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ABSTRACT

Both 12-O-tetradecanoylphorbol-13-acetate (TPA) and phÃ©nobarbital
(PB) enhanced hepatocyte DNA synthesis stimulated with epidermal
growth factor (EGF) by 60 to 80% in primary culture when measured by
the incorporation of |*II|thvinuline. This apparent increase was not due

to changes in the specific activity of the deoxythymidine triphosphate
(dTTP) pool. TPA enhanced DNA synthesis even at relatively high cell
densities, but this was not found with the PB treatment. Although both
TPA and PB enhanced DNA synthesis significantly, TPA was most
effective when added during the late G, and/or S phase of the hepatocyte
cell cycle, whereas PB treatment was least effective in this period. The
binding of EGF was transiently down-regulated by TPA, then restored
to control values 6 h later, whereas the binding of this factor was
significantly increased at both the 12th and 24th h after PB addition.
These results suggest that EGF binding to hepatocytes is not correlated
with the enhancement of DNA synthesis by TPA or PB and that the
down-regulation of EGF binding is not causally related to the enhance
ment of DNA synthesis by TPA.

INTRODUCTION

The development of a number of histogenetic types of neo
plasms occurs in several stages; the first two have been termed
initiation and promotion (1, 2). Currently, initiation is consid
ered to be the result of irreversible alterations in the DNA
structure (1,2). In contrast, the mechanisms of promotion and
of tumor promoters have not been fully clarified. Recently,
however, it has become apparent that one or more of the effects
of tumor promoters in carcinogenesis are on cell membrane
structures and functions: in particular, cell-cell communication
(3-6); morphological changes (7-9); and cell surface receptors
involved in growth control mechanisms (10-18).

The acquisition by initiated cells of resistance to cytotoxic
agents (19-22) may also be a possible mechanism of promotion
during hepatocarcinogenesis (2). However, using primary cul
tures of preneoplastic liver cells, Kitagawa et al. (23-25) dem
onstrated that tumor promoters act on initiated hepatocytes
directly to increase their mitotic activation. Furthermore,
Schulte-Hermann et al. (26) have demonstrated that promoting
agents elicit DNA synthesis of both preneoplastic and normal
tissues in vivo, though to a lesser degree in the latter. More
recently Edwards and Lucas (27) also showed an effect of liver
tumor promoters on DNA synthesis using primary cultures of
rat hepatocytes. Furthermore, Armato et al. (27-29) have
shown that tumor promoters enhance DNA synthesis of neo
natal hepatocytes in primary culture by affecting the cell surface
mechanisms. Thus, the mitogenic activity of liver tumor pro
moters may be their most important action in effecting tumor
promotion. Recent efforts to improve the culture of rat hepa-
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tocytes have enabled us to stimulate proliferation of these cells
in primary culture with EGF4 as an initiator of hepatocyte DNA

synthesis (30). In this study, we focused on the interaction
between EGF and the tumor promoters, TPA and PB, in their
relation to hepatocyte DNA synthesis and demonstrated that
both TPA and PB enhance DNA synthesis in cultured hepato
cytes, although the mechanism(s) of the enhancement of DNA
synthesis appears to differ between the two agents.

MATERIALS AND METHODS

Reagents. DMEM with high glucose, Ham's F-12 medium (F-12),

penicillin, and streptomycin were obtained from KC Biological, Inc.
(Lenexa, KS). Insulin, transferrin, selenium, and EGF were purchased
from Collaborative Research, Inc. (Lexington, MA). Albumin (crystal
lized and lyophilized), collagenase (type I), TPA, and deoxynucleotide
standards were obtained from Sigma Chemical Co. (St. Louis, MO).
Dexamethasone was obtained from Organon, Inc. (W. Orange, NJ).
HEPES was purchased from Research Organics, Inc. (Cleveland, OH).
Collagen type I was obtained from Collagen Corporation (Palo Alto,
CA), and Percoli from Pharmacia (Uppsala, Sweden). [methyPH]-
Thymidine (80.0 Ci/mmol) was obtained from DuPont (Wilmington,
DE). Autoradiographic chemicals were purchased from Eastman Kodak
(Rochester, NY). PhÃ©nobarbitalsodium (PB) was obtained from Mal-
linckrodt, Inc. (Paris, KY). All tissue culture dishes were a product of
Corning (Corning, NY), except for 150-mm dishes, which were a Falcon
product from Scientific Products, Inc. (McGaw Park, IL).

Isolation and Culture of Rat Hepatocytes. Hepatocytes were isolated
by a collagenase perfusion technique (31) from male HarÃanSprague-
Dawley rats (Madison, WI) weighing about 200 to 240 g, and the
hepatocytes were then purified by Percoli (32). These cells were sus
pended in a mixture of DMEM and F-12 (33) supplemented with 5 ^g
insulin/ml, 5 /ig transferrin/ml, 5 ng selenium/ml, 10~7M dexametha-

sone, 100 MS streptomycin/ml, 100 units penicillin/ml, and IS mg
proline/liter. In the present study, the cell viability as determined by
the trypan blue exclusion test was greater than 95%. The cells (2 x 10*
viable cells in 2 ml of the medium) were plated in 35-mm plastic culture
dishes which had been coated with 20 ^g collagen type I and were dried
at room temperature. For experiments in which the specific activity of
the dTTP pool was determined, 4x10' cells were plated in 20 ml of
medium in 150-mm plastic culture dishes coated with 300 /ugof type I
collagen. The medium was renewed at 2 and 24 h after plating.

Measurement of DNA Synthesis. EGF treatment of the cultures was
from the 12th h to the 24th h in order to induce hepatocyte DNA
synthesis. TPA, PB, or DMSO was added to the cultures at the second
h, except for the cell cycle experiments. Medium was renewed at the
24th h. For determination of the time course of DNA synthesis, the
cultures were treated for 2 h with 0.5 Â¿iCiof [3H]thymidine at the 22nd,

28th, 34th, 39th, 44th, or 50th h after plating. Since the results of the
time course of DNA synthesis (Fig. 1) showed that the peak time was
near the 44th h, DNA synthesis was measured by the addition of
| 'I l|(h>niidinc to the cultures from the 44th to 46th h in all subsequent

experiments. Subsequent assays for replicative DNA synthesis were
done according to Nakamura et al. (34).

For autoradiography, the cultures were treated with 1.0 ^iCi of [3H]-

thymidine from the 36th h to the 52nd h. Then, the cultures were

'The abbreviations used are: EGF, epidermal growth factor, TPA, 12-O-
tetradecanoylphorbol-13-acetate; PB, phÃ©nobarbital;DMEM, Dulbecco's modi
fied Eagle's medium; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline;
HPLC, high-pressure liquid chromatography; HEPES, 4-(2-hydroxyethyl)-l-pi-
perazineethanesulfonic acid; TCA, trichloroacetic acid.
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washed with PBS 3 times, fixed with cold absolute ethanol, and covered
with emulsion (Kodak Co.)- After 1-wk exposure, the autoradiographs
were developed and stained with hematoxylin and eosin. The percentage
of labeled hepatocytes was evaluated by calculating the percentage of
hepatocytes with labeled nuclei in five fields in five different dishes
(200 to 500 cells).

Determination of dTTP-specific Activity. Two 150-mm, collagen-
coated dishes were used for each determination. The cells were rinsed
2 times with ice-cold PBS prior to the addition of 1.5 ml of 10% TCA
to each dish. The cells were scraped off the dishes, which were rinsed
with an additional 1.5 ml of 10% TCA. The material removed from the
dishes was centrifuged (1000 x g for 5 min). The pellet was used to
determine the amount of [3H]thymidine incorporated into acid-insolu

ble material, and the nucleotides and deoxynucleotides in the superna
tant were extracted and prepared for HPLC as described by Riss et al.
(35). The lyophilized samples were dissolved in 100 n\ of water, and 50
//I of the resulting solution were used for HPLC analysis. HPLC
analyses were performed by use of Waters 510 pumps with a Beckman
160 IV detector (A_.^| and a Kipp and Zonen BD41 strip chart
recorder. Chromatography on a Whatman 10-SAX (4.6 x 250 mm)
was carried out as described in the text. The KH2PO4 used for HPLC
chromatography was purified to remove UV-absorbing polyphosphates

(36).
Measurement of '"I-EGF Binding. The measurement of EGF binding

to hepatocytes was carried out by the method of Cruise et al. (37). The
cultures were rinsed 3 times with ice-cold Eagle's modified essential

medium containing 1 mg of bovine serum albumin/ml and 30 m\i
HEPES and were incubated with 300 j/1 of the medium at 4Â°Cfor 15

min. Then 200 n\ of PBS, with or without l Â¿igof EGF, were added to
each dish, and the cultures were further incubated at 4Â°Cfor 30 min,
followed by the addition of 100 ^1 of medium containing 5 ng of 125I-
EGF (5 x IO5 cpm) with a further incubation of 2 h. After this

incubation, the cells were solubilized by addition of 1 ml of 0.5 N
NaOH. The total aliquot was used for quantitative analysis of radio
activity. Specific binding was calculated by subtraction of the mean of
duplicates of nonspecific '"I-EGF binding from the mean of five
cultures of total '"I-EGF binding. In this condition, the binding reached

a plateau by the first h and remained almost constant up to the third
h. Cells treated with 0.1 % DMSO in the absence of TPA served as
controls.

Measurement of Cell Spreading. Hepatocytes in the dishes were fixed
with 1.5% glutaraldehyde in PBS at 2 h, 4 h, or 12 h after plating.
Pictures were then taken on a phase-contrast microscope (Nikon Dia-
phot with UFX). Cell areas on the enlarged prints were measured by
an electron digitizer (Model 1224; Numonic Corporation); at least 100
cell areas were analyzed for each point.

RESULTS

The effects of different concentrations of TPA and PB on
hepatocyte DNA synthesis were studied. Of the concentrations
used, 50 ng TPA/ml and 1 mM PB enhanced DNA synthesis
to the greatest extent (Table 1), although all the concentrations
except 2 mM PB enhanced DNA synthesis somewhat. In this
study, DNA synthesis was expressed as dpm/h/culture, because
PB and TPA caused an increase in the amount of protein
content in the cultures. Even though we have shown that
fibronectin as a substrate for hepatocytes enhances DNA syn
thesis more than does collagen type I (38), collagen type I was
used as a substrate in these experiments, because we observed
no or little enhancement of DNA synthesis by TPA and PB
when the cells were cultured on fibronectin. This might be
related to the observation that cell surface fibronectin is de
creased by treatment with TPA (39).

Time Course of Hepatocyte DNA Synthesis. The time course
of DNA synthesis was examined to determine the effect of the
promoting agents on the peak time of DNA synthesis. As shown
in Fig. 1, active DNA synthesis was detected from the 34th h

Table 1 Effects of various concentrations of TPA and PB on hepatocyte
DNA synthesis

dpm/h/culturex vr1
Control

DMSO (0.1%)

68.2 Â±5.2Â°

66.0 Â±4.8

TPA100
ng/ml (1.62 (<M)

50 ng/ml (0.81 pM)
25 ng/ml (0.4><M)PB1

mM
0.5 mM92.8

Â±5.1*
100.3 Â±5.0*
90.6 Â±6.2'56.4

Â±3.Sd
108.8 Â±5.9'
84.7 Â±5.3*

Â°Mean Â±SD of four cultures.
* Significantly different from control value (P < 0.005).
' Significantly different from control value (/' < 0.01).
d Significantly different from control value (P < 0.05).
' Significantly different from control value (P< 0.001).
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Fig. 1. Time course of hepatocyte DNA synthesis in primary culture with or
without PB or TPA. Each point represents the average of at least three determi
nations. SD did not exceed 15% of the mean for any individual point. See
"Materials and Methods" for the details of additions.

after plating, with the maximum DNA synthesis at the 44th h.
The time course and peak time of DNA synthesis with TPA
treatment were no different from those with PB treatment;
however, the total amount of DNA synthesis was increased
by 60 to 80% by the treatment with either PB or TPA. Thus,
[3H]thymidine incorporation into DNA was measured from the

44th to the 46th h in all subsequent experiments.
Autoradiographic studies also revealed that both TPA and

PB treatment increased the percentage of labeled hepatocytes;
TPA, 11.4 Â±1.2% (Â«= 5); PB, 11.3 Â±1.6%; DMSO, 7.4 Â±
0.9% (n = 5); control, 7.2 Â±1.0% (n = 5). The values presented
here were replicated two or more times giving essentially the
same results.

Effects of Various EGF Concentrations and Cell Densities on
DNA Synthesis. DNA synthesis of cultured hepatocytes in
creased with increasing levels of EGF up to 10 ng/ml (Fig. 2).
DNA synthesis of TPA-treated or PB-treated hepatocytes also
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Fig. 2. Effect of PB or TPA on hepatocyte DNA synthesis initiated by various
concentrations of EGF. See legend of Fig. 1 for other details.
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Fig. 3. Effect of PB or TPA on DNA synthesis in hepatocytes cultured at
various cell densities. Points, mean; bars, SD. See legend of Fig. 1 for other
details.

increased in the same way, although the amount of DNA
synthesis in the treated cells was larger than that of control
cultures at all the concentrations of EGF examined. In partic
ular, at between 0.6 and 2.5 ng of EGF/ml, the enhancement
of DNA synthesis by TPA or PB was equal to or greater than
that at either 10 ng/ml or 20 ng/ml of EGF alone. Since cell
density serves to regulate hepatocyte DNA synthesis (40, 41),
the effect of promoters on this regulation was examined. As
shown in Fig. 3, TPA enhanced hepatocyte DNA synthesis at
all cell densities examined, whereas PB enhanced DNA synthe
sis only at the lower cell densities. On the other hand, there
was no difference in labeling indices between the promoter-
treated cells and control cells at cell densities of 6 and 8 x 10s,

though there was a significant difference at the two lower cell
densities tested. At the two highest cell densities, despite the

higher rate of DNA synthesis in TPA-treated cells, no signifi
cant differences in labeling indices could be obtained, possibly
due to the large standard deviations of the means of the labeling
indices (data not shown).

EGF Binding. Since EGF binding may be influenced by tumor
promoters (10), we examined the effect of TPA and PB on EGF
binding to hepatocytes in primary culture. The presence of TPA
resulted in a down-regulation of EGF binding, but PB enhanced
EGF binding by the 12th h (Fig. 4). Two h after TPA addition,
EGF binding of TPA-treated cells was only half that of control
cultures. However, by the 1Oth h, EGF binding of TPA-treated
cultures recovered to the level of control cultures, while the
EGF binding of PB-treated cultures was significantly higher
than the control value. Since EGF was routinely added to the
cultures at the 12th h after plating, down-regulation of EGF
receptors by TPA or the amount of EGF binding did not appear
to be directly related to DNA synthesis.

Action of TPA and PB on the Cell Cycle. Since treatment
with TPA or PB did not result in a change of the peak time of
DNA synthesis (Fig. 1), and since EGF binding was not related
to the enhancement of DNA synthesis by the promoting agents
(Fig. 4), we postulated that the promoters enhanced DNA
synthesis by acting on the cells at the d or S phase of the cell
cycle. Hence, we treated the cultures with TPA or PB in three
different ways: treatment from (a) the second to the 24th h; (b)
the 24th to the 46th h; (c) the 36th to the 46th h (late G, and/
or S phase). Of these three treatments, TPA treatment from
the 36th to the 46th h had the greatest effect in enhancing DNA
synthesis, whereas PB treatment during the same time had little
effect on enhancement (Table 2). Autoradiographic examina
tion of the hepatocytes in culture during the period from the
36th to 46th h of TPA treatment showed that labeling indices
of control cultures and TPA-treated cultures were 6.6 Â±1.1%
and 10.3 Â±1.4%, respectively. These results suggest that TPA
acts on the cells in G0 or early d and stimulates the cells to
progress from d to S phase, while PB acts on the cultured
hepatocytes only in Go or G i to enhance DNA synthesis.

Effects of TPA and PB on dTTP-specific Activity. The incor
poration of [3H]thymidine into acid-insoluble material is a

widely used method for measuring DNA synthesis. However,
this method cannot be used to discriminate between treatments
that actually affect DNA synthesis as compared to those that

S
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Add PB, TPA, or DMSO

2 4 12
Hours

24

Fig. 4. Effect of PB or TPA on '"I-EGF binding to hepatocytes in primary

culture. See legend of Fig. 3 for other details.
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Table 2 Effects of TPA and PB on hepatocyte DNA synthesis in different phases of culture
DNA synthesis (dpm/h/culture) x10"'Experiment1

2
3
4
5Control,

EGF, 12-24h5.9Â°
(100)*

8.4 (100)
8.5 (100)
4.6 (100)
6.8e(100)100%2-24

h9.0(152)

10.7(128)
12.3(146)
6.7(144)
9.1(151)144

Â±8.6TPA24-46

h8.3

(140)
9.7(115)

11.4(134)
5.8(126)

7.6(124)128

Â±8.536-46

h10.1

(170)
12.5(148)
15.7(185)
9.9(214)

11.7(192)182

Â±22.0''2-24

h10.5(176)

12.1(144)
14.6(173)
7.3(159)

10.1(147)160

Â±13.0PB24-46

h10.5(177)

13.9(165)
15.8(185)
7.3(159)

9.4(138)165

Â±16.236-46

h7.9(133)

9.6(114)
11.4(134)
5.2(112)

7.7(113)121

Â±10.1'

" Mean of triplicate cultures except for Experiment 5.
b Numbers in parentheses, percentages.
' Mean of five cultures.
d Significantly different from the other TPA treatments (P < 0.05).
' Significantly different from the other PB treatments (P < 0.01).

Table 3 Effects of TPA and PB on the specific activity of the dTTPpoolSample'EGF

TPA, EGF
PB, EGF3H

dpm in

dTTPpeak17,272

17,180
16,272n

mol
dTTP182.0

188.4172.4Specific

activity
of dTTP*94.9

91.2
94.43H

incorporation
into acid-insolu

blematerial'41,434

65,921
61,044nmol

dTTP
incorporated''437

723
646.7%

ofcontrol100165

148
Â°Cells were cultured as described in "Materials and Methods," with EGF (10 ng/ml) included from 12 to 24 h of culture; [3H]thymidine labeling was carried out

from 44 to 46 h. When added, TPA (50 ng/ml) was present from 36 to 46 h, and PB (1 mm) was present from 24 to 46 h. The dTTP peak was collected, and 3H
content was measured by liquid scintillation counting of 0.5-min fractions obtained from 16 to 20 min. The maximum amount of radioactivity always occurred in the
18.0- to 19.0-min fractions (corresponding to the dTTP peak), although radioactivity was present in the fractions from 17.5 to 19.5 min, and the dpm from these
fractions were included in calculations for determining dTTP-specific activity.

* Specific activity is expressed as dpm/nmol dTTP.
rThe amount of [3H]thymidine incorporated into acid-insoluble material.
Â¿Theamount of dTTP incorporated into acid-insoluble material was calculated by dividing the 3H dpm in the acid-insoluble material by the specific activity of the

dTTP pool.

Table 4 Effect of TPA and PB on the spreading of rat hepatocytes

TreatmentControl

Control (0.1% DMSO)
PB, 1 raw
TPA, 50 ng/ml2hÂ°828

Â±222 (n = 98)Cell

area of single hepatocytes(jim2)4h1142Â±276(n

= 120)
1160Â±280(n = 83)
1058 Â±237 (n = 103)
1618 Â±369 (n= 104)12

h1694

Â±406 (n= 118)
1707 Â±418 (n = 91)
1564 Â±452(n= 124)
2239 Â±452 (n = 96)

' PB or TPA was added to cultures 2 h after plating.
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Fig. 5. High-pressure liquid chromatography of TCA-soluble extracts from
cultured hepatocytes stimulated to divide as described for Table 3. The buffers
used for chromatography were: Buffer A, 7 mM KH2PO4 (pH 4.2); and Buffer B,
1.0 M KH2PO4 (pH 4.5). The flow rate was 2.0 ml/min, and compounds were
eluted by increasing the proportion of Buffer B as indicated. The absorbance
profile ( \.<M)at 0.05 absorbance units full scale is shown, and the positions of
dTTP and ATP are indicated.

affect the specific activity of the dTTP pool (e.g., a treatment
that affects thymidine uptake or metabolism into dTTP). To
ensure that the observed increases in DNA synthesis seen with
TPA or PB treatment were not the result of changes in precur
sor pools, we determined the specific activity of the dTTP pool
under conditions that maximize TPA- and PB-induced in
creases in DNA synthesis. Measurable amounts of dTTP could
not be detected in freshly isolated hepatocytes, but exogenously
added dTTP could be resolved from other components (includ
ing other exogenously added deoxynucleotides) in these samples
(data not shown). A surprisingly large amount of dTTP was
observed in cells that were cultured under conditions that
stimulate DNA synthesis (Fig. 5). The specific activity of the
dTTP pool and the incorporation of ['HJthymidine were con

currently measured in one experiment in which cells were
treated with EGF alone or in conjunction with TPA or PB. The
increases in incorporation of | '11|thymidinc in cultures treated

with TPA or PB (Table 3) are in agreement with the results in
Table 2 and reflect real increases in DNA synthesis as measured
by dTTP incorporation. However, under the condition of in
creasing lengths of time that hepatocytes are exposed to EGF,
the incorporation of [3H]thymidine into acid-insoluble material

greatly overstates the actual increase in DNA synthesis because
of a concomitant increase in the specific activity of the dTTP
pool (results not shown).

Effects of TPA and PB on Cell Spreading. Since it has been
5668
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Fig. 6. Four-h cultured hepatocytes. At the second h after plating, the cells
were refed control (C) medium (upper), TPA (50 ng/ml)-containing medium
(middle), or PB (1 mM)-containing medium (lower), x SO.

reported that tumor promoters caused morphological changes
in cultured cells (7-9), and also that cell spreading is closely
related to DNA synthesis in vitro (42), we measured cell areas
of isolated hepatocytes on dishes at the second h and the tenth
h after addition of TPA or PB. As shown in Table 4, cell
spreading of hepatocytes was enhanced by TPA, but not by PB.
As shown in Fig. 6, TPA induced pseudopodial activity of
hepatocytes. Although proline, norepinephrine, EGF, and
cyclic AMP, all of which enhance hepatocyte DNA synthesis
(34, 43-46), also enhance cell spreading,5 cell spreading asso
ciated with prominent pseudopodial activity as seen in TPA-
treated hepatocytes was not readily observed in the presence of
these factors.

DISCUSSION

Cell proliferation is essential for the formation of preneo-
plastic lesions derived from a single initiated hepatocyte. From
this point of view, we examined in the present experiments the

5 Unpublished observations.

effects of the tumor-promoting agents, TPA and PB, on hepa

tocyte DNA synthesis in primary culture. These studies have
demonstrated the following three effects of tumor promoters
on replicative DNA synthesis in primary cultures of rat hepa
tocytes: (a) hepatocyte DNA synthesis was enhanced by treat
ment with tumor promoters following EGF treatment; (b) the
promoters altered to varying degrees the effect of cell density
on DNA synthesis in hepatocytes; and (c) the promoters poten
tiated the sensitivity of hepatocytes to EGF. In addition, EGF-
binding experiments showed that TPA transiently down-regu
lated the number of EGF receptors and also that PB up-
regulated or maintained the number of the receptors. At the
time EGF was added to cultures, the number of EGF receptors
of the cells treated with TPA was not different from that of the
control cultures; this strongly suggests that postreceptor events
are important in the observed enhancement of DNA synthesis.
In this context, it was critical for the most effective enhance
ment of DNA synthesis by TPA that treatment with TPA be at
the late d phase. On the other hand, PB seems to be effective
when added simultaneously with EGF or shortly after EGF
treatment, but not at late G, and/or S phase. Thus, TPA and
PB may act differently during the cell cycle to enhance DNA
synthesis.

A major effect of tumor promoters, i.e., enhancement of
DNA synthesis of cells in the cell cycle, but not in G0 stage,
seems to be more advantageous for proliferation of preneoplas-
tic cells than for normal cells, possibly because the percentage
of preneoplastic cells in the cell cycle, not in a quiescent phase,
is much greater than that of noninitiated cells (47). In addition,
Farber has suggested that hepatocytes in preneoplastic lesions
fail to return to a resting (G0) phase (2). Thus, although it is
difficult to explain by this effect alone why initiated cells
proliferate more than normal cells in response to tumor pro
moters, this enhancement of DNA synthesis may account for
the better response of preneoplastic than of normal cells to
certain growth stimuli, if the initiated cells fail to return to the
Go phase or easily traverse from G0 to d.

A second effect of promoters, i.e., release of hepatocytes from
the regulation of DNA synthesis by cell density, may be related
to inhibition of cell-cell communication (3-6). Ogawa et al.
(48) demonstrated by electron microscopic techniques the sig
nificant widening of intercellular spaces between hepatocytes in
preneoplastic lesions; this finding suggests that hepatocyte rep
lication in the lesions is to some extent regulated by cell density.
Thus, this effect of promoters may permit the cells in the lesions
to proliferate more easily than the cells in normal tissues.

A third effect of these tumor promoters on DNA synthesis,
potentiation of the effects of EGF, may account for the in vivo
mitogenic activity of PB on hepatocytes (49), because EGF
exists in serum at a concentration of about 1 ng/ml (50). In
addition, almost all liver tumor promoters cause hyperlasia (49)
with hypertrophy. Thus, it is likely that the promoters induce
hepatocyte DNA synthesis in vivo by the potentiation of serum
EGF on the synthesis. Although we demonstrated in this paper
three different effects of tumor promoters on the enhancement
of DNA synthesis in cultured hepatocytes, these three mecha
nisms may cooperate with one another to promote carcinogen-
esis.

The reported effects of TPA on serum-induced or EGF-
induced cell proliferation have been inconsistent; inhibition
(51-53) and enhancement (54, 55) have both been reported.
For rat hepatocytes, we have demonstrated an enhancing effect
of TPA on DNA synthesis, although TPA was reported to
abolish the effect of EGF on Ca2+ mobilization (56) and on the
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phosphorylation of proteins in hepatocytes (56). In addition,
we have shown that TPA down-regulated EGF receptors tran
siently, as has been reported for HeLa cells (57). This down-
regulation may result from phosphorylation of the 654th amino
acid of the receptor by protein kinase C (58). Since a 12-h
exposure to EGF was required to induce DNA synthesis and
since, 24 h after the initiation of EGF, treatment was required
to reach the maximum DNA synthesis (59), it is possible that
some of the early responses of hepatocytes to TPA are not
related directly to initiation of DNA synthesis.

PB is a potent tumor promoter in hepatocarcinogenesis (1,
2), and PB feeding of rodents results in liver hypertrophy and
hyperplasia (49). Armato et al. (28, 29), Edwards and Lucas
(27), and Kitagawa et al. (23-25) demonstrated the enhancing
effects on DNA synthesis or cell growth, with primary cultures
of neonatal rat hepatocytes, adult rat hepatocytes, and preneo-
plastic liver cells, respectively. On the other hand, Armato et
al. (28, 29) and our studies (this paper) demonstrated an en
hancing effect of TPA on hepatocyte DNA synthesis, while
Rayano et al. (24) failed to show the effect. Kayano et al.,
however, cultured the cells with TPA over several weeks and
then determined colony formation. We treated the cells with
the agent for only 1 or 2 days. Since WÃ¤lderand Liitzelschwab
(60) reported that the effect of TPA on intercellular communi
cation of rat liver epithelial cells was transient, the discrepancy
of the TPA effect on hepatocyte DNA synthesis and colony
formation might result from the relative transient effect of TPA
on the former promoter under the conditions of our experi
ments.

In our studies, 125I-EGF was bound to the cell surface of PB-

treated hepatocytes in vitro more than to the cell surface of
control cells. In vivo, however, Hwang et al. (61) reported that
PB feeding resulted in a decrease in EGF binding to microsomal
or Golgi fractions. Since they expressed EGF binding per
protein content and since PB induces proliferation of many of
the components of the microsome fraction (49), it is difficult
to interpret the results of Hwang et al. (61 ) regarding the effects
of PB on EGF binding per cell (versus per protein content).
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