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SV40 T/t antigen-induced liver tumors from trans-
enic mice were analyzed by Restriction Landmark
enomic Scanning (RLGS). Using NotI as the restric-

ion landmark, RLGS targets CpG islands found in
ene-rich regions of the genome. Since many RLGS
andmarks are mapped, the candidate gene approach
an be used to help determine which genes are altered
n tumors. RLGS analysis revealed one tumor-specific
mplification mapping close to CcnA2 (cyclin A2) and
gf2 (fibroblast growth factor 2). Southern analysis
onfirmed that both oncogenes are amplified in this
umor and in a second, independent liver tumor.
hereas Fgf2 RNA is undetectable in tumors, CcnA2
NA and cyclin A2 protein was overexpressed in 25
nd 50% of tumors, respectively. Combining RLGS
ith the candidate gene approach indicates that cy-

lin A2 amplification and overexpression is a likely
elected event in transgenic mouse liver tumors. Our
esults also indicate that our mouse model for liver
umorigenesis in mice accurately recapitulates events
bserved in human hepatocellular carcinoma. © 2000

cademic Press

Key Words: restriction landmark genomic scanning;
ransgenic mice; liver tumorigenesis; cell cycle; DNA
mplification.

A transgenic mouse model of hepatocellular carci-
oma (HCC) has been utilized to identify genetic and
pigenetic alterations associated with tumor progres-
ion (1–6). Transgenic mouse line MTD2BL/6 uses the
ajor urinary protein (MUP) promoter to drive SV40
/t Antigen (TAg) expression almost exclusively in the
dult liver (3). Transgene expression is activated at
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est 11th Avenue, Columbus, OH 43210.
3 To whom correspondence should be addressed. Fax: (716) 845-

169. E-mail: wheld@mcbio.med.buffalo.edu.
188006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
nd remains activated (3). This results in progressive
ysplasia and apoptosis of the original hepatocyte pop-
lation which continues, reaching maximal levels at
bout 8–10 weeks of age. At about this time, multiple
oci of small cells are first observed that continue grow-
ng to confluence, completely replacing the liver paren-
hyma by about 16 weeks of age (7). The continued
rowth of these small cells results in liver hyperplasia.
eoplastic nodules develop on this hyperplastic back-
round and grow into encapsulated tumors (7) which
ndergo angiogenesis (3), may become locally invasive,
nd have been observed, although rarely, to metasta-
ize to the lung.
Restriction Landmark Genomic Scanning (RLGS) ef-

ectively detects tumor-specific alterations including
hanges in DNA methylation, DNA loss and DNA am-
lification. RLGS is a method for the two-dimensional
isplay of end-labeled genomic DNA restriction en-
yme fragments that can resolve 1500 to 2000 genomic
estriction landmarks in a single gel (8, 9). When using
he methylation sensitive endonuclease NotI as the
estriction landmark, the analyzed sequences are pri-
arily those associated with CpG islands which are

ound in gene rich regions of the genome (6, 8, 9).
enetic loss or DNA amplification in tumors is observ-
ble as a decreased or increased intensity of these
equences (spots) on an RLGS gel.
RLGS has been applied to the genetic analysis of

oth human and mouse tumors (5, 6, 10–12). RLGS
nd spot cloning has revealed amplifications in the
DK6 gene in human gliomas (12) and the CTSB gene

cathepsin B) in human esophageal adenocarcinoma
11). Analysis of mouse liver tumors indicated alter-
tions in the methylation patterns of genes thought to
e involved in tumorigenesis, p16Ink4a and a4 integrin
6), Insulin-like growth factor binding protein-7 (13), as
ell as within unknown genetic sequences (5, 6).
RLGS was applied to MTD2BL/6 liver tumors to

urther define the genetic events involved in liver tu-



morigenesis. Many RLGS spots are mapped (14) en-
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bling the use of the candidate gene approach to help
dentify genes that are altered in tumors. Such an
pproach bypasses the rate-limiting step of spot clon-
ng for gene identification.

Our RLGS analysis revealed one tumor with a dis-
rete amplification event that mapped close to two
nown oncogenes, Fgf2 (fibroblast growth factor 2) and
cnA2 (cyclin A2). Since genetic amplification is a

haracteristically selective event during tumorigene-
is, we examined the copy number and expression pat-
erns of genes within this chromosomal region in a
anel of MTD2BL/6 liver tumors. Thus, RLGS pro-
ided a target region for investigation and subsequent
nalysis indicates that CcnA2, a gene within this tar-
et region, is frequently overexpressed regardless of
hether it was amplified or not.

ATERIALS AND METHODS

MTD2BL/6 is a congenic line of MTD2 (1–6) back-crossed to
57BL/6Ros for more than 20 generations. Tumors were dissected as
escribed (4).
RLGS DNA isolation and RLGS were performed using NotI–PstI–

vuII (8).
Southern and Northern analysis was performed as described (2, 4).
The following IMAGE Consortium clones (Research Genetics)
ere sequenced for verification and used as probes with the IMAGE

lone identification number in parentheses: Evi1 (1055020), CcnA2
735378), AnxV (678904) and Il2 (722885). The SV40 TAg probe is a
.7 kb EcoRI–XbaI fragment from plasmid p11AsT (3). The histone
3-2 probe is a 0.6 kb PvuII fragment from plasmid pGH3 (kindly
rovided by C. Rogler).
Protein was prepared from tissue using TRIzol Reagent (Life Tech-

ologies) and measured with the Bio-Rad DC protein assay (Bio-
ad). Thirty mg protein was transferred onto Immobilon-P PVDF
embranes (Millipore) after SDS–PAGE (15, 16). The following rab-

it polyclonal antibodies were used for detection: cyclin A2 (C19) and
yclin D1 (M-20) (Santa Cruz Biotechnology). Horseradish peroxi-
ase-conjugated antibody (Santa Cruz Biotechnology) was used as
he secondary antibody followed by enhanced chemiluminescence
Amersham) for detection.

The genetic distance between Evi1 and CcnA2 was determined
sing the Copeland-Jenkins (C57BL/6 3 M. spretus)F1 3 C57BL/6
ack-cross mapping panel in the Mouse Genome Database (17) and
alculated by inferring the genotype of untyped and nonrecombinant
ndividuals using Map Manager v.2.6.3 (18).

For RT-PCR, cDNA was produced by the Superscript Preamplifica-
ion System (Life Technologies) using 5 mg of total RNA. PCRs were as
escribed (4). Fgf2 was amplified using a forward primer of 59-
catcacctcgcttcc-39 and a reverse primer of 5-agtatggccttctgtc-39 with an
nnealing at of 55°C (19). CcnA2 was amplified as described (19).

ESULTS

iver Tumor 742/2-1 Has an Amplification
Which Maps Close to CcnA2 and Fgf2

RLGS was performed on liver tumors generated in
TD2BL/6 transgenic mice using the enzyme combi-

ation NotI–PstI–PvuII (8). MTD2BL/6 is a congenic
ouse line of the MTD2 MUP-TAg transgene (3) on a
57BL/6J genetic background. NotI was chosen as the
189
ppear principally in CpG islands which are associated
ith gene rich regions of the genome. Thus, altered

pots on an RLGS gel are more likely to be directly
inked to genes. Furthermore, 106 C57BL/6J-specific
pots have been mapped in B 3 D recombinant inbred
trains with the enzyme combination NotI–PstI–PvuII
14). Consequently, RLGS spot alterations in our anal-
sis could be localized to specific chromosomal regions
nd permit the application of the candidate gene
pproach.
RLGS analysis was performed on genomic DNA ex-

racted from 14 liver tumors. Liver tumor 742/2-1 had
spots amplified approximately 50-fold over control

issue, three of which are shown (Fig. 1). Since all 6
pots are equally amplified, this suggests that they are
art of the same contiguous amplicon. Two of the am-
lified spots, spots B77 (locus D3Rik65) and B24 (locus
3Rik66), have previously been mapped to proxi-
al chromosome 3 close to CcnA2 (cyclin A2) and
gf2 (fibroblast growth factor 2) (14, 17). Both are
enes that have been implicated in tumorigenesis and
epresent candidate genes driving selection for the
mplification.

he Amplicon in Tumor 742/2-1 and a Second,
Independent Liver Tumor, May Be as Small
as 0.27 cM and Includes CcnA2 and Fgf2

Southern blot analysis was used to determine which
enes are amplified and the approximate length of the
mplicon found in liver tumor 742/2-1. A simplified
onsensus genetic map of proximal chromosome 3 is
hown (Fig. 2A) (17). Within 5 cM of D3Rik65,66 are
hree known oncogenes: Evi1 (endogenous viral inte-
ration site 1), CcnA2 (cyclin A2) and Fgf2 (fibroblast
rowth factor 2). Evi1 is a zinc-finger protein that has
een implicated in the leukemic transformation in a
ouse model of tumorigenesis (20). CcnA2 has been

mplicated in human HCC tumorigenesis (21–23). Fgf2
s an endothelial growth factor that can induce tumor
ngiogenesis (24) and has been implicated in the pro-
ression of several human tumor types (25, 26). In
ddition, loci D3Rik65, 66 are close to Il2 and Idd3, loci
or which a high resolution genetic map has been gen-
rated (27) and is also shown (Fig. 2B).
Southern hybridizations of DNA extracted from con-

rol and liver tumor tissues were performed using
robes specific to Evi1, AnxV, CcnA2, Fgf2 and Il2
Fig. 2C). AnxV, CcnA2 and Fgf2 are clearly amplified
n liver tumor 742/2-1 relative to control tissues and
ther liver tumors (Fig. 2C). The amplification is esti-
ated to be about 50-fold, consistent with the level

f amplification observed in the RLGS gel (Fig. 1).
ince Evi1 is not amplified (Fig. 2C), it can be ex-
luded as a candidate oncogene driving selection for
he amplification.
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hus, the proximal breakpoint for the amplicon lies
etween Evi1 and AnxV. Il2 is not amplified (Fig. 2C)
hich indicates that the distal breakpoint of the am-
licon lies between Fgf2 and Il2. Since the physical
istance between Fgf2 and Il2 is known to be approx-
mately 350 kb (27), this amplification breakpoint is
ell defined. Since the genetic distance between Evi1
nd AnxV is 6.5 cM (17) and the physical distance
etween these two genes has not been defined, the
roximal amplification breakpoint is ill defined. Thus,
he minimal size of the amplicon is 0.27 cM and sug-
ests that CcnA2, Fgf2, or an unknown oncogene
rives selection for this amplification.
To further investigate the amplification of this chro-
osomal region during liver tumorigenesis, a panel of

8 MTD2BL/6 liver tumors was analyzed using South-
rn blotting (Fig. 2D). Southern hybridizations of DNA
xtracted from control and liver tumor tissues were
erformed using probes specific to Evi1, AnxV, CcnA2,
gf2 and Il2 (Fig. 2D). It is clear that similar to tumor
42/2-1, tumor 742/3-2 has an amplicon which includes
nxV, CcnA2 and Fgf2 (Fig. 2D). The magnitude of

his second amplicon is slightly less and estimated to
e approximately 30 fold. The two amplicons appear to
e of similar length insofar as the same genes are
mplified in both tumors.
Combined with the 14 MTD2BL/6 liver tumors ana-

yzed by RLGS, 2/32 liver tumors show amplification of
his region of chromosome 3 (Table 1). Thus, amplifi-
ation of this region occurs with a frequency of about 6%.

FIG. 1. RLGS gel enlargements displaying representative spot
normal) and 14 MTD2BL/6 liver tumors of which tumors 742/2-1 a
hown. Three of six amplified spots (AS1, AS2, and AS3) in tumor 74
een mapped close to CcnA2 and Fgf2 (14).
190
cnA2 RNA Is Up-Regulated in Liver Tumors,
Whereas Fgf2 RNA Is Low or Undetectable
in Liver Tumors

If either CcnA2 or Fgf2 were driving selection for the
mplicon in either tumor 742/2-1 or tumor 742/3-2, one
ould expect to see increased levels of the selective

ranscript within the tumor. Furthermore, the ob-
erved amplicon may represent a selective advantage
n MTD2BL/6 liver tumors that can be brought about
hrough mechanisms of overexpression other than
NA amplification. We therefore analyzed the same
anel of 18 MTD2BL/6 liver tumor RNAs for expres-
ion of CcnA2 and Fgf2.
A representative Northern hybridization of total
NA extracted from control tissues and liver tumors is
hown using a probe specific to CcnA2 (Fig. 3A).
thidium bromide staining of the gel indicates equal

oading of RNA in almost all lanes (Fig. 3A). Normal
dult liver and kidney RNA served as negative controls
ince these tissues are not actively cycling. Since
TD2BL/6 liver tumors arise in hyperplastic liver (7),
developmental series of transgenic liver RNA was

ncluded to trace the preneoplastic expression patterns
f MTD2BL/6 liver leading up to liver neoplasia.
CcnA2 RNA is easily detected in subconfluent NIH

T3 cells (Fig. 3A, lane a). As expected for an actively
ycling tissue, CcnA2 expression is detectable in 1
eek liver (Fig. 3A). CcnA2 expression is undetectable

n 5 week transgenic liver (Fig. 3A). This is consistent

plification in tumor 742/2-1. RLGS was performed on normal liver
743/6-2 are shown (tumor). Only portions of the RLGS profiles are
-1 are shown. AS3 corresponds to spot B24 (locus D3Rik66) and has
am
nd
2/2
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ith the fact that livers in normal mice of this age are
ssentially fully grown and that MTD2BL/6 transgenic
ice are just beginning to express TAg at this time.
cnA2 expression is high in 8 week transgenic liver
nd remains high in 15 week transgenic liver (Fig. 3A).
t this age (15 weeks), transgenic livers are hyperplas-

ic but there are no definitive tumor nodules. Liver
umors begin to arise in this hyperplastic background
n these animals shortly after 15 weeks of age (7). As
ell, the RLGS profile of 15 week hyperplastic liver is
ssentially identical to normal liver (Held, unpublished
esults) Thus, the CcnA2 expression levels in tumors
ere compared to those observed in hyperplastic, pre-
eoplastic, 15 week livers from transgenic mice.
Consistent with the amplification of the CcnA2 gene

n tumor 742/3-2, exceptionally high CcnA2 RNA levels
re expressed (Fig. 3A). (Unfortunately, tumor sample
42/2-1 was exhausted and expression levels of CcnA2
ould not be measured.) Tumors 1250/2-3 and 1053/2-2
lso express CcnA2 RNA to levels above those observed
n 15 week hyperplastic liver (Fig. 3A). In the 18 liver
umors analyzed for CcnA2 RNA expression, 4/18 tu-
ors expressed CcnA2 RNA to levels at least 4-fold
igher than levels observed in 15 week liver (Table 1).
s well, 6/18 tumors expressed CcnA2 RNA to levels
qual to or up to 3-fold as high as 15 week hyperplastic
iver. Thus, CcnA2 RNA is highly overexpressed in
pproximately 25% of MTD2BL/6 liver tumors. These

FIG. 2. The amplicons in tumor 742/2-1 and 742/3-2 include CcnA
epiction is not to scale. Numbers indicate genetic distance of loci fro
ap from the Mouse Genome Database (17). D3Rik65 and D3Rik6

esolution genetic map of the chromosome 3 region surrounding CcnA
istance in centimorgans between loci. The genetic distance betwee
pretus)F1 3 C57BL/6 back-cross (refer to Materials and Methods)
outhern analysis of tumor 742/2-1 indicates the amplicon includes A
as digested with PvuII in the presence (1) or absence (2) of NotI as
embrane, the blot was sequentially hybridized with probes specific f

f tumor 742/3-2 indicates the amplicon includes AnxV, CcnA2 and
mplification of this region. Ten micrograms of total liver tumor DNA
191
NA expression results also indicate that CcnA2 over-
xpression in liver tumors is not a generalized phenom-
non of MTD2BL/6 liver tumorigenesis and is consis-
ent with overexpression occurring in a subset of liver
umors.

Fgf2 expression in tumors was measured using RT-
CR. Control RT-PCRs with CcnA2-specific primers
ave expression levels similar to those observed with
he CcnA2 Northern analysis (data not shown). The
gf2 primers generated a 424 base pair PCR product

19) and a nonspecific, diffuse band that appears below
00 bp in almost all lanes (Fig. 3B). Clearly, the specific
gf2 PCR product is detectable in RNA extracted from
ontrol NIH-3T3 cells, control liver, and in RNA ex-
racted from early, preneoplastic stages of liver tumor
rogression, especially at 8 and 15 weeks (Fig. 3B).
umor samples do not express detectable Fgf2 indicat-

ng that Fgf2 expression is not common in the
TD2BL/6 liver tumor model. Indeed, despite the fact

hat the Fgf2 gene is amplified approximately 30-fold
n tumor 742/3-2 (Fig. 2C), no Fgf2 expression is de-
ectable. This result indicates that Fgf2 may be ex-
luded as the gene driving selection for the amplifica-
ion on the proximal region of chromosome 3.

The MTD2BL/6 transgenic line uses TAg as the ac-
ivating oncogene which drives liver tumorigenesis.
ince it has been suggested that TAg is able to trans-
ctivate CcnA2 RNA expression in rat F111 cells (28),

nd Fgf2. (A) Schematic genetic map of proximal chromosome 3. The
he centromere and are based on the 1998 Chromosome 3 consensus
orrespond to spots B77 (data not shown) and B24 (14). (B) High-
nd Fgf2. The depiction is not to scale. Numbers indicate the genetic
vi1 and CcnA2 is based on the Copeland–Jenkins (C57BL/6 3 M.
). All other genetic distances are taken from Denny et al. (27). (C)
V, CcnA2 and Fgf2. Ten mg of total liver tumor DNA or control DNA
icated and separated on a 1% agarose gel. After transfer onto nylon
vi1, AnxV, CcnA2, Fgf2 and Il2 as indicated. (D) Southern analysis

2. Note that tumor 742/3-3 from the same animal does not have an
control DNA was digested with PstI and probed as indicated above.
2 a
m t
6 c
2 a
n E
(17
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Ag RNA levels were measured to exclude the possi-
ility that CcnA2 RNA overexpression in some tumors
as the result of high TAg expression. As expected,
Ag is undetectable in Northern hybridizations of RNA
xtracted from normal mouse liver and kidney (Fig.
A). Even though tumor samples express variable lev-
ls of TAg, no correlation is evident with respect to TAg
xpression and CcnA2 expression at the RNA level. For
nstance, liver tumor sample 1053/2-3 has high TAg
NA levels without high levels of CcnA2 RNA (Fig.
A). As well, tumor 742/3-2 has very high CcnA2 RNA
evels, but low TAg RNA levels (Fig. 3A).

These expression studies suggest that CcnA2 expres-
ion is a selective event during MTD2BL/6 liver tumor-

FIG. 3. CcnA2 overexpression occurs in liver tumors, whereas
gf2 is not detectable in tumors. (A) Representative Northern blots
f CcnA2 and T-Antigen expression. Twenty micrograms of total
ontrol tissue or liver tumor RNA were separated on 1.7% agarose
els (with the exception of lane a in the CcnA2 panel which contains
0 mg of RNA). Ethidium bromide-stained gels indicate that there
as equal loading of RNA in almost all lanes (EtBr panel). The
thidium bromide-stained RNA shown corresponds to the CcnA2
orthern blot. After transfer onto nylon membranes, the blots were
ybridized with probes specific to CcnA2 and T-Antigen. Lane (a) is
NA extracted from NIH-3T3 cells on the CcnA2 Northern blot and

umor 1053/2-7 on the TAg Northern blot. (B) Representative RT-
CR of Fgf2. Five mg of total RNA was reverse transcribed and was
ubsequently PCR amplified in separate reactions using primers
pecific to Fgf2 (refer to Materials and Methods for primer se-
uence). The Fgf2 primer pair results in an amplification product of
25 base pairs (19). The intense band in the 100-bp ladder represents
00 bp and DNA fragments below this band are 500, 400 and 300 bp,
espectively.
192
ults further indicate that Fgf2 expression is unlikely
o be the gene driving selection for the amplification
bserved in tumor 742/3-2.

yclin A2 Protein Levels Are Far in Excess of Levels
Required for Active Growth and Do Not Always
Correlate with a High Proportion of Cells
in S-Phase

Since cyclin A2 protein expression is controlled at
oth transcriptional and post-transcriptional levels
29), cyclin A2 protein was measured using immuno-
lotting. Figure 4A is a representative Western blot
erformed with protein extracts prepared from the
ame tissue samples used to prepare total RNA. Coo-
assie brilliant blue stained gels indicate equal load-

ng of proteins in all lanes (data not shown). Normal
dult liver tissue does not have detectable cyclin A2
Fig. 4A). In the developmental liver series, 1 week
iver has high levels of cyclin A2 (Fig. 4A). Cyclin A2
evels are barely detectable in 5 week liver and in-
rease in 8 week and 15 week MTD2BL/6 liver (Fig.
A). This pattern of expression is consistent with the
NA results (Fig. 3A).
Since 15 week hyperplastic liver is the tissue from
hich tumors develop, it is appropriate to compare

yclin A2 protein levels with 15 week transgenic liver.
n tumor samples, cyclin A2 is present at very high
evels in many tumors (Fig. 4A). For instance, the
evels of cyclin A2 in tumors 1053/2-2,-3 and 742/3-2,-3
re much higher than levels observed in 15 week trans-
enic liver (Fig. 4A). That is, cyclin A2 protein levels in
ome tumors are much higher than levels observed in a
issue undergoing active growth. Interestingly, tumor
42/3-2 is amplified at the CcnA2 locus and expresses
yclin A2 levels similar to 1053/2-3 which is not (Fig.
A). Thus, cyclin A2 overexpression in some tumors
oes not require DNA amplification. The analysis dem-
nstrated that 9/18 liver tumors overexpress cyclin A2
rotein at least 4 fold over levels observed in 15 week
iver (Fig. 4A, Table 1). Therefore, cyclin A2 protein is
requently expressed at levels far in excess of those
bserved in actively growing tissue.

TABLE 1

Summary of Cyclin Overexpression and Amplification
in MTD2BL/6 Liver Tumors Analyzed

DNA RNA Proteina

iver tumors with cyclin A2
overexpression or amplification

2/34 4/18 9/18

iver tumors with cyclin D1
overexpression or amplification

ND ND 6/18

a Overexpression indicates RNA or Protein expression levels at
east 4 fold above 15 week hyperplastic liver. ND, not determined.
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To verify that cyclin A2 protein overexpression is not
he consequence of a general overexpression of cyclins
n some tumors, cyclin D1 protein was measured be-
ause it is the major G1-phase specific cyclin (29, 30).
hile 1 week transgenic liver has high levels of cyclin
1, protein levels decrease in 5 week transgenic liver
nd then increase in 8 week and 15 week transgenic
iver (Fig. 4A). By 15 weeks, the transgenic liver are
yperplastic but do not contain definitive tumor nod-
les. Cyclin D1 protein levels are increased at least 4
old above 15 week liver in tumors 1250/2-3, 1053/2-3
nd 742/3-3 (Fig. 4A). The analysis demonstrated that
/18 liver tumors overexpress cyclin D1 to levels 4 fold
r above relative to 15 week liver (Table 1). Overex-
ression of cyclin D1 has previously been observed in
3% of human HCC which had DNA amplification of
he CCND1 gene (31).

Cyclin D1 overexpression does not frequently occur in
umors with cyclin A2 overexpression. A total of 3/18
umors show overexpression of both cyclin A2 and cyclin
1. Thus, while cyclin D1 is overexpressed in some tu-
ors, these results are not consistent with a generalized

verexpression of cyclins in MTD2BL/6 liver tumors.
The proportion of cells within a liver tumor in

-phase was determined to clarify whether cyclin A2

FIG. 4. Cyclin A2 protein is overexpressed in tumors. (A) Repre-
entative Western analysis of Cyclin A2 and Cyclin D1 protein ex-
ression. Thirty micrograms of protein was separated on a 12%
olyacrylamide gel in the presence of 0.1% SDS. Coomassie brilliant
lue-stained gels indicate equal loading of proteins in all lanes (data
ot shown). After transfer to PVDF membrane, protein was blotted
ith antibody specific to cyclin A2 and cyclin D1 using chemilumi-
escence as the method of detection. (B) Representative Northern
nalysis of histone H3-2. Histone H3-2 is expressed exclusively in
-phase cells (32). Ten micrograms of RNA was separated on a 1.7%
garose gel. Ethidium bromide staining prior to transfer onto nylon
embrane indicates that there was equal loading of RNA in all lanes

data not shown). After transfer onto nylon membrane, the blot was
ybridized with a probe specific to histone H3-2.
193
elective event or merely the result of many cells
ithin a tumor progressing through the cell cycle. Cells

hat are not cycling are usually arrested in the G1-
hase of the cell cycle (29). Histone H3-2 RNA is ex-
ressed exclusively during S-phase and was therefore
sed as a direct measure of the proportion of cells
ithin a tumor in S-phase (32) and as an indirect

ndicator of cell cycling within a tumor. As expected,
ormal adult liver express low levels of H3-2 RNA (Fig.
B). One week liver is a tissue that is actively cycling
nd thus expresses high levels of H3-2 RNA (Fig. 4B).
hereas 5 week liver expresses lower levels of H3-2, 8
eek liver expresses moderate amounts of H3-2 RNA
nd reaches maximal levels by 15 weeks when the liver
s hyperplastic (Fig. 4B). Histone H3-2 levels in liver
umor samples are similar or somewhat less than lev-
ls observed in both 1 week and 15 week transgenic
iver and do not appear to correlate with either cyclin
2 protein or cyclin D1 protein levels (Fig. 4B). That is,

umors with high cyclin A2 levels are not necessarily
umors with a high proportion of cells in S-phase. For
xample, tumors 1053/2-2,-3 express high levels of cy-
lin A2 and have high histone H3-2 expression, while
umors 742/3-2,-3 also have high cyclin A2 level with-
ut high levels of histone H3-2 (Figs. 4A and 4B). Of
he 9 tumors that overexpress cyclin A2 (Table 1), 5
how levels of H3-2 expression similar to or above 15
eek transgenic liver. Conversely, 4/9 cyclin A2 over-
xpressing tumors have histone H3-2 levels at least
ne half of levels observed in 15 week transgenic liver.
his suggests that cyclin A2 overexpression is not sim-
ly a consequence of increased cell cycling, but may
ave some other role in tumor progression.

ISCUSSION

RLGS and the candidate gene approach were com-
ined to define a tumor-specific amplification in liver
umors generated in SV40 TAg transgenic mice. RLGS
nalysis revealed one tumor with 6 spots amplified to
imilar levels, which is consistent with a contiguous
mplicon. Two of these spots have previously been
apped (14), enabling us to further define the ampli-

on and analyze the expression of specific candidate
ncogenes that were amplified in this chromosomal
egion. Whereas Fgf2 expression is below the limit of
etection in tumors, CcnA2 RNA and cyclin A2 protein
re both overexpressed in 4/18 and 9/18 liver tumors,
espectively (Table 1). Additionally, a second tumor
as found to have an amplification of the CcnA2 gene.
aken together, these results are consistent with se-

ection for the overexpression of CcnA2 in a subset of
umors and exclude Fgf2 as the gene driving selection
or DNA amplification.

The studies presented here cannot unambiguously
xclude the possibility that an unknown oncogene is
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ome three. There are three lines of evidence however,
hat are consistent with cyclin A2 overexpression as a
elective event in tumors. First, two tumors had a DNA
mplification which included CcnA2 and amplification
vents in tumors are uniquely selective. Additionally,
cnA2 amplification was consistent with a large in-

rease in RNA expression. Second, CcnA2 RNA over-
xpression was found in tumors without DNA amplifi-
ation. Third, cyclin A2 protein is overexpressed in
any liver tumors to levels which are frequently far in

xcess of protein levels observed in actively growing
issues. Taken together, these points strongly suggest
hat cyclin A2 overexpression is a selective event dur-
ng MTD2BL/6 tumorigenesis.

The selective advantage of cyclin A2 overexpression
n MTD2BL/6 tumorigenesis can be inferred from the
nalysis of histone H3-2 expression. Histone H3-2 is
xpressed exclusively during S-phase of the cell cycle
32). Of the 9 tumors that show overexpression of cyclin
2 (Table 1), five exhibit levels of histone H3-2 equal to
r above those observed in 15 week hyperplastic liver.
iven that cyclin A2 is required during S-phase (33,
4), these results are consistent with overexpression
aving the expected positive effect on the cell cycle,
resumably through the increased phosphorylation of
ts normal substrates. As well, cyclin A2 overexpres-
ion may promote cell cycling by persistence into the
1-phase where it is not normally expressed (35) and

esult in deregulated progression through the G1-to-S-
hase transition (34). Alternatively, cyclin A2 overex-
ression may be permissive for cell cycling, but is un-
ble to affect cell cycle kinetics in some tumors.
urthermore, since cyclin A2 protein overexpression
oes not always correlate with an increased proportion
f S-phase cells within tumors, this indicates that in-
reased cyclin A2 overexpression is not the simple con-
equence of cell cycling and may have some other role
n tumorigenesis.

The overexpression of cyclin A2 has been observed in
everal human cancer cell lines (35, 36) and human
umor types (37, 38), including HCC (21, 39). Specifi-
ally, 12/31(39%) human HCC samples exhibited cyclin

overexpression (21) and this frequency is similar to
he 50% overexpression observed in MTD2BL/6 liver
umors (Table 1). In one particular HCC, an Hepatitis

Virus integration occurred in the CCNA2 gene gen-
rating a mutant CCNA2 transcript which was over-
xpressed (22). In addition, the mutant protein product
ranslated from this RNA was found to be resistant to
biquitin-mediated degradation (23) and was subse-
uently shown to be transforming (40).
Cyclin D1 protein levels were measured to exclude

he possibility that liver tumors exhibited a general-
zed overexpression of cyclins. The results indicate that
yclin D1 is overexpressed in 6/18 tumors, of which
hree had cyclin A2 overexpression. This indicates that
194
xplain the overexpression of cyclin A2. Since cyclin D1
s expressed during G1-phase (29, 30), overexpression

ay result in persistence of cyclin D1 protein into
ther phases of the cell cycle. In human HCC, cyclin D1
s overexpressed in response to amplification of the
CND1 gene in 11 to 13% of tumors analyzed (31, 41).
he tumors in our study were not investigated for
cnD1 amplification.
Thus, we have used RLGS and the candidate gene

pproach to define a tumor-specific amplification that
ccurs in MTD2BL/6 liver tumors. Our results indicate
hat the cyclin A2 gene is the likely target of this
mplification event. Combined with our other analysis
1–6), the results indicate that our SV40 TAg induced
iver tumor models accurately recapitulate genetic events
hat occur in human Hepatocellular carcinomas.
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