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ABSTRACT

Male F344 rats were treated once with (Â±)-7r,8r-dihydroxy-9f,10f-
epoxy-7,8,9,10-tetrahydrobenzo(a)p)Tene (BPDE) at various times after
a two-thirds partial hepatectomy. Diet containing 0.05% phÃ©nobarbital
was fed subsequently to promote the development of hepatocellular
neoplasms from initiated cells. This combined treatment caused an ap
parently continuous emergence of hepatocellular neoplasms between 31
and 60 weeks after initiation. Yields of hepatocellular neoplasms (ade
nomas and carcinomas) seen at 45 weeks after initiation varied according
to the time of treatment with BPDE. Rats treated at 15 h after partial
hepatectomy, when maximal fractions of proliferating hepatocytes were
entering the S phase, displayed the greatest incidence and yield of
hepatocellular neoplasms. Rats treated when hepatocytes were early in
the prereplicative <., phase demonstrated a significantly lower incidence
and yield of hepatocellular neoplasms. No neoplasms were seen in livers
of rats treated with BPDE without prior partial hepatectomy; this indi
cates the insensitivity or resistance of nonproliferating Go hepatocytes to
initiation by this chemical. The variation in yields of neoplasms could not
be attributed to variation in binding of carcinogen to DNA or to rates of
DNA repair. The risk of initiation of hepatocytes appeared to be corre
lated (r = 0.95) with the fraction of hepatocytes that were entering the S
phase at the time of treatment with BPDE. These results reveal a
significant cell cycle dependency for initiation of hepatocarcinogenesis by
BPDE and show that proliferating hepatocytes are at greatest risk when
early in the S phase. Quantitation of islands of hepatocellular alteration
suggested a similar pattern of cell cycle-dependent sensitivity, although
the cycle-dependent variation in island frequencies (1.4-fold) was less
than the variation in yields of neoplasms (5-fold). However, 1300-5000
islands were estimated to appear for every one neoplasm that appeared.
When viewed within the context of multistep carcinogenesis, and assum
ing that islands of altered hepatocytes represent a step in this process,
then these results suggest that islands may represent populations of cells
at least one step removed from neoplasia.

INTRODUCTION

Proliferating hepatocytes in regenerating livers have been
shown to undergo significant variation in susceptibility to car
cinogenesis by a single treatment with the direct-acting methyl-
ating agent MNU3 (1, 2). While the reproductively quiescent

hepatocyte in intact liver is virtually invulnerable to carcinogen
esis by MNU, the proliferating hepatocyte early in the S phase
appears to be particularly sensitive (2). These studies were done
using a single large dose of MNU as a complete carcinogen
with no further treatment of hepatocytes. Autonomous neo
plasms emerged from latency independent of any additional
provocation other than that imposed by tissue homeostasis.
When a lower molar dosage of the methylating carcinogen
DMN-OAc was used in place of MNU to initiate hepatocarci
nogenesis, and when livers subsequently were exposed to phÃ©
nobarbital in the diet to promote the development of neoplasms,
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a similar pattern of cycle-dependent carcinogenesis was seen
(3). Hepatocellular neoplasms that emerge during promotion
with phÃ©nobarbitalrepresent unambiguous progeny of initiated
hepatocytes (4) and may be quantified as a measure of the
frequency of initiated hepatocytes that were produced in dam
aged livers (5, 6). Proliferating hepatocytes in early S exhibited
a 7-fold greater sensitivity to initiation by DMN-OAc than did
hepatocytes in early d and nonproliferating hepatocytes were
resistant to initiation (3). These results suggest that, during the
replication of carcinogen-damaged DNA, irreversible cellular
alterations are produced that contribute to initiation of the
neoplastic phenotype. The lower sensitivity of hepatocytes in
G i may reflect the operation of error-free pathways of DNA
repair prior to DNA replication (3).

BPDE is a direct-acting chemical carcinogen which produces
bulky adducts on DNA (7,8). These adducts are repaired within
human fibroblasts by the nucleotidyl DNA excision repair
pathway (9). The defective operation of this DNA repair path
way in patients with xeroderma pigmentosum is associated with
substantially increased risk of skin cancer induced by solar
radiation (10). Identification of the key defensive role played
by DNA repair in carcinogen-damaged cells (9-11) has contrib
uted to an understanding of the importance of DNA damage in
initiating carcinogenesis. Methyl adducts produced by MNU
and DMN-OAc appear to be repaired by the base DNA excision
repair pathway (12, 13) and the C^-alkylguanine DNA alkyl-
transferase (14, 15). It is of interest to determine whether these
various pathways of DNA repair operate with similar efficien
cies in reducing cellular risk of transformation. To date there
have been no studies of the cell cycle dependence of initiation
of hepatocarcinogenesis by direct-acting chemicals that produce
large adducts on DNA. Such studies should provide some
insight into the protective influence of prereplication DNA
repair. We have developed a regimen for analysis of hepatocar
cinogenesis in rats given a single treatment with the direct-
acting arylalkylating agent BPDE (6). We reproduced the de
sign of previous studies of cell cycle-dependent carcinogenesis
in which regenerating livers of 7-week-old F344 male rats are
exposed to a single dose of carcinogen administered directly
into the portal vein. In this paper we describe the pattern of
cell cycle-dependent variation in hepatocyte sensitivity to initi
ation of carcinogenesis by BPDE.

MATERIALS AND METHODS

Chemicals and Reagents. BPDE was purchased from Midwest Re
search Institute, Kansas City, MO. The chemical had no detectable
impurities as analyzed by high-pressure liquid chromatography through
a Waters /Â¿Porasilcolumn. DMSO of silylation grade was from Pierce
Chemical Co., Rockford, IL.

Animals, Treatment with BPDE, and Long-Term Holding. F344 male
rats were obtained from Charles River Breeding Laboratories, Kingston,
NY, when weighing 75-90 g. They were fed Purina 5001 diet with free
access to water. After 1 week of acclimation, when rats weighed 100-
120 g, they underwent PH. At various intervals thereafter, cohorts were
treated with BPDE by portal administration under conditions described
previously (2, 6). BPDE was dissolved at 24 mg/ml in DMSO imme
diately before use. An aliquot of 25 nI mixed with 0.5 ml of serum from
adult male F344 rats was drawn into a syringe and within 1 min the
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solution was administered into the portal vein of an anesthetized rat.
The molar dosage of BPDE to treated rats was 20 /umol/kg. Three
weeks after the treatment with BPDE, phÃ©nobarbitalwas added to the
diet at 0.05%. Rats were fed this diet until 1 week before terminal
sacrifice, when phÃ©nobarbitalwas withdrawn. The animals were then
fasted for 24 h before sacrifice to deplete liver glycogen.

Quantitation of Hepatocellular Islands and Neoplasms. A 1-2 mm
thick section of the right lateral lobe was frozen for subsequent quan-
titation of altered hepatocellular islands (glycogen-retaining) as previ
ously described in detail (5). The remainder of liver was fixed in
formalin and neoplasms were identified grossly in 1-2-mm thick sec
tions. Masses were processed for histolÃ³gica!diagnosis in hematoxylin-
and eosin-stained sections. The classification of hepatocellular adeno
mas and carcinomas was as recently suggested (16) with the term
adenoma used to denote neoplastic lesions previously called neoplastic
nodules (2, 5). Incidences of neoplasms (percentage of rats with neo
plasm) were compared in 2 x 2 tables with the x2 test statistic. Yields

of neoplasms (mean number of neoplasms per liver) were compared
with the Student's t test.

Quantitation of DNA Binding in Treated Livers. Two or three rats
were chosen from each of the experimental cohorts and were sacrificed
2 or 48 h after administration of BPDE. Livers were frozen in liquid
nitrogen and stored at â€”70*C.Nuclei were isolated (17) and DNA was

purified by banding in CsCI density gradients (13). BPDE adducts on
hepatic nuclear DNA were measured by enzyme-linked immunosorbent
assay as described by Hsu et al. (18).

RESULTS

Hepatocyte Proliferation Kinetics after a PH. Three animals
in each experimental group were sampled for estimation of the
percentages of hepatocytes in the S and M phases of the cell
cycle as detailed previously (2, 3). The results were compared
with mean values established in several previous studies with 7-
week-old F344 male rats (2)4 and are depicted in Fig. 1. Al

though there was substantial interanimal variability in the frac
tions of hepatocytes in each of the cell cycle phases, the historic
group means described two closely related curves. The fractions
of hepatocytes in the S phase remained at the presurgical level
for up to 12 h after PH and then rose abruptly at a rate of
about 5% per hour. A peak fraction of 30% of S phase hepa
tocytes was seen at 18 h after PH. Between 18 and 24 h after
PH the fraction of hepatocytes in the S phase decreased by one-
half to 15%. The fraction of hepatocytes in mitosis remained
at low levels for up to 21 h after PH and then rose abruptly to
a peak of 6% at 24 h. Because mitosis occupies about l h (19),
the miiot ic index may be viewed as a rate of entry of hepatocytes
into mitosis (in %/h). Using 9.5 h as the length of time from
the beginning of the S phase to the beginning of mitosis, the
mitotic index (or rate of entry into mitosis) could be used to
predict the rate of entry of hepatocytes into the S phase (Fig.
1). The small groups sampled during performance of the treat
ments with BPDE yielded values of S and M phase hepatocytes
that were consistent with expectation in all cases except one in
which the labeling index was abnormally low (Fig. 1). Due to
the lack of uptake of the tritiated thymidine precursor in some
rats, the labeling index was not determined for all sampled
livers.

Time Course of Emergence of Neoplasms. Groups of rats were
treated with BPDE at the peak of DNA synthesis 18 h after
PH and then were fed diet containing 0.05% phÃ©nobarbital
until 1 week before sacrifice at 31, 45, or 60 weeks after
treatment with BPDE. Incidences and yields of hepatocellular
neoplasms appeared to increase continuously over this interval
(Fig. 2). By 60 weeks rats had an average of 1.8 neoplasms/
liver. Extrapolation of the line relating yield of neoplasms to
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Fig. I. Hepatocyte proliferation kinetics after PH. Autoradiography and light

microscopy were used to quantify the fractions of hepatocytes in the S (top panel)
and M (bottom panel) cell cycle phases at various times after PH. The numbers
of rats used in the determination of mean values are shown next to each symbol.
Error bars, where shown, SE (standard deviation/(A^)). When not shown, the
error fell within the symbol. Â».individual values obtained in the current study.
In the bottom panel, the values of the labeling index were predicted based upon
the assumptions that the mitotic index was equivalent to the rate with which
hepatocytes entered the S phase 9.5 h earlier and hepatocytes remained in the S
phase for at least 7 h (19).

45

WEEKS AFTER PH

Fig. 2. Time course of emergence of hepatocellular neoplasms in BPDE-
treated rats. Rats were treated with 20 fimol/kg body weight of BPDE (â€¢,A) or
with the DMSO/serum vehicle alone (O, A) at 18 h after PH. Three weeks later
they were placed on diet containing 0.05% phÃ©nobarbitaluntil 1 week before
sacrifice. Numbers in parentheses, numbers of rats sampled at each time interval.

4W. K. Kaufmann, D. G. Kaufman, and J. M. Rice, unpublished results.

time after initiation suggested that the latency phase of hepa-
tocarcinogenesis was about 25 weeks. Both carcinomas and
adenomas were initiated by BPDE. At 45 and 60 weeks after
initiation, carcinomas represented 36 and 57%, respectively, of
the hepatocellular neoplasms identified. No mÃ©tastaseswere
seen.

A total of 24 control rats were held on phenobarbital-con-
taining diet for 31-60 weeks after treatment with 5% DMSO
in serum at 18 h after PH. One hepatocellular adenoma was
observed in these controls. Among 150 F344 male rats that we
have held for 45 weeks or more after PH as controls in various
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experiments (2, 3, 5, 6), we have observed only one hepatocel-
lular adenoma. Thus, our aggregate background incidence of
neoplasms is 1/150 (0.7%) and the yield is 0.007 neoplasm/
liver. We also have held a total of 106 rats for 37-41 weeks
after PH on diet with 0.05% phÃ©nobarbitaland have seen only
the one neoplasm noted in this study; this gives an incidence of
neoplasms in phenobarbital-promoted livers of 1%. A single
treatment of regenerating livers with 20 fimol/kg BPDE pro
duced a highly reproducible and significant yield of initiated
hepatocytes as seen in this study by the appearance of hepato-
cellular neoplasms during promotion with 0.05% phÃ©nobarbital
in the diet.

Cell Cycle Dependence for Initiation of Neoplasia by BPDE.
Rats treated with BPDE at various times after PH were sacri
ficed 45 weeks later. There was no variation in the rates of
weight gain or in the plateau weights of the various experimen
tal groups. Incidences and yields of hepatocellular neoplasms
did vary according to the time of treatment (Table 1). Rats
treated when proliferating hepatocytes were early in S phase
(15 h after PH) had the largest multiplicity (1.87/liver) and the
greatest incidence (0.8) of neoplasms. Rats treated at 4 h after
PH, early during the prereplicative (â€¢,phase, had significantly
fewer neoplasms (0.36 per liver) and a lower incidence (0.36).
Over the interval of the first 24 h after PH, hepatocyte sensitiv
ity to initiation of neoplasia appeared to rise to a peak at 15 h
and then fall. Among 14 rats with intact livers containing
nonproliferating hepatocytes, BPDE treatment did not produce
any hepatocellular neoplasms. Because carcinomas and adeno
mas demonstrated similar trends (Table 1) and because the
diagnosis of hepatocellular neoplasms as adenomas or carci
nomas is subject to observer variation, we have used the total
incidences and yields of neoplasms as the measure of hepatocyte
sensitivity to initiation. Based upon a 95% confidence interval,
statistical analysis of the data confirmed the significantly in
creased sensitivity of the proliferating hepatocytes treated at 15
and 18 h after PH. The data presented in Table 1 were used to
test whether a correlation existed between the sensitivity of
livers to initiation of hepatocarcinogenesis by BPDE and the
rate with which hepatocytes were entering the S phase when
exposed to the carcinogen. As shown in Fig. 3, there did appear
to be a correlation (r = 0.95), further attesting to the enhanced
sensitivity of proliferating hepatocytes when early in the S
phase.

Table 1 Incidences ana yields of hepatocellular adenomas and carcinomas in
BPDE-trealed F344 rats

Experi
mental

group"Intact48121518212418

vehicleAdenomasN14111014IS17141414Incidence00.270.400.290.660.590.360.360.07Yield00.270.500.430.870.880.500.430.07CarcinomasIncidence00.0900.210.660.180.210.290Yield00.0900.361.000.180.210.360Total*Incidence00.360.400.360.800.710.500.640.07Yield00.360.500.791.871.060.710.790.07
" Experimental groups correspond to the times after PH that rats were treated

with BPDE. "Intact" livers were not subjected to PH. Vehicle-treated rats were

given 5% DMSO in serum (5 ml/kg) via portal vein injection at 18 h after PH.
Animals were sacrificed 45 weeks after treatment with BPDE or PH.

* Significantly different (/' < 0.05) comparisons between incidences (fraction

of rats with neoplasm) and yields (mean number of neoplasms per rat) of total
hepatocellular neoplasms were as follows:

Incidences (x2 test statistic):

Intact versili 4, 8, 12, 15, 18, 21, 24
15 versus 4, 8, 12

Yields (Student's t test statistic):

15 versus4, 8, 12,21,24
{Â»versus4
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Fig. 3. Correlation between yields of hepatocellular neoplasms and the rate of
entry of hepatocytes into the S phase of the cell cycle. The rate of entry of
hepatocytes into the S phase (in %/h) was estimated from the mitotic index curve
in Fig. 1 assuming that hepatocytes entered the S phase 9.5 h before they entered
mitosis and that hepatocytes entered both phases at similar rates. The yields of
hepatocellular neoplasms in each of the experimental groups (Table 1) were
plotted against the rates of entry of hepatocytes into the S phase at the times of
treatment with BPDE. Linear regression of these data yielded a line (yield =
0.29(rate of entry) + 0.22) r = 0.95.
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Fig. 4. Binding of BPDE to hepatic nuclear DNA. Rats were removed from
the cohorts of BPDE-treated animals (Table 1) 2 or 48 h after the administration
of carcinogen. Hepatic nuclei were isolated, their DNA was purified in CsCl
gradients, and BPDE-DNA adducts were quantified by enzyme-linked Â¡ninnimi-
sorben! assay. Symbols represent determinations of BPDE binding levels in
separate animals.

Binding to DNA. Although BPDE reacts with DNA sponta
neously without need for metabolic activation, we considered it
important to determine whether other factors might cause
variations in the levels of adduction to DNA with time after
PH. Rats were selected from cohorts of treated rats and sacri
ficed 2 or 48 h after treatment with BPDE. Liver nuclei were
isolated and DNA was purified from the nuclei for quantitation
of adducts by enzyme-linked immunosorbent assay (18). Pre
liminary dose-range and time-course studies demonstrated a
linear relationship for adduction to DNA versus dose for doses
in the range of 10-30 Â¿Â¿molBPDE per kg body weight. Maximal
binding levels were achieved within 2 h after treatment. In
intact and regenerating livers sampled 2 h after administration
of BPDE binding levels were found to vary between 3 and 11
fmol of adducts per Â¿igDNA with a mean of 6.6 (SD = 2.3, N
= 20) (Fig. 4). In livers sampled 48 h after treatment, the mean
level of adduction to DNA was 4.7 fmol/^g DNA (SD = 2.7,
N = 20), representing a reduction of about 30% from the
average 2-h value. Alone, neither the initial level of adduction
to DNA nor the apparent rate of loss of adducts could explain
the variation in sensitivities of hepatocytes treated at 4 or 15 h
after PH.

Time Course and Cycle Dependence for Induction of Islands
of Altered Hepatocytes. Preliminary carcinogenesis experiments
to define an effective dose of BPDE had also demonstrated the
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Table 2 Time-dependent emergence of hepatocellular neoplasms and islands in
rats treated with BPDE 18 h after PH

Weeks after treatment withBPDERatsNeoplasms

Neoplasms/liver (yield)
Islands/cm2
Islands/cm3

Islands/live^
Island/neoplasm ratio''315

2
0.45.9

Â±2.8*
266 Â±127*

2377 Â±1172*

5852451718

1.1"

9.3 Â±5.8
263 Â±169

2724 Â±1716
2440604

7
1.8

9.0 Â±3.9323
Â±67

3915 Â±1079Â°2175

* Significantly greater (P< 0.05) than 31-week value (Student's t test).
* Mean Â±SD; for 45-week group, n = 10.
' Estimated by multiplying the volume of liver (in cm3) times the numerical

density of islands (number/cm3) (5).
'' Islands/liver divided by neoplasms/liver.
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Fig. 5. Size and frequency distributions for altered hepatocellular islands in
BPDE-initiated livers. At the time of sacrifice 45 weeks after PH, a portion of
liver was taken for identification and enumeration of glycogen-storage islands (5).
Histograms display the numerical densities of islands (in number/cm3) within
various size categories in livers of rats treated with BPDE at 4, 8, 15, or 18 h
after PH. The numbers of livers analyzed were 10 for the 8- and 18-h groups and
11 for the 4- and 15-h groups. The mean (Â±SD) numerical density of islands in
vehicle-treated control animals sacrificed at 45 weeks after PH was 23 (Â±35, N
â€¢â€¢-9). This value was not subtracted from the values depicted for BPDE-treated
rats. The standard deviations of the mean values shown were: 4 h, 110; 8 h, 96; gen (5).

neoplasms by using various promoting agents to induce hyper-
plasia in the affected skin (4). According to this early presen
tation, initiation represents the formation of latent neoplasms
which are disclosed by their acquired ability to form a neoplasm
when suitably promoted. In the hepatocarcinogenesis literature,
initiation is used by some in a less restricted sense to refer to
cells that have incurred phenotypic alterations postulated to lie
on the pathway to neoplasia but which are not as yet neoplasms
(20,21). Several studies have demonstrated the requirement for
hepatocyte proliferation in the induction of these altered cells
by chemical carcinogens (20-22). However, it has recently been
demonstrated that hepatocellular islands of alteration may not
be quantitative indicators of the ability of damaged cells to
form neoplasms when promoted (6, 23). Consequently, in this
study initiation is used in its original restricted sense to refer
to the conversion of a damaged cell to a state that will form a
neoplasm when promoted. The relationship of these cells to the
phenotypically altered nonneoplastic cells is considered further
as follows.

Proliferating hepatocytes in regenerating livers displayed cell
cycle- dependent variation in sensitivity to initiation of carci-
nogenesis by BPDE. The risk of initiation appeared to be
greatest during early S phase and was significantly lower during
the period preceding S phase (prereplicative G,). Nonprolifer-
ating hepatocytes in intact livers did not appear to be susceptible
to initiation of hepatocarcinogenesis by BPDE. These results
are quite comparable to those observed previously in studies in
which direct-acting methylating agents were used to damage
DNA and to induce or initiate carcinogenesis (2, 3). The impli
cation of this result is that prereplication DNA repair may
protect proliferating hepatocytes from initiation by BPDE. The
approximately 25-week latency for emergence of neoplasms
and the apparently continuous emergence of neoplasms between
31 and 60 weeks are also comparable to features of hepatocar
cinogenesis initiated by a single dose of a methylating carcino-

15 h, 112; and 18 h, 169. The 18-h mean was not significantly greater (/' > 0.05)
than the 4-h mean.

induction of islands of altered hepatocytes, identified by their
abnormal retention of glycogen during fasting (6). These islands
were identified and their frequencies estimated in frozen sec
tions derived from livers at sacrifice. Livers treated with BPDE
after PH displayed increased frequencies of islands (3-20/cm2)

(Table 2; Fig. 5). When these frequencies were converted to
yields of islands per liver, there appeared to be a modest (about
60%) but statistically significant increase in yield between 31
and 60 weeks after treatment with BPDE. Among groups
sampled at 45 weeks, livers treated at 15 and 18 h appeared to
contain 120-140% of the islands seen in livers treated at 4 h
(Fig. 5). The size distributions of islands in these livers were
similar, however. We had previously observed that, among 10
livers treated at 18-20 h after PH with doses of BPDE between
3 and 27 ^mol/kg and then promoted for 36 weeks, the ratio
of islands to neoplasms was about 7000:1 (6). In the current
sample of livers treated at 18 h after PH and then promoted
for 41 weeks, this ratio was 2440:1. In rats treated at 4 h after
PH the ratio was about 5000:1, whereas in the high-risk group
treated at 15 h the ratio was 1325:1.

DISCUSSION
Friedewald and Rous (4) first used the term "initiate" to refer

to the production in rabbit skin of latent neoplastic cells by
treatment with benzpyrene (sic) and methylcholanthrene. These
initiated cells could be subsequently provoked to form benign

Previous studies have shown BP to be capable of initiating
hepatocarcinogenesis (24-27). In one study in which initiated
hepatocytes were demonstrated as 7-glutamyltranspeptidase-
positive foci that resisted the mitoinhibitory effects of dietary
2-acetylaminofluorene, BP was most effective when given 12 h
after PH (24). In livers of animals given a single i.g. intubation
of 666 Â¿/mol/kgof BP at 12 h after PH and then subjected to
feeding of 2-acetylaminofluorene and treatment with carbon
tetrachloride, a high incidence of hepatocellular neoplasms was
seen after 18 months (25). Kitagawa et al. (26) administered
BP after PH and then promoted the development of neoplasia
with phÃ©nobarbital.Only in rats given six daily i.g. intubations
for a total of 780 /Â¿mol/kgof BP beginning 24 h after PH were
hepatocellular neoplasms seen (7 in 7 rats). Peraino et al. (27)
gave a single i.p. administration of 540 ^mol/kg of BP to 1-
day-old rats followed by promotion with phÃ©nobarbital.By 67
weeks after treatment 57% of females and 30% of males con
tained a hepatocellular neoplasm. It was also observed in this
study that in rats treated with BP and promoted, there was an
essentially continuous emergence of neoplasms between 19 and
67 weeks after initiation. BPDE as administered here was
substantially more effective as a hepatocarcinogen than was the
parent hydrocarbon.

Binding to DNA was detected in all livers exposed to BPDE
including intact livers which were resistant to initiation by this
chemical. These results indicate that initiation does not occur
simply as the result of damaging DNA; some secondary event,
or events, must occur with damage to DNA to initiate carci
nogenesis. Based upon the observation that proliferating hepa-
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tocytes were maximally sensitive when entering the S phase
(Fig. 3), one secondary event may involve the replication of
damaged DNA. In cells in culture, mutagenesis, clastogenesis,
and neoplastic transformation may be S phase-dependent proc
esses (11, 28-30). It is probable that genetic alterations are
required to initiate carcinogenesis, and we have hypothesized
that some of these alterations occur when cells replicate dam
aged DNA (3). A corollary to this hypothesis is that the repair
of DNA damage during the prereplicative GÃ¬phase should
reduce cellular risk of initiation. The 30% reduction in the
levels of DNA adducts observed between 2 and 48 h after
treatment suggests that BPDE-DNA adducts may be repaired
in proliferating hepatocytes. A more detailed analysis of hepa-
tocyte DNA replication and DNA repair in livers treated with
BPDE will be presented in a separate report.

Despite the limitations of the precision of cell synchroniza
tion in regenerating livers, yields of neoplasms varied by as
much as 5-fold between early G, and the S phase of the cell
cycle while yields of islands of cellular alteration varied by at
most 1.4-fold. Islands, however, appeared 1,300-5,000 times
more frequently than neoplasms. Thus in comparison to the
conversion of hepatocytes to a state that can be promoted to
form a neoplasm, the induction of altered hepatocellular islands
was a much higher frequency event. The magnitude of difference
between the yields of islands and neoplasms (103-104) is on the

same order as induced frequencies of mutation at selected gene
loci (II, 28). If islands occur as a result of genetic alterations
such as mutations, then initiation of neoplasia may require at
least one additional genetic alteration. Multiple genetic altera
tions appear to be required to generate the neoplastic phenotype
(31, 32) and specific genetic targets have been identified in
transformation studies (33). Based upon the 1,300-12,000-fold
differences in yields of neoplasms and islands produced by a
single treatment with carcinogen (6), we propose that islands
may represent largely a population of hepatocytes that have
incurred some but not all of the genetic alterations needed for
initiation, i.e., the ability to form neoplasms during promotion
with phÃ©nobarbital. A 5-fold variation in hepatocyte risk of
initiation might, therefore, be explained as representing the
product of two (or more) genetic alterations, each of which
varies in a cell cycle-dependent manner by about 2-fold or less.
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