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ABSTRACT

Hepatocyte sensitivity to initiation of carcinogenesis was studied as a
function of the cell cycle phase in which damage was incurred. Hepato-
cytes were stimulated to proliferate by a two-thirds partial hepatic
resection, and their proliferation was synchronized further by postsurgical
treatment with hydrocortisone. Groups of male F344 rats were given a
single administration of methyl(acetoxymethyl)nitrosamine, a highly re
active methylating agent, at various times after two-thirds partial hepatic
resection when hepatocytes were in defined phases of the cell cycle.
Beginning 3 wk after the treatment and for 37 wk thereafter, rats were
fed a diet containing 0.05% phÃ©nobarbitalto promote the expression of
initiated hepatocytes. At 45 wk after treatment with carcinogen hepato-
cytic neoplasms were enumerated. The greatest yield of neoplasms (5.4
per liver) was observed in the group treated 16 h after two-thirds partial
hepatic resection or at the time when proliferating hepatocytes began to
enter the S phase of the cell cycle. The least yield of neoplasms (0.8 per
liver) was identified in the group treated with methyl(acetoxy-
methyl)nitrosamine when hepatocytes were early in GÃ¬.In the prolifer
ating hepatocytes sensitivity rose continuously during d to a peak at the
G|-S border and then fell continuously as hepatocytes traversed S, G2,
and M. This pattern of response could not be attributed to variation in
hepatic esterase which activates methyl(acetoxymethyl)nitrosamine or to
variation in methylation of DNA. The results support a model in which
carcinogen-induced genetic alterations, occurring at the time of or soon
after damaged cells enter the S phase, represent irreversible events that
contribute to the initiation of carcinogenesis.

tration of this reactive methylating agent was via the portal
vein to restrict damage to the liver (7). Due to its rapid conver
sion by nonspecific esterases to DMN-OH, which is quite
unstable (8), DMN-OAc has a very short lifetime in vivo (7). It
was possible, therefore, to control precisely the time in the cell
cycle that carcinogenic damage was incurred within the target
livers.

Posthepatectomy administration of HC has been shown to
delay the onset of DNA synthesis by proliferating hepatocytes
by reversibly blocking cells in the later third of the prereplicative
GÃ¬phase (6). Using this endogenous steroid hormone to collect
proliferating hepatocytes in G i, it was possible to produce single
waves of DNA synthesis and mitosis by hepatocytes in regen
erating livers (6). In a previous study, HC-synchronized hepa
tocytes appeared to be especially susceptible to carcinogenesis
by MNU when at the GrS border (6). Here we describe the
results of an experiment in which groups of rats were given a
single administration of DMN-OAc at times during this syn
chronized proliferative cycle. The yields of hepatocytic neo
plasms were enumerated after 37 wk of feeding of phÃ©nobarbi
tal, a promoter of hepatocytic neoplasia (9). Neoplasms that
emerged after promotion and which persisted for 5 wk after
discontinuation of promotion were assumed to represent the
progeny of initiated hepatocytes and were quantified as unam
biguous evidence of initiation events in damaged livers.

INTRODUCTION

Previous studies have demonstrated that hepatocytes vary in
their susceptibility to carcinogenesis according to their prolif
erative activity (1-3). Thus, the replicatively quiescent hepato-
cyte in adult rat liver is largely insensitive to induction of
carcinogenesis by a single dose of carcinogen (1-3). In contrast,
in neonatal livers and in livers regenerating after PHR3 or
treatment with carbon tetrachloride, the proliferating hepato-
cyte is quite sensitive to carcinogenesis by a single dose of
diverse carcinogens (1-4). Moreover, the sensitivity of prolif
erating hepatocytes may vary significantly during the cell cycle
(1). When a direct-acting carcinogen, MNU, was studied, the
time of greatest sensitivity corresponded to the time of maximal
DNA synthesis (5,6). Hepatocytes in the prereplicative d were
significantly less sensitive. Our study with MNU (6) was com
plicated, however, by high posttreatment acute mortality and
high incidences of malignant neoplasms in nonhepatic tissues.
We have reexamined the question of cell cycle-dependent vari
ation in susceptibility to carcinogenesis using a single sublethal
dose of DMN-OAc to initiate hepatocarcinogenesis. Adminis-
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MATERIALS AND METHODS

Administration of Carcinogen. DMN-OAc was synthesized to a purity
of >95% according to the method of Roller et al. (8). 14C-labeledDMN-
OAc was synthesized by the same method using MC-labeled methyl-

amine hydrochloride as precursor. The specific activity of the product
was 3.9 Ci/mol. Carcinogen was dissolved in phosphate-buffered saline
at pH 7.0 at a concentration of 0.02 M. Male F344 rats (Charles River
Breeding Laboratories) were obtained with a range of weights so that,
after at least 1-wk acclimation, each experimental group had a mean
weight of 110 Â±10 g at the time of PHR. Conditions of animal surgery
and postsurgical treatment with HC (kindly supplied by Dr. P. Mc-
Connell, Upjohn Company, Kalamazoo, MI) were as detailed previ
ously (6). At various times after PHR (as detailed in Fig. 3), the DMN-
OAc was administered by injection directly into the portal vein (0.5
ml/100 g of body weight for a dosage of 0.1 mmol/kg). Control animals
received the solvent alone at 28 h after PHR with all other treatments
being the same as for the carcinogen-treated groups.

Analysis of Hepatic Esterase Activity, Methylation of Hepatic DNA,
and Hepatocyte Cell Proliferation Kinetics after PHR. At each of the
times after PHR that groups were treated with DMN-OAc, 3 animals
were given only an i.p. injection of [3H]thymidine and then sacrificed

after 30 min. Livers were removed, and a section of the right lateral
lobe was processed as described previously (6) for determination by
light microscopy and autoradiography of the fractions of hepatocytes
in the M and S phases of the cell cycle. The remainder of the liver was
homogenized in 0.2% Triton X 100 for estimation of hepatic esterase
activity as described (7). Two animals in groups treated at 4, 20, 28,
and 36 h after PHR each received a portal injection of 0.1 mmol/kg of
MC-labeled DMN-OAc. One-half h later livers were removed and frozen
in ethanol at -78Â°C. Livers were subsequently processed according to
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the method of Bodell and Banerjee (10) to purify the DNA for deter
mination of the level of methylation.

Long-Term Promotion of Hepatocarcinogenesis and Enumeration of
Initiated Hepatocytes. The conditions of long-term animal holding were
as described previously (6) with the exception of the addition of phÃ©no
barbital to the diet. Beginning 3 wk after PHR, rats were offered diet
(Purina No. 5001) containing 0.05% phÃ©nobarbitalfor 37 wk. Five wk
before terminal sacrifice at 45 wk after PHR, the phÃ©nobarbitalwas
removed. At sacrifice livers were fixed in formalin and then sectioned
at 1- to 2-mm intervals. All cut surfaces were examined for neoplasms;
any that were seen were saved and processed for histolÃ³gica!diagnosis
by light microscopic analysis of hematoxylin-eosin-stained sections.
Histopathological criteria for diagnosis of hepatocytic adenomas (pre
viously called neoplastic nodules) and carcinomas were as described
previously (6, 11). Incidences of neoplasms (percentage of rats with
neoplasm) were compared by the x2 test. Yields of neoplasms (average

number of neoplasms per rat at risk) were compared by the Student t
test.

RESULTS

Kinetics of Hepatocyte Proliferation in HC-synchronized Liv
ers. Three animals from each of the experimental groups that
were treated with DMN-OAc were instead sampled for enu
meration of hepatocyte labeling and mitotic indices. This was
done to verify that, within the cohorts of treated rats, the pattern
of hepatocyte proliferation posthepatectomy conformed to the
kinetic pattern identified in our previous study (6). As antici
pated, postsurgical administration of 50 mg/kg of HC at 9, 14,
and 19 h after PHR delayed the onset of DNA synthesis and
mitosis by hepatocytes in regenerating livers (Fig. 1). In com
parison to our previous results, in this sample there appeared
to have been some leakage in the hydrocortisone-induced block
ade so that a minor fraction of proliferating hepatocytes (~20%)
entered the S phase and mitosis ahead of the majority. This
was evidenced by the appearance of ~10% of hepatocytes in the
S phase at 20 h after PHR and of ~2% of hepatocytes in mitosis
at 24 h. The variance with our previous results showing more
complete blockage of hepatocytes in G, (6) may be related to
differences in the lot of HC used in the two studies. In the
previous study the HC did not form an aqueous solution and
was administered i.p. as a fine dispersion. In the current study
the steroid remained in solution in 0.85% saline. Notwithstand-
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Fig. 1. Kinetics of DNA synthesis and mitosis in HC-synchronized regener
ating livers. Rats were administered |3H]thymidine 30 min before sacrifice, and
livers were processed for determination of hepatocyte labeling (left) and mitotic
indices (right). O, individual values obtained in the present study; A, mean indices
quantified previously (6). All of our data obtained in studies using the F344 rat
were compiled to show the mean labeling and mitotic indices at various times
after PHR in regenerating livers not treated with HC ( ).

ing this minor fraction of hepatocytes that appeared to escape
the HC block, the majority of proliferating hepatocytes in
regenerating livers responded to the HC as predicted, with
about 30% of hepatocytes entering the S phase between 28 and
32 h after PHR. At the peak of DNA synthesis 32 h after PHR,
an average of 50% of hepatocytes was in the S phase of the cell
cycle. Mitosis by hepatocytes synchronously followed DNA
synthesis by about 8 h. The predominant fraction of prolifer
ating hepatocytes traversed mitosis between 36 and 40 h after
PHR. At the peak ~5% of hepatocytes were in mitosis. These
results confirmed that the great majority (~80%) of proliferat
ing hepatocytes in the experimental groups displayed the ex
pected unimodal kinetic response.

The livers sampled for analysis of cell proliferation parame
ters were also tested for their content of nonspecific esterase
activity which converts the DMN-OAc to the unstable reactive
species, DMN-OH. This intermediate rapidly decomposes to
produce a methyl carbonium ion that damages cellular nucleo-
philes including DNA (8). Hepatic esterase activity did not vary
significantly in these livers sampled at times after PHR (Fig.
2). Moreover in a small sample of rats treated with '''C-labeled

DMN-OAc, methylation of hepatic DNA also did not appear
to vary (Fig. 2) with time after PHR.

Initiation of Hepatocarcinogenesis. In DMN-OAc-treated
rats, 85% (256 of 289) survived to the time of terminal sacrifice
at 45 wk after PHR. The largest portion of mortality (97%)
occurred acutely and generally as a result of complications of
surgery or anesthesia at the time of PHR or treatment with
carcinogen. Among the rats sampled at 45 wk, incidences and
yields of hepatocytic neoplasms varied substantially according
to the time of treatment with DMN-OAc after PHR (Fig. 3).
Groups treated at 4 and 44 h after PHR displayed significantly
lower incidences of adenomas and carcinomas in comparison
to the other treated groups. Because of the high incidences and
multiplicities of neoplasms in most of the groups, the x2 test

did not discern any greater detail in the response. The Student
t test which compares the average number of neoplasms per
liver revealed additional differences between groups. The yield
of adenomas in the group treated at 16 h after PHR was
significantly greater than yields detected in groups treated at 4,
8, 28, 36, 40, and 44 h after PHR. The yields of carcinomas in
the groups treated at 12 and 24 h after PHR were greater than
those seen in groups treated at 4, 8, 36, and 44 h. When the
total neoplasms were compared, the 16-h group displayed a

-- _ 8
b"o
> X
Iâ€” C

<J
<

co
<
OC

I "

< 2

Z

V/â€”L

DQ o
< 34 i"0"

I O

5 â€ž
Intact 10 20 30 40 50
Livers HOURS AFTER PARTIAL HEFATECTOMY

Fig. 2. Hepatic esterase activity and carcinogen binding to DNA. Livers
sampled for analysis of cell proliferation parameters were also sampled for
analysis of nonspecific esterase activity (â€¢).A, levels of binding of l4C-labeled
methyl groups to DNA 30 min after administration of l4C-labeled DMN-OAc at

various times after PHR.
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Fig. 3. Incidences and yields of hepatocytic neoplasms. Left: incidences (rats
with neoplasm/rats at risk) of adenomas (â€¢),carcinomas (A), and total neoplasms
(D) enumerated in groups treated with DMN-OAc at various times after PHR.
Numbers in parentheses, number of rats in each group. Right: mean yields
(numbers of neoplasms per liver) of adenomas (â€¢),carcinomas (A), and total
neoplasms (D) in treated animals. Standard deviations ranged between 60% of
the mean in groups with the highest yields and 220% of the mean in groups with
the lowest yields. Incidences and yields of neoplasms in experimental groups were
compared for statistical determination of significance (P < 0.05). The following
groups were found to have significantly different incidences and yields of hepa
tocytic neoplasms. Incidences (x2 test statistic): adenomas, 4 h versus 40 h and 8
to 32 h inclusive; 44 h versus 32 h and 8 to 24 h inclusive; 36 h versus 32 h and
12 to 24 h inclusive. Carcinomas, 4 and 44 h versus 8 to 40 h inclusive. Total
neoplasms, 4 h versus 8 to 40 h inclusive; 44 h versus 8 to 24 h inclusive, and 32
to 40 h inclusive. Yields (Student's r test statistic): adenomas, 16 h versus 4, 8,

28, and 36 to 44 h inclusive. Carcinomas. 12 and 24 h versus 4, 8, 36. and 44 h.
Total neoplasms, 16 h versus 4, 8, 28. and 36 to 44 h inclusive.

significantly greater response than the 4-, 8-, 28-, 36-, 40-, and
44-h groups. The total yields of neoplasms may be compared
with the hepatocyte labeling and mitotic indices at the times of
treatment (Fig. 1). From the low value of 0.8 neoplasms per
liver in the group treated at 4 h after PHR, the yields of
neoplasms rose continuously to a peak at 16 h, when treated
livers contained an average of 5.4 neoplasms. Thereafter, the
yields declined, so that by 44 h after PHR, yields had returned
to the low level seen soon after PHR. Thus, hepatocyte sensi
tivity to initiation of carcinogenesis was greatest just before the
time when hepatocytes began to enter the S phase of the cell
cycle. As increasing fractions of the proliferating hepatocytes
entered the S phase, sensitivity diminished. This general pattern
of response was observed for both carcinomas and adenomas
(Fig. 3), although the adenomas were more frequent neoplasms
in treated livers. No hepatocytic neoplasms were observed in
the 23 control animals that were sacrificed 45 wk after the
PHR.

DISCUSSION

This study revealed substantial variation in hepatocyte sen
sitivity to initiation of carcinogenesis over an interval when
hepatocytes traversed a single cell cycle. The time of maximal
risk appeared to be near the point when proliferating hepato
cytes began to enter the S phase. Hepatocyte risk was least
when they were early in the prereplicative G, before DNA
synthesis and in the postmitotic (>,. The rise and fall in the
yields of neoplasms are consistent with a model in which
replication of damaged DNA produces irreversible genetic al
terations that encode or contribute to the cancer phenotype (1).
Repair of damaged DNA before it is replicated should reduce
the probability that initiating genetic alterations occur within
proliferating hepatocytes.

The set of three injections of HC at 9, 14, and 19 h after
PHR was shown to collect proliferating hepatocytes in the later

third of the prereplicative d (6). After decay of the block, a
large fraction of hepatocytes passed through S, G2, and M in a
single wave with apparently normal times between each of these
phases (6, 12). In the experiment described here the minor
fraction of hepatocytes that escaped the block could have passed
the HC-responsive restriction point in GÃŒbefore 9 h after PHR.
Alternatively, these hepatocytes may not have been affected by
the HC either due to subeffective dose or inherent insensitivity.
Autoradiograms showed that the S-phase hepatocytes at 20 h
after PHR were predominantly in the Zone I of the hepatic
acinus (13) as occurs normally in the absence of HC injections
(12). Thus, these hepatocytes in S at 20 h and in mitosis at 24
h did not appear to be proliferating abnormally; nevertheless,
they did not appear to be affected by the HC treatment regimen.

In this study the initiation of hepatocarcinogenesis was quan
tified by counting hepatocytic neoplasms that appeared during
dietary exposure to the liver tumor promoter, phÃ©nobarbital,
and that persisted for a 5-wk interval after removing phÃ©nobar
bital from the diet. The withdrawal of phÃ©nobarbitalwas done
to reverse morphological alterations in hypertrophie hepato
cytes induced by the promoter. This procedure might decrease
the numbers of hepatocytic islands of cellular alteration seen in
treated livers, but it is unlikely to have any effect on the numbers
of neoplasms.

Risk of initiation of hepatocarcinogenesis varied significantly
according to the time of treatment with DMN-OAc. This could
not be related to variation in the amount of hepatic esterase
which activates DMN-OAc or the level of methylation of DNA.
Sensitivity to initiation rose sharply as hepatocytes entered and
traversed GÃŒwith the peak yield of neoplasms being seen at 16
h after PHR. This point corresponded to the latest time after
PHR at which very low fractions of hepatocytes were in S phase
but at which maximal fractions of hepatocytes were poised to
enter the S phase. Just after this time as increased fractions of
hepatocytes were observed in the S phase, sensitivity appeared
to decrease, and during the period 16 to 44 h after PHR,
hepatocyte sensitivity declined in a more-or-less continuous
manner. Thus, the sensitivity of the synchronized population
of proliferating hepatocytes appeared to decrease as more and
more of the cells moved from the prereplicative G( into the S
phase. These results suggest that certain carcinogenic altera
tions may occur near the time when damaged cells cross the
Gi-S border. Once cells have passed this point, their suscepti
bility is reduced.

The apparent 7-fold increase in sensitivity between 4 and 16
h after PHR may be related to the interaction of DNA repair
processes with a carcinogen-induced delay in cell progression.
One effect of DMN-OAc on cell proliferation is to delay the
passage of damaged cells into the S phase, allowing more time
for DNA repair before DNA replication (14). We have found
that treatment of Gi-phase hepatocytes with 0.1 mmol/kg of
DMN-OAc produced up to a 15-h delay in the onset of S phase4

in agreement with the initial observations of Craddock who
used other alkylating agents to damage hepatocytes (15). Thus,
hepatocytes early in d apparently have low risk due to efficient
DNA repair during an extended prereplicative phase. Hepato
cytes collected by the HC late in G, (i.e., at 16 h after PHR)
appear to be less able to delay entry into the S phase than
hepatocytes in early d and so would carry a higher level of
damage to DNA across the G,-S boundary. The dose of DMN-
OAc that was used in this study was shown to produce in
hepatocyte nuclear DNA about four 7-methylguanines and 0.4

' Manuscript in preparation.
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O6-methyIguanines per thousand guanines (Fig. 2; Footnote 5).
This dose should also produce five-tenths 3-methyladenines per
IO1guanines and a variety of other altered bases at substantially
lower frequencies (16). O6-methylguanine residues in DNA are

considered to be promutagenic (17) causing base substitutions
during DNA replication. The level of damage to DNA produced
in this study would saturate the 06-alkylguanine DNA alkyl-

transferase repair protein in Sprague-Dawley rat liver ( 18), and
we have preliminary data indicating this repair protein was
exhausted in male F344 livers after treatment with 0.1 mmol/
kg of DMN-OAc.5 Because of the exhaustion of the 06-alkyl-

guanine DNA alkyltransferase repair protein, the rate of re
moval of 06-methylguanine may be considerably reduced in

comparison to the rate seen after formation of nonexhausting
levels of 06-methylguanine (18, 19). Analysis of the formation
and repair of 06-methylguanine within hepatocyte oncogenes
is necessary to establish the role of this lesion in the cell cycle-
dependent initiation of hepatocarcinogenesis.

We have previously demonstrated that a dose of MNU, that
produced the same level of damage to DNA as the 0.1-mmol/
kg dose of DMN-OAc, also activated a substantial level of
unscheduled DNA synthesis in hepatic nuclei (20). This repar-
ative activity might reasonably be ascribed to the operation of
the base DNA excision repair pathway which removes 7-meth-
ylguanine and 3-methyladenine from DNA (21). High levels of
unscheduled DNA synthesis were observed for up to 3 h after
treatment with MNU but diminished thereafter (20). Therefore,
there will be a period after treatment with DMN-OAc when
apurinic sites and repair-induced DNA strand breaks are com
paratively frequent lesions in DNA. Although these methylated
purines are not considered to be miscoding lesions during DNA
replication, the intermediates in repair (apurinic sites and DNA
strand breaks) may constitute significant impediments to DNA
replication and cause replication errors (22). Sasaki has shown
that methyl methanesulfonate, which produces primarily 7-
methylguanine and 3-methyladenine in DNA (16), produces
chromosomal aberrations in human lymphocytes in an S-phase-
dependent process (23). Cells damaged in G, displayed substan
tially fewer aberrations, suggesting the influence of prereplica
tive DNA repair. It is conceivable that the efficient operation
of the base DNA excision repair pathway as cells traverse from
GÃ¬into S may actually contribute to the production of perma
nent genetic alterations. We have not measured the effect of
HC on excision repair, although in our previous carcinogenesis
study with MNU, HC treatment was not associated with in
creased risk of carcinogenesis in any organ system (6). In the
intestines which displayed high sensitivity to carcinogenesis by
MNU, HC actually appeared to reduce sensitivity to MNU (6),
presumably through its inhibition of cell proliferation. Other
evidence, which argues against a significant effect of HC on
repair, is the close correspondence between the peak yields of
neoplasms in the HC-treated livers and the yields of hepatocytic
neoplasms initiated by the same dose of DMN-OAc in regen
erating livers that were not exposed to HC (24). In both cases
livers contained an average of 4 to 5 neoplasms at 45 wk after
initiation.

9W. K Kaufmann, J. M. Rice, and D. G. Kaufman, unpublished observations.

ACKNOWLEDGMENTS

We are grateful to the following scientists who contributed their
valuable skills in various aspects of this experiment: Dr. Peter Roller;
Dr. Marc Mass; Dr. Joseph Catino; Dr. William Bodell; Thomas Rude;
and Raymond Nims.

REFERENCES

1. Grisham, J. W., Kaufmann, W. K., and Kaufman, D. G. The cell cycle and
chemical carcinogenesis. Surv. Synth. Pathol. Res., /: 49-66, 1983.

2. Warwick, G. P. Effect of the cell cycle on carcinogenesis. Fed. Proc., 30:
1760-1765,1971.

3. Cayama, 1... Tsuda, II.. Sarma, D. S. R.. and Farber, E. Initiation of chemical
carcinogenesis requires cell proliferation. Nature (Lond.), 275:60-62, 1978.

4. Peraino, C, Staffeidt, E. F., Carnes, B. A., Ludeman, V. A., Blomquist, J.
A., and Vesselinovitch, S. D. Characterization of histochemically detectable
altered hepatocyte foci and their relationship to hepatic tumorigenesis in rats
treated once with diethylnitrosmaine or benzojajpyrene within one day after
birth. Cancer Res., 44: 3340-3347, 1984.

5. Craddock, V. M., and Frei, J. V. Induction of liver cell adenomata in the rat
by a single treatment with JV-methyl-/V-nitrosourea given at various times
after partial hepatectomy. Br. J. Cancer, 30: 503-511, 1974.

6. Kaufmann, W. K., Kaufman, D. <... Rice, J. M., and Wenk, M. L. Reversible
Inhibition of rat hepatocyte proliferation by hydrocortisone and its effect on
cell cycle-dependent hepatocarcinogenesis by /V-methyl-jV-nitrosourea. Can
cer Res., 4L- 4653-4660, 1981.

7. Kleihues, P., Doerjer, G., Keefer, L. K., Rice, J. M., Roller, P. P., and
Hodgson, R. M. Correlation of DNA methylation by methyl(acetoxy-
methyl)nitrosamine with organ-specific carcinogenicity in rats. Cancer Res.,
39:5136-5140,1979.

8. Roller, P. P., Shimp, D. R., and Keefer, L. K. Synthesis and solvolysis of
methyl(acetoxymethyl)nitrosamine. Solution chemistry of the presumed car
cinogenic metabolite of dimethylnitrosamine. Tetrahedron Lett., 25: 2065-
2068, 1975.

9. Peraino, C., Staffeldt, E. F., Haugen, D. A., Lombard, L. S., Stevens, F. J.,
and Fry, R. J. M. Effects of varying the dietary concentration of phÃ©nobarbital
on its enhancement of 2-acetylaminofluorene-induced hepatic tumorigenesis.
Cancer Res., 40: 3268-3273, 1980.

10. Bodell, W. J., and Banerjee, M. R. Reduced DNA repair in mouse satellite
DNA after treatment with methylmethane sulfonate and A IIK-IIn I \ niiio
sourea. Nucleic Acids Res., 3: 1689-1695, 1976.

11. Stewart, H. L., Williams, G., Keysser, C. H., Lombard, L. S., and Montali,
R. J. Histologie typing of liver tumors of the rat. J. Nati. Cancer Inst., 64:
177-206, 1980.

12. Grisham, J. W. A morphologic study of deoxyribonucleic acid synthesis and
cell proliferation in regenerating rat liver; autoradiography with thymidine-
H3. Cancer Res., 22:842-849, 1962.

13. Rappaport, A. M., Borowy, A. J., Lougheed, W. M., and Lotto, W. N.
Subdivision of hexagonal liver lobules into a structural and functional unit.
Anal. Ree., 119: 11-33, 1954.

14. Kaufmann, W. K., Kaufman, D. G., Rice, J. M., and Wenk, M. L. Factors
influencing the initiation of hepatocarcinogenesis. J. Cell. Biochem., SA
(Suppl.): 43, 1984.

15. Craddock, V. M. Effect of a single treatment with the alkylating carcinogens,
dimethylnitrosamine, diethylnitrosamine, and methyl methanesulfonate, on
liver regeneration after partial hepatectomy. II. Alkylation of DNA and
inhibition of DNA replication. Chem.-Biol. Interact., 10: 323-332, 1975.

16. Beranek, D. T., Weiss, C. C., and Swenson, D. H. A comprehensive quanti
tative analysis of methylated and ethylated DNA using high pressure liquid
chromatography. Carcinogenesis (Lond.), /: 595-606, 1980.

17. Loveless, A. Possible relevance of 0-6 alkylation of deoxyguanosine to the
mutagenicity and carcinogenicity of nitrosamines and nitrosamides. Nature
(Lond.), 223: 206-207, 1969.

18. Pegg, A. E. Alkylation of rat liver DNA by dimethylnitrosamine: effect of
dosage on O'-methylguanine levels. J. Nati. Cancer Inst., 58:681-687,1976.

19. Pegg, A. E., and Nicoli, J. W. Nitrosamine carcinogenesis: the importance
of the persistence in DNA of alkylated bases in the organotropism of tumor
induction. In: R. Montesano, H. Bartsch, and L. Tomatis (eds.). Screening
Tests in Chemical Carcinogenesis, pp. 571-590. Lyon: IARC, 1976.

20. Kaufmann, W. K., Kaufman, D. (... and Grisham, J. W. Unscheduled DNA
synthesis in isolated hepatic nuclei after treatment of rats with methylnitro-
sourea in vivo. Biochem. Biophys. Res. Commun., 91: 297-302, 1979.

21. Friedberg, E. C. DNA Repair. New York: W. H. Freeman, 1985.
22. Schaaper, R. M., Kunkel, T. A., and Loeb, L. A. Infidelity of DNA synthesis

associated with bypass of apurinic sites. Proc. Nati. Acad. Sci. USA, 80:
487-491, 1983.

23. Sasaki, M. S. DNA repair capacity and susceptibility to chromosomal break
age in xeroderma pigmentosum cells. MutÃ¢t.Res., 20: 191-293, 1973.

24. Kaufmann, W. K., MacKenzie, S. A., and Kaufman. D. G. Quantitative
relationship between hepatocytic neoplasms and islands of cellular alteration
during hepatocarcinogenesis in the male F344 rat. Am. J. Pathol., 119:171-
174, 1985.

1266

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/5/1263/2430583/cr0470051263.pdf by guest on 19 M

ay 2023




