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ABSTRACT

Diploid human lymphoblast cells exhibit apparent saturation of mu
tation induced by exposure to aflatoxin B,, despite a linear increase in
the amount and proportion of the aflatoxin-DNA adducts formed. The
saturation is neither a cell cycle phenomenon nor a result of a genetically
heterozygous population. Examination of the hiphasic nature of aflatoxin-
DNA adduct loss in vivoshows initial, rapid removal of all adduct species,
followed by a slow loss of the aflatoxin-A/7-guanine adduct alone. We

hypothesize that these data reveal two modes of adduct loss in these
cells. The first is an inducible, error-free system that is short-lived,
turning off as adduct levels fall below the induction threshold of some
1000 total adducts/cell. The second loss is slower and results from
spontaneous depurination of remaining aflatoxin-A^-guanines. Our data
are in agreement with the possibility that apurinic sites thus generated
are responsible for the mutation observed. A major paradox arises from
the fact that aflatoxin-related premutagenic depurinations are estimated
to be only 10% of the number of spontaneous depurinations estimated by
others to occur in human cells in a 1-h period.

INTRODUCTION

The mutagenicity and carcinogenic potential of AllÃ as well
as its ubiquity in foodstuffs have led to numerous investigations
into its mechanism of action (see Ref. 1 for a review). Since
DNA has been considered a target for these effects, the struc
ture, distribution, and lifetime of AFB-DNA adducts have been
examined in vivo and in vitro. The principal AFB-DNA adducts
have been isolated and identified in DNA reacted in vitro with
AFB in the presence of either a rat liver PMS or microsome
metabolism system (2, 3). Additional adduct identification has
been performed on DNA isolated from the liver or kidneys of
AFB-exposed rats, mice, rainbow trout, and cultured cells (3-
10). The acid hydrolysis product of the major adduct in all of
these studies has been identified as AFB-N7G, first identified

by Essigmann et al. (2). The second most prevalent adduct has
been identified as AFB-FAPY, a formamidopyrimidine rear
rangement of AFB-N7G (3). AFB-III was the third major AFB-

DNA adduct to be identified (11).
Studies into the mode of action of AFB in Salmonella typhi-
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murium have shown that AFB can induce base substitutions at
the hisG46 mutation (12-14). In addition, AFB has been shown
to exhibit some ability to revert frameshift mutations in Sal
monella (12, 14, 15). The mutational specificity for base sub
stitution induced by AFB has been examined in the lad gene
of Escherichia coli, where it was found that AFB-induced base
substitutions arise almost exclusively by GC â€”Â»TA transver
sions (16).

In this paper, we probe the basis of an apparent saturation of
the mutation-concentration response in human B-cells. Induced
mutation is compared with the type and amount of AFB-DNA
adducts formed and the dynamic nature of their loss from DNA
with time after formation. Our results suggest that human cells
have a short-lived, accurate repair system for dealing with AFB-
DNA damage, which is induced and remains functioning only
when the total number of AFB-DNA adducts rises above 1000/
cell. During this period of rapid AFB-DNA removal, the cells
exhibit a marked sensitivity to a second exposure to AFB. In
addition, we report that AFB-N7G is removed by a slow process,

probably spontaneous depurination, that continues to occur
after AFB-DNA adducts fall below 1000/ceIl. We hypothesize
that it is the depurination of AFB-N7G that predominantly
leads to mutations and that the induction of rapid AFB-DNA
removal causes the observed apparent saturation of the muta
tion response.

MATERIALS AND METHODS

Chemicals. Unlabeled AFB and chromatography standards for AFB-
N7G, FAPY, and AFB-III were generous gifts of Dr. Gerald Wogan
(MIT, Cambridge, MA). [3H]AFB (10.9 Ci/mmol) was purchased from
Moravek Biochemicals (La Brea, CA). Glucose 6-phosphate, glucose
6-phosphate dehydrogenase, NADP, penicillin k. deoxycytidine, hy-
poxanthine, thymidine, aminopterin, I-,d Ilul. 6-thioguanine (6TG),

and RNase A were purchased from Sigma Chemical Co. (St. Louis,
MO). Nuclease PI was purchased from Yatnasa Shoya Co., Ltd. (Ja
pan). Proteinase K was purchased from Beckman Instruments (Palo
Alto, CA). Ethanol for chromatography and phenol for DNA isolations
were redistilled prior to use. All enzymes and other chemicals were
utilized without further purification.

Cell Lines and Growth of Cells. IK 6 human lymphoblast cells are a
thymidine kinase heterozygous cell line derived from the WI-L2 cell
line. Their induction and isolation have been described previously (17).
HrM-1 cells were induced and isolated from TK6 as being hypermutable
to F3dThd resistance by AFB (18, 19). All cells were grown in RPMI
1640 medium with glutamine and a bicarbonate buffer (Flow Labora
tories, McLean, VA) supplemented with 10% (v/v) donor horse serum
(GIBCO, Grand Island, NY). Cells were maintained in exponential
growth at densities between 3 and 7 x 105/ml in a 5% CO2 incubator
at 37Â°C.Stock cultures were maintained antibiotic-free and contained

no detectable Mycoplasma (Bioassays, Woburn, MA). During mutagen-
esis assays, medium was supplemented with 100 units/ml penicillin K.
Details of cell growth and maintenance have been described elsewhere
(20).

Mutagenesis and Survival Measurements. A detailed protocol for
mutation assay in human cells has been described elsewhere (21).
Briefly, following exposure to AFB, cells were maintained in exponen
tial growth for a period of time sufficient to allow the phenotypic
expression of induced mutation, then cloned in microtiter plates in the
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presence of selective agent F3dThd or 6TG at a cell density of 2-4 x
10* cells/well. Cloning efficiency, typically 50-70%, was measured

through the parallel cloning of cells at low cell density (2 cells/well) in
the absence of selective agent. Clones were scored after incubation at
37Â°Cfor 10-12 days in a humidified CO2 incubator.

The mutant fraction of a population was calculated as the fraction
of deniable cells that were capable of forming colonies in the presence
of selective agent (22). Survival of treated cultures was determined by
comparison of the growth of treated cultures to control cultures using
the approach of DeLuca et al. (23) and by simultaneous assay of the
clone-forming ability of cultures immediately after treatment.

Cell Synchrony. Cells were aseptically separated on the basis of size
by centrifugal elutriation using a Model J-21B centrifuge (Beckman
Instruments) and a Cole-Parmer Masterflex pump (Cole-Parmer In
strument Co.) (24). Cell separations were carried out at a centrifugal
elutriator speed of 2000 rpm. Cells were loaded into the elutriator
chamber in 300 ml medium at a velocity of 15 ml/min, after which 250
ml of serum-free medium were flushed through at a velocity of 22 ml/
min. Cells elutriating at these velocities were pooled, and subsequent
analysis on a Model 50H cytofluorograph (Ortho Instruments, Bedford,
MA) found the fraction to be enriched in G, cells (77%; data not
shown). Continued pumping of serum-free medium into the centrifugal
elutriator at velocities of 29 ml/min (250 ml) and 42 ml/min (250 ml)
allowed the elutriation of cell populations subsequently found to be
enriched in S phase (66%) and G2 + M (68%), respectively.

Cell Cycle Progression. After 1.5-h exposure to AFB, cells were
sampled immediately or resuspended as in the mutation assay and
sampled at 4 and 8 h. Samples were fixed in a mixture of 70%
ethanohacetone (1:1) and stored at 5*C until analyzed. Nuclei were

centrifuged and resuspended in 1 ml phosphate-buffered saline (8 nig/
ml NaCl, 0.2 mg/ml KC1, 1.15 mg/ml Na2HPO4, 0.2 mg/ml KH2PO4,
with 2.5 ml of a KCI/HC1 buffer) for 30 s and then mixed with 80 n&
acrid ine orange delivered in 10 ml of a citric acid/H2PO4 buffer. Stained
nuclei were then injected into a Model FC4800A cytofluorograph
(Ortho Instruments) and the distribution of acridine orange stain per
cell was examined.

Exposure to AFB. Cells were combined with a freshly prepared
solution of AFB in dimethyl sulfoxide and a PMS metabolizing system
[2.5% v/v PMS (Litton Bionetics, Kensington, MD)-1 mg/ml glucose
6-phosphate-l mg/ml NADP-0.67 mg/ml MgCl2 â€¢H2O-0.4 units/ml
glucose 6-phosphate dehydrogenase] for a period of 1.5 h. Care was
taken to expose cells at a density of 6.7 x IO5cells/ml. At the end of

this treatment period, cells were centrifuged (10 min; 1000 x g) and
resuspended in fresh medium plus serum. In split-dose experiments,
cells were resuspended in fresh, serum-supplemented medium. Those
cultures that received their second treatment 48 h later were diluted 1:1
after 24 h.

Isolation and Digestion of Cellular DNA. Cellular DNA was isolated
by a modification of the method of Marmur (25). At the end of
treatment with [3H]AFB, cells were pelleted by centrifugation (IO min;
1000 x g), washed by resuspension in buffer (0.5 M 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7-0.1 M NaCl-10 IHM EDTA),
repelleted, and resuspended in 3.7 ml of the same buffer. Cells were
lysed with sodium lauryl sarcosine (0.36%), and 1.2 mg KNÃ¤seA was
added. At this point, samples could be frozen for storage prior to
digestion. To digest RNA present in samples, RNase A-containing
samples were incubated for 30 min at 37'C. Protein was digested

through a 90-min incubation with 0.8 mg proteinase K. Protein was
extracted from samples via 3 successive phono l:chloro form (1:1 v/v)
extractions, followed by 3 successive ether extractions. Aqueous phases
containing DNA were cooled on ice and precipitated with 3 volumes of
ice-cold absolute ethanol. DNA was washed in absolute ethanol, then
lyophilized to dryness. This method of DNA isolation yielded nucleic
acid that was approximately 90% DNA (less than 10% RNA contami
nation) as determined by the method of Irvin and Wogan.8

Hydrolysis of AFB-modified DNA was carried out by the procedure
of Croy et al. (4). DNA from each sample was dissolved in deionized
water. Samples were subjected to acid hydrolysis (pH 1; 95% C; 10
min) to release AFB-guanine adducts and to partially denature DNA.

Samples were then cooled on ice to prevent reannealing of DNA
strands, buffered, and neutralized with the addition of potassium acetate
(50 HIM,pH 5) and KOH, then enzymatically digested to mononucleo-
tides with 10 jig/ml nuclease PI (40Â°C;2 h).

High Pressure Liquid Chromatography. DNA samples were cleaned
by centrifugation (12,000 x g; 4 min), then analyzed for total bound
radioactivity, nucleic acid concentration, and HPLC profiles. Nucleic
acid concentration was determined by the method of Warburg and
Christian (26), measuring absorbance of samples at 260 and 280 nm
and correcting for protein concentration.

Separation of adduct species was achieved through HPLC, using a
Micromeritics Model 70000 liquid Chromatograph (Micromeritics
Corp., Norcross, GA) equipped with a Model 730 universal injector.
Detection was accomplished using a Waters Model 440 dual channel
absorbance monitor (Waters Associates, Milford, MA) at 254 and 365
nm and a Schoeffel Model FS 970 fluorometer. Samples were loaded
onto a AiBondapak ("1Hreverse phase column (Waters Associates) at 1
ml/min, 50Â°t'.in a mobile phase of 12.8% ethanol. Elution of adducts

was accomplished through running a linear gradient (12.8-18%
ethanol; 40 min) with further isocratic elution using 18% ethanol.
Fractions were collected every 45 drops and subsequently counted using
a Beckman scintillation counter (Beckman Instruments).

RESULTS

Binding of AFB to Cellular DNA. Binding of AFB to the
DNA of TK6 and HrM-1 human lymphoblast cells was exam
ined under the conditions of mutagenesis studies over the range
of 0-16 ng/ml AFB. Our interpretation of the observations is
that a linear relationship exists between external AFB concen
trations and total AFB-DNA adducts (Fig. 1), which indicates
no alteration in processes involving either metabolism of AFB
to a reactive species or transport into the cell and to the DNA.
For ease of comparison, all biological end points have been
analyzed as a function of both external AFB concentrations
and the internal AFB-DNA adduct levels defined by this
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Fig. 1. Level of binding of AFB to the cellular DNA of TK6 and HrM-1
human lymphoblast cells as a function of external AFB concentration. Cells were
exposed to AFB for 1.5 h in the presence of a rat-liver-PMS metabolizing system,
after which cellular DNA was isolated as described in "Materials and Methods."

liars. SE; numbers next to points, number of independent determinations. The
linear regression line has a slope of 0.233 adducts/10* base pairs/ng/ml AFB.
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Fig. 2. a, concentration-dependent and adduct-level-dependent survival result
ing from the treatment of TK6 and HrM-1 human lymphoblast cells with AFB
for 1.5 h in the presence of a rat-liver-PMS metabolizing system. Ban, SE;
numbers next to points, number of independent determinations. The curves in this
and following graphs were fitted by eye to the data points, b, relative increase in
total cell number (live plus dead cells) following aflatoxin treatment. Cell number
was determined by Coulter Counter measurement at times indicated. Suitable
dilutions were carried out to insure continuous, exponential growth of cultures as
outlined in "Materials and Methods." This is one experiment typical of all

determinations of cell number. â€¢,0 ng/ml AFB treatment; 0,1 ng/ml AFB; â€¢
4 ng/ml AFB; D, 8 ng/ml AFB; A, 12 ng/ml AFB.
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Fig. 3. Concentration-dependent and adduct-level-dependent mutation to

r ,il I IK!resistance (F,TdK*) (â€¢)and 6TG resistance (â€¢)resulting from treatment
of TK6 human lymphoblast cells with AFB for 1.5 h in the presence of a rat-
liver-PMS metabolizing system. Bars, SE; numbers next to points, number of
independent determinations.

tionship. For subsequent calculations of the relationship of
external concentration to amount of DNA reaction product, we
have pooled the data for Ik 6 and the isogenic HrM-1 cells.
Analysis of Fig. 1 shows no significant difference between the
2 lines.

Mutagenicity and Toxicity of AFB to Cultured Human Lym-
phoblasts. Toxicity and mutation induced as a result of a 1.5-h
exposure of TK6 and HrM-1 to low concentrations of AFB are
illustrated in Figs. 2-4. AFB caused a decrease in cell viability
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Fig. 4. Concentration-dependent and adduct-level-dependent mutation to
!â€¢',<!l lui resistance (1','lilK*) (â€¢)and 6TG resistance (â€¢)resulting from treatment

of HrM-1 human lymphoblast cells with AFB for 1.5 h in the presence of a rat-
liver-PMS metabolizing system. Bars, SE; numbers next to points, number of
independent determinations.

that was not strictly log-linear with concentration; at higher
AFB concentrations, a less steeply declining slope was observed
(Fig. 2a). The mutational responses of TK6 (Fig. 3) and HrM-
1 (Fig. 4) are also nonlinear. The response apparently saturates
for the 2 genetic markers examined at AFB concentrations
greater than 5 ng/ml, which corresponds to approximately 1.2
DNA adducts/10* base pairs, or a calculated 10,000 DNA

adducts/cell.
As shown in Fig. 2b, treated cultures returned to the expo

nential growth rate of controls within 1-4 days after treatment,
depending on concentration of AFB used. Back extrapolation
of the log-linear portion of these growth curves permitted
estimation of survival (see Ref. 23). Independent experiments
testing the ability of TK6 cells to form colonies directly after
AFB treatment demonstrated that colony formation at high
density and the back extrapolation estimates were in virtual
agreement (27). Such agreement rules out the existence of a
significant growth lag induced by AFB in surviving cells. This
interpretation also agrees with the results of cytofluorographic
analysis (Table 1). As can be seen in Table 1, cell cycle progres
sion following AFB treatment showed no significant perturba
tion of the cell cycle distribution following exposure to 0 or 7
ng/ml AFB (Table 1).

AFB-induced Toxicity and Mutation as a Function of Cell
Cycle Position. Cell populations enriched in <.,, S-phase, or (i.
+ M cells respond similarly to the toxic (Fig. 5) and mutagenic
(Fig. 6) actions of AFB. This finding is exceedingly important
since it eliminates the possibility of nonlinearity in survival and
mutation dose-response curves arising from cell cycle hetero
geneity in response to AFB treatment. Study of bromodeoxy-
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Table 1 Cell cycle phase distribution following 1.5-h AFB treatment ofTK6 cells

Concentration
ofAFB(ng/ml)00

0
7
7
7Time

(h)1.54

8
1.5
4
8Total

cells
examined161,685

93,000
160,000
100,000
95,000
91,000%

of cells in
cell cyclephaseG,4142

47
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49S34
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Fig. 5. Survival of TK6 after a 1.5-h exposure to 2,7, or 16 ng/ml AFB in the
presence of a rat-liver-PMS metabolizing system as a function of cell cycle position
(O, enriched in S phase; O, enriched in (,,:â€¢.enriched in ( Â¡_.+ M;â€¢.reconstructed
asynchronous). Cells were separated prior to AFB exposure on the basis of size,
as described in "Materials and Methods." Points, mean toxicity determination of

2 independent cultures. Ban, SE.
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Fig. 6. AFB-induced mutation to I ,d I lui resistance (1,1'tlK") and 6TG re

sistance observed in TK6 after a 1.5-h exposure to 2, 7, or 16 ng/ml AFB in thÃ¨
presence of a rat-liver-PMS metabolizing system as a function of cell cycle position
(O, enriched in S phase; O, enriched in d; â€¢,enriched in <Â¡:+ M:â€¢.reconstructed
asynchronous). Cells were separated prior to AFB exposure on the basis of size,
as described in "Materials and Methods." Points, mean mutation determination

of 2 independent cultures; bars, SE.

uridine-induced mutation using this protocol of synchroniza
tion (centrifugal elutriation) demonstrated a clear cell cycle
dependence (early S-phase sensitivity) of mutation (24). This
indicates that the degree of synchronization obtained was suf
ficient for discovery of a cell cycle dependence of magnitude

capable of producing so marked an effect as seen in Fig. 3, if
that behavior had an explanation in cell cycle dependency.

Time Dependence of Recovery from Mutation Saturation: Split
Dose. An AFB concentration inducing the maximum amount
of mutation in a simultaneous treatment with a second exposure
to 7 ng/ml AFB (i.e., 14 ng/ml AFB total) did not induce an
additional amount of mutation (Figs. 3 and 4).

The effects upon survival produced by increasing the time
interval between 7-ng/ml treatments are shown in Fig. 7. First,
there was a large potentiation of lethal damage if the 2 expo
sures were separated by time intervals of less than 12 h. How
ever, effects on toxicity were independent if AFB treatments
were separated by time intervals greater than 12 h.

The extreme toxicity observed in the first 12 h interval after
treatment (Fig. 7) limited our mutation studies using split doses
to time intervals of greater than or equal to 12 h between
exposures. A 2-fold increase in the amount of F3dThd-resistant
mutation induced by AFB was observed in TK6 and HrM-1
cells when greater than 12 h was allowed between treatments
(Fig. 8). No effect on induced mutation was caused by a single
treatment plus a mock treatment (metabolizing element with
no AFB), implicating AFB as the cause of additional mutation.
When examining AFB-induced mutation to 6TG-resistance, a
similar phenomenon was observed (Fig. 9). Thus, effects on
mutagenicity were found to be independent when treatments
were separated by 12 or more h. These results focus attention
on the period within 12 h of treatment during which time a
major change in cellular AFB response is evident.

Identification of AFB-DNA Adducts from Human Lympho-
blast Cells. Analysis of enzymatic hydrolysates of DNA isolated
from [3H]AFB-treated TK6 and HrM-1 human lymphoblast
cells by reverse-phase liquid chromatography showed 3 major
nucleotide species, identified through cochromatography with
known standards (Fig. 10). Sixty-one % of the radiolabeled
material chromatographed as AFB-N7G, the major DNA ad-
duct found in vivo (4). Twenty-one % of the radiolabeled ma
terial cochromatographed with standards of the AFB-formam-
idopyrimidine derivative (FAPY) (3, 28). Six % of the radiola
beled material cochromatographed with 8,9-dihydro-8-(2-
amino-6-formamide-4-oxo-3,4-dihydropyrimid-5-yl formam-
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Spill Dote Single Dote
7 ng/ml t 7 ng/ml 7 ng/ml

0 12 24 36
TIME BETWEEN AFB EXPOSURES (hours)

Fig. 7. Survival of TK6 and HrM-1 human lymphoblast cells following 2
treatments with 7 ng/ml AFB separated by time and single 7-ng/ml exposure.
Numbers next to points, number of independent cultures examined; bars, SE.
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ido)-9-hydroxy aflatoxin BI (11). Material eluting prior to the
AFB-N7G (2%) was intensely fluorescent and cochromato-
graphed with the AFB-diol.

Adduct profiles were essentially identical in both cell lines
and throughout the range of AFB concentrations utilized in
these studies (Table 2). Thus, a linear increase can be seen for
each of the adduct levels with respect to external AFB concen
trations (Fig. 11).
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Fig. 10. HPLC reverse-phase separation of acid hydrolysis products obtained
from DNA isolated from TK6 and HrM-1 human lymphoblast cells after exposure
to AFB for 1.5 h in the presence of rat-liver-PMS metabolizing system. This is
an average of separations (see Table 2) obtained using a /Â¿Bondapak<',â€žcolumn

(Waters Associates) eluted with a linear, 40-min, 12.8-18% ethanol gradient run
1 inI â€¢inin at SO'C, followed by isocratic elution using 18% ethanol. Standards of
AFB-N7G, AFB-FAPY, and AI H Ml were coinjected with the sample, and their

elution was monitored at 254 and 365 nm. Fractions were collected every 45
drops for the determination of 'H activity.
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Fig. 11. Concentration-dependent level of AFB-N'G, AFB-FAPY, and AFB-
III following a 1.5 h exposure to AFB in the presence of a rat-liver-PMS
metabolizing system.

Disappearance of AFB-DNA Adducts as a Function of Time.
The kinetics of loss of AFB-DNA adducts are outlined in Figs.
12 and 13. In all cases, data are presented in terms of adducts
per treated cell. The direct measurement of adducts per ng
DNA and measurement of cells per ml in the treated cultures
as a function of time provide the data necessary to correct for
increases in cell number during the experiments. Because the
critical biological event(s) leading to mutation are probably
fixed within the cell by the time gene replication is scheduled
to occur, we examined the period of time immediately following
AFB exposure up to 36 h after treatment, with emphasis on the
first !2 h.

The loss of AFB-N7G appeared to be biphasic for all AFB
concentrations examined (Fig. 12). AFB-N7G was lost at the
same first-order rate at each treatment concentration, suggest
ing that saturation of AFB-N7G removal was not the limiting

factor leading to mutation. For each AFB treatment concentra
tion, there was an initial rapid loss of AFB-N7G, with a half-
life of 3-4 h. The loss of AFB-N7G appeared to slow as the

total adduct level of the cells approached 1000 adducts/cell,
reducing the subsequent half-life of AFB-N7G to approximately

10 h.
Loss of AFB-FAPY and AFB-IH also appeared to be bi-
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Fig. 12. Time-dependent loss of AFB-N7G from acid-hydrolyzed DNA iso
lated from TK6 and HrM-1 human lymphoblast cells following a l.S-h exposure
to 2, 7, or 16 ng/ml AFB in the presence of a rat-liver-PMS-metabolizing system.
Cells were resuspended in growth medium and maintained under culture condi
tions until the time of DNA isolation, with the l.S-h time point corresponding
to the end of AFB exposure. , extrapolation of the second phase of each
curve to the midpoint of the treatment period (see "Discussion"). Points, mean

of 2 independent determinations.
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Fig. 13. Time-dependent loss of AFB-FAPY and AFB-III from acid-hydro
lyzed DNA isolated from TK6 and HrM-l human lymphoblast cells following a
1.5-h exposure to 2, 7, or 16 ng/ml AFB in the presence of a rat-liver-PMS-
metabolizing system. Cells were resuspended in growth medium and maintained
under culture conditions until the time of DNA isolation, with the l.S-h time
point corresponding to the end of AFB exposure. Points, mean of 2 independent
determinations.

phasic, with an initial, rapid loss of both adducts giving a half-
life of 3-4 h (Fig. 13). However, as the rapid removal phase
ended, levels of AFB-FAPY and AFB-III remained constant.
The transition point from rapid removal to lack of removal
appeared to occur at the same time that the transition from fast
to slow removal occurred for AFB-N7G.

DISCUSSION

In our study of the characteristics of AFB-induced mutagen-
esis in human cells, we have examined the DNA adducts formed
in AFB-treated lymphoblast cells and related the adduct levels
to the amount of mutation induced at 2 loci. There are 2 major
observations to be made regarding AFB-exposed human lym
phoblasts: (a) the mutation observed saturates with AFB con
centrations above 6 ng/ml, despite a linear increase in AFB-
DNA adducts; and (b) when 2 equal exposures to AFB are
separated by time, there exists a period of time during which
the cells are extremely hypersensitive to the toxic effects of the
second AFB exposure.

Saturability of the mutation induced by AFB cannot be
explained by a simple saturation of metabolism or transport,
because an identical saturating relationship was observed when
mutation was examined as a function of AFB adducted to
cellular DNA (Figs. 3 and 4). We sought to develop a means of
thinking about the possible mechanisms of AFB-induced mu
tation and how they would relate to such a saturating response.
Several models were envisioned in an attempt to explain this
saturation. The first involvedthe formation of a different adduct
spectrum at different AFB levels.HPLC analysis of the individ
ual AFB-DNA species present after AFB exposure shows that
the initial proportion of the 3 adducts formed remained con
stant at all treatment levels (Table 2; Figs. 10 and 11).

A second explanation considered was that of a population
heterogeneous with regard to sensitivity to killing and mutation
by AFB. This was suggested by the apparent saturation of both
the toxicity (Fig. 2) and mutation (Figs. 3 and 4) responses at
similar adduction levels (approximately 1.4 adducts/10* base
pairs). We reasoned that if some 50% of the cells were resistant
to the toxicity of AFB, then the survival curve would decline
more precipitously at low AFB concentrations than at higher
AFB concentrations, as can be seen in Fig. 2. Similarly, the
apparent saturation of mutation at the 2 loci shown in Figs. 3
and 4 could arise from the elimination by selective killing of
that fraction of cells that was sensitive to AFB-induced muta
tion. There are 2 obvious forms of heterogeneity in exponen
tially growing cell populations: the presence of genetic variants
and variations in cell cycle position. With regard to the possi
bility of a genetically heterogeneous population, we note that
the cells used in these studies are of recent clonal origin and
betray no marked tendency towards genetic drift in terms of
aneuploidy or spontaneous gene locus mutation. Spontaneous
rates of mutation to 6TGR and F3dThdRhave been determined
to lie between 1 and 2 x 10~7mutations/cell/generation (29).

Additionally, when a second, newly recloned population was
examined, the same behavior with regard to toxicity and mu
tation was observed as a function of concentration (data not
shown). Thus, we concluded that genetic heterogeneity could
not explain our observations.

Heterogeneity might have arisen from cell cycle variations in
cell sensitivity such as was reported by Djordjevic and Tolmach
(30) in their studies of UV-induced killing in the human cell
line HeLa. Deluca et al. (23) invoked such an effect to explain
the multiphase mutational response in TK6 cells following UV

1998

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2430779/cr0470081993.pdf by guest on 19 M

ay 2023



KILLING AND MUTATION OF HUMAN LYMPHOBLAST CELLS BY AFB

Table 2 AFB-DNA adduci distribution immediately following 1.5-h f'HJAFB treatment

Concentration
of AFB
(ng/ml)25781216TotalNo.

of
trials73432625%

of radioactivity elutingwithEarly9.4

Â±7.2Â°5.0

Â±1.29.5
Â±0.16.0

Â±1.54.5
Â±1.46.8
Â±0.97.3

Â±4.7AFB-III4.7

Â±1.63.7
Â±1.25.0

Â±0.16.7
Â±1.57.0
Â±1.46.0
Â±0.95.7

Â±1.4AFB-FAPY17

Â±715Â±417Â±427

Â±831
Â±122

Â±721

Â±8AFB-diol2.3

Â±0.53.3
Â±0.62.3
Â±0.92.7
Â±1.12.0

Â±0.12.5
Â±72.4

Â±0.7AFB-N7G62

Â±1370
Â±762
Â±757
Â±656

Â±160
Â±361

Â±8Late0.7

Â±1.52.7
Â±0.90.5
Â±10.7
Â±1.2Not

detectedNot
detected0.6

Â±1.2â€¢
Mean Â±SE.

irradiation. However, as Figs. 5 and 6 demonstrate, no indica- (Fig. 14). A rapid loss of adducts is observed only when the
tion of cell cycle sensitivity to killing or mutation by AFB was
found in our cells in 2 independent experiments. A third model
envisioned the saturation of a constitutive enzymatic system
that, while acting on AFB-DNA adducts, would have a certain
probability of replacing the adducted DNA base with an im
proper base (misrepair). However, saturation of such a system
would be expected to exhibit slower rates of AFB adduct
removal as DNA adduction increased above the point of appar
ent saturation of mutation (31). In effect, the initial rates of
AFB adduct removal are invariant with dose within the range
studied.

Having eliminated these several reasonable explanations of
the mutational saturation phenomena, we now offer an inter
pretation of our findings in terms of a model suggested by the
biphasic relationship between DNA adduct levels and the
amount of time following AFB exposure (Figs. 12 and 13). To
begin with, the transition point between rapid adduct and slow
adduct loss appears to occur at longer times after treatment as
aflatoxin dose increases. However, when examined for the
major adduct species AFB-N7G, it can be seen to occur at a

constant adduct level of about 1000 total adducts/cell (Fig. 12).
Shifting the data points for 2- and 7-ng/ml treatments along
the x axis by 12.2 and 4.2 h later, respectively, shows that the
rates of adduct loss are essentially identical for all AFB concen
trations examined when viewed as a function of adduct level

10.0 -

O.I

0001

TK6HrM-lAF8-NTG2

7*
â€¢A

OI6Â«g/m,â€¢0

001

24
TIME (hours)

Fig. 14. Time-dependent loss of AFB-N'G; data replotted from Fig. 12. Data
points for 2-ng/ml treatments are shifted 12.4 h to the right along the x axis, and
data points for 7-ng/ml treatments are shifted 4.2 h to the right. The second
phase of removal has been extrapolated to the midpoint of treatment time in
order to estimate the number of premutagenic lesions.

total adduct level in the cell rises above 1000 total adducts/cell.
When the adduct level falls below this point, a slower rate of
AFB-N7G loss is observed. The minor adducts AFB-FAPY and
AFB-III appear to be stable within the cell once this transition
has occurred (Fig. 13).

We interpret the biphasic nature of AFB loss in our cells as
an early, rapid removal catalyzed by unknown enzymes followed
by a slow removal via spontaneous depurination. Our data
suggest that when there are fewer than 1000 AFB-DNA adducts

present/cell, no enzymatic removal of adducts occurs. Once the
total adduct level rises above 1000 total AFB-DNA adducts/
cell, however, our data suggest a rapid enzymatic removal of all
3 adduct species. This repair appears to be short-lived, because

once adduct levels fall below 1000 adducts/cell, spontaneous
depurination of AFB-N7G is responsible for all further adduct

loss (Figs. 12 and 13).
It appears that the AFB-FAPY and AFB-III ring-opened

adducts are not removed except during the period of action of
the putative induced accurate repair system. Their quantitative
cell concentrations and kinetics of removal lead us to the
suggestion that they are not efficient precursors to cell killing
or mutation, either when removed or permitted to remain in
DNA during replication.

When viewed in this manner, the apparent saturation of both
lethal and mutational responses can be attributed to the manner
in which cells remove AFB-DNA adducts. At low AFB levels,
the only mechanism for adduct loss appears to be spontaneous
depurination of AFB-N7G. We propose that the apurinic sites

generated by this spontaneous depurination are numerically the
most important precursors to the mutation caused by AFB. At
higher AFB concentrations, an adduct level of greater than
about 1000 adducts/cell is attained, and a rapid DNA repair
system is induced. We conclude that this induced DNA repair
system behaves with high fidelity and thus removes potential
sites of depurination without adding to the level of mutation
observed in the cells.

This model predicts that the mutation observed after AFB
exposure is proportional to the amount of AFB-N7G that passes

through apurinic acid as a DNA intermediate. An estimate of
these amounts can be made by extrapolating the curve for the
slow AFB removal phase to the start of each AFB exposure
period as shown by dash lines in Fig. 12.

If the spontaneous apurinic sites are the precursors of muta
tion and no adduct concentration-dependent processes inter

vene between site formation and mutation, then the number of
apurinic sites generated should be linearly related to induced
mutation. This prediction has been tested using the data of
Figs. 3, 4, and 12 to create Fig. 15. This analysis appears to
show a linear relationship between mutation induced for tk and
hgprt loci in the 2 lines studied and the estimate of the number
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O.I 0.2 0.3

ESTIMATE OF AFB-N7G AVAILABLE

FOR SLOW REMOVAL
(ADDUCTS / BASE PAIR x IO6 )

Fig. 15. Mutation data from Figs. 3 and 4 have been replotted using estimates
of the amount of AFB-N7G available for slow removal as derived from the

extrapolation lines ( ) in Fig. 12. Data are shown for F3dThd resistance
(F,TdR*) and 6TG resistance in HrM-1 and TK6 cells. Bars, SE.

of apurinic sites that we calculate would be formed by sponta
neous depurination.

AFB-N7G previously has been shown to be chemically unsta

ble and is lost from DNA in vitro to yield apurinic sites (9, 32,
33). A concurrent comparison of adduct loss in normal human
fibroblast cells in vivo and in vitro showed a biphasic loss of
AFB-N7G in vivo, with the initial rapid phase having a half-life
of roughly 5 h and the later slow loss taking place with a half-
life of 14 h (33). This study showed that spontaneous depuri
nation in vitro occurs with a half-life of 14 h, lending support
to the hypothesis that the slow removal phase in vivo is simply
due to the chemical instability of the adduct. Leadon et al. (33)
also found that fibroblast cells from a patient with Xeroderma
pigmentosum lacked the rapid removal phase seen in normal
counterparts and in fact showed slower adduct loss than is the
case in vitro.

Given the observation by Leadon et al. (33) that Xeroderma
pigmentosum cells cannot actively remove AFB-N7G, our con

clusion regarding the premutagenic potential of apurinic sites
would predict that Xeroderma pigmentosum cells would not
exhibit saturation in their mutation response. Mahoney et al.
(34) examined the mutation induced by aflatoxin Brdichloride,
a direct-acting model for AFB in normal and Xeroderma pig
mentosum human fibroblasts. Although they observed no sat
uration in the mutational response, the higher level of aflatoxin
Bi-dichloride bound to cellular DNA corresponds only to the
levels of AFB-DNA we observed at 4 ng/ml AFB, which was a
level insufficient to demonstrate apparent saturation in our
experiments.

Utilizing the laci gene in E. coli to examine the mutational
spectra of AFB, Foster et al. (16) found that AFB specifically
induced GC â€”Â»TA transversions, consistent with AFB-induced
mutation due to a mechanism of spontaneous depurination for
this kind of base pair substitution. Our data strongly suggest
the premutagenic potential of the depurinated site in diploid
human B-cells for AFB-induced mutations generally.

In general, our observations are thus in accord with the
growing evidence summarized by Loeb (35) that apurinic lesions
are potentially premutagenic in prokaryotic and eukaryotic
systems. Our data lead to the additional suggestion that unlike
/:".coli in which mutagenesis by allÃ¢tox in-related apurinic sites

requires induction of a misrepair system (SOS), in human cells
mutagenesis appears to result from apurinic sites arising from
AFB-N7G adducts that fail to be acted upon by an inducible,

accurate repair system.
In an attempt to further investigate the nature of AFB-DNA-

induced repair, a split dose experiment was performed using
two 1.5-h, 7-ng/ml AFB exposures split by time. We hypothe
sized that if the induction of the rapid removal system could be
minimized, an increase in the number of sites available for
depurination would be maximized, and a level of mutation
higher than that seen with a single treatment would be achieved.
The transition-point dose was chosen as 7 ng/ml, i.e., treat
ments above 7 ng/ml AFB appear to induce the rapid repair
system such that a saturation of mutation is seen. When two 7-
ng/ml AFB exposures are given simultaneously (a single 14-
ng/ml AFB treatment), the same level of mutation is observed
as that induced by a single 7-ng/ml AFB exposure. However,
when there is a period of time greater than 12 h between two
7-ng/ml AFB exposures, twice the level of mutation is observed
(Figs. 8 and 9). This is consistent with the interpretation that
by 12 h, cells have returned to an unperturbed state, so that
induced mutation is simply additive.

However, in the course of these studies, we found a marked
increase in the amount of toxicity caused by the split treatments
when 12 h or less separated the 2 treatments (Fig. 7). Such a
potentiation of toxicity has previously been reported for split-
dose UV (36) and 4-nitroquinoline-l-oxide (37) treatments,
along with the observation by Warren and Stich (37) that there
is reduced unscheduled DNA repair synthesis during this hy
persensitive period.

A separate issue arises from comparison of Lindahl and
Nyberg's (38) estimate that mammalian cells suffer from IO4

spontaneous depurinations/day with our finding that human
cell mutation is linear with apurinic sites in the range of some
200-2000 induced apurinic sites/cell. If IO4apurinic sites occur
normally, why should another 200-2000 be suddenly muta-
genie? Of course, either our estimates or Lindahl and Nyberg's

(38) may be in significant error, but we see no technical reason
for such a suggestion. Viewed as a rate, IO4 sites/day is about

400/h. The actual number present at any point in time would
depend on the rate of formation and rate of repair of apurinic
sites. A counting mechanism that recognizes a rise in the level
of apurinic sites would be a candidate for the inducing system.
Using the suggestion that 1000 total AFB adducts/cell is the
minimum inducing stimulus, we note from Fig. 14 that in the
first hour some 40 apurinic sites would be generated from AFB-
N7G adduct spontaneous depurination (650 AFB-N7G/cell with
a half-life of 10.5 h). Although this requires a finely tuned
feedback system that responds to as little as a 10% increase in
the number of apurinic sites appearing in 1 h, one can hypoth
esize that proteins that can either bind to apurinic sites or serve
as repressors for the accurate repair system would constitute
such a counting mechanism.

When analyzed from the perspective of mutagenicity, the
paradox becomes more acute. The spontaneous rate of mutation
for our TK6 cells at the hgprt locus is 1.5 X 10~7 mutations/
cell/day. In the same locus, a 14 x 10~6 mutant fraction is

induced by a calculated 0.28 aflatoxin related apurinic sites per
IO6 base pairs in cellular DNA. A level of 1.5 x 10~7 hgprt
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mutations/cell/day divided by IO4 cellular apuri nie sites/cell/
day yields 1.5 x 10~" hgprt mutations/cellular apurinic site.
Yet 14 x 10~6 hgprt mutations divided by 4 x IO3 aflatoxin-
related apurinic sites/cell equals 3.5 x 10~9 hgprt mutations/

aflatoxin-related cellular apurinic site. Why should aflatoxin-
related apurinic sites be at least 200 times more mutagenic than
other depurinations?

A further important finding of this study is the rapidity with
which cells enter the putative induced repair state and leave it.
An accurate repair system with a short induction period makes
sense from an evolutionary viewpoint, since it limits both killing
and genetic damage. However, the system seems to have in
cluded a marked risk for cellular lethality by subsequent insult
while in operation. Regarding this quirk, it seems that these
higher eukaryotic cells have evolved a system that risks death
to avoid mutation. A rapid tumoff of the system when not
needed would have a clear survival advantage.
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