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In a recent study, we presented evidence for genetic predisposition
governing radiation osteosarcomagenesm in mice. Following the incor-
poration of the bone-seeking o emitter >*’Th, ~25% of the variance in
osteosarcoma incidence was determined by mherlted genetic factors.
‘We have now mapped 5 susceptibility loci in crosses between the more
susceptible BALB/c and the more resistant CBA/Ca strains. The major
QTL on chromosome 14 overlaps with a locus that was already found
in our previous study, using different strains of mice. Here, we investi-
gate the effect by which the major susceptibility locus and 4 minor
modifier loci interact to influence osteosarcoma predisposition. Follow-
ing incorporation of the bone-seeking isotope, 100% of mice that har-
bour high-risk genotypes at all 5 susceptibility loci develop osteosar-
coma with an average of 472 days latency times. In 10 mice inheriting
exclusively low-risk genotypes only 1 osteosarcoma was found, arising
after 733 days latency time. Inheritance of distinct combinations of
BALB/c and CBA/Ca alleles at the susceptibility loci confer more
extreme phenotypes in terms of susceptibility or resistance than
observed in either of the two parental inbred strains. From the present
study, we demonstrate that additive effects of multiple alleles, each
making only a minor phenotypic contribution, can combine and signif-
icantly alter tumour risk. This mechanism can be of particular impor-
tance in genetically heterogeneous populations such as man.
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Osteosarcoma (OS) is the most important late effect following
incor;l)ordtion of osteotropic o emitters such as Radium or Tho-
rium.. They were among the first tumours with a clearly demon-
strated radiogenic aetiology in man, followmg occupational or ther-
apeutic incorporation of radium isotopes® . OS is also over-propor-
tionally frequent among secondary tumours, aJising after radiotherapy
or combined radio-chemotherapy.”™" Congenital predisposition to
spontaneous or radiogenic OS is encountered in some rare inher-
ited conditions such as Li-Fraumeni, familial Retinoblastoma,
Werner’s syndrome and Rothmund-Thompson syndrome, where
predisposition can be increased several 100-fold. Fortunately, the
mutant alleles that are responsible for these highly-penetrant con-
genital disorders have a low population frequency, and one can
thus estimate that the portion of all diagnosed bone tumours
related to any of these conditions is below 10%. Association stud-
ies of tumours in close relatives suggest, however, that a consider-
able fraction of assumed sporadic OS mlght in fact be linked to
multiple low-penetrance genetic variations.® Such multigene inter-
action could lead to compound genotypes that confer a signifi-
cantly increased tumour risk, both spontaneously as well as fol-
lowing radiation exposure.” Mapping and identification of modi-
fier genes that govern congenital cancer susceptibility in inbred
mouse strains have been demonstrated following tumour induction
by chemical carcinogens or targeted germhne mutations'®'?, For
tumours following radiation exposure, mapping of susceptlblhty
loci has been performed for lymphoma and leukaemia.'

In a previous study, we found evidence for 2 discrete loci on
mouse chromosome 7 and 14, which in combination confer an
increase in a-particle induced OS incidence from 22 to 75%.'®
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These 2 loci account for about one-fifth of the entire tumour sus-
ceptibility, with some indications for nonadditive genetic interac-
tion. The present study was intended to identify additional or con-
firm previously mapped loci by using other strains of inbred mice.
In particular, we have focused on the degree by which genetic fac-
tors can alter predisposition for radiogenic OS.

Material and methods
Animal breeding and tumour induction

All animal procedures were carried out in accordance with fed-
eral animal welfare guidelines. Inbred BALB/c and CBA/Ca mice
were obtained from GSF breeding stocks. Backcrossed mice (B1)
were produced by mating female BALB/c to male (BALB/c X
CBA/Ca) F1 hybrid mice. At the age of 100 days, 84 female
BALB/c mice, 63 female CBA/Ca mice, 80 female BALB/c X
CBA/Ca F1 hybrld mice and 169 female B1 mice were injected
with a single i.p. dose of 185 Bg/g **'Th (as Thorium Citrate).
This activity accumulates to give a mean a-dose of 6 Gy to the
entire skeleton. Details of the >*’Th synthesis, its doslmetry and
bio-physiological properties are described elsewhere.'® Twenty
days after injection, the incorporated thorium activity was mea-
sured for each mouse using a Gamma Vision 32 counter (Ortec,
Oak Ridge, TC) mounted on a Nal scintillation detector 19SW12/
W3 (Harshaw, Cleveland, OH). For control purposes, 230 female
mice from the same breeding colonies (40 BALB/c, 40 CBA/Ca,
50 F1 and 100 F2) were left untreated. Animals were housed 5 to
a cage and examined 5 days a week for the development of
tumours. Bone tumours were diagnosed radiologically, and con-
firmed by histological examination after EDTA decalcification.
Typical histologies and X-ray images of bone tumours have been
deposited at the Pathbase™ database (URL: http://www.pathbase.
net, Acc. no. PB3410, PB3411, PB3412, PB3414).

DNA extraction and microsatellite genotyping

Genomlc DNA was extracted from 5-mm tail tips, as prev1ously
described.'® Microsatellite genotyping was done by PCR using 20
ng genomic DNA, 5 pmol forward and reverse primer, rTAQ-poly-

This article contains supplementary material available via the internet
at: http://www.interscience.wiley.com/jpages/0020-7136/suppmat.

Virginija Kuosaite’s current address is: Gray Cancer Institute, North-
wood, Middlesex, UK.

Abbreviations: B1, first backcross; F1, hybrid cross; LRS, likelihood-
ratio statistics; LT, normalized censored latency time; OR, odds ratio;
OS, Osteosarcoma; QTL, quantitative trait locus; 5xS, compound 5 locus
susceptibility; 5XR, compound 5 locus resistance.

Grant sponsor: EU Radiation Protection Program; Grant number: FIGH-
CT99-00001.

*Correspondence to: GSF Institute for Pathology, Ingolstaedter Land-
strasse 1, 85764 Neuherberg, Germany. Fax: +[0049-89-31873360].
E-mail: rosemann@gsf.de

Received 15 June 2005; Accepted after revision 12 September 2005

DOI 10.1002/ijc.21612

Published online 5 December 2005 in Wiley InterScience (www.
interscience.wiley.com).



GENETIC SUSCEPTIBILITY FOR RADIATION OSTEOSARCOMA

merase, reaction buffer with 1.5 mM MgCl, (Amersham Pharma-
cia, Freiburg, Germany). Amplification in 96-well plates using a
GeneAmp 9700 thermocycler (Applied Biosystems) was followed
by 90 min electrophoresis on 3% agarose/TBE gels. Primer sequen-
ces and reaction conditions were used as recommended by others.”®

Linkage analysis

For a whole genome linkage analysis, 53 polymorphic DNA
markers for BALB/c and CBA/Ca were selected such that the dis-
tance from any locus in the mouse genome to the nearest marker
was less than 18 cm (Fig. 2). This ensures that a putative suscepti-
bility locus conferring at least a 23% modification of tumour inci-
dence will be detected with 85% power (Log-Rank Test). For this
initial linkage screen, a selective genotyping approach was used
by comparing tumour-free mice that reached a minimum age with
mice that developed OS up to a maximum latency time (Table II).
Two-point linkage analysis was performed for each single marker,
using % test. For chromosomal regions showing significant devia-
tions from a random distribution of heterozygote BALB/CBA and
homozygote BALB/BALB genotypes among tumour-bearing and
tumour-free mice, 21 additional informative markers were selected
to further define the locus. QTL interval mapping was done using
MapManager QTXb20. This program calculates a likelihood-ratio
statistic (LRS = 4.6 X LOD) for a marker interval to harbour a
QTL.>" Threshold LRS that qualify for suggestive or significant
linkage with a whole-genome significance of 0.05 were computed
using the permutation test. As trait variable for QTL analysis, each
mouse was assigned a normalized and censored tumour suscepti-
bility LT calculated as follows:

LTc = (tmax
LT¢c = —1/tmax (mice dying without OS)

— 1) /tmax (mice diagnosed with OS)

with ¢ being the age at death and #,,,x being the longest observed
survival time (813 days in our study).

LTc thus runs from —1 to 0 for OS-free mice and from O to 1 for
mice that developed OS. LT values of —1 represent mice that
remained tumour-free for a maximum life span, thus exhibiting
highest resistance. Values close to 1 are assigned to mice with
tumours arising early in life, thus representing susceptible animals.
Values around 0 are assigned to mice that either died young with-
out OS or developed tumours with long latency times, both cases
representing animals with less reliable phenotype. This parameter
can also be considered as a dichotomous trait (tumour vs. tumour-
free) multiplied with a weighting-factor that reflects lower or
higher reliability of the phenotype.

Tumour incidence curves corrected for confounding causes of
death were calculated using the Miescher algorithm. Incidence
curves were truncated when the number of survivors declined
below 10%, thus avoiding a bias from small group sizes. Log-rank
significance tests for differences in OS kinetics were done using
Statistika 6.0 (StatSoft, Tulsa, OK).

Results
Strain differences in OS incidence

The development of OS following **’Th incorporation is signifi-
cantly different in the BALB/c and CBA/Ca inbred strains. Follow-
ing injection of 185 Bg/g **’Th, equivalent with about 6 Gy skeletal
dose, 28 of 84 BALB/c mice (33.3%) develop OS as compared to
the CBA/Ca strain, where only 9 of 63 mice (14.3%) were diagnosed
with this tumour type. The difference between the latency times was
less pronounced, with a median latency of 520 days in BALB/c-mice
and of 549 days in CBA/Ca mice. The difference between the cor-
rected OS incidence curves of BALB/c and CBA/Ca (Fig. 1a) is stat-
istically highly significant (p = 0.0044, log-rank testg. Our study
confirms an earlier observation of a strain difference.> F1 hybrid
mice exhibited an intermediate tumour incidence with 23 of 80 ani-
mals (28.75%) being diagnosed with OS and 572 days median
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FiGure 1 - (@) OS incidence curves in BALB/c (——B&——),
CBA/Ca (——O ) and backcrossed BALB X (BALB_X CBA)
mice (B1) (---0---) following incorporation of 185 Bq/g **’Th at the
age of 100 days. Plots are corrected for confounding causes of death,
using the Miescher algorithm. (b) Log-normal plot of OS incidences
in BALB/c (——=&——), CBA/Ca (——O ) and B1 mice (---O- - ).
Quantiles of corrected OS incidences (assuming normal distribution)
are plotted against logarithm of the latency times. Regression curves
are least-square estimates over the entire time range (BALB/c and
CBA/Ca) or broken down into two intervals (B1) ranging from 0 to
460 days and from 461 to 700 days.

latency time. OS incidence curves in the two inbred strains BALB/c
and CBA/Ca and the F1 cohort seem to follow a similar kinetics but
shifted to longer or shorter latency times (suppl. mat. S1).

Of the 169 backcrossed BALB/c X (BALB/c X CBA/Ca) mice,
33 (19.5%) developed OS. Main tumour sites were ilium/sacrum,
femur/tibia, vertebral column and humerus (suppl. mat. S2). Small-
est tumours (1.5-5 mm) were diagnosed in the vertebral column,
and largest tumours (8—20 mm) were found in the os ilium and os
sacrum. Multiple tumour sites were diagnosed in 11 mice. All OS
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TABLE I - INCORPORATED 227 Th ACTIVITIES AND BODY WEIGHTS (EACH AS MEAN VALUE AND
95% CONFIDENCE INTERVAL) AS MEASURED 20 DAYS AFTER THORIUM-INJECTION IN DIFFERENT
COHORTS OF MICE

Spec. activity mean (Bg/g) CI Body weight mean (g) CI
BALB/c 3.54 2.44-4.63 21.89 17.91-25.86
CBA/Ca 4.08 3.29-4.88 20.73 17.15-24.32
F1 4.06 3.25-4.86 22.24 17.86-26.61
B1 4.01 2.96-5.06 22.92 18.84-27.01
B1 OS-free 4.03 2.99-5.06 22.95 18.80-27.09
B1 OS 3.96 2.85-5.06 22.82 19.02-26.61

F1: BALB/c X CBA/Ca hybrid mice.
B1: BALB/c X F1 backcross mice.

Data for B1 mice are further subdivided into those of tumor-free mice and those of mice that later

developed osteosarcoma.

used for our study were of an osteoblastic type, with variable
degrees of osseous differentiation. The later was classified as
“highly differentiated” with tumours showing osteoid synthesis in
more than 80% of their area, “moderately differentiated” for
tumours showing osteoid synthesis in 30-80% of the area and
“poorly differentiated” for tumours showing only immature osteoid
synthesis in an otherwise cell-rich tumuor-mass (suppl. mat. S3).

The tumour incidence with time follows a different kinetics in
the backcrossed B1 cohort as compared to the genetically homo-
genous inbred and hybrid cohorts (Fig. 1a). In the log-normal plot
of the incidence curves, the B1 backcrossed mice goes 1n parallel
with the sensitive BALB/c strain up to 520 days after **’Th injec-
tion. At later time points, however, the curve approaches that of
the relatively resistant CBA/Ca strain (Fig. 1b). This peculiarity is
also obvious in the distribution of tumour latency times, which are
similar in CBA, BALB/c and F1 mice, but show a remarkable dis-
tortion toward shorter latency times in the backcrossed B1 cohort
(suppl. mat. S4). The variable kinetics and latency times of bone
tumourigenesis in the heterogeneous B1 population suggest that
segregation of multiple independent genes from both parental
strains govern OS development. In 2 out of 245 untreated mice
bone, tumours were found at necroscopy, which is in accordance to
earlier observations of a lower sporadic OS rate in NMRI mice.>

Lack of association between tumourigenesis and variability
in thorium retention or weight

Table I gives mean Values and 95% confidence intervals of body
weight and mcorporated *'Th activity in the two inbred strains
BALB/c and CBA/Ca, in the F1 hybrid mice and in the B1 back-
crossed cohort. For the B1 cohort, the values were calculated sepa-
rately for mice that later developed an OS and for those that remained
tumour-free. No significant differences were detected between the
various cohorts or between mice of different tumour status for either
of the two parameters. This indicates that genetic variation in bone—
tumour susceptibility is not expressed as a variation in the **’Th
retention of the isotope or as variation in body weight.

Genetic linkage analysis of OS susceptibility

The chromosomal positions of the microsatellite-markers (Fig. 2)
used for genotyping the 169 Bl mice were obtained from the
Mouse Genome Database (http://www.informatics.jax.org/searches/
marker_form.shtml). This shows that, except for three regions on
chromosome 2 and 3, each about 12 ¢cm and for a minor region on
chromosome 11 (about 5 cm), the entire genome was covered by
the markers (coverage 97.1%, based on an observed genetic length
of the entire genome of 1360 cm>®). Because of the outcross—
backcross protocol (see material and method), the X chromosome
does not segregate in our study.

With the initial linkage screen, 5 loci were detected, at which
segregation of the BALB/c and CBA/C alleles in tumour-free and
tumour-bearing mice exhibited a clear deviation from randomness
(Table II). BALB/c homozygosity associates with predlsposmon
for OS at D4Mit172 (chromosome 4, 8.6 cm, p = 0.019, ¥*
6.11, OR = 5.6), D5Mit24 (chromosome 5, 60 cm, p = 0.014, ¥°

= 5.99, OR = 3.8) and D12Mit157 (chromosome 12, 37 cm, p =
0.006, x> = 8.77, OR = 5.4). BALB/CBA heterozygosity predis-
poses for OS at D14Mitl125 (chromosome 14, 44.3 cm, p =
0.00009, x = 15.23, OR = 9 88) and at D18Mit119 (chromo-
some 18, 16cm p = 0.008, x> = 6.3, OR = 2.9).

QTL-mapping with additional markers at these loci confirmed
that D14Mitl125 is significantly linked to OS susceptibility (peak
LRS = 154, equivalent to LOD = 3.34, Fig. 3). The threshold
value for significant linkage is LRS > 11.4 and for suggestive link-
age LRS > 5.4, as calculated using the MapManager permutation
test. Although loci at chromosome 4, 5, 12 and 18 would thus only
qualify for suggestive linkage (Fig. 3), they will later be used to
estimate their phenotypic effect in combination with the major QTL
at chromosome 14. Genetic linkage to OS separated according to
their skeletal site was generally weaker than for all tumour sites
combined, most probably due to the smaller number of cases in
each group. The only exception from this was the locus on chromo-
some 5 between D5SMitl and D5Mit34. Here, the peak LRS for OS
restricted to the vertebrae reaches 14.1 (equivalent to LOD = 3.06)
as compared to just 9.3 for all tumour sites combined. Additional
tumour specific parameters such as size, differentiation state, or
tumour multiplicity were not linked to any specific genotype.

The major susceptibility locus on chromosome 14 (D14Mit125)
partially overlaps with the radlatlon mduced OS susceptibility locus
identified in an earlier study.'® The % of 15.23 for D14Mit125 in the
present study is equivalent to a LOD score of 3.31, which together
with data from the afore mentioned study results in a compound
value of LOD = 4.4. According to generally accepted criteria for
linkage studies,* such a value can be considered highly significant.

Phenotypic effect of single and multiple susceptibility alleles

Of the 5 loci that are linked with overall OS susceptibility, the
strongest effect was found for D14Mitl125. Mice inheriting the
BALB/CBA genotype are characterized by an earlier onset of OS
appearance (incidence curve of D14Mit1255AB/CBA - mice ap-
proaches 20% at 457 days compared to 641 days in D14Mit-
125BALB/BALE 1ice) and by a hlgher cumulative incidence (57.4% in
D14Mit125BAB/CBA o 317% in D14Mit125BAMB/BALE gig 4y,
Homozygosity for BALB/c alleles was found associated with an
increased OS risk at 3 of the 5 susceptibility loci. At the remaining 2
loci, however, heterozygosity for the CBA allele was seen to predis-
pose to OS. This implies that offspring with distinct combinations of
maternal and paternal genotypes would be more susceptible (e. ég
5xS for D4M1t1723’B D5Mit24™® D12Mit157%® D14Mit125%¢
DI8Mit119%C) or more resistant (e. ﬁa 5xR  D4Mit1725/¢
D5Mit24"%¢ D12Mit157%¢ D14Mit125*”® D18Mit119%) than
either of the parental inbred strains. Although mice with these com-
plex genotypes represent only about 6.7% of the entire backcross
population, a remarkable difference in their OS susceptibility is evi-
dent (Fig. 5). As compared to the incidence curves of the two paren-
tal strains BALB/c and CBA/Ca, the 5 X S genotypes exhibit 100%
incidence and the shortest tumour latency time. Among 10 offspring
inheriting the 5 X R genotype, only one developed a tumour with
an exceptionally long latency time of 733 days.
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FiGure 2 — Genomic position of marker loci, and approximate positions (derived from MGD database) of BALB/c/CBA polymorphic micro-
satellite markers are given as black diamonds. Numbers are related to the name of each marker in the MIT panel (* exception is 217 that was
originally D3Mit217, but has now been allocated to chromosome 1). Red lines indicate the sweep-radius of each marker, that is, the interval for
which linkage to susceptibility genes could be detected. Chromosomal regions showing linkage of OS susceptibility with BALB/c alleles (red)
and CBA/Ca alleles (blue) are shown together with two OS susceptibility loci mapped in preceding study (hatched blue bars).

TABLE II - LINKAGE OF OSTEOSARCOMA SUSCEPTIBILITY TO SINGLE MARKERS AS FOUND BY THE INITIAL
WHOLE-GENOME SCREEN

Marker $ OR 95% CI )4 High-risk genotype OS/LT< Non-OS/LT>
D4Mit172 6.11 5.60 1.37-23.1 2.00E—02 BALB/BALB 450 650
D5Mit24 599 383 1.28-11.5 140E—02 BALB/BALB 500 600
DI2Mit157 8.72 540 1.7-174  6.00E—03 BALB/BALB 500 600
DI4Mit125 1523  9.88 2.9-33.7 9.53E—05 BALB/CBA 500 600
DI8Mit119 6.30 290 1.25-7.1 1.21E—02 BALB/CBA 600 500

Association of high- and low-risk genotypes with number of osteosarcoma developing with a maximum
latency of OS/LT< and number of osteosarcoma-free mice reaching a minimal age of Non-OS/LT> was

tested using Chi2-Test.
Odds-ratios are given as mean (OR).

Discussion

Thorium is a rare earth-metal that, following oral incorporation,
specifically binds to the surface of mineralized bone matrix. The
radioactive isotope **’Th has a physical half-life of 16.2 days, and
thus deposits almost all of its a-particle energy into a small vol-

ume at the bone surface. This area includes the bone forming
osteoblasts, bone resorbing osteoclasts as well as mesenchymal
stem-cells and committed osteoblast precursor cells. **’Th has
long been used to experimentally induce bone-tumours in dogs>
and mice,?® with the later representing a suitable model for radia-
tion-induced bone-tumours in man.' In humans, an occupational
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or therapeutic ingestion of radium, thorium or other osteotropic
o emitters can_cause a tremendous increase in the frequency of
bone tumours.>*?’ The first observation of their carcinogenic
potential was found among U.S. radium dial-painters,>® who

Figure 3 — QTL interval map-
ping. Mapping of OS susceptibility
QTLs using the censored normal-
ized tumor susceptibility LT. as
quantitative trait (see Materials and
methods). Loci that exceed the
threshold for suggestive linkage on
chromosome 4 (a), chromosome 5
(b,c), chromosome 12 (d), chromo-
some 14 (e) and chromosome 18 (f)
are shown. (c¢) shows QTL for sus-
ceptibility to OS of the vertebrae
only. LRS (black curve) and addi-
tive effect (grey curve) were calcu-
lated using MapManager QTX.
Thresholds for suggestive (dash-
dot line) and significant linkage
(dashed line) were calculated using
MapManager permutation  test.
Number in the upper right corner
of each panel gives the peak LRS
value (c,e) or the value of the sig-
nificance treshold (other panels).

ingested considerable amounts of the long lived Radium 226 and
Radium 228. Among workers who had incorporated the most car-
cinogenic dose of the two isotopes, almost 50% developed OS.
The spontaneous incidence of this tumour is exceptionally low
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Ficure 4 — OS incidence curves in D14Mit125 BALB/BALB and
BALB/CBA mice. Corrected cumulative OS induction among 169
backcrossed B1 mice grouped according to their genotype at D14Mit125.
D14Mit125%€ (——e ), D14Mit125%® (——¢&——) and pooled
genotypes (- - -+ ).

(only about 1 per 200,000 people per year) and no other exoge-
nous factor apart from radiation is known to contribute to bone
tumourigenesis.

Following ***Ra or **’Th injection into laboratory mice, differ-
ences in OS susceptibility among inbred strains were reported,>>*%>°
suggesting that genetic factors can influence predisposition. We
have shown in an earlier study that linkage analysis in mouse
crosses following injection with bone-seeking o emitters is a suit-
able tool for mapping genetic loci that harbour putative suscept-
ibility genes. The small number of animals used in our study
(derived from the inbred strains C3H/H Nhg and 102/Eh) g/ielded
suggestive linkage for 2 loci on chromosome 7 and 14.'® Here,
we extended the linkage analysis by using two additional strains
of mice, BALB/c and CBA/Ca, to determine if susceptibility loci
are indeed common amongst the different genetic backgrounds
of mice. In total, 5 susceptibility loci were found, exhibiting dif-
ferent degrees of linkage. The principal susceptibility locus at
D14Mit125 on chromosome 14 (LOD = 3.31, OR = 9.88) coloc-
alizes with 1 of 2 loci that were found in the previous study in
C3H and 102 mice. The compound LOD score for this locus using
data from the previous and the present study is now 4.4, and can
thus be considered highly significant for linkage. The genotype at
this locus influences both overall OS incidence and tumour latency
(Fig. 4). OS incidence and latency time of the two groups of Bl
mice, defined by the high- and low-risk genotype at D14Mit125
(Fig. 4), are well within the range of the OS incidences of the two
parental inbred strains BALB/c and CBA/Ca (Fig. 1a). There is,
however, a small subset of animals that, due to random segrega-
tion at the other 4 loci, inherit exclusively high-risk (5 X S) or
low-risk alleles (5 X R). Animals with these compound genotypes
show more extreme phenotypes than either of the parental inbred
strains (Fig. 5).

Of the different tumour parameters that were tested for linkage,
only the censored latency time exhibits a significant genetic com-
ponent. Neither tumour size at diagnosis, differentiation status nor
tumour multiplicity were linked to BALB/c or CBA/Ca genotypes.
This indicates that genetic factors influence mainly the early
stages in tumour induction, whereas progression and clinical man-
ifestation are probably governed by somatic alterations or epige-
netic factors.

Except for the locus on chromosome 5, OS on different skeletal
sites was equally affected by genetic predisposition. As expected
from the smaller number of cases in every group, linkage to OS
separated by tumour site was always weaker than to all OS com-
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FiGure 5 — OS incidence curves in mice of 5-locus compound gen-
otypes. Corrected cumulative OS induction in backcrossed B1 mice
with the compound genotypes (D4Mit172B/B D5Mit24B/B D12Mit157B/
B DI14Mitl125B/C D18Mitl19B/C = 5xS, red) and (D4Mit172B/C
D5Mit24B/C D12Mit157B/C D14Mit125B/B D18Mit119B/B = 5xR,
black) as compared to the incidence curves of the two inbred strains
BALB/c (red dotted line) and CBA/Ca (black dotted line). Plots for
the two inbred strains are redrawn from Figure 1a. Curves for the 5xS
and 5xR cohorts are least square fits of a sigmoidal curve to the data
points.

bined. The only exception was the locus between D5Mitland
D5Mit34, for which OS of the vertebral column exhibit significant
linkage (LRS = 14.1 or LOD = 3.06), whereas for all tumour sites
combined linkage reached only suggestive value (LRS = 9.3). In
general, bone tumours in the vertebral column are smaller at diag-
nosis, since they are usually detected at an earlier stage by the
occurrence of clinically obvious paralysis. Their latency times,
however, were not significantly different from the tumours at other
parts of the skeleton. It is thus not clear why the locus on chromo-
some 5 has a more pronounced effect on this OS type.

Surprisingly, we found that at 2 of the 5 loci, the allele associ-
ated with higher OS risk were derived from the more resistant
CBA/Ca strain. Similar observations, however, were already
reported for other mouse strains and traits'""'***>2 and clearly
challenges the assumption that all alleles derived from a suscepti-
ble mouse confer an increased risk in the progeny. Obviously,
alleles with a latent effect upon tumour susceptibility might be
present in the genome of a resistant strain and vice versa. It is also
likely that some of those modifier alleles exert a phenotypic effect
only in combination with other alleles.

To date human radiation susceptibility syndromes have been
identified as monogenic and highly penetrant traits only (Ataxia
Telangiectasia, OMIM 208900; Xeroderma Pigmentosum, OMIM
278700-278780; Nijmegen Breakage Syndrome, OMIM 251260;
Nevoid Basal Cell Carcinoma Syndrome, OMIM 109400). They
are caused either by defects in DNA repair genes or in genes
involved in cellular signalling after radiation exposure. The high
penetrance of these monogenic syndromes causes a mendelian
segregation pattern, and thus facilitated positional cloning of the
mutated genes. Spontaneous and therapy-related secondary OS, how-
ever, show evidence of congenital predisposition without a fami-
lial tumour aggregation.®**~** This would either suggest polygenic
effects and/or monogenic gredisposition caused by inheritance of
low-penetrance alleles.>>>® The systematic search for allelic var-
iants that govern cancer predisposition in man has just started.
Mapping studies that make use of genetically defined laboratory
animals, with their advantage of planned mating and reproducible
tumour induction are certainly a valuable supplement for human
association studies. The potential of animal studies to identify sus-
ceptibility genes and their allelic variants has already been proven
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in several studies.'**”*® Some investigations could even show
that human homologues of murine cancer suscegptibility genes are
39,40

associated with tumour susceptibility in man.

As outlined in

the present study, animal studies to map tumour susceptibility loci
might also be helpful to understand more general mechanisms of a
congenital cancer predisposition.
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