Cardnogenesis vol.15 no. 12 pp.2687-2694, 1994

The peroxisome proliferator class of non-genotoxic
hepatocarcinogens synergize with epidermal growth factor to
promote clonal expansion of initiated rat hepatocytes
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Introduction
The initiation—promotion model of carcinogenesis is now
widely accepted and has been defined in detail for tissues such
as skin, mammary gland and liver (reviewed in 1). In this
model, DNA is damaged by an initiating carcinogen or UV
irradiation. Although this damage can be repaired, it may
become 'fixed' by base mismatching/miscoding during replication leading to mutation (2). Such a mutation could occur in
a gene effecting cell growth regulation, giving rise to an
initiated cell that can then be promoted by agents that confer
•Abbreviations: PP, peroxisome proliferator, HGF, hepatocyte growth factor;
EGF, epidermal growth factor, DEN, diethylnitrosamine; BrdU, bromodeoxyuridine.
© Oxford University Press

Materials and methods
Materials
Nafenopin (2-methyl-2- [p-( 1,23,4-tetrahydro-1 -napthyl>phenoxyl ] proionic
acid) was provided by Ciba-Geigy (Basel, Switzerland). Diethylnitrosamine
(DEN), mouse submaxillary gland EGF, human platelet TGFpM and rat
synthetic TGFa were from Sigma (Dorset, UK) and recombinant human HGF
was a kind gift from Toki Nakamura (10). Collagenasc was from Boehringer
(Surrey, UK). The bromodeoxyuridine labelling kit was from Amersham
(Amersham, UK) and fetal calf serum from Techgen (London, UK). The antirat albumin antibody was from Serotec (Oxford, UK) and the horseradish
peroxidase-linked anti-sheep and anti-rabbit secondary antibodies were from
DAKO (High Wycombe, UK). All other chemicals were of analytical grade
and were purchased from Sigma (Dorset, UK) or from Aldrich (Gillingham,
UK). All other tissue culture reagents were from Sigma (Dorset, UK), Flow
(Thame, UK) or Gibco (Paisley, UK). CT1 laboratory animal diet was supplied
by Special Diet Services (Essex, UK).
Animal pretrtalment
Where indicated, 180-200 g male (8-10 weeks old) Alderley Park rats (Wistar
derived) were singly housed and fed with 0.1% w/w nafenopin in standard
CT1 powdered diet for I or 3 months. Such a regime causes hepatocyte
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The mechanisms by which the peroxisome proliferator
(PP) class of non-genotoxic carcinogens perturb growth
regulation and cause rodent liver cancer are unknown.
Using a soft agar cloning assay, we have demonstrated
that PPs synergize with the physiological liver mitogen
epidermal growth factor (EGF) to cause the clonal expansion of rat hepatocytes associated with the early stages of
tumourigenesis. In the presence of EGF (25 ng/ml), the PP
nafenopin (100 |iM) was able to stimulate a 5-fold increase
in the number of colonies (35 colonies/50 000 hepatocytes
compared to seven in the control). EGF alone or nafenopin
alone gave 11 and 14 colonies respectively. TGFa, which acts
through the EGF receptor, also synergized with nafenopin,
whereas HGF was inactive, despite its potency as an
hepatocyte growth factor. The ability to promote colony
formation was shared by the potent PP Wyeth-14,643 but
not by the less potent compounds methylclofenapate or
trichloroacetic acid. TGFp\ a physiological negative regulator of liver growth, was able to inhibit the nafenopin/EGFstimulated colony formation at 0.25 ng/ml, a concentration
below that required for TGFfi-induced hepatocyte
apoptosis. The colonies formed are derived from and consist
of hepatocytes, since they express the hepatocyte-specific
marker albumin, although the majority are negative for
the PP-induced cytochrome, P4504A1. Pre-treatment in vivo
with the genotoxic carcinogen dimethylhydrazine hydrochloride (150 mg/kg) caused a doubling in the number of
colonies from 35 to 75/50 000 hepatocytes. Taken together,
these data suggest that some PPs act as hepatocarcinogens
by synergjzing with EGF and/or TGFa to promote the
clonal expansion of spontaneously initiated hepatocytes.
This clonal expansion may be inhibited by TGFp". Such a
synergy may provide a mechanistic basis for the hepatocarcinogenicity of this class of non-genotoxic carcinogens.

a selective growth advantage. Such tumour promoting agents
are also referred to as non-genotoxic carcinogens, since they
cause cancer without damaging DNA directly (reviewed in 1).
Peroxisome proliferators (PPs*) are a class of non-genotoxic
carcinogens that cause liver tumours in rodents (3). They show
wide structural diversity and include pharmaceutical agents
such as the hypolipidaemic drugs nafenopin and Wyeth-14,643
(4), the leukotriene antagonist LY172883 (5), the plasticizer
diethyl hexyl phthalate (6) and chemicals of environmental
importance such as the industrial chlorinated solvents (7). In
addition to causing rodent liver cancer, PPs also cause liver
enlargement due to both hepatocyte hyperplasia and the
proliferation of hepatic cytoplasmic peroxisomes (8).
It has been proposed that PPs act as hepatocarcinogens by
promoting the outgrowth of those 'spontaneously' initiated
cells that have accumulated in the liver during the life of the
animal (9). Subsequent promotion of surviving cells occurs as
a consequence of the mitogenic stimulation given to hepatocytes by PPs that can have two important consequences: first,
it acts to fix DNA damage into the genome and, second, it
allows clonal expansion of the initiated cells. PPs have also
been suggested to add to the DNA damage available for
fixation by causing cellular oxidative stress (4). The molecular
mechanisms by which PPs cause the hepatocyte mitogenesis
implicated in promotion is currently unclear. One possibility
is that these xenobiotics may synergize with naturally occurring
liver mitogens to augment or potentiate the endogenous mitogenic stimulus. Hepatocyte growth factor (HGF) and epidermal
growth factor (EGF) are both candidates, since they are potent
mitogens for isolated hepatocytes in vitro (10). In addition,
considerable in vivo evidence exists to implicate changes in
EGF and HGF receptors during both liver regeneration and
hepatocarcinogenesis (11-13). We now provide evidence from
in vitro experiments to support the hypothesis that some PPs
can act as rodent hepatocarcinogens by synergizing with EGF
to promote clonal expansion of initiated hepatocytes.
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hyperplasia and eventually hepatocarcinogenesis (5,14) For in vivo initiation
experiments, 180-200 g male (8-10 weeks old) Alderley Park rats were singly
housed and given one dose of 0 or 150 mg/kg DEN in saline by intraperitoneal
injection and then maintained for 12 days before termination and perfusion
of the liver.
Preparation of hepatocytes
Rat hepatocytes were prepared by the two-stage collagenase perfusion
technique (15). Briefly, 180-200 g male (8-10 weeks old) Alderley Park rats
were subjected to terminal anaesthesia using ether and their livers were
perfused with 0.05% w/v collagenase. Digested livers were passed through a
0.125 mm gauze and the resultant cell suspension was washed and counted
in a haemocytometer. Viability was determined by Trypan Blue exclusion.
Greater than 400 000 000 cells were obtained per liver with a viability of
5>85%. Although the percentage of hepatocytes in the preparation could be
increased from ~95 to >99% by density gradient separation, this procedure
was not used, due to the possibility of artefactual hepatocyte clonal selection
by differentia] density. Albumin staining was employed as conclusive proof
of identity of hepatocytes in agar.

Measurement of replicattve DNA synthesis in hepatocyte monolaycrs
Freshly isolated hepatocytes were seeded onto collagen-coated tissue culture
flasks at a density of 4X10 4 /cm 2 in Williams medium supplemented with
10% fetal bovine serum, 10 |J.g/ml insulin, 0.1 \iM hydrocortisone, 2 mM Lglutamine, 100 U/ml penicillin and 100 Hg/ml streptomycin. After 24 h,
nafenopin, EGF, TGFa, TGFf}l or HGF were added at the concentrations
indicated, together with the bromodeoxyuridine (BrdU) labelling reagent.
Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. After
16 h, the monolayers were washed, fixed and made permeable in ice-cold
methanol. The BrdU label was localized using an anti-BrdU antibody, a
peroxidase-linked secondary antibody and an aminoethylcarbamate substrate.
Replicative DNA synthesis was measured by scoring the percentage of red
hepatocyte nuclei in 10 random fields.
Immunocytochemistry
Day 10 colonies in agar were analysed for albumin or cytochrome P4504A1
expression as follows. Colonies in situ were fixed using 3% paraformaldehyde
for 24 h. The fixed agar plates were then dissected using a scalpel and the
pieces placed in 24-well plates. Immunocytochemistry was performed using
rat anti-albumin or anti-cytochrome P4504A1 (16) antibodies that were then
localized using a peroxidase-linked secondary antibody and a diaminobenzoate substrate.
Statistical analysis
Significance testing was carried out as indicated using the two-sided Student's
f-test.

Results
EGF, nafenopin and HGF all stimulate replicative DNA
synthesis in hepatocyte monolayer culture
EGF, nafenopin and HGF all stimulated replicative DNA
synthesis in hepatocyte monolayer cultures to approximately
the same level, with around 30% of nuclei labelling with BrdU
compared to around 12% in controls (no additions) (Figure
1). EGF, nafenopin and HGF all displayed a concentrationdependent response with optima of 25 ng/ml, 100 |iM and 2
ng/ml respectively (data not shown). A decline in DNA
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Fig. 1. BrdU staining of cultured rat hepatocyte replicative DNA synthesis
in response to nafenopin, EGF and/or HGF. "Significantly different from
control group at the 1% level. There was no significant difference between
any of the test groups.

synthesis was noted beyond the optima for all three factors
(data not shown). The addition of nafenopin together with
EGF or HGF had no further effect on S phase (Figure 1).
EGF and the PP nafenopin synergize to promote hepatocyte
clonal expansion in soft agar
Figure 2 shows hepatocyte colony formation in agar in response
to increasing concentrations of EGF in the presence or absence
of 50 (iM nafenopin. Under control conditions (no EGF, no
nafenopin), around 7/50 000 hepatocytes underwent clonal
expansion to generate colonies. However, in the presence of
50 |iM nafenopin and varying concentrations of EGF, there
was an EGF concentration-dependent increase in the number
of colonies, with an optimum at 25 ng/ml. This amounted to
a nearly 4-fold increase in colony formation from control
levels of 7/50 000 hepatocytes to 25/50 000 hepatocytes under
the optimum conditions. The number of colonies declined as
the EGF concentration was increased above this 25 ng/ml
optimum. In the absence of nafenopin there was a trend
towards an increase in colonies (from 7 to 11) with increasing
EGF, but this was not statistically significant due to the
standard errors.
Figure 3 shows hepatocyte colony formation in agar
in response to increasing concentrations of nafenopin in
the presence or absence of the optimum EGF concentration
(25 ng/ml). The clonal growth showed a concentrationependent response to nafenopin with an optimum at 100 U.M.
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Soft agar colony assays
Hepatocytes from normal, DEN-treated or nafenopin-treated rats were plated
(50 000/ml agar/Petri dish) in William's medium supplemented with 10%
fetal bovine serum, 10 |ig/ml insulin, 0.1 |lM hydrocortisone, 2 mM Lglutamine, 100 U/ml penicillin and 100 (ig/ml streptomycin (final concentrations). Nafenopin, EGF, TGFpM, TGFa or HGF were added as indicated in
the Results section. Four Petri dishes were set up to generate each data point
in every separate experiment and at least three separate experiments were
conducted. Cultures were maintained at 37°C in a humidified 5% CO2
atmosphere. In pilot experiments with EGF and nafenopin, the rate of colony
growth and the optimum time for scoring colonies was assessed by counting
colonies at 1, 3, 7 and 10 days. Colonies were defined as more than 10
hepatocytes. No difference in the rate of colony growth or the quality of
colonies was seen between the different test groups. Colony detection was
optimal at day 10. For all subsequent experiments, resultant colonies were
scored at day 10. Petri dishes were also examined on day 1 to eliminate
possible artefacts caused by clumps of hepatocytes. Between 3 and 7 clumps/
Petri dish were seen on day 1.
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Fig. 2. Growth of rat hepatocytes in soft agar in response to increasing
concentrations of EGF with and without 50 nM nafenopin. Data points
represent mean ± SE from three independent experiments where each
individual experiment consisted of four replicates. Control level indicates
the number of colonies (seven) in the absence of both factors.
".•Significantly different at the 1% or 5% level respectively from the
group treated with EGF only.

With conditions optimized for both factors, a 5-fold increase
in the number of colonies (seven rising to 35/50 000 hepatocytes) was observed. As with EGF, the number of colonies
declined at nafenopin concentrations higher than the 100 |iM
optimum. In the absence of EGF there was a small increase
in colonies (from 8 to 16) with increasing nafenopin.

The colonies generated by the EGF/nafenopin synergy are
derived from and consist of hepatocytes
Immunocytochemistry demonstrated that the colonies formed
in agar consisted of hepatocytes and not non-parenchymal
Ito, Kupffer or endothelial cells, since they expressed the
differentiated hepatocyte-specific marker albumin (Figure 4).
Interestingly, immunolocalization of cytochrome P4504A1
(Figure 4) showed that the majority (80-90%) of colonies
formed in the presence of nafenopin and EGF did not express
this PP-induced marker. In contrast, this marker was expressed
in all the surrounding individual hepatocytes which had not
undergone clonal expansion. Thus, the cells that undergo clonal
expansion in agar are a sub-population of hepatocytes that do
not up-regulate P4504A1 in response to PPs. Although there
was colony-to-colony variation in expression ,of p4504Al,
colonies being either totally negative or totally positive,
confirming their clonal nature.

Fig. 3. Growth of rat hepatocytes in soft agar in response to increasing
concentrations of nafenopin with and without 25 ng/ml EGF. Data points
represent mean ± SE from three independent experiments where each
individual experiment consisted of four replicates. Control level indicates
the number of colonies (seven) in the absence of both factors.
••Significantly different at the 1% level from the group treated with
nafenopin only.

HGF is unable to synergize with nafenopin in the promotion
of hepatocyte colony formation
To determine if the effect observed was common to all
liver mitogens, HGF, another liver growth factor, was also
investigated for its ability to synergize with nafenopin in the
colony assay. Surprisingly, although HGF was as potent an
hepatomitogen as EGF in monolayer culture (Figure 1), HGF
had very little effect on colony formation (Figure 5), even at
and around doses that produced optimal hepatocyte replicative
DNA synthesis in monolayer culture (0.1-2 ng/ml). HGF
did not suppress the replicative DNA synthesis caused by
nafenopin, since the percentage of labelled nuclei was similar in
nafenopin alone versus nafenopin + HGF together (Figure 1).
Colony formation in response to other PPs
Investigation of other PPs showed that the potent compound
Wyeth-14,643 shared the ability of nafenopin to synergize
with EGF in the promotion of hepatocyte colony formation in
agar (Figure 6). This promotion took place at concentrations
as low as 1 (iM, 100-fold less than the optimum concentration
for nafenopin (100 (iM). Furthermore, at greater concentrations
than 100 (iM, Wyeth-14,643 was able to induce high levels of
colony formation, even in the absence of exogenous EGF. This
ability to act alone was unique to this compound and was not
shared by nafenopin. The weaker PP methylclofenapate showed
a marginal effect at 100 (iM, although this was not significant
(Figure 6). Similarly, the very weak PP trichloroacetic acid
was unable to synergize with EGF to promote colony formation
even at 1000 (iM (Figure 6).
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Fig. 4. Immunocytochemica] staining of colonies generated in soft agar from rat hepatocytes in the presence of 100 |lM nafenopin and 25 ng/ml EGF. (a, d)
Pre-immune serum control for albumin and cytochrome p4504AI respectively, (b) Albumin localization photographed at low power showing staining of all
cells and colonies, (c) Albumin staining photographed at high power, (e) Cytochrome P4504AI staining photographed at low power showing some colonies
staining and others not (f) Cytochrome p4504AI staining photographed at high power showing a non-expressing colony adjacent to an expressing single cell,
(a, d and f X300; b, c and e X150).

TGFa also stimulates colony formation
Figure 7 shows that TGFa also synergized with nafenopin in
the stimulation of colony formation. TGFa was assayed at
12 ng/ml, the concentration required to stimulate 75% of
maximal S phase induction in monolayers (data not shown).
In the absence of nafenopin, TGFa stimulated a small increase
in colony formation over control (no addition). However,
TGFa and nafenopin in combination gave a highly significant
2690

increase in colonies over control, although slightly fewer
colonies were counted than under the optimal conditions of
100 (iM nafenopin and 25ng/ml EGF.
TGFfi inhibits colony formation
Figure 7 shows that TGFp (0.25 ng/ml) significantly inhibited
colony formation stimulated by the optimum combination of
EGF and nafenopin (25 ng/ml and 100 |iM respectively). This
concentration of TGFp1 was chosen since it was sufficient to
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Fig. 5. Growth of rat hepatocytes in soft agar in response to increasing
concentrations of HGF with and without 50 |iM nafenopin. Data points
represent mean ± SE from three independent experiments where each
individual experiment consisted of four replicates. Control level indicates
the number of colonies (12) in the absence of both factors. There was no
significant difference between the number of colonies in HGF versus
control, HGF/nafenopin versus control and HGF versus HGF/nafenopin.

suppress 75% of the S phase induced in monolayer culture by
EGF (data not shown). The number of colonies was reduced
to 27% of that seen before the addition of TGFP to this
optimum nafenopin/EGF combination. This was significantly
lower that the control (no addition), which generated 52% of
the colonies seen under optimum nafenopin/EGF conditions.
Some inhibition of spontaneous colony formation (no EGF,
no nafenopin) by TGFP was seen also. Higher concentrations
of TGFP (1 or 5 ng/ml) had a similar ability to 'suppress'
colony formation (data not shown), but these concentrations
were sufficient to induce apoptotic cell death in hepatocyte
monolayer culture (data not shown).
Cloning efficiency is increased by in vivo treatment with a
genotoxic carcinogen
If the EGF/nafenopin combination acts to promote the clonal
outgrowth of spontaneously initiated cells in the liver, then
in vivo treatment with an initiating genotoxic carcinogen should
increase the proportion of initiated hepatocytes in the liver
above spontaneous levels. This should, in turn, increase the
number of initiated hepatocytes available to give rise to
colonies. Figure 8 shows the results of an experiment in which
hepatocytes were isolated from rats after treatment in vivo
with 0 or 150 mg/kg DEN. Pre-treatment of rats with DEN
increased both the nafenopin/EGF-stimulated colony number
and the number of colonies formed in the absence of these

1000UM

Conlrol

EGF
Fig. 6. Growth of rat hepatocytes in soft agar in response to the PPs Wyeth14,643, methylclofenapate and trichloroacetic acid in the presence or
absence of EGF. The three different PPs were added at the concentrations
indicated (1 or 100 |iM for Wyeth-14,643 and methylclofenapate and 10 or
1000 jlM for trichloroacetic acid) in the presence (+) or absence ( - ) of
25 ng/ml EGF. Control levels as indicated on individual graphs show the
number of colonies in the absence of both EGF and the PP. Data points
represent mean ± SE from three independent experiments where each
individual experiment consisted of four replicates. **,*Significantly different
from control at the 1% or 5% level respectively.

two factors. Under optimum conditions in vitro (50 |iM
nafenopin, 25 ng/ml EGF), the in vivo pre-dose of DEN caused
an ~3-fold increase in the number of colonies compared with
2691
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Fig. 7. Growth of rat hepatocytes in soft agar in response to TGFa and
TGFp. TGFa (12 ng/ml) was assayed for its ability to stimulate colony
growth either alone or in combination with 100 nM nafenopin. TGFp
(0.25 ng/ml) was assayed for its ability to suppress spontaneous colony
formation or optimal colony formation stimulated by EGF and nafenopin.
Data is presented as a percentage of optimal colony formation in the
presence of 25 ng/ml EOF, 100 nM nafenopin. Data points represent mean
± SE from three independent experiments where each individual
experiment consisted of four replicates. ",*Significantly different from
control at the 1 % or 5% level respectively.

the DEN dose control (50 [iM nafenopin, 25 ng/ml EGF but
no DEN).
Cloning efficiency is unaffected by in vivo treatment with
nafenopin
Since in vivo treatment with a genotoxic carcinogen increased
colony numbers, hepatocytes were also isolated for assay from
rats treated in vivo for 1 or 3 months with nafenopin. This
regime had no effect on the ability of the hepatocytes to
undergo clonal expansion, since there was no significant
difference between in vitro agar colony numbers in control or
in vivo nafenopin pre-treated rats (Table I).
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Fig. 8. Growth of DEN pre-treated rat hepatocytes in soft agar in response
to increasing concentrations of EGF with and without 50 \iM nafenopin.
Rats were pre-treated with 0 or 150 mg/kg DEN 12 days before isolation of
hepatocytes for the agar assay. Data points represent mean ± SE from three
independent experiments where each individual experiment consisted of four
replicates. Control level indicates the number of colonies (24) in the
absence of both factors."Significantly different at the 1% level from the
group treated with nafenopin only.

Table I. A comparison of the effects of DEN or nafenopin pre-treatment
in vivo on hepatocyte colony formation in vitro
In vivo pre-treatment

Colonies in vitro (mean ± SE, n = 3)
Control (no addition)

Control
DEN (150 mg/kg)
Nafenopin (0.1 % w/w)

7±2
24+4 1
11 ±4

Optimal conditions:
nafenopin (100 uM)
+ EGF (25 ng/ml)

35±6
75±5'
31+7

"Significantly different from control group at the 1% level.

Discussion
An understanding of the processes of non-genotoxic carcinogenesis is an important goal in cancer research. Specifically,
how do tumour promoting non-genotoxic agents act with
initiating carcinogens in the process of multistage carcinogenesis? This study employs an in vitro approach to examine
the mechanism of action of the PP class of non-genotoxic
carcinogens at the cellular level. The data presented demonstrate clearly that PPs synergize with the potent physiological
liver mitogen EGF to promote the clonal growth of hepatocytes
associated with the early stages of hepatocarcinogenesis. The
2692

effect is synergistic in that it is greater than the sum of EGF
or nafenopin alone, although formal proof of synergy would
require more extensive detailed analysis and mathematical
modelling (17).
Albumin expression demonstrates that these colonies consist
of and are derived from hepatocytes, rather than from a
population of non-parenchymal liver cells such as sinusoidal
endothelia, Ito or Kupffer cells. Notably, not all colonies
express the PP-inducable cytochrome P4504A1, although it
can be seen in the surrounding single hepatocytes that have
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the different compounds in the agar assay would be required
to confirm correlation of potency with PP-activated receptor
activation or in vivo carcinogenicity.
The number of spontaneous or factor-stimulated colonies
generated in agar can be increased by in vivo treatment with
the carcinogen DEN, which increases the population of initiated
hepatocytes available for promotion. In vivo studies using the
same dose of DEN (150 mg/kg) have suggested that such
initiation results from two events (27); DEN causes both
primary DNA damage and subsequent necrosis of the most
severely damaged cells. The regenerative hyperplasia that takes
place as a consequence of the necrosis serves to fix any as
yet unrepaired primary DNA damage by mismatch/missense
mutation during DNA synthesis. Thus, those hepatocytes that
survive the DEN treatment may harbour mutations (27). It has
been reported that DEN produces the promutagenic adducts
C^-ethyldeoxyguanosine and C^-ethyldeoxythymidine in rat
hepatic DNA. The (T'-ethyldeoxythymidine is then a major
promutagenic adduct for the newly synthesized DNA strand
during replication (28).
The frequency of colony formation demonstrates that the
specific promotion of initiated cells is a relatively rare
event. The technique we have developed may allow this to
be quantified. Around 35/50 000 hepatocytes (0.07%) or
70/50 000 hepatocytes (0.14%) from normal or DEN-treated
rats respectively are stimulated to undergo clonal expansion
by the nafenopin/EGF combination. These in vitro data are
roughly in agreement with the in vivo data of Cattley et ai,
who used glutathione S-transferase (placenta! form), a marker
for initiated hepatocytes, and found 0.07% of hepatocytes were
positive 14 days after 150 mg/kg DEN (27). If agar colony
formation reflects the early stages of hepatocarcinogenesis,
then the rate of agar colony formation (35/50 000 hepatocytes)
would suggest that the average liver (containing around
10 000 000 hepatocytes) could give rise to 7000 pre-neoplastic
foci on dosing in vivo with PPs. However, only a small
percentage of the early areas of clonal expansion modelled
in vitro may persist in vivo and expand to give rise to
histologically detectable foci. Invoking a low stringency selection rate of 1:35 for the progression of the early lesions
modelled in agar would reduce the number of focal
lesions expected per liver to 200. Such a reduction in the
number of focal areas in vivo by remodelling has been noted
for carcinogen-induced hepatocyte nodules and attributed to
cell deletion or redifferentiation (29).
The observed synergy between PPs and EGF suggests that
the hepatocytes undergoing clonal expansion may have a
selectable growth advantage in the presence of these two liver
mitogens. However, it has been reported previously that
hepatocytes isolated from rodents treated with non-genotoxic
carcinogens lose their responsiveness to EGF (27,28). This
apparent paradox may be explained by data we have generated
recently using hepatoma cell lines: although the responsiveness
to EGF across the hepatocyte population may be decreased on
average, there is a sub-population of cells that maintain
responsiveness, gain a selective growth advantage and undergo
clonal expansion (Molloy et al., unpublished results). This
finding illustrates a fundamental principle: when studying the
rare events implicit in carcinogenesis, great care must be taken
to avoid masking the important events in single cells by
measuring parameters for the average population. The mechanism by which EGF and PPs may synergize in the promotion
of hepatocarcinogenesis is at present obscure. However, recent
2693
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not undergone clonal expansion. Such heterogeneity in the
response of hepatocytes to PPs has been reported previously
by ourselves in vitro (18) and by others in vivo (19). It is
unlikely that the lack of cytochrome P4504A1 is due to
overstimulation, since expression of cytochrome P450s is
usually induced to a plateau level and does not decrease until
the concentration of inducing agent reaches toxic levels. Our
data suggest that the hepatocytes responding to the concerted
action of EGF and nafenopin originate from a sub-population
that do not up-regulate P4504A1 in the presence of PPs.
Alternatively, hepatocytes may only express P4504A1 when
resting in the GQ/G| phase of the cell cycle: colonies may be
negative if the cells are cycling. Our observation in vitro is
consistent with the foci generated in vivo during PP-induced
hepatocarcinogenesis, where only a small proportion of preneoplastic foci express this cytochrome despite widespread
expression in the surrounding normal liver (20).
The finding that the ability to synergize with nafenopin is
shared by TGFa is not surprising, considering that both these
growth factors act through the EGF receptor and are implicated
in the control of liver growth (21). However, the synergistic
effect of EGF is not common to all hepatomitogens, since
HGF is inactive in the colony assay. This suggests that the
promotion of clonal growth cannot simply be explained by
induction of mitosis, since in monolayer culture HGF was as
potent as EGF. Thus, EGF is more able than HGF to promote
contact-independent growth in the presence of PPs. This
finding underlines the distinction between mitosis in monolayer
culture and in agar. In monolayer culture any proliferation is
cell substratum contact-dependent, whereas in agar the target
cell population must escape from the contact-dependence
associated with normal cell proliferation. Clearly, the concerted
action of EGF and nafenopin is allowing a sub-population of
hepatocytes to both undergo mitosis and display the contactindependent growth associated with carcinogenic transformation.
We have demonstrated previously that nafenopin suppresses
the apoptosis or programmed cell death of hepatocytes that
normally may act to remove damaged or potentially initiated
cells (22,23). Taken together, these data suggest that nafenopin
may maintain survival, allowing EGF to potentiate clonal
expansion. Such a model would agree with recent speculation
that survival and proliferative signals can be specific and
distinct: a cell must receive both signals, since it has to survive
before it can proliferate. In this context, it is interesting to
note that TGFJ3, a physiological negative regulator of liver
growth, suppresses nafenopin/EGF-induced colony formation.
The suppression of hepatocyte clonal growth takes place at
0.25 ng/ml, a concentration much lower that that we have
shown to induce apoptotic hepatocyte death (1-5 ng/ml; ref.
22). This may come about by cell cycle arrest, since TGFpM
has been demonstrated to arrest epithelial cells in late G| via
p27 Kipl , a cyclin E-Cdk complex inhibitor (24) and early G,
via pl5 INK4B , an inhibitor of both the cyclin D-CDK4 and
cyclin D-CDK6 complexes (25).
The ability of nafenopin to synergize with EGF in the
promotion of hepatocyte colony growth is shared by Wyeth14,643, a potent rodent hepatocarcinogen, but not by the
weaker compounds methylclofenapate or trichloroacetic acid.
This compares well with data on activation of the PP-activated
receptor, where Wyeth-14,643 is more potent than nafenopin,
which is considerably more potent that methylclofenapate or
trichloroacetic acid (26). Extensive dose-response curves for
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data have shown that PPs phosphorylate the EGF receptor
(32), suggesting that this class of non-genotoxic carcinogens
could perturb hepatocyte growth regulation by altering signalling through the EGF receptor pathway. Further work will
investigate if such a mechanism lies behind the reported
synergy between EGF and nafenopin.
In summary, we have generated data that suggest that PPs
act as hepatocarcinogens by synergizing with EGF and TGFa to
promote selective clonal expansion of spontaneously initiated
hepatocytes. Whilst it is apparent that in vitro systems can
never fully reflect the in vivo situation, these data provide
valuable mechanistic information at the cellular level on the
interplay between growth factors and the PP class of nongenotoxic carcinogens.
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