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Abstract
Ionizing radiation (IR) is a well-characterized carcinogen in humans and
mice. The BALB/c mouse strain is unusually sensitive to IR-induced tissue
damage and cancer development in a range of organs, suggestive of a partial
defect in DNA damage response. This has been confirmed by finding BALB/
c-specific functional polymorphism in Prkdc, a gene on mouse chromosome
16 that encodes the catalytic subunit of DNA-dependent protein kinase.
PrkdcBALB has been associated with increased susceptibility to IR-induced
mammary and lymphatic neoplasia. Here, we provide evidence that chromosome 16 segments from BALB/c interact with ApcMin (multiple intestinal
neoplasia) and specifically enhance IR-induced adenoma development in the
upper part of the small intestine.

Introduction
A combination of lifestyle, exposure to environmental carcinogens,
and the overall balance between inherited resistance and sensitivity
genes is likely to determine the susceptibility of an individual to
cancer. The genetic component may serve to limit, or enhance, the
effect of exposure to cancer-causing agents through, e.g., variation in
carcinogen metabolism, DNA damage response, or the processes that
control specific rate-limiting steps in neoplastic cell growth (1). The
success or otherwise of particular allelic combinations in inhibiting
tumor formation after carcinogen exposure is likely to be driven by
specific gene polymorphisms, which determine protein abundance/
activity in exposed tissues. The polygenic nature of cancer inheritance
in human populations, and the relatively low penetrance of most
contributing polymorphic genes, has confounded the identification of
genetic modifiers of tumorigenesis. In contrast, rodent models offer
experimental opportunities to overcome problems of variability in
lifestyle and carcinogen exposure, as well as provide a means of
controlling or specifying the genetic component, through the use of
induced/engineered mutations and selective breeding. In this way,
rodent models can provide important proof of principle evidence on
gene– gene and gene– environment interactions in cancer development
(2, 3).
IR3 is a well-characterized carcinogen capable of inducing tumors in
both humans and animals (4). Compared with other inbred strains of
mice, BALB/c is unusually sensitive to IR-induced tissue damage and
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more susceptible to IR-induced tumors, particularly those of the breast (5,
6). A recent study identified two polymorphisms specific to the BALB/c
strain in the coding region of Prkdc, the gene encoding the DNA-PKcs
(7). The protein is involved in cellular response to IR, including nonhomologous end joining of DNA double-stranded breaks, apoptosis, and
post-IR signal transduction (8). Other roles include control of chromatin
structure and telomeric integrity and involvement in V(D)J recombination (9). The unique PrkdcBALB variant gene has been associated with
decreased DNA-PKcs activity, partially defective repair of DNA doublestranded breaks, and elevated sensitivity to IR-induced mammary tumors
(7). In independent studies, PrkdcBALB has been linked with partially
defective apoptosis in thymocytes and elevated sensitivity to radiationinduced lymphoma (10).
Thus far, a partial defect in DNA-PKcs appears to determine
abnormal IR response and tumor development in at least two tissues.
Here, we investigate a third tissue in a study of intestinal adenoma
induction in ApcMin/⫹ mice of different Prkdc genotypes. The data
identify a clear gene-IR interaction in the small intestine.
Materials and Methods
Animals, Adenoma Induction, and Scoring. A colony of ApcMin/⫹ on a
C57BL/6 background was established as given in Haines et al. (11) and
maintained as an inbred line. Female BALB/cByJ (BALB) mice were obtained
from Harlan United Kingdom Ltd. (Bicester, United Kingdom) and crossed
with male B6Min/⫹ to provide F1 (N1) progeny. N1 ApcMin/⫹ males were then
backcrossed to female BALB mice to yield N2 progeny, all of which carry at
least one copy of the BALB-derived modifier of min (Mom1)-dominant
resistance allele. Thus, genetic modification of adenoma multiplicity in N2 will
be independent of Mom1. N2 ApcMin/⫹ mice were irradiated with a single
whole-body dose of 2 Gy X-rays at 2 days of age; sham-irradiations were
performed concurrently. Mice were housed in conventional cages with water,
and standard maintenance diet was provided ad libitum. Mice were sacrificed,
and the intestines were prepared for tumor counting according to Haines et al.
(11). The small intestine was divided into two equal portions with the upper
segment containing all of the duodenum and jejunum. All procedures involving
animals were carried out in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 and with guidance from the local ethics
review committee on animal experiments.
Genotyping by PCR and Statistical Analysis. Genotyping of ApcMin/⫹
was performed according to Luongo et al. (12); Prkdc genotyping used the
methods of Yu et al. (7). Microsatellite analysis was performed using standard
methods. The MapManager QTX program (13) was used to perform interval
mapping and permutation testing.

Results
rkdcBALB Is Associated with Increased Adenoma Incidence in
the Small Intestine after X-Irradiation. Intestinal adenomas were
scored in the upper and lower segments of the small intestine, and
large intestine of 2 Gy x-irradiated (84 males, 58 females) and
sham-irradiated (60 males, 51 females) N2, BALB X (BALB X B6)
ApcMin/⫹ mice. Radiation exposure increased adenoma incidence by
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Table 1 Mean adenoma number in the intestine of recombinant Min mice
Intestinal regiona

0 Gy

2 Gy

Ratio
(2:0 Gy)

U.S.I.
L.S.I.
T.S.I.
Total

10.2 ⫾ 1.2
14.0 ⫾ 1.5
24.2 ⫾ 2.5
25.2 ⫾ 2.5

19.0 ⫾ 1.4
23.9 ⫾ 1.4
42.9 ⫾ 2.5
44.5 ⫾ 2.5

1.86 ⫾ 0.26
1.71 ⫾ 0.21
1.77 ⫾ 0.21
1.77 ⫾ 0.20

a
U.S.I., upper small intestine; L.S.I., lower small intestine; T.S.I., total small intestine;
Total, total small ⫹ large intestine; S.I. and total, mean adenoma numbers ⫾ SE.

Prkdc (LRS ⫽ 10.2). This suggests that using total adenoma number
for the small intestine partially masks the strong association seen for
the upper small intestine (Fig. 1, A–C). Overall, the results do not
distinguish between a single locus and two or more loci on chromosome 16 controlling adenoma induction after radiation exposure.
However, these data suggest strongly that different loci control the
response to genotoxic insult for the upper and lower regions of the
small intestine.
Discussion

⬃1.8-fold with a marginally greater increase observed for the upper
small intestine relative to the lower small intestine (Table 1). There
was no discernible increase in adenoma multiplicity in the large
intestine after irradiation. We then investigated whether N2 mice with
a PrkdcBALB/BALB genotype showed greater adenoma multiplicity than
heterozygote mice (PrkdcBALB/B6). All mice were genotyped for the
Prkdc locus (7), and the expected 50:50 ratio for PrkdcBALB/BALB:
PrkdcBALB/B6 was observed in both the 0 and 2 Gy groups (Table 2).
Heterozygote Prkdc mice showed only a modest increase in adenoma
numbers after x-irradiation compared with unirradiated controls
(1.11–1.35-fold; Table 2). In contrast, adenoma multiplicity in irradiated PrkdcBALB/BALB mice increased substantially (2.21–2.99-fold;
Table 2) with the highest postirradiation incidence recorded in the
upper part of the small intestine (2.99-fold; Table 2). However,
grouping mice by Prkdc genotype yielded no statistical significant
difference between the ratios (2:0 Gy) in adenoma counts for the
upper and lower parts of the intestine.
Interval Mapping and Permutation Testing Reveals One or
More Locus on Chromosome 16 Controlling Radiation-induced
Adenoma Formation in the Small Intestine. In addition to the
variant Prkdc markers (7), each mouse was genotyped using five
chromosome 16 microsatellites (D16Mit182, 4, 5, 189, and 106).
Markers were spaced evenly at ⬃10 cM intervals along the chromosome (Fig. 1). The MapManager QTX program was used to perform
interval mapping and permutation testing. The data were ln-transformed to satisfy normality assumptions, but untransformed data
yielded similar results. The following traits were considered total
adenoma numbers in the small intestine and numbers in the upper and
lower small intestine with and without radiation exposure. No association was seen in the absence of radiation. The strongest association
between chromosome 16 loci was found for adenoma numbers in the
upper small intestine of radiation exposed mice. This trait was, therefore, used for interval mapping to sublocalize candidate regions. The
most significant association occurs at D16Mit189 with a LRS of 21.6
(LOD ⫽ 4.7); at the Prkdc locus, the LRS is 17.6 (LOD ⫽ 3.8;
Fig. 1A). By permutation testing, an LRS of 16.1 is highly significant,
and Prkdc falls within the 2-LOD support interval of the peak LRS.
No association was found when adenoma numbers in the lower
intestine of radiation exposed mice were used as the phenotype
(Fig. 1B). When the entire small intestine is considered, the interval
mapping plot (Fig. 1C) is similar to that obtained for adenoma
induction in the upper small intestine (Fig. 1A) but at a lower level of
significance with peaks at D16Mit189 (LRS ⫽ 12.5) and just distal to

Complex interactions between numerous genes, lifestyle, and exposure to environmental carcinogens are believed to determine individual susceptibility to cancer. This susceptibility is likely to be
expressed in a tissue-dependent manner, and understanding genetic
predisposition requires the identification of the critical genes involved
and their roles in particular tissue types. Mouse model systems using
well-characterized mutations, such as the codon 850 mutation in the
Apc gene of Min mice, in combination with selective breeding using
inbred strains of mice, offer the opportunity to identify cancer modifying genes.
The present study has identified an association between a chromosome 16 encoded locus, or loci, contributed by the BALB/c inbred
strain of mouse and increased susceptibility to adenoma induction by

Fig. 1. Plot of the LRS from interval mapping of adenoma numbers in the upper part
of the small intestine (A), lower part of the small intestine (B), and total small intestine (C)
with markers on chromosome 16. Horizontal lines, significant and highly significant
values. Genetic marker given as cM from centromere of chromosome 16. Values are taken
from Genetic and Physical Maps of the Mouse Genome.4

Table 2 Mean adenoma number and Prkdc genotype of recombinant Min mice
PrkdcBALB/PrkdcBALB

a

PrkdcBALB/PrkdcC57BL

Intestinal regiona

0 Gy
(n ⫽ 55)

2 Gy
(n ⫽ 69)

Ratio
(2:0 Gy)

0 Gy
(n ⫽ 56)

2 Gy
(n ⫽ 73)

Ratio
(2:0 Gy)

U.S.I.
L.S.I.
T.S.I.
Total

8.1 ⫾ 1.2
11.7 ⫾ 1.9
19.8 ⫾ 2.9
20.9 ⫾ 3.0

24.2 ⫾ 2.2
25.8 ⫾ 2.1
50.0 ⫾ 4.0
51.7 ⫾ 4.1

2.99 ⫾ 0.52
2.21 ⫾ 0.44
2.53 ⫾ 0.42
2.47 ⫾ 0.41

12.2 ⫾ 1.9
16.2 ⫾ 2.2
28.4 ⫾ 3.9
29.4 ⫾ 3.9

13.6 ⫾ 1.3
21.9 ⫾ 1.8
35.5 ⫾ 2.7
37.1 ⫾ 2.8

1.11 ⫾ 0.20
1.35 ⫾ 0.21
1.25 ⫾ 0.20
1.26 ⫾ 0.19

S.I. and total, mean adenoma numbers ⫾ SE.
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IR in the small intestine in N2 mice carrying a heterozygous mutation
of Apc. The upper part of the small intestine, largely the duodenum
and jejunum, appeared more prone to IR-induced adenomas than the
ileum in mice carrying sensitivity loci of BALB/c origin. The biological basis for differences in sensitivity to radiation-induced adenomas
between regions of the gut is unclear and the subject of additional
investigations.
Although the Prkdc gene falls within the 2-LOD support interval of
the peak LRS, the present data do not distinguish between a single
locus and two or more loci on chromosome 16 controlling adenoma
induction. However, the associations reported previously between
murine Prkdc genotype and IR response and tumorigenesis (7, 10)
provide some indirect support for involvement of this gene. In the
present study, the genotypic effects were observed only in x-irradiated
mice. This implies that the gene of interest is of specific importance
to cellular damage response after radiation exposure, and, on this
basis, Prkdc must be regarded as a significant candidate. However,
other genes should be considered as candidates; in particular, the
strong association between the D16Mit189 genomic region and postirradiation adenoma multiplicity warrants further consideration.
Flanking the D16Mit189 marker are three physically linked microsatellites, D16Mit223, D16Mit190, and D16Mit179, where BALB/c
differs in allele size from the other recorded inbred strains (GenBank
accession no. NW_000108).4 Allele size for the three markers was
concordant for inbred strains A/J, C57BL/6J, C3H/HeJ, DBA/2J
AKR/J, NON, NOD, and LP/J, supporting the proposition that this
region of chromosome 16 also harbors a unique BALB/c haplotype
block. The inflammatory associated gene Adamts1 locates within this
region of interest. The gene encodes a metalloproteinase-disintegrin
family protein with thrombospondin type 1 motifs (14). Metalloproteinases may contribute to tumor initiation and development by altering the cellular microenvironment in a way that facilitates tumor
formation. It has been reported that increased expression of the
metalloproteinase MMP-1 is associated with increased risk of lung
cancer in humans (15). In principle, polymorphic variation of this
gene in mice may influence the postirradiation cellular microenvironment in intestinal epithelium in a manner that enhances early adenoma
formation.
Given the developing knowledge on the multiplicity and complex
interaction of murine cancer predisposing loci (3), it is feasible that
two modifying genes for radiation-induced adenoma formation encode within the genomic segment spanning ⬃40 cM on chromosome
16 (Fig. 1). To resolve these outstanding questions, we plan to repeat
the backcross experiments using BALB/c- and C57BL/6-derived congenic and recombinant inbred strains with mapped recombination
breakpoints on chromosome 16. This approach will allow us to
repetitively sample defined chromosomal regions for their effects.
4

Internet address: http://www-genome.wi.mit.edu/cgi-bin/mouse/index.

In summary, the present study on IR-induced adenoma formation in
recombinant ApcMin/⫹ mice strengthens the view that the partially
defective DNA-PKcs protein of BALB/c can enhance radiation
tumorigenesis in a number of tissues. Although the involvement of
other chromosome 16 loci is not excluded, this study further highlights the importance of gene– gene and gene– carcinogen interactions
in cancer risk. Evidence that functional polymorphisms of a single
murine gene involved in DNA damage response can specifically
increase IR cancer risk in a range of tissues enhances the prospects for
uncovering similar polymorphisms in human populations.
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