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ABSTRACT

Hepatocytes isolated from 3-month-old female rats bearing the albumin
promoter/enhancer SV4O T antigen construct as a transgene demon
strated a 20% aneuploidy rate and a significant duplication of chromo
some 1. Other chromosome changes were observed but were not statisti
cally signiflcant At this time in the development of hepatic lesions, only a
relativelysmallnumberofmicroscopicalteredhepaticfocicouldbenoted.
By contrast, hepatocytes isolated from the age-matched nontransgenic
controls demonstrated only 1% aneuploidy. One hundred % of the met
aphase spreads isolated from hepatoceflular neoplasms in transgenic rats
wereaneuploid.Althoughthereweremanyrandomchanges,70%of the
neoplastic ceHs demonstrated an amplification of all or portions of chro
mosome lq. Only 2% of the neoplastic cells had both a trisomy and a
duplication The smallest region of chromosome 1 that was duplicated was
that between bands q3.7 and q4.3. A loss ofchromosome 3 was detected in

50% of the neoplasms, as well as a loss of chromosome 6 in 72% of the
neoplastic cells. The carcinomas with the highest proliferation rate had
also lost at least one copy of chromosome 15 in 70% of the cells The loss
of chromosomes3, 6, and 15 indicatesthattheseregionsmayharborone
or moretumorsuppressorgenes Theamplificationof a specificregionof
chromosome 1 is thus the first karyotypic alteration that can be identified
in hepatocytesfromliversfromwhichhepaticneoplasmswill arise.This
indicates that expression or repression of one or more genes in this region
mayconfera growthadvantageto preneoplastichepatocytes,facffitating
their transit to the neoplastic state in the stage of progression. Changes in
chromosomes 3, 6, and 15 that occur subsequent to duplication of the
q3.7-.q4.3regionof chromosome1 are changespossiblyreflectingalter
ationof tumorsuppressorgeneswithfurtherenhancementof neoplastic

INTRODUCTION

Hepatocarcinogenesis in the rat is a multistage phenomenon that
may be induced by either chemicals (1) or genes transfected into the
genomes of fertilized eggs (2â€”8).@The morphogenesis and the his
topathology of neoplasms developing in rats bearing the alb-SV4O-'P
construct as a transgene are very constant and reproducible (9). These
rats offer a large number of neoplasms and therefore are an excellent
experimental model for genetic dissection of the process of neoplastic
evolution.

Nonrandom chromosome aberrations are indicative of the genetic
changes that are selected during carcinogenesis. Classic and molecular
cytogenetics has made it possible to detect specific genetic alterations
in human liver neoplasms. Molecular analysis of hepatocellular car
cinoma has identified deletions and rearrangements in human chro
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mosomes lp, lq, 4q, 5q, 8p, 8q, 1lp, l3q, l4q, 16q, and lip (10â€”19).
No correlation between the stage of tumor development and the
chromosome rearrangement has yet been made in human hepatocar
cinogenesis. However, a model of multistage carcinogenesis in the rat
has established that the chromosome morphology and number are
normal in early preneoplastic foci (20). During later stages of carci
nogenesis, changes in chromosome structure and number occur (21,
22).Theduplicationof rat chromosome1betweenbandsq3.7and4.3
has been observed in chemically induced neoplastic nodules isolated
from rat liver (22). Similar changes have also been noted in rat liver
epithelial cells transformed by the Ha-ras oncogene and maintained in
vivo and in vitro (23). Because of the similarity of' the karyotypic
changes seen in two diverse hepatocarcinogenesis regimens and the
description of â€œgeneticprogramsâ€•in the stage of progression during
the development of other histogenetic neoplasms (24, 25), we wished
to compare karyotypic alterations in the alb-SV4O-T transgenic rats
during the development of neoplasms of the liver in these animals. We
have examined the karyotype of hepatocytes isolated from alb
SV4O-T antigen transgenic rats at 3 months, when the liver has a
number of preneoplastic foci, and at 6 months, when hepatic carci
noma is evident (9).

MATERIALS AND METHODS

Outbred Sprague Dawley rats (Harlan Sprague Dawley, Madison, WI) were
used for the production of a transgenic rat liver model. An albumin-S V40-T

antigen construct (26) was injected into the pronucleus of a rat ovum isolated
from superovulated prepubescent Sprague Dawley female rats mated with
males of the same strain. The details of the injection procedure are described
by Hulley et al. (9). The transgenic animals that were used for chromosomal
analysis were derived from one founder male. Southern analysis of DNA
isolated from the founder male determined that there were approximately five

copies of the transgene. Offspring were confirmed as positive by PCR and by
Southern analysis (9).

Five Sprague Dawley female control rats and five positive female offspring
of the founder male were sacrificed at both 3 and 6 months of age. After the
rats were anesthetized with Nembutal, one lobe of the liver was tied off and
preserved in 10% formalin for pathological analysis. The remaining liver was
perfused with a collagenase solution as described previously (27). Hepatocytes
were separated from the littoral cells by Percoll (Pharmacia, LKB Biotechnol
ogy, Piscataway, NJ) isodensity centrifugation (28) and plated immediately in
75-cm collagen-coated flasks at a density of 2.6 X 10' cells in 15 ml of

serum-free medium (29). This medium was supplemented with BSA (0.02%),
HEPES (18 mM), and sodium pyruvate (5 mM). The medium was changed after
3 h, and 10 ng of epidermal growth factor (Collaborative Biomedical Products,
Bedford, MA) was added per ml of medium to stimulate cell division. After

47 h ofculture, 40 ng/ml Colcemid (Life Technologies, Inc.) was added to each

flask, and the cells were incubated for an additional 3 h. Tumors that were
evident at 6 months were minced, digested with 0.25% trypsin (Sigma Chem
ical Co., St. Louis, MO) and 0.25% collagenase (Life Technologies, Inc.),

rinsed with medium, and purified and cultured with the same protocol as the
hepatocytes. A portion of the neoplasm was preserved for pathological anal

ysis.

After incubation with Colcemid, hepatocytes were removed from the dish
with 0.01% collagenase and harvested by hypotonic treatment (0.075 M KCI)

for 8.5 mm. Once removed from the flask, the hepatocytes were fixed with
methanol:acetic acid (3: 1 v/v), and slides were prepared and banded for
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karyotypic analysis (20). Fifty metaphase spreads of good morphology were
selected randomly from culture preparations of each rat. The metaphases were
analyzed blindly for ploidy and chromosome morphology. Aneuploidy was

defined as the loss or gain of at least four chromosomes from the euploid
condition. The data were analyzed as the percentage of cells with alterations,

and the results were compared by nonparametric statistics using@ analysis
(22).

RESULTS

At 3 months of age, livers of the transgenic rats were found to
contain 2100 Â±750 basophilic foci per liver (9); they occupied less
than 1% of the total liver volume. Karyotypic analyses of hepatocytes
isolated from livers of transgenic rats at 3 months of age exhibited a
significant duplication of portions of the long arm of chromosome 1.

An example of this duplication may be seen in Fig. 1, which exhibits
a tetraploid karyotype characteristic of some 80% of hepatocytes at
this age (29). Whereas preneoplastic foci induced by carcinogenic
chemicals are predominantly diploid, the ploidy of basophilic foci
arising spontaneously in this transgenic strain of animals is not known
at present. However, because less than 1% of the total liver volume
consisting primarily of hepatocytes occurs as basophilic foci (see
above), the predominance of karyotypes scored must be those from
normal-appearing hepatocytes. This is true, given that in the method
used (20), nearly 50% of all hepatocytes undergo cell division. The
change in lq was noted in 32.5 Â±5.0% of the hepatocyte metaphases
scored. The minimal region of duplication was between 1q3.7 and
lq4.3 (P < 0.05; Fig. 2). Twenty % of the hepatocyte karyotypes
examined at 3 months of age were aneuploid with random chromo
some loss or gain.

By 6 months of age, hepatic carcinomas were evident in all five
animals that were perfused. Karyotypes of these neoplasms demon
strated that 12 Â±3.0% of the carcinoma cells had an extra copy of
chromosome I (P < 0.05), and 64 Â±7.0% of the neoplastic hepato
cytes had a duplication of a region in chromosome lq (P < 0.05; Fig.
3). The minimal region of overlap of the duplications on chromosome
1 was at band lq4.l (P < 0.05; Fig. 4). The short arm of chromosome
3 was deleted in 20 Â±8.0% of the cells, and an entire copy of
chromosome 3 was lost in 24 Â±5.0% of the neoplastic cells analyzed
(P < 0.05). Fourteen % of these cells had both a deletion of 3p and
a loss of an entire copy of chromosome 3. The smallest region of 3p
deletion occurred from the centromere to the top of the short arm of
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Fig. 2. Idiogram of chromosome I, with lines (I) indicating the regions of chromosome
that were most frequently duplicated in hepatocytes isolated from alb-SV4O-Ttransgenic
rats at 3 months of age. The analysis was based on the examination of 50 banded
metaphase spreads for each of five animals. Data are presented as the percentage of
duplications observed; the lq+ was observed in 33% of hepatocytes examined.

the chromosome (P < 0.05; Fig. 5). The neoplastic cells had also lost
one copy of chromosome 6 in 44 Â±9.0% of the spreads (P < 0.05).
A total of 28 Â±8.0% of the spreads had a deletion of portions of the
long arm of chromosome 6. The smallest region lost was from 6q3.l
to the telomeric end (P < 0.05; Fig. 6).

All or part of the X chromosome was lost in 34 Â±9% of neoplastic
cells, the karyotypes of which were examined. In 28 Â±8.0% of
karyotypes derived from neoplastic cells, an additional loss of chro
mosome 15 was evident (P < 0.05). This figure increased to approx
imately 50% in those neoplasms (2) exhibiting a marked increase in
mitotic figures as well as compression of the surrounding hepatic
parenchyma (P < 0.05; Fig. 7). The neoplasms that had lost chromo
some 15 exhibited a mitotic index that was more than twice that of all
of the other neoplasms scored (15.5 Â±5.0% versus 7.0 Â±2.0%;
P < 0.05).

When the major chromosomal aberrations described above were
analyzed in such a way as to assess the combinations of cytogenetic
events in each neoplasm, two distinct patterns became evident. These
are depicted in Fig. 8. In those neoplastic cells exhibiting a complete
trisomy of chromosome 1 (Fig. 8a), approximately one-half of these
malignant cells also exhibited a loss of all (Fig. 8 a, -3) or part (-3p)
of chromosome 3, while 50 Â±9.0% had lost all (Fig. 8b, -6) or part
(-6qter) of chromosome 6 (P < 0.05). In neoplasms exhibiting this
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Fig. 1. Karyotype of a hepatocyte isolated from
the liver of a 3-month-old alb-SV4O-Ttransgenic â€”@@
rat. The karyotype demonstrates a duplication in
the long arm of chromosome I (arrow).
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Fig. 3. Karyotype of a liver tumor cell isolated from a
6-month-old alb-SV4O-T transgenic rat. Arrows. statisti
cally significant chromosome aberrations. The duplica
tion of chromosome 1, a loss of two copies of 3, a loss of
one copy of 6. and a loss of one copy each of chromo
somes 15 and X were observed in the liver tumor cells.
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SV4O-T transgenic rat model of hepatocarcinogenesis. Previous in
vivo investigations had localized the duplication of chromosome I
from band q3.7â€”q4.3(21â€”23).This investigation localized the mini
mal region of duplication of rat chromosome I to band q4.l in
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Fig. 5. ldiogram of rat chromosome 3 demonstrating the most frequent deletions that

were observed in karyotype prepared from liver tumor cells isolated from 6-month-old
alb-SV4O-Ttransgenic rats. The minimal region of deletion occurred between p1.I and
p1.3 @.
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Fig. 6. The figure is an idiogram of rat chromosome 6. indicating the most frequent
regions of deletion. *. the minimal region of deletion, from band q3. I to the end of the
chromosome; this is also indicated by shading of the region on the chromatid figure (a).
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Fig. 4. ldiogram of rat chromosome 1. The lines (I) to the right of the idiogram
represent the most frequent regions of duplication that were observed in karyotypes of
liver neoplasms in alb-SV40-T transgenic rats. *, smallest common region of duplication.
The minimal region of duplication occurred at q4.l@ and is shaded on the chromatid
figure.

pattern, additional significant karyotypic changes of individual chro
mosomes were not seen. Another pattern noted is seen in Fig. 8b,
wherein neoplastic cells exhibiting a duplication of a portion of the
long arm of chromosome 1 could also be found with losses of part or
all of chromosomes 3 and 6 separately or in combination. Under these
circumstances, more than 92% ofcells exhibiting the duplication of lq
exhibited a loss of all or part of chromosome 6 (P < 0.05), whereas
only about 6% exhibited a loss of all or part of chromosome 3 only.
These changes were noted in neoplasms exhibiting an average mitotic
index of 7.0. A lower percentage (28%) of cells exhibiting a loss of all
or part of both chromosomes 3 and 6 or chromosome 6 only also
exhibited the loss of chromosome 15. In the more rapidly growing
neoplasms, as expected, losses of all or part of chromosomes 3, 6, and
15 occurred with greater frequency.

DISCUSSION

From the data presented in this study, the duplication of all or part
of chromosome 1 was found to be the earliest cytogenetic change in
the progression from normal to neoplastic hepatocytes in the alb
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Alteration of the IGF-II region is a frequent event in epithelial tumors
of murine, rat, and human carcinogenesis. The expression of IGF-II is

. @-@ â€˜ , -@ down-regulated by the expression of the maternally imprinted H19

@1@_@@@@ transcript. The maternal copy of H19 is lost in human hepatoblastoma

@0@@ and in alb-SV4O-T transgenic mouse liver tumors (39, 43â€”46). Mi

..@ crocell fusion with human chromosome 1 1 will inhibit the tumor

@ * phenotype of tumor cells (47).

Neoplastic cells that arose from alb-SV4O-T transgenic hepatocytes
had lost either chromosome 3 or 6 (Fig. 8, a and b). This would
indicate that the losses of chromosomes 3 and 6 are parallel pathways
that contribute to the formation of malignant neoplasia in this model.
Results from cultured hepatocyte cell lines suggest that the loss of
chromosome 3 in addition to chromosome 6 results in a more aggres
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Fig. 7. H&E-stained, formalin-fixed sections prepared from a liver neoplasm of an

alb-SV4O-Ttransgenic rat at 6 months of age. a demonstrates a number of mitotic figures
in various phases of the mitotic cycle. b. photograph of a liver neoplasm that is corn
pressing the surrounding parenchymal tissue. Magnification, X 100.

neoplasms of this transgenic line. Although the total number of
neoplasms analyzed in this study was not large, the changes seen are
statistically significant at P < 0.05, and the fact that similar results

were found in chemically induced (2 1, 22) and oncogene-transfected
(23) hepatocarcinogenesis gives credence to the results presented
herein.

Rat liver epithelial cells transfected with a mutated Ha-ras gene
construct (WBras; Ref. 30) were capable of growth in soft agar. The
WBras cells had a trisomy of all or part of chromosome 1 in 100% of
the cells (23). Other investigators have reported a rearrangement of
1q3.7â€”q4.3in transformed rat liver epithelial cell line GN6TF (31).
The band region of rat 1q4.l is syntenic with human 1lpl5.5 and
mouse chromosome 7D3 (32), both of which contain IGF-II. The
IGF-II protein is a liver mitogen as well as an inhibitor of apoptosis
(33, 34). The ability of rat liver epithelial cells to grow in soft agar is
correlated with a trisomy of chromosome 1 and increased expression
of IGF-II (23). Genetic alteration of the IGF-II region and increased
expression of IGF-II have also been reported in transgenic mouse liver
tumors as well as in human hepatocellular carcinoma (4, 11, 16,
34â€”39). Duplication of rat chromosome lq3.7â€”1q4.l in mammary
carcinoma is also associated with progression to neoplasia and in
creased expression of IGF-II (40, 41). The IGF-II linkage group is
also duplicated in a munne model of mammary carcinogenesis (42).

b

lq+,-3

Fig. 8. a and b. diagrams of the patterns of chromosome aberrations that were observed
in neoplastic liver cells isolated from 6-month-old alb-SV4O-T transgenic rats. The
overlap of a trisomy of chromosome I and a duplication of the chromosome was only
2% Â±2.0. These aberrations have therefore been treated separately. In a. chromosome
aberrations that were observed with the trisomy of chromosome I. Fifty % of the
karyotypes had a loss of 3 or 3p, and 50% had a loss of 6 or 6q. b. patterns of chromosome
changes that were observed in neoplastic cells exhibiting the duplication of chromosome
I . The loss of only chromosome 3 was a rare event and was observed in 6% of the tumor
karyotype. Fifty % of the tumor cells had lost both chromosomes 3 and 6, and 42% had
lost only chromosome 6. Twenty-eight % of the neoplastic cells had also lost at least one
copy of chromosome 15. One-half of the tumor cells that had a loss of chromosome 15 had
lost both chromosomes 3 and 6, and one-half had lost only chromosome 6.

3454

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/16/3451/2464599/cr0570163451.pdf by guest on 19 M

ay 2023



CHROMOSOMES OF TRANSOENIC RAT HEPATOMAS

2. Adams. J., and Cory, S. Transgenic models of tumor development. Science (Wash
ingtonDC),254:1161â€”1166,1991.

3. Hanahan, D. Dissecting multistep tumorigenesis in transgenic mice. Annu. Rev.
Genet.,22:479â€”519,1988.

4. Merlino, G. Transgenic mice: designing genes for molecular models. In: I. Arias. J.
Boyer. N. Fausto, W. Jakoby, and D. Schater (eds.), The Liver: Biology and Patho
biology. ed. 3, pp. 1579â€”1590.New York: Raven Press Ltd.. 1994.

5. Sandgren, E. P., Quaife. C. J., Pinkert, C. A., Palmiter, R. D., and Brinster, R. L.
Oncogene-induced liver neoplasia in transgenic mice. Oncogene. 4: 715â€”724.1989.

6. Jhappan, Ch., Stable, C., Harkins, R. N., Fausto. N., Smith. G. H.. and Merlino, G. T.
TGFa overexpression in transgenic mice induces liver neoplasia and abnormal
development of the mammary gland and pancreas. Cell, 61: 1137â€”1146, 1990.

7. Sandgren, E. P., Luetteke, N. C., Qiu, T. H., Palmiter, R. D., Brinster, R. L., and Lee,
D. C. Transforming growth factor a dramatically enhances oncogene induced carci
nogenesis in transgenic mouse pancreas and liver. Mol. Cell. Biol., 13: 320â€”330,
1993.

8. Murakami, H., Sanderson, N., Nagy. P.. Marino, P.. Merlino. G. T., and Thorgeirsson,
S.S.Transgenicmousemodelforsynergisticeffectsofnuclearoncogenesandgrowth
factors in tumorigenesis-interaction of c-myc expression in an IL-3 dependent mye
bid cell line suppresses cell cycle and accelerates apoptosis. Oncogene, 6: 1915â€”
1922,1991.

9. Hulley, J. R., Lohse. J. K., Griep. A. E.. Sattler, C. A., Haas. M. J.. Dragan. Y.. Neveu.
M., and Pitot, H. C. Transgenic hepatocarcinogenesis in the rat. Am. J. Pathol., 145:
386â€”397, 1994.

10. Yeh, S., Chen P-J., Lai. M-Y., Wang, C-C., and Chen, D-S. Frequent genetic
alterations at the distal region of chromosome lp in human hepatocellular carcinomas.
Cancer Res., 54: 4188â€”4192,1994.

11. Wang, H. P., and Rogler. C. Deletions in human chromosome arms I Ip and I3q in
primary hepatocellular carcinomas. Cytogenet. Cell Genet., 48: 72â€”78,1988.

12. Buetow, K. H., Murray. J. C., Israel, J. L., London, W. T., Smith, M., Kew, M.,
Blanquet, V.. Brechot, C., Redeker, A.. and Govindarajah, S. Loss of heterozygosity
suggests tumor suppressor gene responsible for primary hepatocellular carcinoma.
Genetics, 86: 8852â€”8856, 1989.

13. Tsuda, H., Zhang, W., and Shimasato, Y. Allele loss on chromosome 16 associated
with progression of human hepatocellular carcinoma. Proc. NatI. Acad. Sci. USA, 87:
6791â€”6794, 1990.

14. Emi, M., Fujiwara. Y., Nakajima. T.. Tsuchiya, E., Tsuda, H., Hirohashi, S., Maeda,
Y., Tsuruta, K., Miyaki, M., and Nakamura, Y. Frequent loss of heterozygosity for
loci on chromosome 8p in hepatocellular carcinoma, colorectal cancer and lung
cancer. Cancer Res., 52: 5368â€”5372,1992.

15. Zhang, W., Hirohashi, S., Tsuda, H., Shimasato, Y., Yokata, i.. Terada, M., and
Sugimura, T. Frequent loss of heterozygosity on chromosome 16 and 4 in human
hepatocellular carcinoma. Jpn. J. Cancer Res.. 8!: 108â€”111, 1990.

16. Fujimori, M.. Tokino, T., Hino, 0., Kitagawa, T., Imamura, T., Okamoto, E.,
Mitsunobu. M., Ishikawa, T., Nakagama. H., Yagura. M.. Matsubara. K., and
Nakamura, Y. Allelotype of study of primary hepatocellular carcinoma. Cancer Res.,
51:89â€”93.1991.

17. Walker, G. J., Hayward. N. K.. Falvery, S.. and Cooksley. W. G. E. Loss of somatic
heterozygosity in hepatocellular carcinoma. Cancer Res., 51: 4367â€”4370, 1991.

18. Emi, M., Fujiwara. Y., Ohata, H., Tsuda, H., Hirohashi, S.. Koike. M.. Miyaki, M..
Monden, M., and Nakamura, Y. Allelic loss at chromosome band 8p2l.3-p22 is
associated with progression of hepatocellular carcinoma. Genes Chromosomes &
Cancer, 7: 152â€”157, 1993.

19. Fujimoto. Y., Hampton. L. L.. Wirth, P. J., Wang, N. J.. Xie, J. P., and Thorgeirsson,
S. S. Alterations of tumor suppressor genes and allelic losses in human hepatocellular
carcinomas in China. Cancer Res., 54: 281â€”285.1994.

20. Sargent, L. M., Xu, Y-H., Sattler, G. L.. and Pitot, H. C. Ploidy and karyotype of
enzyme altered foci isolated from two separate models of hepatocarcinogenesis in the
rat. Carcinogenesis (Lond.), 10: 387â€”391,1989.

21. Sargent, L. M., Sattler, G. L., Roloff, B., Xu, Y-H., Sattler, C. A.. Meisner, L., and
Pitot, H. C. Ploidy, and Specific karyotypic changes during promotion with pheno
barbital, 2,5,2',S'-tetrachlorobiphenyl, and/or 3,4.3,4'-tetrachlorobiphenyl in rat
liver. Cancer Res., 52: 955â€”962,1992.

22. Sargent,L. M., Dragan,Y. P., Xu, Y-H.,Sattler,G., Wiley,J. E.. and Pitot.H. C.
Karyotypic changes in a multistage model of chemical hepatocarcinogenesis in the
rat. Cancer Res., 56: 2985â€”2991, 1996.

23. Sargent, L. M., Dragan, Y. P.. Babcock, K.. Wiley, J. E.. Huts. M. J., Klaunig. J. E..
Sattler, G., Sattler, C., and Pitot, H. C. Cytogenetic analysis of three rat liver epithelial
cell lines (WBneo, WBHa-ras, and Wbraslla) and correlation of an early chromo
somal alteration with insulin-like growth factor II expression. Cancer Res., 56:
2992â€”2997, 1996.

24. Kinzler, K. W., and Vogelstein, B. Lessons from hereditary colorectal cancer. Cell,
18: 159â€”170.1996.

25. Rowley, J. Chromosome abnormalities in cancer. Cancer Genet. Cytogenet.. 2:
175â€”198,1980.

26. Cullen. J. M.. Sandgren, E. P., Brinster, R. L., and Maronpot. R. R. Histologic
characterization of hepatic carcinogenesis in transgenic mice expression SV4O
T-antigens. Vet. Pathol., 30: 111â€”118. 1993.

27. Xu, Y-H., Sattler, G. L., and Pitot, H. C. A method for the comparative study of
replicative DNA synthesis in GOT-positive and GGT-negative hepatocytes in primary
culture isolated from carcinogen-treated rats. In Vitro (Rockville), 24: 995â€”1000.
1988.

28. Kreamer, B. L., Staecker. J. L., Sawada, N.. Sattler, G. L., Hsia, M. T., and Pitot,
H. C. Use of a low-speed isodensity Percoll centrifugation method to increase the
viability of isolated rat hepatocyte preparations. In Vitro Cell & Dcv. Biol.. 22:
210â€”211.1986.

3455

sive phenotype (23). Liver epithelial cells transfected with a mutated
Ha-ras construct (WBras) that were capable of growth in soft agar had
lost all or part of chromosome 3. WBras cells that were injected into
a syngeneic rat and produced a tumor had an additional loss of
chromosome 6 (23). Evidence from other studies in the rat indicates
that the loss of regions on chromosomes 3 and 6 is important in rodent
carcinogenesis. The short arm of chromosome 3 is deleted in Morris
hepatoma (48), in transformed liver epithelial cells (49), in neoplastic
nodules with cellular atypia, and in primary liver neoplasms (22). The
deleted region of chromosome 3 has homology to human chromosome
regions 9q32 and llpl.2 (31). The loss of human chromosome 1lp
has been observed in Wilms' tumor and hepatoblastoma (45, 46, 50).
Loss of human chromosome 9 is correlated with tumorigenicity in
somatic cell hybrids (51). The fusion of transformed rat liver epithelial
cells with the human chromosome 11 prevents the formation of
tumors in syngeneic rats (31). The region of human chromosome 11
that was critical in preventing tumor formation was 1lpl.2, which
corresponds to rat 3p. Alterations of human 1lp have frequently been
reported in human hepatocellular carcinoma and hepatoblastoma (45,
46, 50). The linkage groups of rat chromosome 6q3.l-ter correspond
tothoseofmousel2qFlandhuman14q32(52).A tumorresistance
gene has been mapped to the homologous region on mouse chromo
some 12 (53). Loss of heterozygosity of the corresponding linkage
group on mouse l2Fl has been reported in hepatocellular carcinoma
isolated from C57BL/6JBY mice (54). Deletion of human 14q32 is
often observed in hepatocellular carcinoma (15, 16).

The linkage groups on rat 15 are mapped to human l4q32 and
human l3ql4 (51). Alterations of human l4q32 and 13ql4 have been
reported in liver human hepatocellular carcinoma (1 1, 15, 16). The
alterations of rat lq, 3p, 6q, and 15 therefore correspond to regions of
the genome that are altered in human liver neoplasms. However, there
has been no correlation between the stage of tumor development and
chromosome rearrangement in human hepatocarcinogenesis. The re
sults from this investigation indicate strongly that a duplication of a
portion of the long arm of rat chromosome 1 is the first observable
cytogenetic event occurring in the spontaneous development of neo
plasia in the liver of the alb-SV4O-T transgenic rat. The fact that this
change, even to the region of duplication in lq, is seen in chemically
induced hepatocarcinogenesis (21, 22) and in that induced by onco
gene transfection (23) as well is further supportive of this change as
the earliest karyotypic change in the development of hepatic neopla
sia. The strongest evidence, however, is the finding of the duplication
of lq3.7â€”4.l in one-third of hepatocytes in which less than 1% of the
total cells are preneoplastic and none are neoplastic. Thus, this karyo
typic change precedes significant morphological changes in most cells
in which it occurs. The subsequent events, noted in a more hypothet
ical manner by the arrows in Fig. 8, may take several pathways, at
least two of which are noted in Fig. 8. Additional studies will be
required to delineate with some accuracy the sequence of events
subsequent to the duplication of part or all of chromosome 1 in the
development of the stage of progression in hepatocellular carcinogen
esis (1).
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