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Abstract
We have constructed a set of hybrid cell lines by irradiation of GM 64063 
(human chromosome 9q only on hamster background) and fusion to hamster 
A23 Tk~. 109 independent lines were tested by PCR with 24 markers from 
chromosome 9q. The marker density is highest in the 9q22.3-q31 region con
taining the gene for Gorlin syndrome, a familial predisposition to basal cell 
carcinoma. The resolution of our map in this region is significantly higher than 
other published maps and will enable accurate placing of new markers and 
genes within the 9q22.3-q3.1 region. This is important since yeast artificial 
chromosomes from the region are likely to contain deletions.

marker present only in the donor cell line. The hybrid cell 
lines are then tested for retention of markers and a map is 
constructed by statistical analysis of the cosegregation of 
the markers. As in genetic linkage, physical distance is 
related to the frequency of cosegregation assuming ran
dom retention of the markers. The resolution and power 
of the method is determined by the dose of irradiation 
and therefore the size of the fragments retained in the 
hybrids, and the number of hybrids analysed with a given 
number of markers. The donor DNA to be analyzed 
ranges from short parts of chromosomes containing inter
esting genes to a whole genome [11].

We have constructed and characterised a panel of 
radiation hybrids containing fragments of chromosome 
9q. We only tested one marker from the distal arm where 
the locus for tuberous sclerosis (TSC1) is located since 
high-resolution physical and radiation hybrid maps al
ready exist in that region [12-15]. There are already many 
markers genetically mapped close to the Gorlin syndrome 
gene, and a yeast artificial chromosome (YAC) contig of

Introduction

Gorlin syndrome (nevoid basal cell carcinoma; 
NBCCS) is an autosomal dominant predisposition to bas
al cell carcinoma, palmar and plantar pits and a number 
of developmental abnormalities with variable penetrance. 
The gene has been localised to chromosome 9q22.3-q31 
[1-3] and efforts to identify this gene by positional clon
ing are under way in several laboratories. Analysis of rare 
recombinants and haplotypes in families has defined an 
interval of approximately 2 cM between D9S196 and 
D9S180 [4-7], for the mutation and much further pro
gress along these lines is unlikely. Since it is therefore nec
essary to clone and map a large region, we chose to use 
radiation hybrids to independently order and localise new 
markers on a high-resolution physical map.

Radiation hybrids [8-10] are created by lethal irradia
tion of a donor cell line containing the genetic region of 
interest usually followed by fusion with a hamster cell 
line. Fused cell clones are isolated by the selection for a
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Table 1. Best locus orders for linkage group 2a

Rank Ratiob Brksc Locus order

Lod 6 linkage group la 
1.0 91
3.8 90

10.9 87

1211 12 119 151 197 196 287 XPAC 180
287 XPAC 180

1211 119 151

1 6 22 176
2 12 1211 119 197 196151 6 22 176

XPAC 180 63 22 176 12 197 196 287

Lod 6 linkage group 2b
1.0 22 53
1.1 22 53
2.6 24 109

127 109 1721
2 109 127 172
3 127 53 172

a ‘D9S’ has been omitted from numbered loci. D9S155 which is part of this lod 3 linkage group is 
not included in either of the lod 6 subgroups. 

b Ratio of likelihood of locus order to best locus order.
c Number of breaks in the chromosomal fragment required for this locus order.

the region has been reported [16]. This contig is, however, 
significantly smaller than estimates of the region obtained 
by PGF analysis [Morris and Reis, pers. commun.; Patel 
and Frischauf, unpubl.]. Since this indicates deletion 
within the YACs, an independent mapping tool is essen
tial. We have used 24 markers to obtain a high-resolution 
radiation hybrid map that allows the ordering of markers 
that are too close to be resolved by genetic analysis, the 
integration of nonpolymorphic markers into the map and 
a measure of physical distance independent of YAC 
clones that may contain deletions or rearrangements.

The retention frequency for the 24 markers varied 
between 8.3% (D9S179) and 25.7% (XPA) with an aver
age of 18.2%. This is within the range of other published 
data [21,22], Since it was not practical to consider all 24!/ 
2 orders for the 24 loci analysed, the markers were 
divided into four lod 3 linkage groups using pairwise max
imum likelihood analysis. These groups were consistent 
with genetic data placing most markers in linkage group 2 
in the area of the Gorlin syndrome gene region (9q22.3-q31 ) 
and D9S202(FR1), D9S202(MLS1), D9S411E(FD1), 
D9S166, D9S15 (group 4) near the Friedreichs ataxia 
locus (9al l-q21). D9S167 (group 3) located between these 
two groups and D9S179 (group 1) further distal on chro
mosome 9q are unlinked to the other loci.

Since the focus of our map is the Gorlin gene region, 
linkage group 2 was analysed in detail. Branch and bound 
methods were used to order the loci under the assumption 
that all fragments were retained with equal probability 
[18], This analysis proved impractical in acceptable time 
for the whole group consisting of 17 markers, and the 
group was further divided into lod 6 linkage groups. The 
two groups of 12 and 4 markers respectively were ana
lysed separately by calculating the likelihood for all possi
ble permutations and orientations. The best orders are 
shown in table 1.

D9S155 was excluded from both groups at the lod 6 
criterion, consistent with the genetic localization of this 
marker 13 cM distal to D9S172 [23].

The order obtained by the branch and bound method 
was confirmed by stepwise methods building an order by 
adding loci one at a time to all partial orders within lod 6

Materials and Methods
Radiation hybrid cell lines were produced as described [10], All 

D9S markers were amplified under conditions as given in GDB. Prim
ers 41 and 42 were used to amplify exon 4 of the XPA gene [17]. All 
hybrids were typed at least twice with each marker. Only unambiguous 
typing results were then used in the analysis. The ordering of the chro
mosome 9q markers was determined by statistical analysis of their 
co-retention using maximum likelihood methods RHMAP [18].

Results and Discussion

The somatic cell hybrid GM64063 [19] containing the 
human chromosome 9q on a hamster background was 
irradiated at 5,000 rad and focused to the TK_ hamster 
cell line A23 [20], 120 single colonies were tested by inter
repeat PCR for the presence of human material. 109 
hybrid cell lines containing human DNA were typed with 
the 24 PCR markers (see methods).
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derived by genetic analysis. The nonpolymorphix XPA 
gene is localised between D9S287 and D9S180 in agree
ment with clone mapping data [16]. The least strongly 
ordered markers were D9S12 and D9S12II which reside 
on overlapping cosmids. Marker D9S151 is placed in the 
interval bounded by D9S197 and D9S119, distal to 
D9S12. The order cen-D9S12-D9S151 disagrees with 
map in the chromosome 9 workshop report [12, 13].

The candidate region for the Gorlin gene is flanked 
proximally by D9S196 and distally by D9S180 [25] at 2- 
6 cM. The YAC map of the region containing the markers 
D9S12 to D9S17 6 estimates the physical size of the region 
as less than 1.85 Mb, not taking into account the likely 
deletions within the YAC clones. Distances on the radia
tion hybrid map are expressed in centirads (cR), where 
1 CR5000 corresponds to a 1 % frequency of breakage 
between two markers after exposure to 5,000 rad of X- 
rays. Figure 1 shows the most likely order with corre
sponding distances. A cosmid contig between XPA and 
D9S180 has been constructed giving a physical distance 
of 250 kb [Obermayr, unpubl.] corresponding to 43 cR. A 
ratio of 17 cR/100 kb can be calculated from this result.

In summary, this panel of radiation hybrids will be a 
useful tool to place new markers reliably into the region of 
the Gorlin syndrome gene. In particular, nonpolymorphic 
ESTs have already been assigned to chromosome 9 [26] 
but need to be localised further on the chromosome. A 
number of additional ESTs have been mapped to the 
vicinity of the Gorlin candidate region, but need fine 
mapping to be regarded as candidate genes [27], PCR 
quantities of DNA will be made available. The raw data 
are also available by e-mail on request (frischau@icrf.ic- 
net.uk).
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Fig. 1. The Lod 6 linkage group 2a containing the Gorlin syn
drome region (D9S196 to D9S180) is shown with marker distances as 
obtained for the best order. On the left the distance is shown in 
cR.5000. on the right genetic distance is shown in cM as described in 
references 24, 27 and 28.

of the best partial order. The most likely orderings from 
the stepwise and branch and bound analyses differed only 
in the placing of marker D9S172. We compared our 
results to two genetic maps of this region of chromosome 
9 [23, 24] neither of which includes all the markers we 
used. At odds of 1,000:1 Gyapay et al. [23] arrive at the 
order 197/196-287-176/180-172-155 and Atwood et al. 
[24] at the order 12-22-109/127-53-172. Marker pairs 
D9S180/D9S176 and D9S196/D9S197 which were not 
separated in the genetic map [23] are resolved in the 
radiation hybrid map. Both results are consistent with a 
physical map derived by marker analysis of overlapping 
YAC clones [16]. The order of markers obtained by radia
tion hybrid mapping is generally consistent with the order
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