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Identification of specific and primary chromosomal
alterations during the course of neoplastic develop-
ment is an essential part of defining the genetic basis
of cancer. We have developed a transgenic mouse
model for liver neoplasia in which chromosomal le-
sions associated with both the initial stages of the
neoplastic process and the acquisition of malignancy
can be analyzed. Here we analyze chromosomal alter-
ations in 11 hepatocellular carcinomas from the c-
myc/TGF-a double-transgenic mice by fluorescent in
situ hybridization with whole chromosome probes,
single-copy genes, and 4*-6-diamidino-2-phenylin-
dole (DAPI-) and G-banded chromosomes and report
nonrandom cytogenetic alterations associated with
the tumor development. All tumors were aneuploid
and exhibited nonrandom structural and numerical
alterations. A balanced translocation t(5:6)(G1;F2)
was identified by two-color fluorescent in situ hybrid-
ization in all tumors, and, using a genomic probe, the
c-myc transgene was localized near the breakpoint on
derivative chromosome der 6. Partial or complete loss
of chromosome 4 was observed in all tumors with
nonrandom breakage in band C2. Deletions of chro-
mosome 1 were observed in 80% of the tumors, with
the most frequent deletion at the border of bands C4
and C5. An entire copy of chromosome 7 was lost in
80% of the tumors cells. Eighty-five percent of the
tumor cells had lost one copy of chromosome 12, and
the most common breakpoint on chromosome 12
occurred at band D3 (28%). A copy of chromosome 14
was lost in 72%, and band 14E1 was deleted in 32% of
the tumor cells. The X chromosome was lost in the
majority of the tumor cells. The most frequent dele-
tion on the X chromosome involved band F1. We have
previously shown that breakages of chromosomes 1,
6, 7, and 12 were observed before the appearance of
morphologically distinct neoplastic liver lesions in
this transgenic mouse model. Thus breakpoints on

chromosome 4, 9, 14, and X appear to be later events
in this model of liver neoplasia. This is the first study
to demonstrate that specific sites of chromosomal
breakage observed during a period of chromosomal
instability in early stages of carcinogenesis are later
involved in stable rearrangements in solid tumors.
The identification of the 5;6 translocation in all of the
tumors has a special significance, being the first bal-
anced translocation reported in human and mouse
hepatocellular carcinoma and having the breakpoint
near a tumor susceptibility gene and myc transgene
site of integration. Moreover, its early occurrence in-
dicates that this is a primary and relevant alteration to
the initiation of the neoplastic process. In addition,
the concordance between the breakpoints observed
during the early dysplastic stage of hepatocarcinogen-
esis and the stable deletions of chromosomes 1, 4, 6,
7, 9, and 12 in the tumors provides evidence for
preferential site of genetic changes in hepatocarcino-
genesis. (Am J Pathol 1999, 154:1047–1055)

Murine liver neoplasia is a multistage phenomenon that
may be induced either by chemicals1 or by targeting
overexpression or deletion of selective genes.2–8 The
evolution of neoplastic development in the c-myc/TGF-a
mice has been described in detail.9 The early appear-
ance of dysplastic lesions is followed by formation of foci
and nodules, and by 8 months of age 100% of the mice
have developed numerous hepatocellular carcinomas.9

This sequential process of neoplastic development in the
c-myc/TGF-a transgenic mice is highly reproducible and
therefore offers an attractive model to analyze both cel-
lular and genetic alterations during hepatocarcinogen-
esis. For example, recent work from our laboratory has
demonstrated that disruption of the pRb/E2F pathway
and inhibition of apoptosis are significant oncogenic
events in the development of liver tumors in the c-myc/
TGF-a mice.10 However, the characterization of the ge-
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netic lesions that promote the sequential process of car-
cinogenesis in the liver is still to be accomplished.

In this study, we have used the c-myc/TGF-a trans-
genic mouse model of liver carcinogenesis to character-
ize the time course of cytogenetic alterations during the
neoplastic process and to target chromosomal regions
for identification of genes that may be important in the
development of hepatocellular carcinoma. Our previous
results have demonstrated that the ploidy and karyotype
of the 3-week-old c-myc/TGF-a double-transgenic hepa-
tocyte is statistically the same as that observed in normal
control mice. However, at 10 weeks, the c-myc/TGF-a
liver is dysplastic with focal lesions, and 80% of the
hepatocytes are aneuploid and 32% have chromosomal
breakage.9,11 The importance of these chromosomal re-
gions in liver neoplasia is further indicated by alteration of
the corresponding genetic regions in human hepatocel-
lular carcinoma.12–21

To evaluate the possible significance of the specific
chromosomal alterations seen during the early dysplastic
stage of liver tumorigenesis in the c-myc/TGF-a mice we
have now analyzed chromosomal alterations in hepato-
cellular carcinomas from these mice. Here we show that
the early sites of breakage on mouse chromosomes 1, 6,
7, and 12 that are associated with genomic instability and
correspond with regions of tumor susceptibility11 are later
involved in stable rearrangements and deletions in
mouse liver tumors.

Materials and Methods

Construction of Fusion Genes and Generation
of Transgenic Mice

The development of the double-transgenic mouse model
using (CD I 3 B6CBA)F1 mice was described by Mu-
rakami et al.8 The TGF-a transgene was constructed by
Jhappan et al,6 and the myc transgene by Murakami et
al.8 The screening for the transgene was performed by
Southern blot analysis of tail DNA.8 The mice were main-
tained on 50 mmol/L ZnCl2 drinking water from 3 weeks of
age to maximize induction of the TGF-a transgene ex-
pression. Animals were treated according to National
Institutes of Health guidelines.

Perfusion and Chromosome Preparation
from Hepatocytes

The cytogenetic aberrations in tumors prepared from
c-myc/TGF-a mice at 30 weeks of age as well as age-
matched controls has been analyzed using G-banded
karyotypes and chromosome paints. The livers of Fl con-
trol mice (CDI 3 B6CBA) were examined at 30 weeks of
age. Five control animals were anesthetized with aver-
tine, and the livers were perfused with a collagenase
solution as described previously.22 A section of the liver
was tied off with silk thread during the initial wash with
Hanks’ balanced salt solution, and the liver piece was
placed in formalin for pathological analysis. After the

collagenase digestion, hepatocytes were separated from
the littoral cells by a Percoll (Sigma Chemical Co., St.
Louis, MO) isodensity centrifugation and immediately
plated in a 75-cm collagen-type-I-coated flask (Vitrogen
100, Celtrix Laboratories, Santa Barbara, CA) at a density
of 5 3 106 cells in 15 ml of Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium containing 10% serum and
supplemented with 18 mmol/L HEPES, 5 mmol/L sodium
pyruvate, 1 mmol/L NaHCO3, 1 mg/ml galactose, 30
mg/ml proline, 100 U/ml penicillin, 100 mg/ml streptomy-
cin, and ITS liquid media supplement (Collaborative Re-
search, Bedford, MA) containing 5 mg/ml insulin and 5
mg/ml transferrin.11 The medium was changed 2 hours
later, and 10 ng/ml murine epidermal growth factor
(Gibco/BRL, Gaithersburg, MD) was added. Forty-four
hours after plating, colchicine was added to the medium
to a final concentration of 0.05 mg/ml. After another 2- to
3-hour incubation, the hepatocytes were removed from
the flask with 0.25% trypsin solution and harvested for
chromosome analysis by hypotonic treatment (0.075
mol/L KCL) for 9.5 minutes. The hepatocytes were then
further treated with 3:1 (v/v) acetic methanol fixative, and
slides were prepared as described.11 Twenty G-banded
metaphase spreads of good morphology were analyzed.
The karyotypic analysis of the early lesions and the tu-
mors indicated specific breakage on chromosomes 1, 4,
5, 7, 9, 12, 14, and X (Vector Laboratories, Burlingame,
CA). To confirm the karyotypic results, chromosomal
paints for the significantly altered chromosomes were
hybridized to metaphase spreads. Twenty metaphase
spreads of good morphology were photographed and
analyzed. The c-myc transgene and the chromosome
painting probes were labeled with biotin or digoxigenin.
The genomic c-myc clone used to localize the transgene
and the endogenous c-myc was a generous gift from Dr.
Frederic J. Mushinski, Laboratory of Genetics, National
Cancer Institute, Bethesda, MD. The conditions for fluo-
rescent in situ hybridization (FISH), the detection of the
signal, and the digital imaging were performed as de-
scribed previously.22,23 Lesions were mapped to specific
bands using the karyotypes and ideograms according to
Cowell.24

Isolation and Chromosome Preparation from
Tumor Cells

The hepatocellular carcinomas (HCCs) were isolated
from 30-week-old c-myc/TGF-a mice. Eleven primary tu-
mors were analyzed by FISH with chromosome probes
and 49-6-diamidino-2-phenylindole (DAPI)-banded chro-
mosomes and three tumors by banding alone. Cells from
tumors . 1 cm were prepared for transplantation into
nude mice to confirm the tumorigenicity of each sample.
The minced tumor tissue was digested at 37°C in a
solution of 0.035% type IV collagenase (Gibco/BRL) and
0.015% type I collagenase (Sigma). After a 15-minute
digestion, the supernatant was removed, and the cells
washed in plating media. The cells were pelleted at 700
rpm, resuspended, and washed in fresh medium. The
washed and resuspended tumor cells were then plated
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on a 35-mm plastic culture dish and allowed to attach for
5 minutes to preferentially select out contaminating fibro-
blasts. The unattached tumor cells were then plated on
collagen-coated plates (Vitrogen 100, Celtrix Laborato-
ries) at the same density and culture conditions as used
for primary hepatocytes. This procedure was repeated
three times for each tumor cell population. The meta-
phase spreads of the tumor cells were harvested and
analyzed according to the same protocol used for pri-
mary hepatocytes isolated from control animals. The data
were analyzed as the percentage and SD of cells with a
specific aberration. The incidence of chromosome dam-
age in tumors was compared with the expected inci-
dence in the hepatocytes from five F1 age-matched con-
trols using standard x2 analysis.

Results

Specific Chromosome Breakage in Diploid
Hepatocytes Isolated from 10-Week-Old
c-myc/TGF-a Mice

The hepatocytes isolated from 10-week-old c-myc/TGF-a
mice were 9% diploid. The total breakage in the diploid
hepatocytes was the same as the cells with higher chro-
mosome number. The diploid population was confirmed
to have less specific breakage than the tetraploid and

octaploid cells.11 Significant breakage was observed at
chromosome regions 1C4/C5, 5G1, 6F2, 7D3, and 12D3
(Table 1). Although elevated breakage of chromosomes
4 and 9 was observed previously in the total hepatocytes
isolated from the 10-week-old c-myc/TGF-a mice, no sig-
nificant breakage of chromosome 4 or 9 was observed in
the diploid population.

Cytogenetic Alterations in Mouse Liver Tumors
Isolated from 30-Week-Old c-myc/TGF-a Mice

Deletions on chromosome 1, 4, 5, 6, 7, 9, 12, 14, and X
were observed in all of the tumors examined (Table 2).
Loss of all or part of chromosome 1 was observed in 80%
of the tumor cells (Tables 2 and 4; Figure 1) and in all of
the tumors. The most frequent breakpoint was observed
on chromosome 1 at the border of bands C4/C5 (Table
3). The whole or part of chromosome 4 was lost in all of
the tumors examined (Tables 2 and 4; Figure 2a), with the
most frequent breakpoint at band C2-terminal (Figures 2a
and 3). The minimal deletion of chromosome 4 at band
C6 was observed in 23 6 9% of the cells (Table 3). An
entire copy of chromosome 7 was lost in 86.0 6 10% of
the tumors cells (Table 2), and 70% of the cells also had

Figure 1. A band karyotype of a metaphase from a 30-week-old c-myc/
TGF-a double-transgenic mouse liver tumor demonstrating deletion of chro-
mosome 1 band C4 and E, loss of chromosome 2, deletion and loss of
chromosome 4, deletion of chromosome 7, a deletion of 17, and loss of the
X chromosome. Chromosome 12 has a deletion of band D1 and a fusion of
the deleted copy at the centromere resulting in a metacentric chromosome.
The major breakpoints on chromosomes 1, 4, 5, 7, 9, and 12 and the loss of
the X chromosome are indicated by arrows. A balanced translocation 5;6
identified by FISH is only partially detected by G-banding as a terminal
deletion of 5, but the translocated material on 6 is not discernible.

Table 1. Percentage of Diploid Cells Demonstrating
Nonrandom Chromosomal Lesions in Total Liver
Isolated from 10-Week-Old c-myc/TGF-a Mice and
Diploid Cell Population

Chromosome number and
band region

% of cells with altered
band region (6 SD)

1 C4/C5 17.0 6 5.0
4 C2, C6 ,1.0
5 G1 8.0 6 2.0
6 F2 7.0 6 2.0
7 D3 10.0 6 3.0
9 B5 ,1.0
12 D3 10.0 6 3.0

Values are expressed as mean percentage of cells with alterations
in specific chromosome bands. The standard deviation is indicated to
the right of the percent. At least 50 cells from each of five animals were
examined. Hepatocytes from 10-week-old c-myc/TGF-a mice and
(CD1 3 B6CBA)F1 mice were isolated, cultured, and prepared for
chromosome analysis as described in Materials and Methods. At least
50 banded metaphase spreads were analyzed for each animal. Lesions
for each chromosome were mapped using the ideograms of Cowell.24

Table 2. Percentage of Cells with Chromosomal Alterations Isolated from 32-Week-Old Mice

Chromosome number

1- 4- 7- 9- 12q 14- X-

Control ,1 6.0 6 3.0 ,1.0 6.0 6 3.0 ,1.0 ,1.0 ,1.0
Tumors 80.0 6 26 98.0 6 3 86.0 6 10 75.0 6 13 86.0 6 7 72.0 6 8 98.0 6 20

Eleven hepatocellular carcinomas isolated from the c-myc/TGF-a mice and hepatocytes from five age-matched (Cd 1 3 B6CBA)F1 mice were
cultured as described in Materials and Methods, and metaphase preparations were made from the first two divisions. The metaphase spreads from 11
tumors and hepatocytes from five age-matched controls were hybridized with chromosomal paints for chromosomes 1, 4, 5, 7, 8, 9, 11, and 12 and
the X chromosome. At least 20 metaphase spreads were analyzed for each chromosome paint. The inverted DAPI from each hybridized metaphase
spread was analyzed to determine the band region that was altered. A minimum of 20 G-banded metaphase spreads were karyotyped for each tumor
and control. The data are expressed as the mean percent 6 SD of cells with a specific aberration.
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significant deletions of bands B5 and D3 (Figures 1, 2,
and 3; Table 3). The minimal region of deletion at 7D3
was observed in 40 6 18% of the neoplastic cells (Table
3). The terminus of chromosome 6 was broken at 6F2-ter
in all of the tumor cells (Table 3; Figure 3). In addition to
the break, all of the cells had a rearrangement of chro-
mosome 6F2-ter (Tables 3 and 4; Figure 3). Sixty-six
percent of the cells had lost a copy of chromosome 9.
Eleven percent of the tumor cells had deletions at band
9E1 (Table 3; Figure 3). Eighty-six percent of the cells
had only one normal copy of chromosome 12 (Table 2;
Figure 1). The most frequent breakpoint and the minimal
deletion on chromosome 12 occurred at band D3 (28 6
15%; Table 3; Figures 2b and 3). An entire copy of
chromosome 14 was lost in 72 6 8% of the tumor cells
(Tables 2 and 4). A deletion on 14qE1 was observed in
33 6 15% of the cells (Table 3; Figure 3). The whole or
part of the X chromosome was lost in 98% of the tumor
cells (Tables 2 and 4; Figure 1), and 50 6 25% of the cells
had deletions of a segment of the X chromosome. Loss of
material from band X D1-ter was found in 13 6 8% and X
F1 in 25 6 11% of the cells (Table 3; Figure 3).

Figure 2. FISH analysis of the c-myc/TGF-a tumors. a: Metaphase spreads after hybridization with biotinylated probes for chromosome 4 demonstrating deletion
and translocation of chromosome 4 at band C2 indicated by the arrow. b: An example of a deletion of chromosome 12 at region D3 and a centromeric fusion
of two deleted chromosomes demonstrated by painting as indicated by the arrow. c: The photograph is a partial metaphase hybridized with a genomic c-myc
probe. Fluorescent signals were observed on chromosome 15 at the normal c-myc gene location (indicated by arrows) and at the terminus of chromosome 5,
which was translocated to another chromosome 6 containing the translocated 5 material and the c-myc transgene sequences. The details of the hybridization are
described in Materials and Methods. d: The slide was destained and rehybridized with chromosome 5 probe to confirm the localization of the c-myc transgene
to 5G1-ter. e: The balanced translocation of t(5;6)(G1:F1) was identified by two-color FISH with digoxigenin (red) and biotin-labeled (yellow) probes for
chromosomes 5 and 6, respectively. The localization of the c-myc transgene was therefore to 5G1-ter translocated to 6G-1. The arrows on the right indicate a
derivative chromosome 5 in red with a yellow translocation from chromosome 6 as a yellow band. The arrows on the left indicate a derivative chromosome 6
in yellow with the translocation of 5 as a red band.

Table 3. Frequency of Chromosomal Breakpoints in Tumor
Cells Isolated from 30-Week-Old Mice

Chromosome number
% of cells with altered

band (6 SD)

1 band C4/C5 40.0 6 13.0
4 band C2 30.0 6 10.0
5 band G1 98.0 6 10.0
6 band F2 98.0 6 20.0
7 band B5; band D3 31.0 6 8.0; 40.0 6 18.0
9 band E1 11.0 6 5.0
12 band D3 27.0 6 15.0
14 band E1 32.0 6 8.0
X band D1; band F1 13.0 6 8.0; 25.0 6 10.0

Fourteen hepatocellular carcinomas isolated from the c-myc/TGF-a
mice and hepatocytes from five age-matched (CD 1 3 B6CBA)F1 mice
were cultured as described in Materials and Methods, and metaphase
preparations were made from the first two divisions. The metaphase
spreads from 11 tumors were hybridized with chromosomal paints for
chromosomes 1, 4, 5, 6, 7, 8, 9, 11, and 12 and the X chromosome.
Twenty metaphase spreads were analyzed for each chromosome paint.
Twenty G-banded metaphase spreads were karyotyped for each tumor
and control. The data are expressed as a percentage of cells with the
specific band alteration.
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Balanced Translocation of Chromosomes 5 and
6 in the c-myc/TGF-a Transgenic Mouse Model

The site of the c-myc transgene integration was localized
by FISH on derivative chromosome 6 carrying the trans-
located segment 5G1-ter (Figure 2, c and d). The break-
point at 5G1 was proximal to the c-myc transgene (Ta-
bles 2 and 4; Figure 2d). The localization of the
endogenous c-myc on chromosome 15 served as an

internal control (Figure 2c). The balanced translocation
between chromosome 5G1-ter to 6F1 and 6F2-ter to 5F1
was identified by two-color FISH with probes for chromo-
somes 5 and 6 in all of the tumors examined (Figure 2e).
This balanced translocation was not discernible on G-
banded karyotypes due to the small size of the translo-
cated chromosome segments (Figure 1). The normal
copy of chromosomes 5 and 6 was lost in 80% of the cells
examined and significantly lost in all of the tumors.

Figure 3. Ideograms of chromosomes 1, 4, 5, 6, 7, 9, 12, 14, X, and 19. The single arrows indicate regions that were found to have a statistically significant number
of chromosome breaks in 10-week-old c-myc/TGF-a double-transgenic mouse livers. The double arrows indicate regions that were found to have statistically
significant chromosome breakage in metaphase spreads isolated from hepatocellular carcinoma prepared from 30-week-old double-transgenic c-myc/TGF-a mice.
The homologous region of the human chromosome is indicated at the left of the figure. A starred human homologous region indicates loss of heterozygosity in
human liver tumors.

Table 4. Karyotype of Tumor Cells Isolated from 30-Week-Old Mice

Tumor
number Karyotype

241D 21, 1C4 ter-, 23, 4Cr ter-, 25, 26, T (5:6) (G1 ter/F2), 7dup(7D1/D8), 17, 29, 12D1 ter-, 212, 2X, XF1 ter-; N-50
220A 1C4ter-, 23, 24, 25, 26, T (5:6) (G1 ter/F2) 7Dter-, 27, 29, T(9:12) (E1 ter/D1), 212, 14 E1 ter-, 2X, XD1ter-, N560
249C 1C4/C5 ter-, 4C6, 6F1ter-, T (5:6) (G1 ter/F2), 7 dup (7B to D1), T(7D1/9E1), 18, 212, 14E1ter-, 2X, N565
261.1 1C4./C5 ter-, 24, 4/C5 ter-m 5G1ter-, 26, 6 F1 ter-, T (5:6) (G1 ter/F2)27, 7 D1 ter-, 212, 12 D3ter-, 214, 217, XF1 ter-, N5
221 11, 1 C4/C5 ter-, 12, 24, 4 C6 ter-, 5 F1 ter-, 26, 6F2 ter-,T (5:6) (G1 ter/F2), 27, 7 B5 ter-, 29, 9E1 ter-, 210, 212,

12D3 ter-, 14 E1 ter-, 214, 219, 2X, X F1 ter- N560
267 T1 21, 24, 25, 26, 6F6ter-, T (5:6) (G1 ter/F2), 27, 7D3ter-, 29, 9E1ter-, 212, 214, 14B1ter-, 2X, XD1ter-, N555
267 T2 21, T (1:14) (C4/B1ter), 22, 24, 25, 26, 6F2 ter-, T (5:6) (G1 ter/F2), T (6F1 ter/5G1), 27, 7 B5 ter-, 29, 9E1 ter-, 210,

212, 12 D1 ter-, 113, 214, 14 B1 ter-, 2X, XD1 ter-, N560
267 T3 1 C4/C5 ter-, T (2:3) (), 24, 5 G1 ter-, 26, T (5:6) (G1 ter/F2), 27, 7 B1 ter-, 29, 9 E1 ter-, 212, 12 D3 ter-, 14 E1 ter-,

214, 2X, X F1 ter- N560
223 21, 22, 1 C5 ter-, 1 C6 ter-, 22, 24, 4 C6 ter-, 5 D1 ter-, 25, 26, 6F1 ter-, T (5:6) (G1 ter/F2), 7 D ter-, T 7D1/XD1ter),

29, 9 E1 ter-, 212, Iso-12 (D3 ter-) T(12A1-D1/12A1-D1), 113, 214, 14 B1 ter-, 2X, Iso-X (D1 ter-)I B556
263 21, 24, 4 C6 ter-, 26, 6 F2 ter-, T (5:6) (G1 ter/F2), 7 D3 ter-, 17, 29, 212, 12 D3 ter-, 214, 14 E1 ter-, 2X X D1 ter-

N565
241 21, 24, 4C2 ter-, 5 G1ter-, 26, 6 F2 ter-, T (5:6) (G1 ter/F2), 29, 9A5 ter-, 212, 12 D3 ter-, 214, 14 B1 ter-, 2X, XD1ter-

N555
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Comparison of Specific Chromosomal
Breakpoints in Dysplastic Liver Lesions at 10
Weeks and in HCCs from c-myc/TGF-a
Transgenic Mice

Figure 3 is an ideogram comparing the chromosomal
breakpoints that were previously reported in early lesions
observed in 10-week-old c-myc/TGF-a mouse livers to
the breakpoints observed in the tumors. The most fre-
quent breakpoints that were observed in tumor meta-
phase spreads on chromosomes 1, 4, 6, 7, 9, and 12
were the same band regions observed in early liver le-
sions. Alterations of mouse chromosome 14 and X are
seen only in tumor cells.

Transplantation of Mouse Liver Tumors into
Nude Mice

All of the cell lines established from the liver tumors from
the c-myc/TGF-a mice formed tumors when transplanted
onto nude mice. The histological pattern of the tumors
were that of well to intermediate differentiated HCC (data
not shown).

Discussion

We have established a time course of cytogenetic alter-
ations in the transgenic mouse model of hepatocarcino-
genesis. The breakage of chromosomes 1, 5, 6, 7, and 12
in diploid hepatic cells was observed before the appear-
ance of morphologically distinct liver lesions in the trans-
genic mouse model. The breakpoints of these chromo-
somes occurred in loci that are associated with
susceptibility to liver tumorigenesis. Breakage of chromo-
somes 4, 9, 14, and X seem to be later events in this
model of liver neoplasia. The correspondence between
the stable deletions of chromosomes 1, 5, 6, 7, and 12
and regions of breakage identified at an early stage of
hepatocarcinogenesis suggest the importance of these
linkage groups in liver neoplasia.

The region of chromosome 1 that was frequently de-
leted in the c-myc/TGF-a tumors has been reported to
have a locus that confers tumor resistance in many
strains of mice. A tumor resistance gene in the B6C3Fl
mouse near the midpoint of the chromosome has been
reported by Bennett.25 Lee and colleagues26 identified a
tumor resistance gene on chromosome 1 in the DBA/2J
mice. The distal region of chromosome 1 has genetic
linkage groups that confer susceptibility in B6C3F1, C3H,
and C57BR/cd mice.25–27 Deletions of the band regions
C5 and C4 have been observed in liver tumors from
B6C3F1.1 The analysis of congenic lines has demon-
strated that the C4/C5 locus has genes that influence the
susceptibility to the induction of lung and intestinal tu-
mors.28,29 The tryosine kinase Abll, which is related to the
abelson proto-oncogene,30 and RXRg, the retinoid X re-
ceptor-g,31 a kinetechore protein,32 as well as a microtu-
bule-associated protein33 mapped to this locus. The
Scfr1 gene is an important predictor of the size of the

stem cell population of the hematopoietic cells and is
located in the fragile site of mouse chromosome 1.34 The
breakage of the mouse chromosome 1 C4/C5 region was
observed in the early liver lesions of the c-myc/TGF-a
mice11 and was the most significant breakage observed
in the diploid cells. The diploid population is the subset of
the liver cells that may give rise to liver tumors as has
been proposed in the rat liver model.35,36 The deletion of
the linkage group that contains two spindle-associated
proteins as well as a gene regulating the size of the stem
cell compartment was concurrent with the onset of aneu-
ploidy and expansion of a liver cell population in this
mouse liver model of carcinogenesis. The deletion of the
corresponding region of the human chromosome, 1q32–
41, has been observed in human liver neoplasia.37

The balanced translocation of chromosomes 5 and 6 in
the c-myc/TGF-a tumors is the first rearrangement of this
type to be described in either human or mouse liver
tumors. As the c-myc transgene is near the breakpoint of
this translocation, it is tempting to speculate that the
insertion of the transgene has triggered the rearrange-
ment. Balanced translocations commonly lead to activa-
tion of the proto-oncogene or to the formation of new
oncogenic chimeric genes. Both oncogene products and
gene fusion proteins are often transcriptional factors.
Thus, the disruption of the transcriptional control might be
a critical and etiologically relevant alteration in the devel-
opment of certain forms of cancers.38 Also, the consis-
tency of this alteration indicates that the linkage groups
on 5G1 and 6F2 may be important in the etiology of the
liver tumors. The loss of the normal chromosomes 5 and
6 indicates a possible selection for the translocation. The
translocation near the c-myc transgene did not result in
the up-regulation of c-myc in the tumors.9 The site of
rearrangement of chromosome 5 is near a tumor suscep-
tibility gene at the Zp3 locus26 that has been identified to
cause a twofold increase in tumor incidence in DBA mice.
Loss of the distal region of chromosome 5 has been
observed in mouse liver tumors.1 The Zp3 locus corre-
sponds to human 13q12–13 proximal to the retinoblas-
toma gene.39 Human 13p12–13 is frequently altered in
hepatocellular carcinoma.40,41 The region on the 6F2
band is associated with increased sensitivity to lung tu-
mors, and loss of chromosome 6 has been reported in
mouse liver tumor.41 The syntenic region of human chro-
mosome 12 is deleted in hepatocellular carcinoma.42–45

The region of mouse chromosome 7 that is deleted in
the liver tumors corresponds to rat Iq4.l and human
11p15.5 and 11p13. Rearrangements of the homologous
region on rat 1q4l and human 11p13 and 11p15 have
been reported in hepatocellular carcinoma.13,14,45,46 The
loss of human chromosome 11p has also been observed
in Wilms tumor and hepatoblastoma.45–47 Garibaldi et
al48 have identified a tumor susceptibility gene near the
imprinted locus of insulin-like growth factor II, H19, and
p57 as well as the H-ras gene on mouse chromosome 7.
Although activated H-ras has been observed in mouse
liver tumors,49,50 Ohgaki et al51 did not detect a mutated
H-ras in the c-myc/TGF-a mice. Loss of the normal H-ras
allele has been reported when one copy of H-ras is
mutated.52,53 The maternal copy of H19 on chromosome
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7 is lost in SV40-T transgenic mouse liver tumors.54 Mi-
crocell fusion with human chromosome 11 will inhibit the
tumor phenotype of tumor cells.55

The breakage observed in the c-myc/TGF-a mouse on
chromosome 12 is in the region of the chromosome des-
ignated by Garibaldi et al48 to have a tumor resistance
gene. The proximal region of chromosome 12 has a gene
that confers sensitivity to liver tumors in DBA/2J mice.26

Loss of heterozygosity of the same band region of mouse
12 has been reported in hepatocellular carcinoma iso-
lated from C57BL/6JBY mice,1 and furthermore, the same
linkage group is lost in rat liver tumors.47 The homologous
region on human 14q32 is frequently deleted in hepato-
cellular carcinoma.15,16

Loss of the distal portion of mouse chromosome 9 was
a common event in the c-myc/TGF-a liver tumors. Dele-
tion of the same region has been observed in chemically
induced liver tumors isolated from B6C3F1 mice.1 The
distal portion of mouse chromosome 9 is homologous to
human 3p. A candidate tumor suppressor gene in this
region is the FHIT gene.56 Although deletion of 3p has not
been reported in human liver cancer, the FHIT gene is
one of the most frequently reported deletions in human
cancer. The transforming growth factor b II receptor
(TGF-b receptor II) is mapped to mouse chromosome
9,57 and human 3p58 is another candidate tumor suscep-
tibility gene. Not only is the expression and binding of
TGF-b II receptor down-regulated in human liver tu-
mors,59 80% of the c-myc/TGF-a tumors demonstrate
reduced expression.10

The loss of chromosomes 4, 9, X, and 14 appeared to
be a later event in the c-myc/TGF-a tumors. Another
hepatocyte tumor resistance locus has been reported on
chromosome 4 near the break site observed in the hep-
atocellular carcinomas isolated from the c-myc/TGF-a
mice.10,60 Deletions of chromosome 4 have been ob-
served in transformed liver epithelial cells at the D4WSMI
locus.44,60,61 Loss of heterozygosity of mouse chromo-
some 4 has been observed in C3H/MSM mouse hepato-
cellular carcinoma.27,44 The fragile region of chromo-
some 4 is homologous to human chromosome 1p32–41
and 9p21. Deletions of human 1p have been reported in
human hepatocellular carcinoma and breast, lung, and
colon carcinoma.62,63 Mouse chromosome 4 and human
chromosome 1 suppress the malignant phenotype in cell
fusions of normal and tumor cells.62,63 The loss of het-
erozygosity of chromosome 4 is associated with sponta-
neous immortalization.44,60–65 The cyclin-dependent ki-
nase inhibitors CDKN2/p16, p15, and p19 are deleted in
murine liver and lung carcinoma.66,67 Another candidate
susceptibility gene, Mom-1, which is known to modulate
the expression of the intestinal tumor phenotype in the
APC mice has been mapped to the breakpoint on mouse
4.68 Phospholipase A2, which resides at 66.6 cM, has
been implicated as a candidate gene for Mom-1. The
expression of phospholipase A2 has been shown to be a
prognostic indicator in human breast and liver can-
cer.69–74 The midpoint of chromosome 4 has a number of
candidate tumor suppressor genes that are lost in the
later stages of carcinogenesis.

Deletion of chromosome 14 was a common deletion in
the tumor cells; however, this deletion was not observed
in the early lesions isolated from the c-myc/TGF-a mice.
Loss of heterozygosity of mouse chromosome 14 has
been associated with the later stages of mouse neopla-
sia.75 The retinoblastoma gene,39,76 the urokinase plas-
minogen activator, and retinoic receptor-related gene are
candidate susceptibility genes that are located in the
deleted region of chromosome 14. Although significant
loss of the syntenic region of the human chromosome
13q has been found in human hepatocellular carcinoma,
no significant mutation of Rb has been associated with
human liver neoplasia.39,77 This corresponding region on
human 13q is often deleted without a mutation of retino-
blastoma gene in chronic lymphocytic leukemia and
mammary and lung as well as human liver neopla-
sia.78–80

The loss of the X chromosome in 98% of the cells
indicates the importance of this region in the c-myc/
TGF-a tumor model. Other murine and rat models of
carcinogenesis have also reported the loss of the X chro-
mosome in liver tumors.47 The expression of connexin 32
genes mapped to the X chromosome has been known to
be suppressed in neoplastic hepatocytes and other tu-
mor cell populations.81 The suppression of the tumor
phenotype of neoplastic cells after transfection with con-
nexin 32 suggests that this gene can act as a tumor
suppressor gene.82

Specific breakage indicates genetic regions that are
important to the development of hepatocellular carci-
noma. The regions on chromosomes 1, 4, 5, 6, 7, 9, 12,
14, and X occurred at high frequency and have been
observed to have tumor susceptibility genes as well as
loss of heterozygosity in the c-myc/TGF-a mouse liver
tumors. The breakpoints on mouse chromosomes 1, 4, 5,
6, 7, 9, 12, 14, and X correspond to human 1q, 1p, 3p,
13q, 11p15.5 and 11p12–13, 11p13, 12p, 14q32, and
X.81,82 Human 1q, 1p, 11p, 12p, 13q, and 14q are also
rearranged in human liver tumors. The breakpoints on
chromosomes 1, 4, 5, 6, 7, 12, and 14 correspond to
tumor susceptibility genes in mouse and loss of heterozy-
gosity in mouse as well as in human.

Although many investigations have determined spe-
cific gene changes in hepatic tumors, this study demon-
strates that specific chromosomal breakpoints observed
during the early stages of mouse liver carcinogenesis are
later involved in stable rearrangement in the tumors. The
results of this study further indicate that the breakage and
deletion of chromosomes 1, 5, 6, 7, and 12 may be early
events, and the deletion of chromosomes 4, 12, 14, and
X are later events in this liver tumor model. The alteration
of the same genetic linkage groups in mouse and human
liver tumors indicates that these regions of the genome
are critical in the etiology of the neoplastic process. Due
to the highly conserved genetic linkage groups between
human and mouse,81–83 further characterization of these
breakpoints may provide critical information on tumor
susceptibility genes that are important in the early devel-
opment of human hepatocellular carcinoma.
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