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Simultaneous Measurement of Unscheduled and Replicating DNA Synthesis by
Means of a New Cell Culture Insert DNA Retention Method: Rapid Induction
of Replicating DNA Synthesis in Response to Genotoxic Carcinogens

Ataru Okumura,' Takuji Tanaka and Hideki Mori
Department of Pathology, Gifu University School of Medicine, 40 Tsukasa-machi, Gifu 500

In order to measure simultaneously replicating DNA synthesis (RDS) and unscheduled DNA
synthesis (UDS) in rat hepatocytes responding to exposure to carcinogens, a new method, namely the
%icell culture insert DNA retention (CDR)” method, was developed. All CDR procedures for cell
culture, digestion of cytoplasm and retention of DNA were performed on membranes attached to cell
culture centainers. Four subgroups of primary cultures of hepatocytes prepared from rats were
exposed to a genotoxic or mon-gemotoxic carcinegen with or without 10 mM hydroxyurea and
incubated for 4 h with 10 £Ci/ml [*'H]thymidine. The membranes were then processed for both liquid
scintillation and autoradiography. Among seven tested chemicals, three genotoxic agents, 3,2’-
dimethyl-4-aminobiphenyl, 2-acetylaminofluorene and diethylnitrosamine, and two non-genotoxic
carcinogens, nafenopin and phenobarbital, induced RDS within 4 h after the exposure, indicating that
these carcinogenic agents induce cell proliferation in non-proliferating rat hepatocytes prior to the
emergence of genotoxic changes. Several indices were devised to characterize the genotoxicity of the
tested chemicals. The induction patterns obtained showed a wide variation in the individual character-
istics of carcinogen-induced genotoxicity and mitogenicity in the early phase of initiation, This is the
first report of simultaneous measurement, by using a combination of autoradiography and liquid
scintillation, of UDS and RDS induced in rat hepatocytes. The described CDR approach will be useful

for risk assessment and characterization of carcinogenic and tumor-promoting agents.
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There are numerous synthetic or naturally occurring
carcinogens, including non-genotoxic types, in our envi-
ronment."™ Ubiquitous exposure to environmental muia-
gens and carcinogens is one of the major problems facing
mankind,>® and screening and risk assessment of such
chemicals are particularly important issues.”® In vitro
short-term assays such as Ames’ test and hepatocyte
culture/DNA. repair assay have been commonly em-
ployed for this purpose.”'" Optimally, cell culture sys-
tems for detecting agents with carcinogenic potential
should be broadly sensitive to a variety of carcinogens,
including procarcinogens that require metabolic activa-
tion. Among short-term tests, that using mammalian
hepatocytes is regarded as reliable, since hepatocytes
carry out numerous enzymatic reactions (allowing the
detection of metabolic products) and are non-replicating
for 48 h after collection.'*'®

Each assay for testing of DNA damage and repair has
certain advantages and disadvantages,'” Hepatocyte cul-
ture/DNA repair assays are commonly employed for
measurement of unscheduled DNA synthesis (UDS)
using autoradiographic scoring of incorporated [*H]-
thymidine.'" "*** However, the subtraction of cytoplas-
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mic grain count, usually carried out to obtain the net
nuclear grain count, may represent a potential source of
error when the test compound is weakly genotoxic in the
assay. Furthermore, UDS in 8 phase cells has sometimes
been ignored in hepatocyte culture/DNA repair assay.
Liquid scintillation is another method for detection of
UDS,"* 3 but its use is hampered by the difficulty in
distinguishing UDS from replicating DNA synthesis
(RDS), even when antjmetabolites such as hydroxyurea
(HU) or aphidicolin are applied. Nevertheless, the scin-
tillation method for UDS is considered to be more accu-
rate than autoradiography, if complete elimination of
RDS is possible,

Recently, evidence suggesting that mitogenesis (in-
duced cell division) plays a dominant role in carcino-
genesis has been accumulated.”** Chronic proliferation
induced via compensatory mechanisms has been well
analyzed, but the direct mitogenic action of chemicals in
the early phase of initiation is still unclear. Accordingly,
simultaneous analysis of genotoxicity and mitogenicity of
chemicals at various doses should be an advantageous
approach for studying mechanisms of action, in addition
to simple screening of carcinogens. In the present report,
a new, rapid in vitro system for this purpose and the
induction of UDS and RDS by several genotoxic and
non-genotoxic carcinogens are described.

805



Jpn. J. Cancer Res. 87, August 1996

MATERIALS AND METHODS

Materials A 25 mm cell culture insert container and
membrane, Falcon 3091 (Becton Dickinson Labware,
Lincoln Park, NJ) was employed for the cell culture,
digestion of cytoplasm and retention of DNA. Cell cul-
ture and all incubations were performed on 6 well plates
provided by Flow Laboratories Inc. (McLean, VA).
Culture media does not pass through the pores of the
membrane (3.0 #m in diameter) owing to surface ten-
sion. The liquid absorbing material (LAM, Kaoh,
Tokyo)} used was made up of a mixture of cotton and
dry-gel particles and the surface was covered with soft
paper. The undersurface and margins were covered with
vinyl sheeting. All washes through the culture insert
membrane were performed on LAM and the discharges
were aspirated through capillary pressure into LAM.
[Methyl-*H]thymidine (1.5-2.2 TBg/mM) was pur-
chased from Amersham Japan Inc. (Tokyo). Five
genotoxic carcinogens, 2-acetylaminofluorene (2-AAF,
Nacalai Tesque, Kyoto), aflatoxin B; (AFB,, Makor
Chemicals Co., Israel}, 7,12-dimethylbenz[a}anthracene
{DMBA, Nacalai Tesque, Kyoto), diethylnitrosamine
(DEN, Nacalai Tesque) and 3,2’-dimethyl-4-aminobi-
phenyl (DMAB, Sigma Chemical Co., St. Louis, MO), as
well as two non-genotoxic carcinogens, nafenopin (NF,
Ciba-Geigy, Basel, Switzerland) and phenobarbital (PB,
Maruishi Chemical Co., Ltd., Osaka), were used as rep-
resentative test samples.

Solutions Williams® Medium E Incomplete (WEI): 500
ml of WEI was made by adding 50 mg of streptomycin
(Meiji Seika Inc., Tokyo) and 0.15 g of L-glutamine
(Nissui Pharmaceutical Co., Ltd., Tokyo) to Williams’
Medium E (GIBCO/BRL Life Technologies, Inc., NY).
Williams’ Medium E Complete (WEC) contained 10%
fetal bovine serum (FBS) (GIBCO/BRL Life Technolo-
gies, Inc.).

Suppression medium: WEI was used as the suppression
medium for subgroups 1 and 3. WEI adjusted with 100
mM HU (Nacalai Tesque) was used as the suppression
medium for subgroups 2 and 4 (final concentration
during incubation was 10 mM).

RI medium: WEI containing 100 ¢Ci/ml [*H]thymidine
was prepared (final concentration during incubation was
10 #Ci/ml).

Sample medium: Chemicals were dissolved in dimethyl
sulfoxide (DMSO, Sigma) or N,N-dimethylformamide
(DMFA, Kishida Chem Co., Osaka) (final concentra-
tion of DMSO or DMTA during incubation was 0.1%).
Sample medium of subgroups 3 and 4 contained appro-
priate concentrations of sample chemicals. WEI was used
as the sample medium for subgroups 1 and 2.

Protocol Hepatocytes were isolated from nine- to eleven-
week-old male ACI/N rats (200-220 g) purchased from
Clea Japan., Inc. (Tokyo) and collected by a modifi-
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cation of the method described by Williams.'® Perfusion
of EGTA was terminated within 5 min and perfusion of
collagenase I within 12 min to maintain high viability of
cells. The isolated hepatocytes were suspended in 30 ml
of WEC (3% FBS) and centrifuged at 500 rpm for 3 min
using a Kubota K8-4000 rotor. The process was repeated
until cell debris was completely removed. Finally, cell
suspension was prepared at 2.0 10° viable cells/ml in
WEC and 700 pl aliquots were distributed into the cell
culture inserts (Fig. 1). Then 100 g1 of suppression
medium was added and the inserts were incubated for 1
h at 37°C under 1009 humidity. Aliquots of RI medium
(100 g1) and the same volume of sample medium were
overlaid, and the incubation was continued for an addi-
tional 4 h. After the incubation, the following steps were
performed at room temperature. The culture inserts were
placed on LAM and the medium was aspirated off, Cells
were washed twice with 1 ml of 1% sodium citrate.
Hepatocytes were first swollen in 2 ml of 1% sodium
citrate for 10 min, then incubated in 2 ml of 0.05%
pepsin/0.2% HCI for 4 min. The cells were washed with
four changes of 2 ml of 100% ethanol: glacial acetic acid
(3:1) each for 20 min. The membranes were washed
with 2 ml of 1009 ethanol, dried and processed for
liquid scintillation or autoradiography.

Incubation with sample
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Fig. 1. The processes of incubation, nucleation and purifi-
cation of DNA.



Measurement of thymidine incorporation by liquid scin-
tillation Non-specific radioactivity was removed by a
modification of the acid precipitation procedure de-
scribed previously.* " Briefly, fixed nuclei on the mem-
brane were dissolved by incubation in 0.75 ml of 0.33 NV
NaOH for 30 min. DNA-protein complexes were pre-
cipitated by addition of 0.25 ml of ice~cold 40% TCA
and 1.2 N HCI for 30 min. A GF/C filter 25 mm in
diameter (Whatman International Ltd., England) was
placed beneath the membrane, and the precipitate was
washed with 2 ml of ice-cold 5% TCA, with 2 mi of 1
mM non-radioactive thymidine, twice with 2 ml of dis-
tilled water and three times with 2 ml of 10095 ethanol on
LAM. Both halves of cell culture insert membranes cut
with a razor blade and the GF/C filters were placed in a
20 ml scintillation vial and moistened with a 150 wul
aliquot of distilled water for 30 min. The precipitate was
solubilized by incubation in 500 pl of Soluene-350
(Packard Japan, Tokyc) for 30 min, then 10 ml of
scintillation cocktail, Hicnic-Fluor (Packard), was
poured in and the vials were allowed to stand for 30 min
in darkness. Radioactivity of [*H]thymidine incorpo-
rated into DNA was measured by a Minaxi-beta 4000
series liquid scintillation counter (Packard). Raw data
were analyzed using the following calculation and values
appearing in figures are the averages of the values in
triplicate determinations along with the standard devia-
tion.

Calculation of AUDS and ARDS and indices for geno-
toxicity Fig. 2 illustrates the effects of HU and the
genotoxic agents (GA) on hepatocyte DNA synthesis.
Total DNA synthesis (TDS) consists of RDS and UDS,
and was measured by scintillation counting. The use of
0.1% DMSQ as the solvent control induces TDS, (Fig. 2,
subgroup 1, HU—, GA —), consisting of RDS, (=base
line RDS) and UDS, (=base line UDS),

TDS,=RDS, +UDS, (1]

Subgroups
[1] HU GA;
[2]
[31
[4] i

Fig. 2. Influence of HU and GA on hepatocyte DNA synthe-
sis.

Characterization of Genotoxicity and Mitogenicity

GAs induce AUDS and ARDS (subgroup 3, HU—,
GA+),

TDS;=TDS; +ARDS+AUDS
=(RDS, +UDS,) + ARDS+AUDS [2]

HU inhibits RDS by k and influences UDS by I, thus
reducing TDS, to TDS; (subgroup 2, HU+, GA—) and
TDS; to TDS, (subgroup 4, HU+, GA +),

TDS, =k X RDS; +! X UDS; [3]
TDS. =k X (RDS,+ARDS) +/ X (UDS, +AUDS) [4]

The inhibiting effect of HU is more specific for RDS
than UDS (0<k<). The k value is estimated by liquid
scintillation and the [ value by the autoradiographical
method described later. The solutions of the simultane-
ous equations [1]-[4] are,

® _

RDs, = [XTDS,~TDS; .
I—k

Ups, — TDS kXTDS, .
I—k

ARDS = Ix (TDS;MTD?L); (TDS8,—TDS,) 7]

_ e B
AUDs= {TDPS:—TDSy) l fk (TDS; —TDS;) (3]
Total RDS=RDS, -+ ARDS = ﬂjls_s;ﬂ (91
DS, —k XTD
Total UDS=UDS, +AUDS= 100X [4q)

FBS is an ideal sample for the estimation of k& value,
which influences RDS, but never induces DNA damage
(Fig. 2, AUDS=0, ARDS+#0). The k value can be
estimated from the expression [8],

(TDS,~TDS;) ~k X (TD$; —TDS) _

AUDS= T
TDS,—TDS;

— IDS,—TDS, 1

%= Tps,—TDs, [11]

Autoradiography Pairs of dried culture insert mem-
branes were placed on slide glasses with 2 drops of Bioleit
(Kohken Co., Ltd., Tokyo). Then the slide glasses were
coated with 1:1 water-diluted NR-M2 emulsion
(Konica, Tokyo), stored in a dark box for 21 days,
developed and fixed -according to the manufacturer’s
instructions. Specimens were then stained with hematox-
ylin and eosin and were examined atxX 1000 magnifi-
cation for counts of UDS pgrains and calculation of
labeling indices. Fields were randomly selected, and all of
the hepatocytes in each field assessed. This procedure was
repeated until at least 300 cells had been counted. The
replication labeling indices were expressed as mean per-
centages of nuclei that were heavily labeled with [*H]-
thymidine. Unless otherwise stated, data are expressed as
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mean = SD derived from at least 3 independent experi-
ments.

Indices Amounts of DNA synthesis induced by chemi-
cals were expressed as percentages of RDS, values. The
indices below can be generally used to describe genotox-
icity and mitogenicity of chemicals because they are
independent of the amount of DNA applied or the model
of scintillation counter.

total UDS

Repair index — RDS, X100 (%) [12]
Proliferation index t(}t!:]DI;?S #1000 (%) [13]
: e ARDS
Induction specificity — AUDS (%) [14]
ARDS AUDS
f= X > 100 > 1
ARDS effec RDS, RDS, (%) [15]
RESULTS

Cell culture The viability of the cultured hepatocytes
after incubation was always more than 90%. The
medium did not passed through the culture insert mem-
brane as long as its undersurface was kept dry because of
surface tension. The aspiration of the medium into LAM
was completed within a few seconds. Moisture around
the cells was maintained even after aspiration and more
than 99.998% of nuclei were confirmed to be intact in the
culture insert under a phase contrast microscope (Fig. 3)
(less than 10 cells out of 5% 107 cells were lost).
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Fig. 3. Micrograph of processed membrane. Nuclei of hepato-
cytes (=) and pores (—) of the cell culture insert membrane
are visible (HE stain, original magnification > 210). The in-
serted micrograph shows a replicating nucleus (completely
black) with incorporation of thymidine, and UDS on non-§
phase nuclei (aflatoxin B, 10 % M: original magnification x
850).
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Liquid scintillation The cell culture insert membrane
could be processed intact through a series of fixative
solutions and scintillation fluids. Hepatocytes were effec-
tively swollen by 1% sodium citrate, and connections of
cyloplasmic components were loosened by pepsin. The
cytoplasmic structures were completely dissolved by
1009 ethanol : glacial acetic acid (3 : 1) and nuclei were
fixed. TCA at 10% linal concentration effectively pre-
cipitated DNA on the cell culture insert membranes and
GF/C filters.

FBS added for estimation of the k value reduced RDS
by approximately 309% (Table I). HU suppressed RDS by
approximately 35%. The range of RDS; was 1971 5374
cpm and that of UDS; was —66 167 cpm (Table II).

Values for DNA synthesis induced by genotoxic and

non-genotoxic agents were calculated (Table IIT). Total
UDS and total RDS, expressed as indices, are illustrated
in Fig. 4. Treatment with AFB;, 2-AAF or DMAB was
associated with a larger total amount of DNA synthesis
than in the case of the other chemicals tested. DMAB
induced a smaller level of UDS but a larger level of RDS
at 10 * M and 10 * M. However, no induction of RDS
was apparent at 10 * M. AFB, induced the largest UDS
values in a dose-dependent manner as well as causing
mitoinhibition at 10 * M, so that UDS was 4 times the
residual RDS. DEN at 10°° 10 7 M induced smaller
levels of UDS than the other genotoxic carcinogens and
no induction was apparent at the 10" M level, despite an
increase in RDS. Of interest was the finding that 2-AAF
elevated RDS as well as UDS. In contrast, NF and PB
increased only RDS.
Autoradiography The membranes could be easily cut
with a razor blade and proved stable under the moist
processing conditions used for mounting on slide glasses.
Cytoplasmic structures including mitochondria and gly-
cogen particles were completely removed and nuclei were
confirmed to be intact. There were no significant differ-
ences in UDS grains between subgroups with HU (sub-
groups | and 3) and those without HU (subgroups 2 and
4). As a result, the / value was estimated at 1.0.

DISCUSSION

The DNA extraction and alkaline elution methods
which have been generally employed for liquid scintilla-
tion analysis of chemically induced DNA synthesis are
complex and require numerous procedures, i.e., cell cul-
ture, scraping of cells, removal of cytoplasmic structures,
purification of DNA and corrections based on DNA
concentration. Also, these processes are relatively time-
consuming and generate large volumes of radioactive
effluent.

Rapid methods to identify genotoxicity and carcino-
genicity of chemicals should preferably be: 1) broadly



Characterization of Genotoxicity and Mitogenicity

Table 1. Raw Data (cpm)
Samples TDS, TDS, TDS; TDS,
AFB, control 2102158 855423 k=0.425
FBS 14067 56117
10075 M 3942159 339681
1075 M 3145+112 2698 +31
100" M 2748140 2063160
1078 M 2662151 139516
DMBA control 53941121 1097115 k=0.200
FBS 35771329 7321%35
1074 M 5590+t74 221567
1075 M 4825146 144538
1075 M 521839 1132124
107 M 5744158 113050
DEN control 2687102 681127 k=0.238
FBS 1875162 490139
1074 M 30411148 730496
107° M 2849127 763148
107 M 29781215 9281+36
107" M 303591 80736
2-AAF control 3230112 109624 k=0.306
FBS 23754177 818180
107 M 66711230 4371154
107 M 5883217 3231191
107 M 560046 3043187
107'M 42551132 1504138
DMAB control 20691120 784132 k=0.328
FBS 1307::76 51912
107 M 197877 744=x21
100°M 5293126 197689
10°¢M 4356196 151014
10077 M 21671107 78218
NF control 2082133 649115 k=0.301
FBS 130476 419=*6
107 M 19341142 58142
1075 M 2420169 7657
1075 M 24031100 71033
107 M 26511136 8592
PB control 2706198 504115 k=0.191
FBS 1736 +112 32112
IXI0OPM 2929+135 6128
1073 M 36951162 741113
1074 M 3033+135 607148
1073 M 329142 609149

sensitive to various types of carcinogens; 2) able to detect
genotoxicity and mitogenicity of chemicals at different
doses; 3) simple with a minimum of radioactive dis-
charge; and 4) able to provide general information on
DNA synthesis (general indices for harmonization of
genotoxicity, mitogenicity and inifiating activities of
chemicals). The CDR described here is one approach to
fulfilling these requirements.

Previously, Hsia ef al.*? reported a method using
polyvinyl chloride filters for DNA retention. The CDR
utilization of filters facilitates cell culture, nucleation and
collection of DNA, providing: 1) a rapid and simple

method for measurement of DNA synthesis based on
complete nucleation of hepatocytes; 2) simultaneous esti-
mation of UDS and RDS based on subgroups with or
without GA and with or without HU; and 3) establish-
ment of general indices of genotoxicity and mitogenicity
of chemicals.

A rapid and simple method for measurement of DNA
synthesis based on complete nucleation of rat hepatocytes
Complete removal of extra-DNA radioactivity with
maintenance of the integrity of nuclei is a key process. In
CDR, pretreatment with a hypotonic solution brought
about complete removal of cytoplasmic structures by
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Table II. DNA Synthesis (¢cpm)
Samples ARDS AUDS Total RDS Total UDS Total DNA
synthesis
AFB,
solvent control —_— —_ 2168t 135 —66E79 210258
107°M — 1218178 3058108 9501189 2992 155 3942152
107 M — 13891139 2483181 7791205 23671101 3145112
100" M —9771£227 16231174 11921165 15571129 274840
1078 M 3651 525+19 22041116 45965 2662151
DMBA
solvent control — — 5374169 20148 5394121
104*M — 1152210 1348123 4222196 136978 5500174
107° M — 11471164 578110 4227433 598139 4825146
10°°M —2641+115 8834 510978 10939 5218139
107 M 97+ 161 —47142 57T71+111 —27X69 5744158
DEN
solvent control — — 26221100 6518 2687102
107+ M 3981123 — 44187 3020+102 21489 30411148
107 M 10416 58422 2726110 12330 28494127
10°° M 571138 234124 26791234 299121 2978215
107" M 289140 59+13 2901172 123120 303591
2-AAF
solvent control — — 30631126 167+15 3230t112
107% M 2401410 32021209 33021296 3368194 6671230
107° M 745199 1908 =82 3808 1+225 207582 58831217
1076 M 6091307 1762262 36711208 1928 £250 560046
1077 M 888:+346 138228 39501321 305226 42551132
DMAB
solvent control — — 1971150 98142 20691120
1074 M —78+091 —13+%43 1892186 86110 1978 =77
1075 M 3117235 107141 508899 2051123 329326
107 M 2395425 —108+21 43661128 9+33 4356196
1077 M 15435 —56137 2125153 42146 2167107
NF
solvent control — — 205053 32126 2088133
107 M —115£195 —33+32 1935145 —1x6 1934142
10° M 316160 22162 2366107 54439 24201269
1075 M 372147 —51%35 2422198 —19=%11 24031100
107" M 511181 57141 25621195 89160 2651+136
PB
solvent control — — 27221119 —16E=27 2706198
IX103 M 143t84 80+ 18 2865138 6519 2929135
103 M 920182 59430 3651199 43140 36951162
1074 M 27752 49157 30001159 33+58 3033135
1075 M 593167 —8+76 3315164 —24158 3291142

pepsin. Most non-specific radioactivity is contained in
mitochondria and microsomes. For CDR, 3 ym pores are
used for separation of nuclei from these organelles, since
more than 99% of nuclei of rat heapatocytes are larger
than 5 gm while mitochondria are smaller than 2 gm."
Only 10 out of 5X10° cells (less than 0.0002%) were
lost. This method allowed non-specific radiocactivity to be
markedly reduced, enabling more than 100 specimens to
be examined within 2 days.

Simultaneous estimation of UDS and RDS based on 4
subgronps with or withont carcinogen and with or without
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HU Simultaneous estimation of UDS and RDS was
earlier attempted by Furihata™ and Ohsawa et al.,"> by
applying HU to an ir vivo pyloric mucosa short-term
assay system with routine alkaline elution procedures,
but proved unsuccessful with hepatocytes because of
difficulties in inhibiting RDS.* * TDS during incubation
with HU has been regarded as UDS.*? In this study, HU
suppressed RDS to 35% and all chemicals tested affected
RDS. AFB,; and DMBA reduced cell proliferation, while
2-AAF, DMAB and DEN induced an increase, indicat-
ing that more attention should be paid to this source of
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Table 1. Indices (%)
Samples Prolifera- Repair Total Induction ARDS Total
tion index index synthesis specificity effect efficiency
AFB,
solvent control 100t6 —333 103+4 — — —3+3
107 M 44+3 139+14 1887 —0.400.05 —80*15 60110
107 M 368 11010 150£3 —0.570.04 —73:+12 3845
10 M 55+8 727 1313 —0.590.07 —34%9 3935
1078 M 10213 21t4 127t2 0.07£0.10 0t 225
DMBA
solvent control 1003 01 100x1 —_ — 01
1074 M 7943 2511 1042 —0.850.08 —5x1 200
105M 7932 111 903 —1.98+0.25 —240 911
1075 M 95:£2 2x1 9712 —2.98=0.60 0x0 2x1
107" M 10733 011 1073 —79.8105 00 0=*1
DEN
solvent control 1004 2::0 93+0 — — 20
1074 M 1155 1£3 1133 —2.084.04 00 14
10°M 1041 51 1061 1.99+0.53 0+0 5+1
1075 M 1025 1141 111+4 0.30£0.61 0Lo 1211
100° M 111=£2 511 113+2 5.301.66 00 511
2-AAF
solvent control 1004 5+1 95+1 — — 5%1
107 M 10814 110%3 20712 0.080.13 9+ 14 11915
100°M 1242 68+t4 18213 0.39:10.05 1541 8415
1078 M 12010 637 1746 0.380.23 11+5 7516
107" M 129112 107 132t4 —0.9514.93 02 129
DMAB
solvent control 1008 542 95+2 — -—_ 5=£2
1074 M 9614 411 96+2 —5.241+3.39 00 4+1
1035 M 26023 106 25713 —9,50-+-62.9 7+9 2513
107 M 222+10 0+2 2117 —23.14.72 —7x2 —1x3
107 M 1082 212 1051 —9.70£10.7 0X0 3L3
NF
solvent control 100+3 21 L1 — — 211
104 M 95+ 10 00 9318 —571%=14.1 00 00
1075 M 1168 32 1165 —0.67+5.36 o+1 3-+2
1078 M 1182 —1=x1 1153 —33.0L39.1 010 —-1x1
1007 M 12519 413 12717 69.1190.4 10 513
PB
solvent control 1004 —1%1 101+1 — — —1=*1
INIOTPM 1053 230 1083 2.09+1.43 0x0 30
107 M 1342 2%1 1362 19.61+8.31 10 22
10°¢M 11042 1£2 11214 —41.5%+71.5 0=*0 1x2
03 M 1227 —1x2 1226 6.201+9.39 0x1 123

error in detection of UDS using liquid scintillation, even
in the early phase of initiation. With the CDR approach
UDS; (base line UDS) is never assumed to be zero, and
coefficients &, / (inhibiting ratio of RDS and UDS by
HU)} are precisely estimated.

Establishment of general indices of genotoxicity and
mitogenicity of chemicals Estimation of DNA synthesis
may also be influenced by the applied amount of DNA
and the sensitivity of the scintillation counter used. In
this study, the range of RDS, (base line RDS) was
between 1900 and 5400 cpm. The amount of DNA

synthesis is therefore better expressed as a percentage of
RDS, (%RDS,), and the indices generated with the
present approach allow more reliable identification of
carcinogens and classification into genotoxic or non-
genotoxic categories.

Hepatocytes exposed to carcinogens are known to
repair damaged DNA during extended G,. Total RDS in
the 107° M AFB, case was larger than that with 107 % M
AFB,, suggesting that the reduction of RDS by exposure
to 107% M AFB, may not directly depend on cytotoxicity
or cell death, but rather on extension of the G, phase. In
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Induction of UDS and RDS by genotoxic or non-genctoxic agents, A variety of induction patterns was observed. Note

the induction or reduction of cell proliferation. T proliferation index; B repair index.

the present study, AFB; and DMBA reduced cell pro-
liferation.

Of interest is the fact that DMAB, 2-AAF and DEN
induced cell proliferation within the 4 h of the present
experiment. It is well known that partially hepatecto-
mized rat liver and primary-cultured rat hepatocytes take
12 h to progress into S phase, and no growth factors
induce proliferation of hepatocytes within 12 h of isola-
tion."*®) 2_A AF, DMAB and DEN induce cell prolifera-
tion in non-proliferating rat hepatocytes prior to the
genetically scheduled period, indicating that mitogenic
carcinogens, such as these compounds, may affect the
regulation of the cell-cycle and allow the hepatocytes to
enter S phase.

The role and significance of cell proliferation in carci-
nogenesis has been well analyzed.”* ) Kaufmann et
al. characterized hepatocellular proliferation and DNA
damage during the initiation phase of rat hepatocarcino-
genesis and reported that cell-cycle-dependent variation
in sensitivity to initiation of hepatocarcinogenesis is
partly related to efficient removal of potentially carcino-
genic lesions from DNA during extended G,.*® A similar
role of DNA damage, DNA repair and cell proliferation
in other carcinogenesis models was also postulated.*”
From these reports it can be concluded that S phase cells
are most sensitive to initiation; they may not complete
DNA repair, so that damage remains after replication.*”

We hypothesize that total RDS is related to the
number of target cells of DNA damage, and total UDS
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corresponds to the extent of DNA damage, in line with
Kaufmann’s concept*® since proliferation reduces the
possibility of DNA repair. Induction of cell proliferation
by carcinogens may play an important role in initiation as
well as in the promotion stage of hepatocarcinogenesis.
The total extent of unexcised DNA damage remaining
after replication in one cell culture insert could be es-
timated as a synergism between the extent of DNA
damage and the number of target cells,

Total extent of unexcised DNA damage

=r X (extent of DNA damage) X (number of target cells)

=r X {p X (total UDS)) X (g X (total RDS))

=p Xg XrX (total UDS) X (total RDS) (cpm?) [16]
(p, g r: coeflicients)

Thus, an index for unexcised DNA damage may also
be expressed as follows,

Index for unexcised DNA damage
—ix meg?S x mtli'Dl;?S (i coefficient)  [17]

A novel index “total efficiency” is defined as follows,
total RDS total UDS
X
RDS, RDS; 100(%)118]
The relation between “Index for unexcised DNA
damage” and “total efficiency” is

Total efficiency=

Index for unexcised DNA damage= X total efficiency

L
100
(i: coefficient}) [19]
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The last expression indicates that “total efficiency”
represents the initiating activity of chemicals. The most
effective concentration of 2-AAF leaving DNA damage
may be 107* M (Fig. 5). Although AFB, was more geno-
toxic than 2-AAF at any concentration, the mitoinhibi-
tory effect of AFB; may generate damage less effectively
than 2-AAF. Care should be taken in the interpretation
of expression [18], however, because many factors in-
cluding intake, absorption, metabolism, intraplasmic
density of chemicals and heterogeneity of DNA repair™”
will affect fixation of DNA damage ir vive. For example,
non-random distribution of @f-methylguanine has been
referred to by Mironov et al.’® Nevertheless, such an
index of unexcised DNA damage does suggest a means
for the prediction of initiating activity of chemicals. Our
findings are basically in accordance with the ideas of
Cohen and Ellwein,® 3%

Relative sizes of DNA-repair sites (DRS) can also be
calculated from the combination of liquid scintillation
and autoradiography data. UDS in one cell culture insert
consists of the radioactivities of all grains while the
radioactivity of one grain corresponds to that of one
DNA-repair site. Therefore,

DRS=Mean size of DNA-repair site
=5 X UDS/total number of grains (/well)

REFERENCES

1) Miller, D. M., Miller, J. A., Hirono, 1., Sugimura, T. and
Takayama, S. “Naturally Occurring Carcinogens-muta-
gens and Modulators of Carcinogens,” pp. 399 (1979).
Jpn. Scientific Societies Press, Tokyo and University Park

induced by each chemical.

— repair index )
* “mean No. of grain (/nucleus) (%/grain) [20]

(s, t: coefficients)

The expression [20] indicates whether long-patch
repair or short-patch repair is performed. Modification of
the method should make it possible to express DRS in
terms of base pair units.

Evidence that regulation of the cell cycle may underly
the intracellular mechanisms of carcinogenesis continues
to accumulate. Recently, El-Deiry et al.** and Xiong ef
al.*® reported a 21 kilodalton protein that is elicitated by
p53 and blocks cell progression through the cell-cycle.
Some direct interaction between carcinogens and cellular
proteins may exist, as indicated in the case of 2-AAF,
which was shown previously to interact specifically with
a target protein, a liver fatty acid binding species, and to
modulate the growth of hepatocytes.’*>

ACKNOWLEDGMENTS

We are grateful to Dr. Bruce N. Ames of the Department of
Biochemistry and Molecular Biology, University of California,
Berkeley, for helpful discussion and review of the manuscript.

(Received January 23, 1996/Accepted May 7, 1996)

Press, Baltimore.

2) Brown, J. P. A review of the genetic effects of naturally
occurring flavonoids, anthraquinones and related com-
pounds. Mutat. Res., 243-277 (1980).

813



Jpn. J. Cancer Res. 87, August 1996

3) Gold, L. S., Slone, T. H., Stern, B. R., Manley, N. B. and
Ames, B. N. Rodent carcinogens: setting priorities. Sci-
ence, 258, 261-265 (1992).

4) Hirono, I. Edible plants containing naturally occurring

carcinogens in Japan. Jpn. J. Cancer Res., 84, 997-1006

(1993).

Hiatt, H. H., Watson, J. D. and Winsten, J. A. “Origins of

Human Cancer” (1977). Cold Spring Harbor Press, Cold

Spring Harbor, NY.

6) Ames, B. N. Identifying environmental chemicals causing
mutations and cancer. Science, 204, 587-593 (1979).

7) Henderson, B. E., Ross, K. R. and Pike, M. C. Toward
the primary prevention of cancer. Science, 254, 1131-1138
(1991).

8) Hayashi, Y. Overview of genotoxic carcinogens and non-
genotoxic carcinogens. Exp. Toxicol Pathol, 44, 465-472
(1992).

9) McCann, J. and Ames, B. N. Detection of carcinogens as
mutagens in the Salmonella/microsome test: assay of 300
chemicals: discussion, Proe. Natl. Acad. Sci. US4, 73, 950-
954 (1976).

10) Tennant, R. W_, Margolin, B. H., Shelby, M, D,, Zeiber,
E., Haseman, J. K., Spalding, J., Caspary, W., Resenick,
M., Stasiewicz, 8., Anderson, B. and Minor, R. Prediction
of chemical carcinogenicity in rodents from in vitro genetic
toxicity assays. Science, 236, 933-941 (1987).

11) Williams, G. M., Mori, H. and McQueen, C. A. Structure-
activity relationships in the rat hepatocyte DNA-repair
test for 300 chemicals. Mutat. Res., 221, 263-286 (1989).

12) Bissel, D. M., Hammaker, L. E. and Meyer, U. A.
Parenchymal cells from adult rat liver in nonproliferating
monolayer culture. 1. Functional studies. J. Cell Biol, 59,
722-734 (1973).

13) Bonney, R. J. Adult liver parenchymal cells in primary
culture: characteristics and cell recognition standards. In
vitro, 10, 130-142 (1973).

14) Laishes, B. A. and Williams, G. M. Conditions affecting
primary cell culture of functional adult rat hepatocytes. 1.
The effect of insulin. fn vitro, 12, 521-532 (1976).

15} Lin RC, 8. P. Primary culture of normal adult rat liver
cells which maintain stable urea cycle enzymes. Biochem.
Biophys. Res. Commun., 64, 725-734 (1975).

16) Michalopoulos, G. and Pitot, 2. C. Primary culture of
parenchymal liver cells on collagen membranes. Exp. Cell
Res., 72, 5135-5139 (1975).

17) Fautz, R., Foster, R., Hechengeger, C. M. A., Hertner, T,
Hude, W., Kaufmann, G., Madle, H., Madle, S,
Miltenburger, H. G., Miiller, L., Pool-Zobel, B. L., Puri,
E. C, Schmezer, P., Seeberg, A. H,, Strobel, R. and Suter,
W. Report of a comparative study of DNA damage and
repair assays in primary rat hepatocytes with five coded
chemicals. Mutar. Res., 260, 281-294 (1991).

18) Williams, G. M. Detection of chemical carcinogens by
unscheduled DNA synthesis in rat liver primary cell cul-
tures. Cancer Res., 37, 1845-1851 (1977).

19) Mori, H., Kawai, K., Ohbayashi, F., Tokuro, K.,

5

St

814

20)

21}

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

Yamazaki, M., Hamasaki, T. and Williams, G.
Genotoxicity of a variety of mycotoxins in the hepatocyte
primary culture/DNA repair test using rat and mouse
hepatocytes. Cancer Res.,, 44, 2918-2923 (1984).

Mori, H., Sugie, S., Hirono, 1., Yamada, XK., Niwa, H. and
Ojika, M. Genotoxicity of ptaquiloside, a bracken carcin-
ogen, in the hepatocyte primary culture/DNA-repair test.
Mutat. Res., 143, 75-78 (1985).

Mori, H., Mori, Y., Sugie, S., Yoshimi, N., Takahashi, M.,
Ni-i, H., Yamazaki, H., Toyoshi, K. and Williams, G. M.
Genotoxicity of a variety of azobenzene and aminoazo-
benzene compounds in the hepatocyte/DNA repair test
and the Selmonella/mutagenicity test. Cancer Res., 46,
1654-1658 (1986).

Mori, H., Yoshimi, N., Kinouchi, T. and Ohnishi, Y.
Genotoxicity of a variety of nitrosoarenes and other nitro
compounds in DNA-repair tests with rat and mouse hepa-
tocytes. Mutat. Res., 190, 159-167 (1987).

Mori, H., Yoshimi, N., Iwata, H., Tanaka, T., Kawai, K.
and Sankawa, U. Additional survey on genotoxicity of
natural anthraquinones in the hepatocyte primary culture/
DINA repair assay. J. Toxicol Sci, 13, 161-166 (1988).
Yoshimi, N., Sugie, 8., Iwata, H., Niwa, K., Mori, H.,
Hashida, C. and Shimizu, H. The genotoxicity of variety
of aniline derivatives in a DNA repair test with primary
culture rat hepatocytes. Mutat. Res., 206, 183-191 (1988).
Mori, H., Yoshimi, N., Sugie, 8., Iwata, H., Kawai, K.,
Mashizu, N. and Shimizu, H. Genotoxicity of epoxy resin
hardeners in the hepatocyte primary culture/DNA repair
test. Mutat. Res., 204, 683688 (1988).

Mori, H., Sugie, 8., Yoshimi, N., Iwata, H., Nishikawa,
A., Matsukubo, K., Shimizu, H. and Hirono, I
Genotoxicity of a variety of hydrazine derivatives in the
hepatocyte primary culture/DNA repair test using rat and
mouse hepatocytes. Jpn, J. Cancer Res., 79, 204-211
(1988).

Butterworth, B. E., Smith-Oliver, T., Earle, L., Loury,
D. I, Doolittle, D. J., Working, P. K., Cattley, R. C,,
Jirtle, R., Michalpoulos, G. and Strom, S. Use of primary
cultures of human hepatocytes in toxicology studies.
Cancer Res., 49, 1075-1084 (1989).

Mori, H., Sugie, 8., Okumura, A., Hara, A., Kinouchi, T,,
Kataoka, K. and Ohnishi, Y. Genotoxicity of pyrene
oxide and 1-nitropyrene oxides in hepatocyte primary cul-
ture/DNA repair test. Mutat. Res., 262, 233-238 (1991).
Sugie, S., Yoshimi, N., Okumura, A., Tanaka, T. and
Mori, H. Modifying effects of benzyl isothiocyanate and
benzyl thiocyanate on DNA synthesis in primary cultures
of rat hepatocytes, Carcinogenesis, 14, 281-283 (1993).
Martin, C. N., McDermid, A. C. and Garner, R. C.
Testing of known carcinogens and noncarcinogens for
their ability to induce unscheduled DNA synthesis in
HeLa cells. Cancer Res., 38, 26212627 (1978).

Tsutui, T., Suzuki, N., Maizumi, I. I. and Barrett, J. C.
Characterization of an unscheduled DNA synthesis assay
with Syrian hamster embryo-cells, Mutar, Res., 129, 111-



32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

117 (1984).

Wang, 8., Lai, C. and Wang, C. Inhibitory effect of
geniposide on aflatoxin Bl-induced DNA repair synthesis
in primary cultured rat hepatocytes. Cancer Lett., 65, 133—
137 (1992).

Cohen, 5. M. and Ellwein, L. B. Genetic errors, cell
proliferation, and carcinogenesis. Cancer Res., 51, 6493—
6305 (1991).

Cohen, 8. M. and Ellwein, L. B. Cell proliferation in
carcinogenesis. Science, 249, 1007-1011 (1990),
Henderson, B. E., Ross, R. and Bernstein, L. Estrogens as
a cause of human cancer: The Richard and Hinda
Rosenthal Foundation Award Lecture. Cancer Res., 48,
246-253 (1988).

Butterworth, B. E., Slaga, T. J., Farland, W. and McClain,
M. “Chemically Induced Cell Proliferation: Implications
for Risk Assessment,” p. 547 (1988). Wiley-Liss, New
York.

Ames, B. N., Shigenaga, M. K. and Gold, I.. S. DNA
lesions, inducible DNA repair, and cell division: three key
factors in mutagenesis and carcinogenesis. Environ. Health
Perspect., 101 (Suppl. 5), 35-44 (1993).

Ames, B. N. and Goid, L. 8. Chemical carcinogenesis: too
many rodent carcinogens. Proc. Natl, Acad. Sci. USA, 87,
7772-TT76 (1990).

Mortley, C. G. D. and Kingdon, H. 8. Use of H-thymidine
for measurement of DNA synthesis in rat liver: a warning.
Anal. Biochem., 45, 298-305 (1972).

Michalopoulos, G., Houck, K. A., Dolan, M. L. and
Luetteke, N. C. Control of hepatocyte replication by two
serum factors. Cancer Res., 44, 4414-4419 (1984).
Manjeshwar, 8., Rao, P. M., Rajalakshhmi, S. and Sarma,
D. 8. R. Inhibition of DNA synthesis by phenobarbital in
primary cultures of hepatocytes from normal rat liver and
from hepatic nodules. Carcinogenesis, 13, 2287-2291
(1992).

Hsia, M. T. S., Kreamer, B, L. and Dolara, P, A rapid and
simple method to quantitate chemically induced un-
scheduled DNA synthesis in freshly isolated rat hepato-
cytes facilitated by DNA retention of membrane filters.
Mutat. Res., 122, 177-185 (1983).

Loud, A. V. A quantitative stereological description of the
ultrastructure of normal rat liver parenchymal cells. J. Cell
Biol., 37, 27-46 (1968).

Furihata, C. Development and application of in vive
short-term assay system for evaluation of environmental
mutagens and carcinogens. Environ. Mutag. Res.
Commun., 11, 1-12 (1989).

Ohsawa, K., Furihata, C., Mori, M. and Ikui, E. Ability
of N-methyl-N'-nitro-N-nitrosoguanidine, 4-nitroquinoline
I-oxide, dimethylnitrosamine, and NaCl to induce un-
scheduled DNA synthesis, stimulate replicative DNA syn-
thesis, and produce DNA single-strand breaks in pyloric

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

Characterization of Genotoxicity and Mitogenicity

mucosa of rat stomach, Mutat. Res., 287, 307-319 (1993).
Sawada, N. Hepatocytes from old rats retain responsive-
ness of c-type expression to EGF in primay culture but do
not enter S phase, Exp, Cell Res., 181, 584-588 (1989).
Ikeda, T., Sawada, N., Fujinaga, K., Minase, T. and Mori,
M. c-H-ras gene is expressed at the G1 phase in primary
cultures of hepatocytes. Exp. Cell Res., 185, 292-296
(1989).

Kaufmann, W. K., Rice, J. M., MacKenzie, A., Smith,
G. 1, Wenk, M. L., Devor, D, Qaquish, B. F. and Kauf-
man, D. G. Proliferation of carcinogen-damaged hepato-
cytes during cell-cycle-dependent initiation of hepatocarci-
nogenesis in the rat, Carcinogenesis, 12, 1587-1593 (1991).
Kokkinakis, D. M. and Subbarao, V. The significance of
DNA damage, its repair and cell proliferation during
carcinogen treatment in the initiation of pancreas cancer in
the hamster model. Cancer Res., 53, 2790-2795 (1993).
St. Clair, W. H., Dwarakanath, B. S., Zhang, H. and
Wheeler, K. T. Influence of proliferation on DNA repair
rates in liver. Exp. Cell Res., 197, 323-325 (1991).
Jutras, D., Marion, M. and Denizeau, F. The effects of
putative DNA repair inhibitors on DNA adduct levels and
unscheduled DNA synthesis in rat hepatocytes exposed to
2-acetylaminofluorene. Mutat. Res., 216, 35-42 (1989).
LeDoux, 8., Thangada, M., Bohr, V. A. and Wilson, G. L.
Heterogeneous repair of methylnitrosourea-induced alkali-
labile sites in different DNA sequences. Cancer Res., 51,
775--779 (1991).

Mironov, N. M., Bleicher, F. and Martel-Planche
Montessano, R. Nonrandom distribution of Q%methyl-
guanine in H-ras gene sequence from DNA modified
with N-methyl-N-nitrosourea. Mutat. Res., 288, 197-205
{1993).

El-Deiry, W. 8., Tokino, T., Velculescu, V. E., Levy,
D. B, Parsons, R., Trent, J. M., Lin, D., Mercer, W. E.,
Kinzler, K. W. and Vogelstein, B. WAF,, a potential
mediator of p33 tumor suppression. Cell, 75, 817-825
(1993).

Xiong, Y., Hannon, G. J., Zhang, H., Casso, D.,,
Kobayashi, R. and Beach, D. p2l is a universal inhibitor
of cyclin kinases. Nature, 366, 701-704 (1993).

Keler, T., Barker, C. 8. and Sorof, §. Specific growth
stimulation by linoleic acid in hepatoma cell lines trans-
fected with the target protein of a liver carcinogen. Proc.
Natl. Acad. Sci. US4, 89, 48304834 (1992).

Khan, 8. H. and Sorof, S. Preferential binding of growth
inhibitory prostaglandins by the target protein of a carcin-
ogen. Proc. Natl. Acad, Sei. USA, 87, 9401-9405 (1990).
Vinores, S. A., Churey, I. J., Haller, J. M., Schnabel, 8. J.,
Custer, R. P. and Sorof, S. Normal liver chromatin
contains a firmly bound and larger protein related to the
principal cytosolic target polypeptide of a hepatic carcino-
gen. Proc. Natl Acad. Sei, USA, 81, 2092-2096 (1984).

815





