning a distance of approximately 350 kb. Screening the

cosmid library with the YACs at the D22S349 locus combined with YAC end

and cosmid hybridization experiments, resulted in an ordered array of cosmids

consisting of 8 bins that also spans a distance of approximately 350 kb. These

two sets of binned cosmids at the D22S347 and D22S349 loci did not overlap

with each other. To establish if either set crossed the translocation breakpoint, I

used cosmids located in the left and right end bins at the D22S347 and

D22S349 loci as hybridization probes on Southern blots containing the

derivative chromosome 22. I determined that neither set of cosmids crossed the
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chromosome 22 translocation, however my data indicates that the breakpoint is

most likely located within 50 kb of the cosmids in the left end bin at the

D22S349 locus. The YAC and cosmid clones at the D22S347 and D22S349

loci provide reagents for the isolating the chromosome 22 gene that is affected

by the translocation breakpoint and characterizing its role in the development of

nervous system tumors.
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Introduction

Acoustic neuromas, the commonly used term for Schwannomas of the eighth

cranial nerve, account for approximately 8 percent of all intracranial tumors

(Jackler and Pitts, 1990). Although the majority of acoustic neuromas arise in

the general population as sporadic unilateral tumors, approximately 5 percent

of acoustic neuromas occur as bilateral tumors in individuals with the hereditary

syndrome known as Neurofibromatosis Type 2 (NF2) (Jackler and Pitts, 1990).

In addition to bilateral acoustic neuromas, NF2 patients frequently develop

other types of nervous system tumors, including meningiomas, gliomas, and

spinal neurofibromas.

Analysis of hereditary and sporadic acoustic neuromas has demonstrated

specific loss of heterozygosity for polymorphic chromosome 22 DNA markers,

indicating the involvement of chromosome 22 in the development of these

tumors. Based on chromosome 22 constitutional deletions in NF2 patients, a

candidate gene for the NF2 locus, Merlin, has recently been cloned (Trofatter et

al., 1993) Hereditary and sporadic acoustic neuromas are currently being

analyzed for mutations in the Merlin gene. Preliminary data has indicated that

the Merlin gene may not be rearranged in all sporadic acoustic neuromas (R.K.

Wolff, personal communication), suggesting that other chromosome 22 genes

may be involved in the development of these tumors.

As part of an ongoing effort to identify genes involved in the development of

acoustic neuromas, we have previously described the analysis of a sporadic

acoustic neuroma containing a chromosome 22 translocation approximately 2

Mb distal to the Merlin gene, between D22S347 and D22S349 (Frazer et al.

1993). Other workers have also reported chromosomal rearrangements in

acoustic neuromas and in a meningioma in approximately the same region of
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chromosome 22 containing the translocation. As we immortalized the

translocated chromosome 22 in a hamster-tumor somatic cell hybrid, we were

able to sequence the Merlin gene that was present in the tumor. This sequence

analysis has indicated that the primary structure of the Merlin gene remaining in

the sporadic acoustic neuroma was not mutated (R.K. Wolff, unpublished data).

These data combined with the observation that other sporadic tumors also

appear to contain rearrangements in the same region of chromosome 22,

suggest that the translocation alters the expression or function of a second

chromosome 22 locus involved in the development of acoustic neuromas.

The identification of several disease genes by positional cloning has been

greatly aided by either a germline or somatic cell translocation(s) involving the

gene (Viskochil et al., 1990, Davies K, 1993). A useful approach in isolating a

gene defined by a translocation breakpoint is to segregate the derivative

chromosome homolog away from the structurally normal chromosome homolog

in a somatic hybrid cell line. A map of ordered DNA markers can then be used

to determine the closest flanking loci of the translocation breakpoint by simply

scoring for their presence or absence in the hybrid cell line carrying the

derivative chromosome. This approach then involves isolating the genomic

region between the flanking DNA markers to generate new markers, which can

then be used to further narrow the region containing the translocation

breakpoint. In practice, new DNA markers are generated until a probe is

obtained that identifies a restriction fragment altered by the translocation, using

Southern blot analysis. The detection of altered restriction fragments with a

variety of different enzymes provides strong evidence that the probe maps close

to the translocation breakpoint. To find transcribed sequences altered by the

translocation, this probe is then either used to screen cDNA libraries directly
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(Volpe et al., 1993), or as a reagent to isolate cloned "trapped exons" by exon

amplification (Buckler et al., 1991, Trofatter et al., 1993) or by exon trapping

(Duyk et al., 1990).

One of the difficult aspects of this positional cloning strategy is the isolation of

the genomic region between the flanking DNA markers. Currently, most

workers use yeast artificial chromosome (YAC) libraries to isolate large cloned

fragments (200 kb - 1 Mb) of DNA from the genomic region of interest, by

hybridization or PCR screening. A contiguous set of overlapping YAC clones

(i.e. a contig) is constructed by analyzing the DNA content, size and ends of the

YACs. Recently, as a method of characterizing the YACs and converting them

into cosmids, YAC clones have been used as probes to screen chromosome

specific cosmid libraries. Comparison of the cosmids hybridization patterns with

a number of overlapping YACs allows one to group the cosmids into defined

regions (referred to as a bin). The cosmids within a bin are not ordered relative

to each other and if the YACs contain deletions or if there are genomic regions

not represented in the cosmid library, the cosmids within the same bin may not

be overlapping. A contig of the cosmids within each bin and between adjacent

bins can be constructed by comparing the Eco R1 restriction patterns of the

cosmids and by using the cosmid clones as probes to screen the chromosome

specific cosmid library.

In this chapter, I describe my efforts to isolate the chromosome 22 gene,

distal to Merlin, involved in the development of acoustic neuromas. The closest

flanking DNA markers, D22S347 and D22S349, of the translocation that

interrupts this gene are separated by approximately 250 kb (Frazer et al., 1993).

To develop new markers closer to the translocation breakpoint, I screened YAC

libraries with STSs at the D22S347 and D22S349 loci. I isolated six YAC
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clones which I used as probes to screen a sub-chromosome 22 specific cosmid

library. The cosmids isolated with the YACs at the D22S347 locus were placed

into 6 separate bins, spanning a distance of approximately 350 kb. Screening

the cosmid library with the YACs at the D22S349 locus combined with YAC end

and cosmid hybridization experiments, resulted in an ordered array of cosmids

consisting of 8 bins that also span a distance of approximately 350 kb. These

two sets of binned cosmids at the D22S347 and D22S349 loci did not overlap

with each other, however my data indicates that the breakpoint is most likely

located within 50 kb of the cosmids in the left end bin at the D22S349 locus.
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Materials and Methods:

PCR Oligonucleotides

The PCR conditions and primers for the D22S347 (RW3-8) and the D22S349

(RW3-20) chromosome 22 loci have been previously described. (Frazer et al.,

1993).

YAC libraries and Screening

The YAC libraries used in this study were constructed at the Washington

University Medical School, St. Louis (Imai and Olson, 1990) and at CEPH, Paris

(Albertson et al., 1990). The Washington University library was screened using

a combination of PCR and hybridization. The positive YAC clones were

localized to a single batch of DNA pooled from a set of 384 YAC clones (four 96

well microtiter plates of the gridded YAC library), by analyzing pools of YAC

DNA with PCR. The individual positive YAC colony was then identified by

hybridization of the DNA probe to membranes containing DNA isolated from the

384 YAC colonies in the positive pool (Green and Olson, 1990). The CEPH

library was screened entirely by PCR. A positive YAC clone was localized to a

single pool of 96 YAC colonies by PCR analysis, in the same manner described

above for the Washington University library. DNA pools of the rows and

columns from the positive microtiter plate were then screened by PCR to identify

the individual positive clone.

YAC Characterization

After identification, the individual positive clones were maintained in

selective media as described (Burke et al., 1987). Each positive clone was
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streaked and at least six subclones were analyzed by PCR to determine if they

contained the YAC. The PCR analysis was performed as follows: a small

amount of each subclone was scraped off the media plate with a toothpick and

mixed with 1.6 pmoles of each deoxyribonucleoside triphosphate, 10 pmoles of

each oligonucleotide primer, 0.25 units of Themus aquaticus DNA polymerase,

in 10 pil PCR buffer (2.5 mM MgCl2, 50 mM KCI, 20 mM Tris-Cl, pH 8.3). The

samples were overlaid with mineral oil and incubated at 940C, 62oC, and 720C

for 1 minute at each temperature in an automated Cetus-Perkin Elmer Thermal

Cycler for a total of 35 cycles. Yeast chromosomes were prepared in agarose

blocks according to standard procedures and fractionated by pulse field gel

electrophoresis (PFGE) analysis on a Bio-Rad CHEF MapperTM, using

conditions recommended by the vendor to separate DNA in the 90 kb to 1 Mb

range. Yeast chromosomes from the YP148 strain were used as size standards

on all gels. The fractionated yeast chromosomes were transferred to nylon

membranes (Hybond N+; Amersham), hybridized with radioactive probes,

washed, exposed to Kodak XAR film, and stripped of probe prior to

rehybridization, as previously described (Wolff et al. 1992).

YAC End Isolation

The terminal sequences of the YAC clones were isolated by Alu-Vector PCR

using combinations of the two Alu primers, ALE3 (5'-CCA(C/T)TGCACTCCAGC

CTGGG-3') and PDJ34RP (5'-CCCAGGCTGGACA(G/A)TGG(T/C)(AVG)(T/C)

(AVG)ATC(AVT)(T/C)(AVG)GCTCA-3’), with the two vector primers, ODC 333 for

the left arm, and ODC 334 for the right arm (Zuo et al., 1992). Alu-Vector PCR

products were compared with the PCR products of the Alu primers used alone

to distinguish the terminal YAC sequences from the internal Alu-Alu bands.
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Reactions were performed as follows: agarose blocks of the yeast strains

containing the YACs were melted at 50°C, a 5 pil aliquot was mixed with 20

plmoles of each deoxyribonucleoside triphosphate, 50 pmoles of each

oligonucleotide primer, 2.5 units of Thermus aquaticus DNA polymerase, in 100

pl PCR buffer (1.5 mM MgCl2, 50 mM KCI, 20 mg/ml gelatin, 10 mM Tris-HCl, pH

8.4). The samples were overlaid with mineral oil and incubated at 940C for 1

minute, 550C for 1 minute and 720C for 2 minutes in an automated Cetus

Perkin Elmer Thermal Cycler for a total of 30 cycles. The reaction products

were fractionated on a 1.5% LMP agarose (Seaplaque GTG), the specific Alu

vector bands were excised, the gel slice was melted at 50°C, and a 5 pil aliquot

was labeled directly with 32P doTP by random priming at 370C for 3 hours

(Feinberg and Volgelstein, 1984).

Inverse PCR was performed to isolate YAC ends as described (Zuo et al.,

1992). The left end of C23-01 H11 YAC was isolated using this approach. The

reaction product was cut out of a 1.5% LMP agarose (Seaplaque GTG) gel and

labeled in the same manner as the Alu-vector PCR bands.

Cosmids corresponding to the ends of several of the YAC clones were

identified by screening the sub-chromosome 22 specific cosmid library with

overlapping YACs, as described below. The cosmids were grouped into bins,

based on their hybridization patterns with the overlapping YACs. The cosmids

which hybridized with only one YAC clone were usually located in the left or

right end bins. The cosmids in these left or right end bins were assumed to

correspond to the terminal sequences of the YAC clone which identified them

by hybridization.
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Cosmid Library

A cosmid library was constructed from a radiation hybrid, RH130a, which

contains a single contiguous fragment of chromosome 22, spanning

approximately 9 Mb from D22S1 to PDGF (Frazer et al., 1991). Partial Sau3A

digests of RH130a were cloned into the Bamh 1 site of the pWE 15 vector

(Stratagene) and transformed into the E. coli strain 490A as described (Wolff et

al., 1989), resulting in approximately 1x105 primary colonies. To determine

which of these cosmids contained human chromosome 22 DNA, the entire

library was screened with 32P doTP-labeled total human DNA and then with

32P doTP-labeled total hamster DNA as described (Wolff et al., 1992). Based

on specific hybridization with the total human DNA probe, a total of 957

independent cosmids were transferred into 11 microtiter plates. These cosmids

were replicated onto nylon filters, each of which contained 384 colonies from 4

microtiter plates.

Screening with YAC DNA

YAC DNA was excised from a 1.3% LMP agarose (Seaplaque GTG) after

being fractionated by PFGE, as described above. The gel slices containing the

YAC DNA were treated with 6-agarase (NEB), precipitated with isopropanol,

extracted 3 times with phenol/chloroform, precipitated with ethanol, and then

resuspended in 50 pil of TE pH 8.0. Approximately 500 ng of YAC DNA was

labeled with 32P doTP by random priming to a specific activity of 5 x 108
cpm/ug. The labeled YAC DNA was mixed with 60 pig pyAC4 vector DNA, and

400 ug human Cot■ DNA in 700 ml of TE pH 8.0. The probe mixture was boiled

for 5 minutes, transferred to 650C, immediately thereafter 100 pil 1M NaPO4 pH

7.4 was added, and the incubation continued at 650C for 2 hours. The Cosmid
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filters were prehybridized for at least 2 hours at 650C in 7 % SDS, 0.25 M

NaPO4 pH 7.4, 1 mM EDTA, and 250 ug/ml sheared salmon sperm DNA. The

probe mixture was added to the buffer used for prehybridization and the filters

were hybridized overnight. Filters were washed three times, 25 minutes each,

at 65°C with 0.3X SSC, and 0.1 % SDS, and exposed to Kodak XAR film at

700C for 5-12 hours.

Cosmid Preparation

Cosmid DNA was isolated by alkaline lysis using standard procedures

(Sambrook et al., 1989). To isolate the insert as a single large fragment, the

cosmid DNA was digested with Not I, electrophoresed on a 0.5% LMP agarose

gel (Seaplaque GTG) for 15 hours at 40 volts, ethidium stained, and the insert

fragment excised out of the gel. The gel slice containing the insert was melted

at 50°C and a 5 ul aliquot was labeled directly with 32P doTP by random

priming at 370C for 3 hours.

DNA Extraction Southern Blotting and Hybridization

High-molecular-weight DNA was isolated from tumor tissue, lymphoblastoid

cell lines, and hamster-tumor hybrids, digested to completion with restrictions

enzymes, fractionated by electrophoresis, transferred to nylon membranes

(Hybond N+; Amersham), hybridized with 32P doTP-labeled probes, washed,

exposed to Kodak XAR film, and stripped of probe prior to rehybridization, as

previously described (Wolff et al. 1992).
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Results

YAC isolation and characterization

To isolate the chromosome 22 locus distal to Merlin that is involved in the

development of sporadic acoustic neuromas, I attempted to clone the estimated

250 kb genomic region between the DNA markers, D22S347 and D22S349,

which flank a translocation breakpoint that affects this gene (Frazer et al., 1993).

Since the yeast artificial chromosome (YAC) cloning system allows the cloning

of large DNA inserts, I used STSs from the D22S347 and D22S349 loci to

screen two different YAC libraries,Washington University and CEPH, as

described in Materials and Methods. The mean YAC size is 380 kb in the

Washington University library (Imai et al., 1990) and 430 kb in the CEPH library

(Albertson et al., 1990). Therefore, the 57,000 individual YAC clones screened

comprise approximately seven-to eight-fold coverage of the human genome. In

total, l isolated four YACs with the D22S347 STS and two YACs with the

D22S349 STS. Single colonies of each of these YAC strains were prepared in

agarose blocks and fractionated by PFGE. After blotting the gels, we

determined the size of the YAC clones by hybridization with YAC vector

sequences (Figure 1). The insert sizes of the YACs ranged from 350 kb to 500

kb, with an average size of 380 kb.

Screening the Cosmid Library Directly with YACs

To characterize the six YACs for their content of chromosome 22 material

and to determine their extent of overlap with each other, I screened a sub

chromosome 22 specific cosmid library by using the YAC clones as

hybridization probes. The cosmid library was constructed from radiation hybrid

RH130a, as described in Materials and Methods. On the basis of probe content
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mapping and in situ hybridization analysis, the only human material present in

hybrid RH130a is a contiguous 9 Mb fragment of chromosome 22, which

includes the region between the D22S347 and D22S349 loci. The average

size insert of the cosmids in this library is approximately 38 kb. Therefore, we

estimate that the 957 independent colonies represent a three-fold coverage of

the 9 Mb fragment of chromosome 22 present in hybrid RH130a. The DNA

sequences for the D22S347 and D22S349 STSs were obtained from cosmids

(P310C and P43C) isolated from this library. When the cosmids at the

D22S347 and D22S349 loci were used as probes to screen the sub

chromosome 22 specific library, they hybridized with a total of 3 and 4 cosmids,

respectively (Tables 1 and 2C). These data supports our estimate of the cosmid

library representing a three-fold coverage of the 9 Mb region of chromosome

22. A total of 56 different cosmids were isolated by screening this library with

the 6 YACs. For each YAC probe, two types of positive signals were observed.

Some of the cosmids had strong positive signals while other cosmids had weak

positive signals (Figure 2). Cosmids hybridizing with more than one YAC clone

in general consistently had either strong or a weak positive signals with each of

the YACS.

Localization of the cosmids by binning

The cosmids were localized into bins, by comparing their hybridization

patterns with the overlapping YAC clones (Figure 3, Tables 1 and 2a). The four

YAC clones isolated with the D22S347 STS hybridized with a total of 29

different cosmids, which were divided into six separate bins (Table 1). Based

on an average cosmid insert size of 38 kb and a three-fold coverage library, the

29 cosmids ordered within bins at the D22S347 locus probably span a distance
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of 350 kb. This approach of organizing the cosmids into bins enabled us to

determine which of the YACs have overlapping inserts (Figure 3, Tables 1 and

2a). Since the D22S347 and D22S349 loci are separated by approximately

250 kb and the average size of the YACs isolated was 380 kb, I had expected

that the YAC clones isolated with the D22S347 and D22S349 STSs would

overlap with each other. However, the two YACs isolated with the D22S349

STS hybridized with 27 cosmids, none of which had hybridized with the YACs

isolated with the D22S347 STS. These 27 cosmids were originally binned into

three groups based on their hybridization patterns with the D22S349 YACs

(Table 2a).

Isolation and Characterization of YAC Ends.

To refine the location of the Cosmids within the end bins and to further

characterize the YACs, l isolated the ends of the YAC clones by Alu-vector PCR

and inverse PCR, to use as probes to screen the sub-chromosome 22 specific

cosmid library. Using the Alu-vector PCR approach I successfully isolated 4

ends from 6 different YAC clones. I used the inverse PCR approach on 2

different YAC clones and isolated 1 end. The results of the isolation and

characterization of these YAC ends are summarized in Table 3.

The left and right ends isolated from the D22S349 YAC, A21-06 G6,

hybridized with cosmids in the sub-chromosome 22 specific library, indicating

that the entire YAC insert is derived from this region on chromosome 22 (Tables

2b and 3). The right end of YAC A21-06 G6 hybridized with a cosmid (P69E)

that I had originally placed within the middle bin at the D22S349 locus (Tables

2a and 2b). This cosmid was originally localized in the middle bin because it

hybridized with both D22S349 YACs, A21-06 G6 and 233B10. Because of the
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fact that many YACs are known to contain internal rearrangements, I believe

that this cosmid is most likely located at the right end of YAC A21-06 G6 and

that YAC 233B10 has an internal deletion (Table 2b). This demonstrates that

the approach of binning the cosmids based on their hybridization patterns with

overlapping YACs can be misleading. In this case, a YAC containing an

internal deletion apparently introduced errors in the cosmid order, by placing

cosmids within a middle bin that should have been placed within an end bin.

The Alu-vector PCR product for the left end of YAC A21-06 G6 was relatively

small (230 bp) but hybridized with five cosmids, three of which had not been

detected screening with the whole YAC A21-06 G6 (Tables 2a and 2b). This

result may be due to the fact that I pre-annealed the labeled YAC probes with

an excess of unlabeled YAC vector to reduce the background signal caused by

vector-vector hybridization. The hybridization signals of the sequences at the

very end of the human DNA insert may also have been reduced by this

procedure. Two of the cosmids (P11 6H, P102F) which hybridized with the left

end of YAC A21-06 G6 were located in the middle bin, two of the cosmids (P9

11H, P911G) were located in the left end bin, and one cosmid (P11 7E) had not

previously been detected screening with either of the YACs at the D22S349

locus (Tables 2a and 2b). These data confirmed the placement of the P911H

and P9 11G cosmids in the end bin and sub-localized the positions of the P11

6H and P102F cosmids in the middle bin. As shown in Tables 2b and 2C, the

fact that YAC 233B10 hybridized with cosmid P49G, but did not hybridize with

cosmid P117E, suggest that it may also contain a small internal deletion at the

left end.
-

Two of the YAC ends amplified by Alu-vector PCR and the one YAC end

isolated by inverse PCR did not hybridize with cosmids in the sub-chromosome
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22 specific library (Table 3). These results suggest that the D22S347 YACs

from which they were derived, C32-10 H11 and 498H2, are chimeric. However,

I have not ruled out the possibility that the isolated YAC ends are from this

region on chromosome 22, but were not represented in the sub-chromosome

22 specific cosmid library.

This approach of isolating YAC ends to confirm and further refine the location

of the COSmids in the end bins worked well at the D22S349 locus; however, it

was unsuccessful at the D22S347 locus. I was not able to isolate any YAC

ends to confirm the location of the cosmids in the left and right end bins at the

D22S347 locus. Therefore, I assumed that the cosmids were correctly placed in

these end bins based on their hybridization patterns with the overlapping

D22S347 YACs (Table 1). Although rearranged YACs can incorrectly localize

cosmids within bins, I screened the chromosome 22 specific cosmid library with

four overlapping YACs at the D22S347 locus, and therefore believe that the

probability of errors in the cosmid order due to internally deleted YACs is

minimal.

Refinement of cosmid orders by restriction digests and hybridization analysis.

To further establish the extent of overlap between cosmids located within the

end bins, I determined their Eco R1 restriction patterns. The cosmids were

digested with Eco R1, fractionated in an 0.8% agarose gel, and the ethidium

stained banding patterns between the cosmids in each end bin were compared.

The five cosmids placed in the left end bin at the D22S347 loci were divided

into two groups based on their Eco R1 restriction fragments; cosmids P11A,

P104H and P104G had at least 80 percent overlap, and the cosmids P111D,

and P111E had approximately 90 percent overlap with each other (Table 1).
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However, these two groups of cosmids located within the same bin, did not

have any Eco R1 bands in common. The two cosmids located in the right end

bin of the D22S347 contig, P113G and P27B, shared approximately 50 percent

of their restriction fragments in common with each other (Table 1).

The Eco R1 restriction fragments of the five cosmids that had hybridized with

the left end of YAC A21-06 G6 were also analyzed to determine their amount of

overlap with each other. Based on the comparison of their Eco R1 banding

patterns two of the cosmids, P911G and P911H, are identical, the cosmid order,

P102F-P911G-P117E, was confirmed and one cosmid, P116H, did not overlap

with the other cosmids (Table 2b).

To further refine the positions of the cosmids at the D22S349 locus, I used

cosmids located within the end bins as probes to screen the sub-chromosome

22 specific cosmid library. The two cosmids, P102F and P911H, located within

the left end bin hybridized with the same six cosmid clones, one of which

(cosmid P63G) had not been previously detected (Table 2c). These data

established a new left end bin at the D22S349 locus, containing a single

cosmid (P63G) (Table 2c). The cosmid within the right end bin (P69E)

hybridized with itself and with one other cosmid (P11D). This result defined a

new bin, containing cosmid P11D, to the right of the large internal deletion in

YAC 233B10 (Table 2C).

Localization of the YAC contigs in relationship to the chromosome 22

translocation breakpoint.

My initial objective was to clone the genomic region between the D22S347

and D22S349 loci, to obtain a probe that detected restriction fragments altered

by the translocation. Although the YAC clones at the D22S347 and D22S349
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loci did not overlap with each other, it was possible that one of the sets of YACs

crossed the translocation breakpoint. If either of the YAC contigs at the

D22S347 or the D22S349 loci spanned the translocation, it would provide the

necessary cloned material to detect and analyze the breakpoint.

To determine if the D22S347 YAC contig crossed the translocation

breakpoint, I hybridized two cosmids from the left end bin P11A and P111D, and

one cosmid located within the right end bin, P113G, to Southern blots

containing genomic DNA isolated from the hamster-tumor hybrid, A6-1, that

captured the translocated chromosome, as well as from hamster-tumor hybrids

which contained a normal copy of chromosome 22. All three of these cosmids

displayed normal hybridization patterns in the hybrid A6-1, indicating that the

entire D22S347 YAC contig is proximal to the translocation (Figure 4).

| next established whether the D22S349 YAC contig crossed the

translocation breakpoint. I hybridized the Southern blot containing the

translocated chromosome 22 with two cosmids from the left end, P102F and

P911H, and the one cosmid, P69E, within the right end bin. None of these

cosmids identified any restriction fragments in the hybrid, A6-1, containing the

translocated chromosome, indicating that the entire D22S349 YAC contig is

located distal to the breakpoint.
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Discussion

I am interested in isolating and characterizing genes involved in the

development of nervous system tumors. In this chapter I describe my efforts to

clone a chromosome 22 translocation breakpoint that interupts the expression of

gene most likely involved in the development of sporadic acoustic neuromas.

Strategies for isolating disease genes based on their chromosomal position

generally rely on cloning large regions of genomic DNA between two flanking loci.

In this study, the closest flanking DNA markers of the translocation breakpoint,

D22S347 and D22S349, are separated by approximately 250 kb. The ability to

clone segments of genomic DNA of this size has been greatly facilitated by the

development of human YAC libraries, which contain clones with large DNA inserts.

A YAC contig spanning the region between the flanking loci, D22S347 and

D22S349, would provide the necessary cloned materials for the identification of the

breakpoint. However, YAC clones are often difficult to analyze and manipulate. A

major problem in using YACs is that approximately fifty percent of the clones in

most libraries are chimeric, such that a considerable amount of the DNA in a set of

overlapping YAC clones is not from the genomic region under study. In addition,

isolating DNA directly from YACs is time-consuming and usually only small

quantities of DNA are obtained. To solve these problems, I converted the YAC

clones isolated with STSs at the loci D22S347 and D22S349 into cosmids, which

are more easily analyzed and manipulated. Since the YACs were used as probes

to directly screen a sub-chromosome 22 specific cosmid library, I required only

small quantities of YAC DNA and was quickly able to access the chromosome 22

material present in the chimeric YAC clones.

In agreement with other studies my results indicate that this procedure of using

labeled YAC DNA to directly screen a chromosome specific cosmid library is an
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efficient method of converting the YAC clones into cosmids. When cosmids located

within the middle bins were used as probes to screen the library, all the positive

cosmid clones had previously been identifed by screening with the YACs. These

data suggest that this approach most likely identifies the majority of the cosmids

corresponding to the YAC clones.

Each YAC probe was observed to have two types of positive cosmid signals,

strong and weak. The fact that cosmids hybridizing with more than one YAC clone

in general consistently had either weak or strong signals, indicates that differences

in the signal intensities are due to the genomic sequences of the human DNA

inserts in the cosmids. One possible explanation of these results is that the

genomic DNA complementary to the weak positive cosmids is not easily labled in

YACs by the random priming method. Other workers have reported that weak

positive signals observed with their primary YAC screens on cosmid libraries were

not true positives (Zuo et al., 1993). The differences between their results and mine

may possibly be attributed to the fact that I eliminated background signals caused

by vector-vector hybridization by prehybridizing the labeled YAC probe with an

excess amount of unlabeled YAC vector.

The STSs at the D22S347 and D22S349 loci were used to Screen two YAC

libraries consisting of seven to eight equivalents of the human haploid genome. In

total, l isolated four D22S347 and two D22S349 YAC clones suggesting that this

region of chromosome 22 may be underrepresented in these libraries. Based on

the average insert size of the YAC clones (380 kb) and the number of YACs

obtained, I had expected to observe overlap between the YACs at the D22S347

and D22S349 loci. The fact that I did not observe any overlap suggests that the

region of chromosome 22 between these YAC contigs may be prone to deletions in

yeast, and is therefore difficult or impossible to clone in YAC vectors. Similiar
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observations of other regions of the genome being difficult to clone in YACs have

been previously reported (Zuo et al., 1992).

At the D22S347 locus, the cosmids span approximately 175 kb in both

directions from the STS used to isolate the YACs (Figure 3). In contrast, at the

D22S349 locus, the cosmids span approximately 300 kb in one direction and 50 kb

in the other direction from the D22S349 STS. Since the D22S347 and D22S349

STSs are approximately 250 kb apart from each other (Frazer et al., 1993), the

cosmids at the D22S349 locus are most likely oriented such that the bins

comprising the 300 kb section are distal, and the bins comprising the 50 kb section

are proximal to the D22S349 STS. These data indicate the translocation

breakpoint that lies between the D22S347 and D22S349 loci, is most likely located

within a maximum distance of 50 kb from the cosmids in the left end bin at the

D22S349 locus (Figure 3).

The YAC contigs and cosmid bins at the D22S347 and D22S349 loci provide

valuable reagents for the isolation of the chromosome 22 gene interrupted by the

translocation breakpoint, and the eventual characterization of its role in the

development nervous system tumors. The next step in cloning the gene at the

breakpoint involves using the cosmids in the end bins as probes to screen the sub

chromosome 22 specific library, in order to obtain a set of overlapping cosmids

connecting the YAC contigs at the D22S347 and D22S349 loci. The orientation of

the cosmids at the D22S347 locus is unknown. However, the COSmids at the

D22S349 locus are oriented such that the left bin is most likely proximal and the

right bin distal. Therefore the most efficient method of constructing a contig of the

region, would be to initiate the screening of the sub-chromosome 22 specific library

using the cosmid located in the left end bin of the D22S349 locus. After a cosmid

contig of the region is established, the overlapping cosmids can then be used as
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probes on Southern blots containing genomic DNA of the deriviative chromosome

22 to obtain a clone that detects restriction fragments altered by the translocation.
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Table1.

Sub-Chromosome
22CosmidLibraryScreenwithYACsandacosmidattheD22S347Locus YACSandSizeCosmids Cosmid(kb)

P1P1P1P10P10
|
P5P3P3P1||P3
|P1P1P1P3P6P6P8P11
||P1P4P6P8P9P10P11
||
P11P2

11D11E1A4H4G
|
2F5A
1F3H
|
9D
|
6G8A8F1OC50,7G1OG8D
|
7H2D1G4D4D2C3B
I
3G7B

335A3500XXXXX|XXXX|X|XXXXXXXX|XXXXXXX
416E11380XXXX|X|XXXXXXXX|XXXXXXX

498H2400X|XXXXXXXX
c32-01H11350XXXXXXXX|XXXXXXX|XX P310C38XXX

Table2a.
Sub-Chromosome
22SpecificCosmidLibraryScreenwithYACsattheD22S349locus YACSSizeCosmids

CO(kb) 4-P4P9P9
||
P10P11P8P4P2P2P3P4P4P5PGP6P8P1P6
||
P2P5P5P6P8P8P9P10P10

9G11G11H
|
2P6H3B3C9C1G2F1B5D5A6H9E2G1D9E
|
1B3A7H4B2A2B885H12H

233B10380XXX|XXXXXXXXXXXXXXX
A21-06G6350XXXXXXXXXXXXXXX|XXXXXXXXX

Table2b.
Sub-Chromosome
22SpecificCosmidLibraryScreenwithYACsandYACendsattheD22S349locus YACSandSizeCosmids YACends(kb)

P4P11P9P9
||
P10P11
||
P8P4P2P2P3P4P4P5PGP6P8P1P2P5P5PéP8P8P9P10P10
||
P6 9G7E11G11H

||256H
|
3B3C9C1G2F1B5D5A6H9E2G1D1B3A7H4B2A2B8B5H12H
|
9E

233B10380x*xX|xX|XxXxXxXxXxXx*********|X A21-06G6350XX|XXXXXXXXXXXXXXXXXXXXX|X Leftend0.23XXX|XX
Rightend
1X
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Table2c.
Sub-Chromosome
22SpecificCosmidLibraryScreenwithYACs,YACendsandcosmids
attheD22S349locus YACSandSizeCosmids Cosmids(kb)

P6
||
P4P11P9P9
||
P10
||
P11
||
P8P4P2
|
P2P3P4P4P5PéP6P8P2P5P5PGP8P8P9P10P10
||
P1||P6 3G

|
9G7E11G11H
||256H
|
3B3C9C
|
1G2F1B5D5A6H9E2G1B3A7H4B2A2B8B5H12H
|
1D|9E

233B10380X*xX|X|X|XXX|XxXxXxXx*********|X|X
A21-06G6350X|X|XXX|XXXXXXXXXXXXXXXXX|X|X Leftend0.23XXX|X|X P43C38X|XXX P102F38X|XXXX|X P911H38X|XXXX|X

Rightend
1X P6QE38X|X Note:ThecosmidsandYACsarenamedbasedontheirposition

inthelibraryfromwhichtheywereisolated.TheWashingtonUniversity
onlibraryYACshaveeitherA21orC32inthebeginning
oftheirname.AlloftheotherYACswereisolatedfromtheCEPHlibrary.
InTable 2b,theAlu-vectorPCRamplifiedleftandrightendsofYAC(A21-06G6),aredesignated

asleftendandrightend,respectively.
AnX

representspositivehybridization,
a
blankspacerepresentsnegativehybridization,
a*

representsnegativehybridizationlikelytobedue toa
deletion
intheYAC.



Table3.
Isolationand
Characterization
ofYACends

Approximatesize

Present
inSub

YACendLocusMethodof
isolation

ofPCRproductchromosome
22

(kb)specificlibrary

A21-06G5L

D22S347Alu-vectorPCR0.2Yes A21-06G5R
D22S347Alu-vectorPCR1.0Yes C32-01H11R

D22S349Alu-vectorPCR0.02NO
498H2
L

D22S349Alu-vectorPCR0.7NO C32-01H11L

D22S349InversePCR(NlaIV)0.2NO Note:IntheYACendcolumn,
L
standsfortheleftendandR
standsfortherightend.ForYAC C32-01H11theleftendwasisolatedwiththeNlaIVenzymedigestforinversePCR.

§



Figure Legends

Figure 1. A. Ethidium-stained pulse field gel of the six YACs isolated using

STSs at the D22S347 and D22S349 loci. The chromosomes of the yeast strain

YP148 are used as size standards. B. An autoradiogram showing the

hybridization of the cosmid P113G to the YAC clones after transfer of the gel in

panel A to a nylon membrane. Since the P113G cosmid clone is only

complementary with YAC C32-01 H11, the hybridization signals in all the other

lanes are due to cross-hybridization of the cosmid vector sequences with the

YAC vector sequences. The multiple bands observed in the lanes containing

the YAC clones 498H2, 335A3, and 416E11, are indicative of yeast strains

carrying either multiple YACs or YACs that are mitotically unstable. When the

cosmid (P310C) corresponding the D22S347 STS was used as a specific

hybridization probe, only the largest molecular weight band was observed in

each of these yeast strains. Therefore the additional bands are most likely due

to the presence of multiple unrelated YACs in the yeast. The band observed in

the lane containing yeast strain YP148 is a 1 Mb YAC clone.

Figure 2. An autoradiogram from screening the sub-chromosome 22 specific

cosmid library using a YAC (A21-06 G6) at the D22S349 locus as the probe.

This filter contains 384 cosmids derived from the four microtiter plates

numbered 5-8, in the cosmid library. Notice the two types of positive

hybridization signals observed. Cosmids P83B, P55A, and P66H display strong

positive signals. In contrast, cosmids P82A,P53A,P82B,P64B, P69E, P82G and

P57H display weak positive signals.
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Figure 3. A composite map of the region on chromosome 22 between the

flanking loci, D22S347 and D22S349, of a translocation breakpoint. The open

Square and open circle indicate the 22d centromere and telomere, respectively.

The YACs used for screening are drawn as lines according to the estimated

amount of chromosome 22 material contained within each one, and are named

based on the position of the library from which they were isolated (see Table 1

and 2). A cosmid bin is drawn as a series of X's. Cosmids used for

characterizing the translocation breakpoint are indicated by name, and their

positions within the cosmid bins are indicated.

At the D22S347 locus, I was unable to orient the direction of the YACs and

cosmid bins which span approximately 175 kb in both directions from the

D22S347 STS. In sections A and B both possible orientations of the YACs and

Cosmids at the D22S347 locus are shown. At the D22S349 locus, the cosmids

span approximately 300 kb in one direction and 50 kb in the other direction from

the D22S349 STS. The D22S347 and D22S349 STSs are approximately 250

kb apart from each other (Frazer et al., 1993). Therefore, as shown in section A

the cosmids at the D22S349 locus are most likely oriented such that the bins

comprising the 300 kb section are distal, and the bins comprising the 50 kb

section are proximal to the D22S349 STS.

Figure 4. Southern blot analysis of the hamster-tumor hybrid cell lines

containing the translocated and normal chromosome 22. A. An autoradiogram

showing the hybridization of a cosmid (P113G) from the right end bin at the

D22S347 locus. Lanes 1 contains genomic DNA from hybrid cell line A6-1,

which has captured the translocated chromosome 22. Lane 2 contains DNA

from hybrid B8-2, which has captured a normal chromosome 22. Cosmid

98



P113G, as well as, two cosmids from the left end bin P11A and P111D (data not

shown), display normal hybridization patterns in hybrid A6-1, indicating that the

entire D22S347 YAC contig is proximal to the translocation. B. Autoradiogram

of a blot similar to the one shown in panel A, probed with a cosmid (P69E) from

the right end bin at the D22S349 locus. Cosmid P69E, as well as, two cosmids

from the left end bin P102F and P911H (data not shown) do not identify any

restriction fragments in the hybrid A6-1, indicating that the entire D22S349 YAC

contig is located distal to the translocation breakpoint.
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Figure 2
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Chapter 5

Summary
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At the time I initiated my dissertation research, the NF 2 locus was localized

to a 13 cm region on the long arm of chromosome 22, between the DNA

markers D22S1 and D22S28. Based on the observation that chromosome 22

DNA was frequently lost in hereditary and sporadic acoustic neuromas, it was

assumed that the inactivation of the NF 2 locus was responsible for the

development of both classes of acoustic neuromas. However, we realized the

possibility that two separate genetic loci, one responsible for the formation of

hereditary tumors and the other involved in the development of sporadic tumors,

may lie in close proximity to one another on chromosome 22.

The results described in this thesis address the development and application

of new techniques used in my effort to isolate the NF2 gene based on its

chromosomal position, and indicate that two genetic loci separated by

approximately 2 Mb on chromosome 22 may be involved in the development of

aCoustic neuromas.

1. A radiation hybrid m f the redion on chromosome 22 containing th

Neurofibromatosis TVpe 2 locus.

Chapter one describes a radiation hybrid map at the 500 kb level of

resolution of the region on chromosome 22 containing the Neurofibromatosis

type 2 (NF2) gene. A panel of 85 hamster-human somatic cell hybrids

containing fragments of human chromosome 22 were generated by x-irradiation

and cell fusion. The presence or absence of eighteen human specific

chromosome 22 markers was determined in each hybrid by using Southern blot

hybridization. We mapped these eighteen chromosome 22 markers by

statistically analyzing their cosegregation in these radiation hybrids with two

mathematical models; the method of moments and a multipoint maximum
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likelihood method. For each model, the framework maps were essentially

identical, uniquely ordering eight markers at odds greater than 1000:1. The

most likely order of the framework loci is BCR2L - BCR1 - D22S1 - D22S56 -

D22S37 - D22S15 - D22S28 - PDGF. The non-framework loci, D22S36,

D22S41, D22S33, LIF, D22S44, D22S47, MB and D22S48, were all localized

within two adjoining intervals on the framework map at greater than 1000:1

odds. Based on my RH map, the previously defined NF 2 region, D22S1 to

D22S28, is estimated to span a physical distance of approximately 6 Mb and is

the most likely location for 9 of the 18 markers studied.

2.Characterization of a chromosome 22 translocation in a sporadic ac

neuroma using a combination of molecular and Somatic cell Genetic techniques.

Chapter three describes the characterization of chromosome 22

rearrangements in a sporadic acoustic neuroma using a combination of

molecular and somatic cell genetic techniques. We analyzed the acoustic

neuroma for chromosome 22 deletions or monosomy by comparing the tumor

DNA with the patient's blood DNA using 8 polymorphic markers. Three of these

markers were heterozygous in the patient's blood DNA and were reduced to

hemizygosity in the tumor DNA. Since these 3 markers span approximately

one-third the length of the long arm of chromosome 22, these data indicate that

the tumor is missing a large part of one chromosome 22 homolog and that it is

probably monosomic. To immortalize the chromosome 22 remaining in the

tumor, I fused the tumor cells with an established hamster cell line to generate

hamster-tumor hybrid cell lines. The resulting hybrid cell line that captured the

chromosome 22 derived from the tumor provided an unlimited source for

extensive molecular analysis as well as allowed me to karyotype the
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chromosome. Analysis of this hybrid cell line by Southern blot hybridization

with 17 chromosome 22 loci indicated that the chromosome 22 homolog

remaining in the tumor was rearranged in the NF 2 region defined by the

flanking markers D22S1 and D22S28. In situ hybridization analysis of the

hybrid cell line containing the chromosome 22 derived from the tumor indicated

that the chromosomal rearrangement is a reciprocal translocation. I used

radiation hybrid mapping to localize the translocation breakpoint to a 250 kb

region of chromosome 22, between DNA markers D22S347 and D22S349.

Based on my RH map, this region is approximately 2 Mb distal to the recently

isolated NF 2 tumor suppressor gene, Merlin. My data, combined with the fact

that other workers have also reported chromosome 22 rearrangements 2 Mb

distal to the Merlin gene in acoustic neuromas and a meningioma, suggest that

the chromosome 22 translocation may alter the expression of a gene involved

in the development of these tumors. If this is the case, then at least two different

chromosome 22 genetic loci, the Merlin gene and the locus affected by the

translocation, are involved in the development of acoustic neuromas.

3. Efforts to isolate the chromosome 22 translocation breakpoint between

markers D22S347 and D22S349.

In an attempt to clone the gene affected by the translocation, l isolated DNA

from the estimated 250 kb genomic region between the loci that flank the

breakpoint, D22S347 and D22S349. Six YAC clones were isolated by

screening two YAC libraries with sequence-tagged sites (STSs) generated from

the loci D22S247 and D22S249. To establish the Order of the YAC clones and

to convert them simultaneously into more easily manipulated cosmid clones, I

used the YACs as probes to screen a sub-chromosome 22 specific cosmid
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library. The isolated cosmids were grouped into defined regions, referred to as

bins, based on their hybridization patterns with the overlapping YACs, and were

further analyzed by YAC end and cosmid hybridization experiments. The

cosmids isolated with the YACs at the D22S347 locus were placed into 6

separate bins, spanning a distance of approximately 350 kb. Screening the

cosmid library with the YACs at the D22S349 locus, combined with YAC end

and cosmid hybridization experiments, resulted in an ordered array of cosmids

consisting of 8 bins that also spans a distance of approximately 350 kb. These

two sets of binned cosmids at the D22S347 and D22S349 loci did not overlap

with each other. To establish whether either set Crossed the translocation

breakpoint, I used cosmids located in the left and right end bins at the D22S347

and D22S349 loci as hybridization probes on Southern blots containing the

derivative chromosome 22. I determined that neither set of cosmids crossed the

chromosome 22 translocation; however, my data indicate that the breakpoint is

most likely located within 50 kb of the cosmids in the left end bin at the

D22S349 locus. The YAC and cosmid clones at the D22S347 and D22S349

loci provide reagents for isolating the chromosome 22 gene that is affected by

the translocation breakpoint and characterizing its role in the development of

nervous system tumors.
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