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Abstract  

The validity of mouse liver tumors is controversial in the risk assess- 
ment of carcinogenicity of chemicals in humans, because mice used in 
carcinogenicity bioassays are genetically predisposed to liver tumors. The 
argument could be resolved once liver tumor susceptibility genes have 
been cloned and their role in liver tumor development elucidated. We 
performed a genetic linkage analysis to map murine liver tumor suscepti- 
bility genes, as a first step toward their identification. An F2 population of 
87 urethane-treated male A/J x C3H/He mice was scored with 83 genetic 
markers. Three regions, localized on chromosomes 7, 8, and 12, were 
found to contain putative liver tumor susceptibility genes. 

Introduction 

HCC 3 is a relatively rare tumor type in developed countries, but it 
is common in Asia and Africa (1). A close association exists between 
hepatocellular carcinoma and hepatitis B virus infection (2); aflatoxin 
exposure, alcohol consumption, and additional, unknown risk factors 
may also play a role in HCC development. A small percentage of 
HCCs can also be attributed to genetic factors. In fact, a series of rare 
genetic syndromes characterized by the prior development of cirrhosis 
are associated with an increased risk of developing HCC (3). 

A well-characterized experimental model of HCC is the inbred 
routine strain C3H, which presents a high spontaneous incidence of 
HCCs (up to 70% incidence in a lifetime experiment) (4). Although 
this strain exhibits such a high incidence of spontaneous HCCs, it does 
not show any sign of liver cirrhosis or liver dysfunction that could be 
associated with a genetic susceptibility. 

Genetic susceptibility to liver carcinogenesis is not a discrete trait 
but refers to relative, quantitative values. Genes affecting susceptibil- 
ity to murine hepatocarcinogenesis control the progression (tumor 
size) but not the frequency (tumor number) of carcinogen-induced 
liver tumors (5). The genes responsible for the susceptibility to routine 
liver carcinogenesis have been designated Hcs (6). However, their 
number, chromosomal location, and identity are still unknown. 

We investigated the segregation of liver tumor susceptibility in an 
F2 population from the cross between the susceptible C3H/He and the 
resistant A/J mouse strains. V% was used as a quantitative index of 
susceptibility to liver carcinogenesis. This index differs from one 
parental strain to another by a factor of >100 (5), thus making 
possible the dissection of genes affecting the character of the strain. 

Materials and Methods  

A total of 208 F2 generation of A/J • C3H/He mice were treated at 1 week 
of age with a single s.c. dose of 300 mg urethane/kg body weight. After 
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weaning, mice were kept under observation without any further treatment, and 
they were killed at 40 (males) or 65 (females) weeks of age, and livers were 
removed, examined for macroscopic lesions, and fixed in Bouin's solution. The 
livers were then embedded in paraffin and cut, and liver sections were stained 
with hematoxylin and eosin for histopathological examination. Susceptibility 
of each mouse to liver tumor development was quantitatively estimated by the 
V% (5). 

To test for linkage, we genotyped 83 genetic markers in the 87 F2 male mice 
(7); this mapping panel provides 174 informative meioses. As anchor loci we 
used polymerase chain reaction markers and restriction fragment length poly- 
morphism markers the map location of which is known (8-10). We analyzed 
at least one marker in each of the 19 mouse autosomes (7), with an average of 
1 marker/18 cM. The markers spanned a total of 1053 Haldane cM. 

To analyze the association between liver tumor susceptibility and each 
genetic marker in the F2 population, V% mean values were determined for 
each genotype class and analyzed by the ANOVA procedure of SAS (11). If a 
given genetic marker and tumor susceptibility had been segregated indepen- 
dently, the V% values would have been approximately equal in the two ho- 
mozygotes and in the heterozygote genotypes. Thus, significant ANOVA re- 
sults (P < 0.01) suggested a physical association between the marker and a 
gene influencing the liver tumor susceptibility. The R 2 value, i.e., the propor- 
tion of the total F2 variability explained by the association between the marker 
and the character, was taken as an index of the importance of each locus. 
Interval mapping analysis for the detection of QTLs was performed by using 
MAPMAKER-QTL (12). 

Results and Discussion 

Susceptibility to liver tumor development, as indicated by the V%, 
showed continuous variation (Fig. 1), typical of quantitative traits and 
of polygenic inheritance, but it exhibited a nonnormal distribution. 
The rank transformation of the data improved normality for V% and 
was used in all the analyses (13). The V% in the F2 male population 
was 27.6 +_ 2.1 (mean _ SE), a value that was intermediate compared 
to that of the resistant A/J (V% = 0.06 _ 0.02) and that of the 
susceptible C3H/He (V% = 47.4 • 5.1) parental strains (5). The 
estimate of minimum number of genes, according to Wright (14), lies 

between 2 and 3. 
A genomic region important in determining quantitative variation in 

liver tumor susceptibility was identified on chromosome 7. The prox- 
imal markers of chromosome 7, Ngfg, Mtv- 1, D7Nds l, and YNZ2-2, 
covering a region of 19 cM, were all significantly associated 
(P < 0.01) with the expression of the character. The amount of 
variability explained by the association of the character with D7Nds 1 
had an R 2 value of 0.139 (Table 1). We denoted this putative locus 
Itcs-1 (Fig. 2). By using interval mapping techniques (MAPMAKER- 
QTL) Hcs-1 appeared to be localized at a position 2 cM distal to 
Mtv-1 and had an R 2 value of 17%. Susceptibility to hepatocarcino- 

genesis was compatible with a dosage effect of the Hcs-1 allele from 
the C3H/He strain (Table 2). 

Hcs-1 maps on chromosome 7, in the same region where Ha-ras is 
localized (10). Mutations at codon 61 of the Ha-ras gene occur at 
about a 10-fold higher frequency in liver tumors developed in geneti- 
cally susceptible than in resistant mice (15, 16). We can hypothesize 
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Fig. I. Frequency distribution of V% liver tumor susceptibility index in the (A/J 
• C3H/He) F2 male population. Arrows, mean values of the two parental strains. 

Table 1 Chromosomes containing loci significantly associated with liver tumor 
development in F2 generation of male A/J • C3H/He mice 

Locus Chromosome (cM)" pb R'- 

Ckmm 7 (6) 
Ngfg 7(21) 
Mtv- 1 7(32) 
D7Ndsl 7(38) 
YNZ2-2 7(40) 
Tyr 7(43) 
c 7(43) 
YNZ2-1 7(45) 
Hmg 14-3 7(49) 
D7Mit7 7(55) 
D7Mit8 7(58) 

0.0095 0.106 
0.0034 0.096 
0.0018 0.139 
0.0060 0.086 

D8Mit4 8 (5) 
D8Mit9 8(17) 
D8Mitl I 8(35) 
D8Mit 14 8(56) 0.0015 0.144 

Odc-8 12(72) 0.0019 0.139 
Igh-V 12(73) 0.0098 0.104 

a Map distances are given in centiMorgans. 
b p, probability of association between genetic markers and liver tumor development, 

indicated only when P < 0.01 (ANOVA on rank-transformed data). R 2, proportion of the 
total F2 variance for the V% susceptibility index explained by the marker-genotype 
classes. The list of all genetic markers used is reported in Ref. 7. 

that the Hcs-I locus may influence susceptibility to hepatocarcino- 
genesis by affecting the frequency of Ha-ras mutations in liver tu- 
mors. If this is true, we should find a significantly higher frequency of 
Ha-ras mutations in liver tumors developed in those mice carrying the 
C3H/He allele at the Hcs-I locus than in the other mice. We are 
currently testing this hypothesis. Alternatively, it is possible that Hcs-I 
exerts a function independent of that of Ha-ras mutations. The murine 
chromosome 7 region where Hcs-1 is localized is homologous with 
the human chromosomal regions 1 lp and 15q. Loss of heterozygosity 
at l i p  has been reported in human HCCs (17, 18), although other 
studies failed to confirm such findings (19). 

A locus on chromosome 8 (D8Mitl4), at 56 cM, also showed a 
significant association with susceptibility to liver tumor development 
(P = 0.0015). We named the putative liver tumor susceptibility locus 
on chromosome 8 Hcs-2 (Table 1; Fig. 2). The mean V% values as a 
function of the genotype classes at D8Mitl4 are shown in Table 2 and 
were compatible with a dosage effect of the Hcs-2 allele from the 
C3H/He strain, as in the case of the Hcs-1 locus. The locus accounted 
for 14% of the V% variance of the F2 population. MAPMAKER-QTL 
positioned Hcs-2 locus 9 cM proximal to D8Mitl4, with an R 2 value 
of 31%. 

Hcs-2 on chromosome 8 maps to a region homologous to the human 
16q, which is frequently deleted in human HCCs (20, 21). Therefore, 
this region could contain a gene that is involved in the pathogenesis of 

both human and murine hepatocellular tumors. The human 16q gene 
deleted in HCCs may be an oncosuppressor gene, since loss of het- 
erozygosity indicates a loss of function associated with the disease. If 
the mouse gene on chromosome 8 is the murine homologue of the 
human one on 16q, the susceptible C3H/He strain could carry a 
germ-line defect in this gene, at the homozygous state, that does not 
affect the normal mouse development. 

A third locus, on chromosome 12, was also associated with liver 
tumor development. We named the locus Hcs-3 and positioned it near 
the genetic markers Odc-8 and Igh-V, at 72-73 cM, i.e., near the 
chromosome 12 telomer (Table 1; Fig. 2). Surprisingly, data were 
compatible with a dosage-positive effect on liver tumor development 
of the Hcs-3 allele from the resistant A/J strain. In fact, the mean V% 
values, as a function of the genotype classes at the Odc-8 marker, were 
higher in mice carrying the A/J allele than in the other ones (Table 2). 
Both ANOVA and MAPMAKER-QTL analyses indicated that the 
locus accounted for 14% of the V% variance in the F2 population. To 
explain the contradiction between the positive effects of the Hcs-3 
locus on liver tumor development and its derivation from a liver 
tumor-resistant strain, we can suppose that Hcs-3 may either interact 
with C3H/He genetic factors to support the growth of hepatocellular 
tumors or that, alternatively, Hcs-3 function may be suppressed by 
unidentified AJJ loci. The chromosome 12 region where we localized 
Hcs-3 is homologous with the human 149, where loss of heterozy- 
gosity has been reported in HCCs (18, 20). 

None of the other genetic markers tested showed a significant 
association with liver tumor development. 

Our results showed that three different Hcs loci affected liver tumor 
susceptibility, as measured by the V% index, each locus accounting 
for 14-31% of the variability of the character, and together for 42% 
(ANOVA) or 62% (MAPMAKER-QTL). Drinkwater and Ginsler (6) 
reported that a single C3H/He gene has a major effect, accounting for 
up of 85% of the difference in susceptibility between C3H/He and 
C57BL/6J mice. We cannot exclude the possibility that chromosomal 
regions not covered by any of our 83 markers contain additional Hcs 
loci. Additional Hcs loci may also be found in murine strains other 
than those we used in our study. At present, two major points have 
emerged in the characterization of genetic susceptibility to murine 
hepatocarcinogenesis: this is susceptibility to liver tumor growth, not 
frequency (5), and it is genetically determined by multiple genes. 

The finding of chromosomal regions containing liver tumor sus- 
ceptibility loci in mice may offer the opportunity to start a reverse- 
genetics approach to identify and clone the liver tumor susceptibility 
genes. In addition, by taking advantage of the known chromosomal 
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Fig. 2. Genetic linkage map of liver tumor susceptibility loci (Hcs) to mouse chromo- 
somes 7, 8, and 12 markers with the human homoiogues. The distances are derived from 
the MAPMAKER program (Kosambi's function) based on multilocus analysis and are 
given in centiMorgans. The location of Hcs loci (solid bars) is shown over the minimum 
region in which there is P < 0.01 probability of linkage to liver tumor development. 
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Table 2 Susceptibili O' to liver tumor development by genotypic class at the following genetic markers in the F2 generation of male A/J x C3H/He mice 

Genotype ~ 
Putative Chromosome Genetic 

Hcs (cM) marker A/A A/H H/H pb R 2 

1 7 (32) D7Ndsl 17.5 _+ 4.1 (i 9) 25.9 _+ 3,1 (40) 36.8 -+ 3.3(28) 0.0018 0.139 
2 8 (56) D8Mitl4 19.5 _+ 3.9(18) 24.5 _+ 2.7(46) 40. I __. 4.0(23) 0.0015 0.144 
3 12 (72) Odc-8 27.6 - 3.5(25) 33.9 _+ 3.2(39) 16.9 _+ 3.5(23) 0.0019 0.139 

a A, A/J; H, C3H/He. Means _ SEM (n) of V% values. 
b p and R 2 values from ANOVA analysis. 

homologies between mouse and other species (22), a comparative 
analysis may be undertaken in murine, rat, and human HCCs on the 
possible genomic alterations in the chromosomal regions containing 
the putative Hcs loci. The results of such comparative analysis may 
provide a key to identifying, in HCCs, the genetic alterations common 
to different species and relevant for the pathogenesis of HCCs. More- 
over, since a debate has been focused on the relevance of long-term 
carcinogenesis assays for the risk assessment of the potential carci- 
nogenicity of chemicals to humans, especially when the induction of 
liver tumors in the genetically susceptible B6C3 mouse is the only end 
point (23-25), the results of this comparative analysis could provide 
a strong scientific basis for evaluating the mouse liver tumor induction 
system as an end point for the risk assessment of potential carcino- 
genicity of chemicals to humans. 

Acknowledgments 

We thank Graziel la  Pasquini  and U m b e r t o  Rubertel l i  for  technical assistance 

and Sally Clegg  for  her assistance in manuscr ip t  preparat ion.  

References 
1. Muir, C., Waterhouse, J., Mach, T., Powell, J., and Whelan, S. (eds.). Cancer Inci- 

dence in Five Continents, Vol. 5, IARC Scientific Publication no. 88. Lyon: Interna- 
tional Agency for Research on Cancer, 1987. 

2. Beasley, R. P., Hwang, L. Y., Lin, C. C., and Chien, C. S. Hepatocellular carcinoma 
and hepatitis B virus. A prospective study of 22707 men in Taiwan. Lancet, 2: 
1129-1133, 1981. 

3. Dragani, T. A., Manenti, G., Gariboldi, M., Falvella, E S., Pierotti, M. A., and Della 
Porta, G. Genetics of hepatocarcinogenesis in mouse and man. In: C. Zervos (ed.), 
Oncogenes and Transgenic Correlates of Cancer Risk Assessment, NATO ASI Series 
A, Life Sciences, Vol. 232, pp. 71-90. New York: Plenum Publishing Co., 1992. 

4. Della Porta, G., Capitano, J., Parmi, L., and Colnaghi, M. I. Urethan carcinogenesis 
in newborn, suckling, and adult mice of C57BL, C3H, BC3FI, C3Hf and SWR 
strains. Tumori, 53: 81-102, 1967. 

5. Dragani, T. A., Manenti, G., and Della Porta, G. Quantitative analysis of genetic 
susceptibility to liver and lung carcinogenesis in mice. Cancer Res., 51: 6299~303, 
1991. 

6. Drinkwater, N. R., and Ginsler, J. Genetic control of hepatocarcinogenesis in 
C57BL/6J and C3H/HeJ. Carcinogenesis (Lond.), 7: 1701-1707, 1986. 

7. Gariboldi, M., Manenti, G., Canzian, E, Falvella, F. S., Radice, T., Pierotti, M. A., 
Binelli, G., Della Porta, G., and Dragani, T. A. A major susceptibility locus to murine 
lung carcinogenesis maps on chromosome 6. Nature Genetics, in press, 1993. 

8. Love, J. M., Knight, A. M., McAleer, M. A., and Todd, J. A. Towards construction of 
a high resolution map of the mouse genome using PCR analyzed microsatellites. 
Nucleic Acids Res., 18: 4123-4130, 1990. 

9. Dietrich, W., Katz, H., Lincoln, S. E., Shin, H. S., Friedman, J., Dracopoli, N., and 
Lander, E. S. A genetic map of the mouse suitable for typing intraspecific crosses. 
Genetics, 131: 423~47,  1992. 

10. Hillyard, A. L., Doolittle, D. P., Davisson, M. T., and Roderick, T. H. Locus Map of 
Mouse with Comparative Map Points of Human on Mouse. Bar Harbor, ME: The 
Jackson Laboratory, 1992. 

11. SAS Institute. SAS Users Guide: Statistics. Cary, NC: SAS Institute, Inc., 1988. 
12. Lander, E. S., and Botstein, D. Mapping mendelian factors underlying quantitative 

traits using RFLP linkage maps. Genetics, 121: 185-199, 1989. 
13. Conover, W. J., and Iman, R. L. Rank transformations as a bridge between parametric 

and nonparametric statistics. Am. Statistician, 35:124-129, 1981. 
14. Wright, S. The genetics of quantitative variability. In: E. C. R. Reeve and C. H. 

Waddington (eds.), Quantitative Inheritance, pp. 5-41. London: Her Majesty's Sta- 
tionery Office, 1952. 

15. Dragani, T. A., Manenti, G., Colombo, B. M., Falvella, E S., Gariboldi, M., Pierotti, 
M., and Della Porta, G. Incidence of mutations at codon 61 of the Ha-ras gene in liver 
tumors of mice genetically susceptible and resistant to hepatocarcinogenesis. Onco- 
gene, 6: 333-338, 1991. 

16. Buchmann, A., Bauer-Hofmann, R., Mahr, J., Drinkwater, N. R., Luz, A., and 
Schwarz, M. Mutational activation of the c-Ha-ras gene in liver tumors of different 
rodent strains: correlation with susceptibility to hepatocarcinogenesis. Proc. Natl. 
Acad. Sci. USA, 88: 911-915, 1991. 

17. Wang, H. P., and Rogler, C. E. Deletions in human chromosome arms l ip  and 13q in 
primary hepatocellular carcinomas. Cytogenet. Cell Genet., 48: 72-78, 1988. 

18. Fujimori, M., Tokino, T., Hino, O., Kitagawa, T., Imamura, T., Okamoto, E., Mit- 
sunobu, M., Ishikawa, T., Nakagama, H., Harada, H., Yagura, M., Matsubara, K., and 
Nakamura, Y. Allelotype study of primary hepatocellular carcinoma. Cancer Res., 51: 
89-93, 1991. 

19. Kiechle-Schwarz, M., Scherer, G., and Kovacs, G. No evidence for loss of alleles at 
l lp in HBV negative hepatocellular carcinomas. Genes Chromosomes Cancer, 1: 
312-314, 1990. 

20. Zhang, W., Hirohashi, S., Tsuda, H., Shimosato, Y,, Yokota, J., Terada, M., and 
Sugimura, T. Frequent loss of heterozygosity on chromosomes 16 and 4 in human 
hepatocellular carcinoma. Jpn. J. Cancer Res., 81:108-111, 1990. 

21. Tsuda, H., Zhang, W., Shimosato, Y., Yokota, J., Terada, M., Sugimura, T., Miyamura, 
T., and Hirohashi, S. Allele loss on chromosome 16 associated with progression of 
human hepatocellular carcinoma. Proc. Natl. Acad. Sci. USA, 87: 6791-6794, 1990. 

22. Davisson, M. T., Lalley, P. A., Peters, J., Doolittle, D. P., Hillyard, A. L., and Searle, 
A. G. Report of the comparative committee for human, mouse and other rodents. 
Cytogenet. Cell Genet., 58:1152-1189, 1991. 

23. Della Porta, G., and Dragani, T. A. Long-term assays for carcinogenicity. Teratog. 
Carcinog. Mutagen., 10: 137-145, 1990. 

24. Doull, J. The mouse in safety evaluation. Arch. Toxicol., lO(Suppl.): 3-9, 1987. 
25. Newberne, P. M. How relevant are mice hepatomas to human risk? Toxicol. Pathol., 

11: 113-114, 1983. 

211 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/2/209/2451829/crs0530020209.pdf by guest on 19 M

ay 2023


