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ABSTRACT

Hereditary renal carcinoma (1(C) ha the rat, orsginally reported by
Eker ha 1954, is an example of a Mendeian domhaant predisposition to a
specific cancer in an experimental animal. We previously reported that
ionizing radiation induces additloaal tumors ha a linear dose-response
relationship, suggesting that ha heterozygotes two events (one inherited,

one somatic) are necessary to produce tumors. Recently, the predisposing
gene has been mapped to rat chromosome 10. This study was designed to
examine loss of heterezygosity (LOH) at chromosome 10 ha the RCs
developed from hybrid Fl rats carrying Eker mutation. In spontaneous
RCs, 6 oflO (60%) showed loss ofthe wild-type allele covering over3O cM,
consistent with two-hit hypothesis. Individual tumors have different pat
tents of LOH even from the same kidney, showing hadependent clonal
origins of RCs. In contrast, none of N-ethyl-N-nitrosourea-induced RCs
had allelic loss (0 of 9 0%, P < 0.01). Thus, the nature of the second
event differs between spontaneous and chemically haducedtumors in the
Eker rat. These results suggest that chemicaHy induced tumors ha exper
imental animals havolvehatragenicmutations and so do not cause LOH of
syntenic markers. Interestingly, 1 of 5 spontaneous pituitary tumors that
developed in the Eker rat showed LOH for chromosome 10 markers.

INTRODUCTION

A class of cancer genes, called tumor suppressor genes or
anti-oncogenes, has been revealed by the study of hereditary hu
man cancers (1). Although these genes are recessive in oncogen
esis, they render carriers heterozygous and so appear in pedigrees,
as dominantly inherited disorders. Such a dominantly inherited
predisposition was described in the rat by Eker and Mossige (2).
The heterozygous Eker rat typically develops RCs3 through mul
tiple stages, from early preneoplastic lesions (e.g., atypical tu
bules) to adenomas, and penetrance for this RC gene is virtually
complete (3).

We previously reported that: (a) germ line homozygosity for the
Eker mutation is lethal at around 10 days of fetal life (3); (b)
according to our radiation experiment, renal tumors in heterozygotes
appear to involve two hits, one of which is inherited in the Eker rat
and the other of which can be induced by a somatic event (3); (c) the
predisposing gene of the Eker rat has been mapped to the proximal
part of chromosome 10 (4), which we subsequently confirmed (5); (d)
rat chromosome 10 currently has no syntenic relationship to human
chromosome 3p (6), the presumed site of the putative tumor suppres
sor gene responsible for human RC (7, 8) and of the locus of von
Hippel-Lindau disease, which predisposes to multiple RCs (9); (e) a
putative tumor suppressor gene near the interferon locus on rat chro
mosome 5 seems to be important in tumor progression, but is not the
RC gene (3); (1) the Eker rat is highly susceptible to induction of RCs,
but not Wilms' tumor, by transplacental administration of ENU (10).
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Recently, Yeung et a!. (4) found LOH for rat chromosome 10
markers in 4 of 5 spontaneous renal tumors of hybrid Fl offspring
(LE/Fisher 344 strains), supporting the recessive tumor suppressor
nature of the predisposing gene. In the present study, we examined
chemically induced renal tumors in Fl rats carrying the Eker
mutation for LOH, and compared the results with those obtained in
spontaneous tumors.

MATERIALS AND METHODS

Animals. Founder rats (two males and three females) carrying the Eker
mutation were kindly provided by Dr. Alfred G. Knudson (Fox Chase Cancer
Center, Philadelphia, PA). Eker rats were bred on a LE background (Charles
River Breeding Laboratory, USA) by brother X sister mating and were
maintained pathogen free in the Animal Facility of Cancer Institute since 1991.
All animals were housed and treated in accordance with institutional guide
lines. Eker rats were diagnosed as carriers by detecting microscopic kidney
tumors following unilateral nephrectomies around 6 months of age.

Experimental Procedure. Two male rats carrying the Eker mutation
(RC/+, LE strain of Charles River Breeding Laboratory, USA) were mated
with several normal female rats (+1+) of the LE strain (Kiwa Breeding

Laboratory, Japan) and inbred BN strain (Charles River Japan, Inc.)to produce
hybrid F1rats showing DNA polymorphisms. Even in the same LE strain, there
are DNA polymorphisms between LE (USA) and 11 (Japan) strains. For the
ENU experiment, a normal female rat (+1+, LE strain of Kiwa Breeding
Laboratory; 8 weeks old), which had been mated with one male rat carrying the
Eker mutation (RC/+, LE strain of Charles River Breeding Laboratory, USA),
was exposed to a single carcinogenic dose of ENU (80 mg/kg of body weight,
i.p.; Nacalai Tesque Inc., Kyoto, Japan) on the 15th day of gestation as
previously reported (10). Pregnancy was confirmed by demonstration of sperm
in the vaginal smears. The day when sperm were noted was designated as
gestation day 0.

DNA Samples. We analyzed 10 spontaneous renal tumors from 7 rats
[75 weeks, 77 weeks, 81 weeks, 86 weeks (LE/BN), 88 weeks, 90 weeks,
and 99 weeks old], and 9 ENU-induced renal tumors from 4 rats (25 weeks,

27 weeks, 31 weeks, and 38 weeks old). Fresh samples of renal tumors and
normal liver were obtained from carrier rats (RC/+), and were immediately
frozen at â€”80Â°C.High molecular weight genomic DNAs were extracted by
digestion with 2% SDS/proteinase K followed by extraction with phenol as
reported (11).

Histologj@.The remaindersof the excised kidneys were examined micro
scopically for histology. Tissues were fixed in 10% formalin and a routine
histological examination was carried out on hematoxylin and eosin-stained
paraffin sections.

Southern Blot Analysis. DNAS(10 @.tg/lane)were digested with restriction
enzymes showing polymorphisms between LE (USA) and LE (Japan)IBN
strains, electrophoresed on a 1% agarose gel, and transferred onto nylon
membranes (Biodyne, Pall Biosupport) in 0.4 N NaOH. As previously reported
(5), these blots were hybridized overnight at 65Â°C in a solution containing 0.2

M NaHPO4 (pH 7.2), 1 mM EDTA (pH 8.0), 1% bovine serum albumin, 7%

SDS, and32P-labeledDNA probes(1â€”3X 10@cpm/ml)preparedby a random
oligonucleotide-priming procedure using a Hybriroter (Model HR-i, Nippon
Genetics). The filters were washed twice in 1 X standard saline citrate, 0.1%
SDS at room temperature for 15 mm each, and at 65Â°Cfor 30 mm. They were
exposed to X-ray film with an intensifying screen at â€”70Â°Cfor 1â€”2days.

Polymorphic DNA Probes. The rat neurofibromatosis type i (NFl) gene
(gift of Dr. H. Saya, The University of Texas M. D. Anderson Cancer Center),
mouse IRF-1 gene (gift of Dr. T. Taniguchi, Osaka University), and the mouse

protamine-1 (PRM-1) gene (gift of Dr. R. Yeung, Fox Chase Cancer Center;
originated from the American Type Culture Collection), all ofwhich map to rat
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chromosome 10 and are linked to the predisposing gene in the Eker rat (4, 5),
were used as polymorphic DNA markers.

PCR. The oligonucleotide primers of rat interleukin 3 (5'-CFGCTFA
GAGCCrrCACACA-3' and 5'-AGGAATTCGTCCAGGmACT-3') (5,
12) were made by a DNA synthesizer (MilligenlBiosearch, Division of Mil
lipore). PCR was performed (5) in 25 @lof a reaction mixture containing 100
ng of the genomic DNA, 1 pmol/p.l of the primers, 1 mM MgCl2, 200 @M
concentration each of dGTP, dATP, dTFP, and dCTP, and 2 units of Taq
polymerase (Biotech). Thirty-five cycles of amplification, each consisting of
denaturation for 60 s at 92Â°C,annealing for 60 s at 55Â°C,and extension for
90 s at 72Â°Cwere performedwith a thermalprogrammer(QT II or QTPI;
Nippon Genetics). The products of the PCR were electrophoresed on 1.5% low

melting point agarose gels (Gibco BRL) and visualized with ethidium bromide.
Definition of LOH. The signal intensity of the polymorphic alleles was

quantified by a Hoefer GS-300 scanning densitometer; peak areas correspond
ing to each signal were calculated by electric integration with the use of the
05-370 1-D electrophoresis data system (Hoefer Scientific Instruments, San
Francisco, CA). The intensities of signals in tumor tissue DNAS were corn
pared to those of normal DNAS. When 50% reduction in signal intensity was
detected, it was judged as LOH, as reported by Fujiwara et aL (13).

RESULTS AND DISCUSSION

The inheritance of a RC mutation determines the specificity of
tumor histology even with in utero carcinogenesis; i.e., adult type
renal cell carcinoma, but not Wilms' tumor (10). Thus, the ENU
induced and spontaneous renal tumors found in this study were all
RCa. No recognizable histological differences were observed between
the two groups, although ENU-induced RCa develop much earlier
than do spontaneous RCa (e.g., 30 Â±6 weeks old versus 85 Â±8
weeks old in this study, respectively). The spontaneous RCs in the
Eker rat develop slowly over the course of 10â€”12months before
reaching macroscopic size, while it takes only 3 months to reach the

S3 S6n n
NT NTa(U)(@iJ)

a@

S3 S6n n
NT NTa(U)(@iJ)

b a â€˜
Fig. 1. Representative Southern blot analysis of spontaneous renal tumors (5) with

PRM-1 gene probe (a) and IRF.1 gene probe (b). N and T indicate samples of normal liver
and renal tumors, respectively. Numbers of rats and alphabets of tumors (e.g., a, b, and c)
correspond to those of spontaneous RC in Fig. 4. LE(U) and LE(J) indicate normal
controls of LE (USA) and LE (Japan) strain, respectively. Losses of wild-type alleles
originated from LE (Japan) strains are shown in renal tumors.

Fig. 3. PCR with oligonucleotide primers of interleukin 3. T@indicates pituitary
tumors, and LOH are shown as well as the renal tumor in S3 rat. For explanation of other
symbols see Fig. 1 legend.

same size in ENU-induced RCs (10). In the control rats (noncarriers),
no RCa developed in this experimental system. In the Eker rat inher
itance of a RC mutation reduces the required number of events. Under
conditions in which ENU produces no tumors in controls it produces
RC in the Eker rat. According to linkage analysis, the predisposing
gene is mapped to the same locus in both spontaneous and ENU
induced RCs in the back-cross animals (4, 5).

NFl, IRF-1, and PRM-1 genes clearly showed polymorphisms
among LE (USA)ILE (Japan) and BN strains with Taq 1, Taq
1/BamHl and EcoRI (Figs. 1 and 2), respectively. [NFl did not show
polymorphism between LE (USA) and LE (Japan).] PCR products of
the JL-3 locus also showed polymorphism among LE (USA)ILE
(Japan) and BN strains (Fig. 3). In Eker rat, not only RCs, but also
other tumors, develop (14, 15). Interestingly, 1 of 5 spontaneous
pituitary tumors that we found in the present study had LOH at
interleukin 3 locus (Fig. 3).

LOH on chromosome 10 was clearly detected in spontaneous RCs,
as shown in Figs. 1 and 3, and the wild-type allele was always lost,
consistent with the two-hit hypothesis. We excluded macroscopically
â€œnormalâ€•parts from tumor tissues as much as possible. It was noted
that the loss of the wild-type allele can be detected in primary tumors
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Fig. 2. Representative Southern blot analysis of ENU-induced renal tumors (E) with

same probes as in Fig. 1. Numbers of rats and alphabets of tumors correspond to those of
ENU-induced RC in Fig. 4. In contrast with results in Fig. 1, both alleles are retained.
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Fig. 4. Summary of the present results. On the
left, distances between the RC gene and each
marker are shown on rat chromosome 10 using 64
back-cross animals (5). The fourth rat bearing spon
taneous RC is an F1 hybrid of LE/BN, and others are
F1 hybrids LE (USA)ILE (Japan).
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even when using a highly sensitive PCR assay, although in some
tumors a weak band of the wild-type allele was observed due to
normal cellular component (e.g., stromal cells, endothelium, WBC,
etc.) (Fig. 3). Our data basically support the previous report (4). The
results are summarized in Fig. 4 (6 of 10, 60%). Among tumors from
the same rat, the patterns of LOH are different (Fig. 4), showing their
independent clonal origins rather than metastatic ones. In contrast,
none of the 9 RCa (0%) induced by ENU showed LOH (Figs. 2, 3, and
4). This is a statistically significant difference (P < 0.01) in rates (6 of
10 = 60% versus 0 of 9 = 0%). ENU is a well-characterized mutagen
and carcinogen that acts by direct ethylation of the bases of DNA.
Thus, a qualitative difference in the second hit exists between spon
taneous and ENU-induced mutations in the Eker rat (e.g., large
deletion or recombination versus point mutation). Substitutions at A:T
pairs appear to constitute a significant proportion of ethylation-in
duced mutations in vivo (16). Given the genetic (and presumedly
physical) distance separating the marker from the Eker mutation, it
cannot be ruled out that ENU acts through small local deletions, rather
than large chromosomal events. Once the RC gene is isolated, we can
characterize these second hits in ENU-induced RCa.

ACKNOWLEDGMENTS

We gratefullyacknowledgeDr.AlfredG. Knudsonforcriticallyreadingthe
manuscript and Dr. Yoshiyuki Fujiwara for his helpful discussion. We also

thank Drs. Haruo Sugano and Tornoyuki Kitagawa for their encouragement
throughout this work, and Yohko Hirayama for her help in the preparation of
the manuscript.

REFERENCES

1. Knudson, A. G. Hereditary cancer, oncogenes, and antioncogenes. Cancer Res., 45:
1437â€”1443,1985.

2. Eker, R., and Mossige, J. A dominant gene for renal adenomas in the rats. Nature
(Lond.), 189: 858â€”859,1961.

3. Hino, 0., Klein-Szanto, A. J. P., Freed, J. J., Testa, J. R., Brown, D. 0., Vilensky, M.,

Yeung, R. S., Tartof, K. D., and Knudson, A. G. Spontaneous and radiation-induced
renal tumors in the Eker rat model of dominantly inherited cancer. Proc. Nati. Acad.
Sci. USA, 90: 327â€”331,1993.

4. Yeung, R. S., Buetow, K. H., Testa, J. R., and Knudson, A. G. Susceptibility to renal
carcinoma in the Eker rat involves a tumor suppressor gene on chromosome 10. Proc.
Natl. Acad. Sd. USA, 90: 8038â€”8042,1993.

5. Hino, 0., Mitsui, H., Nishizawa, M., Katsuyama, H., Kobayashi, E., and Hirayarna,
Y. A novel renal cell carcinoma susceptibility gene maps on chromosome 10 in the
Eker rat. Jpn. J. Cancer Res., 84: 1106â€”1109,1993.

6. Hino, 0., Tests. J. R., Buetow, K. H., Taguchi, 1., Thou, J-Y., Bremer, M., Bruzel,
A., Yeung, R., Levan, G., Levan, K. K., Knudson, A. G., and Tartof, K. D. Universal
mapping probes and origin of human chromosome 3. Proc. Nail. Acad. Sd. USA, 90:
730â€”734,1993.

7. Yatnakawa, K@,Morita, R., Takahashi, E., Hori, T., Ishikawa, J., and Nakamura, Y.
A detailed deletion mapping of the short arm of chromosome 3 in sporadic renal cell
carcinoma. Cancer Rca., 51: 4707â€”4711,1991.

8. Boldog, F. L, Gemmill, R. M., Wilke, C. M., Glover, T. W., Nilsson, A-S.,
Chandrasekharappa, S. C., Brown, R. S., Li, F. P., and Drabkin, H. A. Positional
cloning of the hereditary renal carcinoma 3;8 chromosome translocation breakpoint.
Proc. NatI. Acad. Sci. USA, 90:8509-8513,1993.

9. Latif, F. L, Tory, K., Gnarra, J., Yao, M., Duh, F.M., Orcuu, M. L, Stackhouse, T.,
Kuzumin, I., Modi, W., Geil, L, Schmidt, L, Thou, F., Li, H., Wei, M. H., Chen, F.,
Glenn, G., Choyke, P., Walther, M. M., Weng, Y., Duan, D-S. R., Dean, M., Glavac,
D., Richards, F. M., Crossey, P. A., Ferguson-Smith, M. A., Paslier, D. L, Chuma
kov, I., Cohen, D., Chinault, A. C., Maher, E. R., Linehan, W. M., Thar, B., and
Lerman, M. I. Identification of the von Hippcl-Lindau disease tumor suppressor gene.
Science (Washington DC), 260: 1317â€”1320,1993.

10. Hino, 0., Mitani, H., and Knudson, A. G. Genetic predisposition to transplacentally
induced renal cell carcinomas in the Eker rat. Cancer Rca., 53: 5856â€”5858,1993.

11. Hino, 0., Kitagawa, T., and Sugano, H. Relationship between serum and histochem
ical markers for hepatitis B virus and rate of viral integration in hepalocellular
carcinomas in Japan. Int. J. Cancer, 35: 5-10, 1985.

12. Kunieda, T., Kobayashi, E., Tachibana, M., Ikadai, H., and Imamichi, T. Localization
of the interleukin-3 gene to rat chromosome 10 by linkage analyses with a variable
number of tandem repeats (VNTR). Mamm. Genome, 3: 464-466, 1992.

13. Fujiwara, Y., Emi, M., Ohata, H., Kato, Y., Nakajima, T., Mori, 1., and Nakamura,
Y. Evidence for the presence of two tumor suppressor genes on chromosome 8p for
colorectal carcinoma. Cancer Rca., 53: 1172â€”1174, 1993.

14. Everitt, J. I., Goldsworthy, T. L., Wolf, D. C., and Walker, C. L. Hereditary renal cell
carcinoma in the Eker rat: a rodent familial cancer syndrome. J. UroI., 148: 1932â€”
1936, 1992.

15. Hino, 0., Mitani, H., Katsuyarna, H., and Kubo, Y. A novel cancer predisposition
syndrome in the Eker rat model. Cancer Lctt., in press, 1994.

16. Burkhart, J. G., Burkhart, B. A., Sampson, K. S., and Malling, H. V. ENU-induced
mutagenesis at a single A:T base pair in transgenic mice containing 4Xl74. Mutat.
Res., 292: 69â€”81,1993.

2635

rat
chromosome s@Ontan5OuSRC

.IRF-1/y@
IL-3 ND

ENU-induced RC

2 3 4

0@#0,,c ,oâ€˜6% @â€˜0%

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/10/2633/2453465/cr0540102633.pdf by guest on 19 M

ay 2023




