#2 © 2000 Nature America Inc. ¢ http://genetics.nature.com

#4 © 2000 Nature America Inc. ® http://genetics.nature.com

letter

Localization to Xg27 of a susceptibility gene for

testicular germ-cell tumours

Elizabeth A. Rapleyl, Gillian P. Crockford?, Dawn Teare3, Patrick Biggsl, Sheila Seal!, Rita Barfoot!, Sandra
Edwards!, Rifat Hamoudi!, Ketil Heimdal*, Sophie D. Foss&®, Kathy Tucker®, Jenny Donald” Felicity Collins®,
Michael Friedlander®, David Hogg?®, Paul Goss®, Axel Heidenreich®, Wilma Ormiston!?, Peter A. Daly',

David Forman?, R. Timothy D. Oliver?, Michael Leahyz,

Robert Huddart!, Colin S. Cooperl,

Julia G. Bodmer!!, Douglas E. Easton?, Michael R. Stratton! & D. Timothy Bishop?

Testicular germ-cell tumours (TGCT) affect 1 in 500 men and are
the most common cancer in males aged 15-40 in Western Euro-
pean populations’. The incidence of TGCT has risen dramatically
over the last century?-5. Known risk factors for TGCT include a
history of undescended testis (UDT), testicular dysgenesis, infer-
tility®, previously diagnosed TGCT (ref. 7) and a family history of
the disease®10. Brothers of men with TGCT have an 8-10-fold
risk of developing TGCT (refs 8,9), whereas the relative risk to
fathers and sons is fourfold (ref. 9). This familial relative risk is
much higher than that for most other types of cancer. We have
collected samples from 134 families with two or more cases of
TGCT, 87 of which are affected sibpairs. A genome-wide linkage
search yielded a heterogeneity lod (hlod) score of 2.01 on chro-
mosome Xq27 using all families compatible with X inheritance.
We obtained a hlod score of 4.7 from families with at least one
bilateral case, corresponding to a genome-wide significance
level of P=0.034. The proportion of families with UDT linked to
this locus was 73% compared with 26% of families without UDT
(P=0.03). Our results provide evidence for a TGCT susceptibility
gene on chromosome Xq27 that may also predispose to UDT.

Localization of a TGCT predisposition gene has been hampered
by the relative rarity of multigenerational pedigrees with several
affected cases, which are most informative for genetic linkage
analysis. Genetic linkage analysis of the International Testicular
Cancer Linkage Consortium set of 134 families (Table 1) using

polymorphic markers has excluded the possibility that suscepti-
bility to TGCT is due to a single autosomal gene that accounts for
all the familial risk (data not shown). We have previously
reported regions with suggestive evidence in favour of linkage
identified in our autosomal genome search!! 712,

The increased risk of TGCT to fathers or sons of cases has been
reported to be less than the increased risk to brothers of cases®’.
As this could be interpreted as evidence of X inheritance, we
extended the linkage search to include the X chromosome. In
these analyses we excluded from genotyping the 35 (26% of all
families) families which show male-to-male transmission and
hence, a priori, are inconsistent with X linkage. Linkage analysis
of the set of families compatible with X linkage, 80% of which are
sibpairs, provided preliminary evidence for a TGCT predisposi-
tion locus at Xq27-28 (maximum hlod score=2.01, 0=0.32,
maximum multipoint lod score under homogeneity of —19.92;
Table 2, Figs 1 and 2). Evidence in favour of linkage was observed
in families from all contributing groups (data not shown).

We subsequently stratified families according to the presence
of at least one bilateral case, the presence of UDT, histology and
age (Table 2). Families with at least one case of bilateral disease,
all of which are sibpairs except for one maternal cousins pedigree
and one of three sibs, showed strong evidence of linkage to the
locus on Xq27 (hlod score=4.76, 0=1.00; Fig. 2) and were more
likely to be linked to the X chromosome than families without a

Table 1 « Breakdown of all families in consortium set

Family type Australia Canada Germany
sibpair 6 3 12
sibtrio

father/sonb 2

cousins 1 1
maternal cousins 1

paternal cousins 1

paternal uncle/nephew

maternal uncle/nephew 1
other 3d 1¢

total 14 4 14

Ireland Norway UK Total

13 53 87

42 4

2 6 10

2 4

1¢ 2 4

4 5

3 1 4

2 4 7

1f 29 2h 9
1 23 78 1341

apedigree 341; third affected sib deceased and no sample exists. PFather/son pedigrees were only used in the genome wide linkage search if another unaffected
male sibling was available for genotyping. ‘Pedigree 155; two brothers married two sisters. 9Four cousins, uncle/two nephews and second cousins. Four sibs and
second cousins once removed. fFather/son and cousin. 9Father/two sons; three cousins. "Father/son and cousin; sibs and cousin. IThere are 103 potentially X-linked
families in this set. However, DNA from four families was unavailable for typing of X chromosome markers.
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Table 2 » Hlod score results by model

mediastinal GCT have Klinefelters
syndrome!®. This raises the possi-

Data set Location (cM)
all families (n=99) 183.04
bilaterality positive (n=15) 175.28
negative (n=75) 190.19
unknown (n=9) 35.28
UDT status positive (n=19) 184.74
negative (n=56) 162.39
unknown (n=24) 8.2
mean age <30 (n=39) 183.61
>30(n=35) 189.53
tumour type seminoma (n=17) 174.94
non-seminoma (n=17) 190.99

Maximum
hlod score families linked (a)

Proportion of bility that two active normal

copies of TGCT1 may be responsi-

2.01 0.32 ble for the increased risk of GCT
4.76 1.00 in Klinefelters syndrome; how-
1.32 0.32 ever, the incidence of TGCT in
0.69 1.00 Klinefelters syndrome is low!>17-1?
2.50 0.74 (although this may be attributed
0.56 0.27 to the fact that adults with Kline-
0.76 1.00 felters syndrome have few residual
2.09 0.49 testicular germ cells??).

0.58 0.29 These results provide the first
133 0.60 evidence for the location of a
154 0.64 familial TGCT-susceptibility gene.

Our data suggest that TGCTI is

bilateral case (hlod score=1.20, 0=0.33; P=0.0002). When sib-
pairs only were considered, the hlod score was 4.25 with a=1.00.
The difference in proportion of linked families when
dichotomizing by presence/absence of bilateral disease is statisti-
cally significant after taking into account multiple testing
(P=0.001, allowing for five tests).

The probability of obtaining a hlod score of 4.76 or greater by
chance in a genome-wide search in at least one of the subgroups
examined was estimated by 1,000 simulations to be 0.034, equiv-
alent to a lod score of 3.78 in a genome-wide linkage search using
affected sibpairs without subgrouping!?. This result provides sig-
nificant!® evidence for a TGCT susceptibility gene on chromo-
some Xq27. We have named this gene TGCTI. Our results
suggest that about one-third of the excess familial TGCT risk to
brothers is due to TGCT1, with little difference in the residual
risks to brothers and sons after this locus has been accounted for.

Families with one or more cases of UDT, three of which are
non-sibpairs (two uncle nephew and one cousin pedigree), show
evidence of linkage to the same region on Xq27 (hlod score=2.52,
0=0.73, multipoint lod score=1.58 under homogeneity) and are
more likely to be linked than families without a case of UDT
(hlod score=0.56, 0=0.26; P=0.03 for the comparison). Age of
onset (P=0.15 for age-of-onset less than or equal to 30 years ver-
sus. greater than 30 years) and histopathology did not discrimi-
nate those families which were linked to the X chromosome from
those that did not (Table 2).

Haplotypes were constructed for the 15 families with bilateral
tumours (Fig. 3). Two informative recombinants appear to limit
the size of the common interval to DXS8043—FMRIDi (although
the small size of these two families and the consequent weakness
of the linkage information from each indicate that both could be
linked by chance), a distance of approximately 7 cM. There is no
segregating haplotype throughout the DXS8043—FMR1Di inter-
val that is common to all these families (Fig. 3). Although there
are haplotype similarities between families in the region
DXS548-FMR1di, the haplotype frequencies are not significantly
different from those obtained by genotyping of 762 control males
(data not shown).

The only gene so far characterized in this region is FMRI,
which is responsible for fragile-X syndrome. Individuals with
fragile-X syndrome frequently exhibit macroorchidism, although
histologically the only abnormality is the presence of edema
(MIM 309550). There is no evidence for an excess risk of TGCT
in fragile-X cases!4,

In Klinefelters syndrome (47, XXY), there is an elevated risk of
extragonadal GCT (ref. 15). The relative risk of mediastinal GCT
in Klinefelters syndrome is 67 (ref. 15), and 8% of males with
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associated with a higher risk of
bilateral TGCT and perhaps UDT
than other TGCT-susceptibility genes. It seems unlikely, however,
that TGCT1 is the only TGCT-susceptibility gene that predis-
poses to this syndrome because there are other families with both
bilateral disease and UDT which are incompatible with X linkage.
TGCT]1 is the first cancer-susceptibility gene to be mapped in a
genome-wide search predominantly using sibpairs and the third
cancer-predisposing gene to be mapped to the X chromosome
following the report of a prostate-cancer-susceptibility gene?!
and the association of mutations in the gene encoding the andro-

gen receptor with familial male breast cancer??.

DXS1060 8.20
DXS1226 3528

223 DXSI068 5831

22 'DXS5988 88.70
DXSI203  109.96

221 'DXS1059 122.39

"DXS1001 136.23
"DXS1192 149.77
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DXS8084 166.82

DXS5292 168.23

11.4 DXS6806 168.61

13 DXS8073 168.62
: DXS8043 168.7

DXS8028 169.43
DXS8045 171.54
DXS297 172.34
DXS548 174.94
= FRAXA.perl 17526
FRAXApcr2 17529,
FMRIdi* 17535
DXS6687  175.70
DXS1691 175.71
DXS731 175.75
DXS1215 177.89
DXS8091 178.26
DXS1185 179.44
DXS1123 179.64
DXS1113 179.84
= FRAXF 179.88

112 TGCT1 locus as defined

by recombinants

11.1
in families 138 and 155

1n
12

21

2 DXS8086  180.06
23 DXS8069 182.58
DXS8103 18281
24 DXS87423 182.978
DXS8011 182.03
25 DXS51684 183.61
gabra3 184.74
2 DXS8061 187.58
DXS1177 18821
DXS15 189.09
27 DXS9796 190.19
G6PD 190.93
28 DXS1073 190.99
F8C 191.24

DXS58087 192.90
DXS1108 192.97

Fig. 1 Ideogram of the X chromosome showing positions of markers used in the
analysis. Genetic locations are given by estimated female recombination (fcM)
value based on the LDB map?’. *FMR1Di is a new microsatellite repeat derived
from sequence information around FMR1 (forward, 5-ACCTGCCTTTTCTACT
TTTTCT-3"; reverse, 5-GGAGTAATGACCCTGTAGTAGCA-3) FMR1Di is [1120,000
bp from FRAXA.pcr2.
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all bilateral families linked

placed on the map additional information was
sought from other genome maps (for example
Genethon?®). For most markers genotyped on
the X chromosome, only the LDB composite
score was available. Therefore the LDB map
was used to determine marker order and,

where there was no value for fcM or the inter-
val between the markers was negative (that is,

fcM was not in line with LDB location), the

data sets cM distance was determined using flanking

markers for which fcM was known. The map
shows the 46 markers that were typed over the

all (n=99)

| e pjlateral +ve

hlod score

== oTee length of the X chromosome and the relative

distances (cM) between them.

Previous research suggests that there is no

single major locus for familial testicular cancer
(data not shown). Any analysis of the set of tes-

ticular cancer families must therefore be exam-

ined under heterogeneity. As such we report
lod scores under heterogeneity (hlod) and the

140 150 160 170 180 190
position (cM)

Fig. 2 Plots of hlod score for the X chromosome.

proportion of families linked (a). In general,
the NPL scores show the same pattern of link-
age and significance as do the hlod scores, with
a P value of 0.05 or less from non-parametric
analysis corresponding to a hlod score of 1.3 or

Methods
Families. A total of 134 families with two or more cases of testicular cancer
have been ascertained in the UK, Norway, Germany, Australia, Ireland and
Canada. Patients donated samples and information with full informed
consent and with local Ethical Review Board Approval. Information on
clinical status, including type of TGCT, age of diagnosis, presence of UDT
and laterality of disease, was confirmed by reviewing histological reports
and clinical notes.

Genotyping. We prepared genomic DNA from whole blood, immortal-
ized lymphoblastoid cell lines and formalin-fixed, paraffin-embedded
tumour sections using standard techniques. Microsatellite markers were
amplified in PCR reactions with one primer 5" labelled with a fluorochrome
and electrophoresed on ABI377 DNA sequencers (Applied Biosystems).
Depending on the amount of PCR product and the fluorescent label of the
marker, we combined 2—10 pl of each sample with up to nine other markers.
Gels were analysed using the ABI Genescan
and Genotyper software. In addition, some
markers were end-labelled with [y-32P] ATP
using T4 polynucleotide kinase, elec-
trophoresed on standard denaturing polyacry-

more. For brevity and consistency of result we
only reported hlod scores.

As familial testicular cancer is heterogeneous, we analysed the families
under a number of subgroups based on histology, UDT status, age of onset
and bilaterality of cancer. Families were coded as follows: bilateral if there
was one or more cases of bilateral disease or CIS in a contralateral testis
within the family; UDT if at least one of the affecteds had a history of UDT
(retractile testis or hernia were not counted as UDT); seminoma if at least
two affected had seminoma; non-seminoma if at least two affecteds had
non-seminoma (that is, sibs are concordant for histology); <30 if the mean
age of diagnosis of the affecteds in the family is less than 30 years and >30 if
the mean age at diagnosis is greater than 30 years.

We assessed the genome-wide significance level of the maximum hetero-
geneity lod scores by simulation. For each of the 134 families, haplotype shar-
ing was simulated throughout the genome assuming no linkage, recombinant
events were assumed to occur without interference. The genetic lengths of
each chromosome were defined by the map distance between the most telom-

Family numbers

lammide gels. dried and d il IntervalLocation  Marker 120 138 155 162 169 172 176 177 232 233 277 326 329 335 343
amude gels, dried and exposed to X—raY. m. 12239 12239 DXSI0S9 0 0 0 0 0o 0 0o o g 5
Statistical analysis. Linkage analysis was 1384 13623  DXS/oo/ 0 0050 0 0 0 9 0
performed with the GENEHUNTER soft- 13.54 14877  DXSII2 0 (1] L RS R 0 4 flsieg 0 & 8
I ic and . ¢ 1577 16554 DXS9908 3§ B O =00 R P, Bt St
ware® using non-parametric and a variety o 128 16682 DXS3054 8 8 0 0 0 0 0 6 6 6 10 6 6 0
formal linkage models reflecting the concerns 141 16823 [XS292 LT [ R RO RS ek S S TR TR TR )
about the underlying mode of inheritance. g;‘f :2:‘; g““g; ; : g g g g g g : é 3 : : :
L1nka}ge models were bas.ed on described seg- 011 16873  DXSS043 Sy e Ay e T T B T S R s
regation analyses*4?>. A lifetime penetrance of 070 16943 DXSs028 4 12 14 2 1 1 1 9 0 0 1 15 13 1 9
0.45 and a gene frequency of 0.03 for a reces- 211 17154 DXSR04S 4T 77 F 736 4 P 740770
. I 080 17234  DAZ297 {0 CEE | SO b ) L FR IR | (SRS SRR N R S | S [ B
sive model and a lifetime penetrance of. 0.14 260 17494  DXS548 e B e e e e e
and gene frequency of 0.003 for the dominant 032 17526 FRAXApol 8 % 8 7 10 8 & 8% & T & 8 & 8§ &
model were assumed. As there has not been a 003 173290 FRAXdpcr2 7 7 7 3 & 9 6 7. .7 3 6 6 -7 7 .6
: E : _ 006 17535 FMRAd 4 5 5 > 5 4 > TEVBET, FadSh ki Sl | 5 5 4

ff)rmal segregation .analy51s involving a sex 035 17570 DXSessT 4 o B B
linked locus for testicular cancer, the autoso- 001 17571 DXSI69T 4 i e T R TR L I D e
mal recessive values were assumed for the 0.04 17575 DXS731 10 SUO RO L s e e g e 0 s RS
X-chromosome model for this analysis. We 214 17789 DXSI2HS 6 e e i U i) R B R
ied ltinoi based h 037 17826 DAXSS09T 1 R TR e e 0 9 e & 1 10
carried out multipoint analyses based on the L18 17944 DXSIISS & e ey e 7 e A Ay
Marshfield chromosome maps®® and/or the 020 17964  DXSII23 H A5 e DN 6y T ALY
location database?’” (LDB). Some conflict 020 17984 DASIN3 3 R U R RV ¢ JRie e I s
ists b h . 0.04 17988  FRAXF 6 6 0 0 0o 0 o 4 65 & 4 .6 0
e?nsts (?tween these two maps; 1n some cases 018 13006  [)XSR0S 5 PR L e e A T ST TR LR T L
(in particular on X) markers used could not be 252 18238  DYSS069 4 4 700000000 s g gty
found on the Marshfield map, we therefore 023 18281 DASRM LY S L R A iz b8 S L S

used the LDB map for that chromosome. In
cases where multiple double recombinants
indicated a marker had been incorrectly infamilies 138 and 155.
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Fig. 3 Segregating haplotypes of TGCT families with a history of bilateral disease, showing recombinants
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eric markers on the p and q arms used in our genome search. We computed at
each point the maximum hlod score assuming a completely informative
marker, for the whole data set and the eight subgroups defined by bilaterality
(+/-), UDT status (+/-), age (<30 or >30) and histology, separately for the
dominant and recessive models used in the actual analysis. For the X chromo-
some we included only the 99 families compatible with X linkage (that is, no
male-to-male transmission) and computed the corresponding heterogeneity
lod scores under the X-linked model. An empirical significance level was then
calculated as the proportion of replicates for which the maximum hetero-
geneity lod score achieved at any location for any model in any subgroup was
greater than the maximum achieved in the real data set.
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