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Abstract

The potent liver carcinogen aflatoxin Bq (AFB1) is metabolized by cytochrome P450 to the
mutagenic epoxide. We have observed that activated AFB1 also strongly induced mitotic
recombination in the yeast Saccharomyces cerevisiae. To compare the recombinogenicity of AFB1
to its mutagenicity, three metabolically competent S. cerevisiae strains have been constructed.
The frequencies of induced recombinants resulting from gene conversion or chromosomal
translocations were determined by different prototrophic selections using two strains, whereas
the inducibility of forward mutations was determined by the frequency of drug resistance

in the third strain. Human cytochrome P4501A1- (CYP1A) and NADPH-cytochrome P450-
oxidoreductase cDNAs were expressed in the strains to ensure intracellular metabolism to

the epoxide. Exposure of the strains to AFB1 resulted in a 139- and 24-fold increase in the
translocation and gene conversion frequencies, respectively, whereas the mutation frequency was
increased only 3-fold. In contrast, benzo[4]pyrene-7,8-dihydrodiol and ethyl methanesulfonate
induced mutation and mitotic recombination to similar degrees. We conclude that AFB1 exerted
a strong recombinogenic, but only a weak mutagenic, effect. The recombinogenicity of AFB1 in
yeast may indicate a mechanism for the high proportion of loss of heterozygosity that has been
detected in AFB1-related human liver cancers.

INTRODUCTION

The mycotoxin AFB13 is a potent rodent carcinogen. It efficiently induces liver carcinomas
in rats and rainbow trouts, but less so in mice (reviewed in Ref. 1). The mycotoxin is of

2To whom requests for reprints should be addressed. Phone: 41 1 825 74 61; Fax: 41 1 825 06 76.
3The abbreviations used are: AFBI, aflatoxin B1; LOH, loss of heterozygosity; Ade, adenine; BaP-7,8-DHD, benzo[4&]pyrene-7,8-

dihydrodiol; EMS, ethyl methanesulfonate; EROD, 7-ethoxy-resorufin- O-deethylase; FOA, 5-fluoro-orotic acid; HCC, hepatocellular
carcinoma; hOR, human NADPH-cytochrome P450-oxidoreductase; Ura, uracil; Val, valine; CHEF, contour-clamped homogeneous
electric field; YM, yeast minimal.
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special concern in certain geographic areas in East Asia and Southern Africa, where AFB1
contamination of stocked food is a major problem due to particular climatic conditions.
Epidemiological data have provided strong evidence for an association of AFB1 exposure
and human liver cancer (for review, see Ref. 2). Partly for these reasons, AFB1 has been
classified by the IARC as a class 1 human carcinogen (3).

AFBL1 is metabolized by cytochrome P450-dependent mono-oxygenases, mostly by
CYP1A2 and CYP3A4, to the mutagenic but highly unstable AFB1-8,9-exo-epoxide
(activated AFBL; reviewed in Ref. 1). AFBL1 can also be efficiently activated by CYP1A1

to a genotoxic (4-6) or cytotoxic metabolite (7-9). The epoxide form of AFB1 may be
detoxified when inactivated by conjugation with glutathione, a pathway explaining the low
susceptibility of mice toward AFB1 (10), or by reaction with microsomal epoxide hydrolase.
Genetic variability of these two detoxification systems has been recognized to influence

the susceptibility of humans to HCCs, and in individuals exposed to AFB1, higher levels

of AFB1-serum albumin are correlated with the presence of an epoxide hydrolase allele
(EPHX2), as well as with a glutathione-transferase null allele (GSTMZI; Ref. 11).

Binding of activated AFB1 to the N7 position of guanine results in the formation of the
unstable rans-8,9-dihydro-(N’-guanyl)-9-hydroxy-aflatoxin B, adduct, which may undergo
a hydrolytic ring opening reaction to result in the more stable formamidopyrimidine form
(12). A direct consequence of DNA binding in both prokaryotic and eukaryotic organisms
is the introduction of point mutations. In bacteria, activated AFB1 generates frameshift (13)
and missense mutations (14), mostly G to T transversions (15-17). G to T transversions

are also the major class of mutations found in both the supFtarget gene, when a shuttle
plasmid was incubated /n vitro with metabolically activated AFB1 and transfected into
human Ad293 cells (18, 19), and in the HPRT gene, when a human lymphoblastoid cell
line expressing CYP1A1 was exposed to AFB1 (20). Hot spots for AFB1 mutations include
six contiguous G residues in the HPRT gene (20) and the third position in codon 249 of

the human p53tumor suppressor gene; the latter case was observed in liver cancers isolated
from patients living in AFB1-contaminated areas (21-27), but not in AFB1-unrelated liver
cancers (for review, see Ref. 28). Moreover, the same codon served as a hot spot when
human hepatocytes were exposed to activated AFB1 /in vitro (29).

Although the carcinogenicity and mutagenicity of AFB1 are thus correlated, other genotoxic
mechanisms, such as recombination, may also be important in inducing liver cancer. For
example, LOH is postulated to result in homozygosis of recessive mutations in tumor-
suppressing genes, such as p53, and thus confer a greater proliferative ability. LOH may
result from gene conversion, mitotic crossing-over (reciprocal exchange), chromosome loss,
and/or duplication. Mutations in p53also confer greater genetic instability, as illustrated

in the enhanced frequencies of translocations in p53 knockout mice (30) and the enhanced
frequencies of gene amplification in p53-deficient cell lines (31, 32). The ability of activated
AFBL1 to promote sister chromatid exchanges in V79 Chinese hamster cells (33) and
intrachromosomal recombination between a 2-kb duplication of the H#PRT gene in SP5/V79
cells (34) underscores the importance of determining the types of recombination events that
can be stimulated by AFB1.

Cancer Res. Author manuscript; available in PMC 2023 May 18.
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Mitotic, homologous recombination events include gene conversion or nonreciprocal
exchange and reciprocal exchange. Because the former may not be associated with exchange
of flanking markers and not generate chromosome rearrangements (35), whereas the latter
may result in inversions, deletions, and translocations, assay systems that monitor reciprocal
exchange and gene conversion separately are useful. Strains of Saccharomyces cerevisiae
that independently monitor gene conversion events, translocations, and deletions (36-38)
have been constructed to quantify the recombinogenicity of DNA damaging agents (39,

40). Using a strain construction to monitor allelic recombination, we have demonstrated
previously that exposure to AFB1 can stimulate gene conversion in yeast (41). In this

study, we demonstrate that AFB1 can also stimulate the formation of directed reciprocal
translocations (reciprocal exchange) in yeast, thus underscoring the recombinogenicity of
AFBL1. In comparing the recombinogenicity and mutagenicity of AFB1 with other known
carcinogens, we suggest that the recombinogenicity of AFB1 may contribute to its strong
carcinogenicity.

MATERIALS AND METHODS

Chemicals.

BaP-7,8-DHD was purchased from Midwest Research Institute (Kansas City, MI) and
AFB1 from Fluka (Buchs, Switzerland). Both chemicals were dissolved in DMSO. EMS
was obtained from Eastman Kodak (Rochester, NY). Amino acids, Ade, and Ura were
purchased from Merck (Dietikon, Switzerland), yeast nitrogen base and bacto agar from
Difco (Chemie Brunschwig, Basel, Switzerland). DNA modifying enzymes were from
Boehringer (Rotkreuz, Switzerland).

Strains and Media.

Plasmids.

Yeast transformants were grown on YM medium (0.67% yeast nitrogen base without

amino acids, 2% glucose) containing, if required, the following supplements: Ade, Ura,

Trp, and His at 20 xg/ml, lle and Leu at 30 4g/ml, and Val at 150 g/ml. Strains YHE2
(MATal MATa, ade2-40/ade2-119, trp5-12/trp5-27, ilvI-92/ilvI-92, ura3h5/ura3A5 (42) and
YB110 (MATal MATa, ade2-101/ade2-101, ura3-52/ura3-52, his3-0200/his3-0200, trpl-A1/
trpFD1, leuZ/LEUZ, GAL1::his3-05 GALL, trpl::his3-03 7trpl-01, LYS2/lys2-801; Ref. 43)
were used to quantitate allelic gene conversion and chromosomal translocation, respectively.
The haploid strain GRF18 (MATa, his3-11, 15, leu2-3, 112, canR)"' was used to monitor
mutations in URA3. YPD medium contained 1% yeast extract, 2% bacto peptone, and 2%
glucose.

All DNA manipulations were performed according to standard protocols (44). Plasmids
pSB229 (45) and pCS316 (4) contain the 2-um origin of replication, URAS3, hOR, and either
CYP1A1or CYPIA2cDNAs, respectively. The cDNAs are expressed under control of the
constitutive glyceraldehyde phosphate dehydrogenase promoter. The parental vectors pDP34
(46) and pNW144 (47) have been described previously. Plasmids pCS508 and pCS512 are

40btained from A. Hinnen.
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derived from pNW144 and pSB229, respectively, in which the LEUZ marker substitutes
for URAS3. For these manipulations, the 2.2-kb X#hol/Sall fragment from plasmid YEp13
(48) containing LEUZwas isolated from an agarose gel using Geneclean (BIO 101 Inc.,
Vista, CA), and the ends were converted to blunt ends. The fragment was inserted into the
blunt-ended AH/mdl1ll site of pUC19 (49), and the Sacl/Psfl fragment containing the vector
and LEUZ sequences was isolated and used to replace the Sacl/PsA fragment in pDP34, thus
resulting in plasmid pCS508. A 4-kb Nru/Scal fragment from pCS508 containing LEUZ
and part of the ampicillin resistance gene was isolated and ligated with the large Arul/Scal
fragment of pSB229 to give pCS512. These manipulations resulted in the replacement of
URA3by LEUZbut left the two expression cassettes in pSB229 unaffected. All plasmids
were transformed into yeast according to standard protocols (50).

Determination of Enzyme Activity.

EROD activities were determined from exponentially growing cells (Aggg = 0.8-1.5). Cells
were resuspended at a density of 7 Aggg units/2 ml in 0.1 m Tris buffer (pH 7.8), and
7-ethoxyresorufin was added to 1 M. The reaction was started by adding NADPH to

0.25 1M, and resorufin formation was recorded using a Perkin-Elmer MPF-3L fluorescence
spectrophotometer according to Rutten et a/. (51). Resorufin (50 pmol) was added as an
internal standard.

Genotoxicity Tests.

Exponentially growing yeast cells at a cell density of 108 cells/ml were exposed to chemicals
in 1 ml of 0.1 m sodium phosphate buffer (pH 7.5) for 4 h at 30°C, unless otherwise
indicated. The cells were then pelleted in a clinical centrifuge, washed, and diluted in
supplemented minimal medium. For gene conversion assays, YHE?2 transformants were
grown in YM Ade-lle-Trp-Leu-Val. After exposure to mutagen, 50 /4 were directly plated

on YM Ade-lle-Leu-Val-Ura plates containing 2% bacto agar to select for Trp* clones

and 100 z4 of a 107 dilution on full medium YPD plates (52) to plate for survivors.

Plates were incubated for 3 and 2 days, respectively, at 30°C. For translocation assays,
YB110 transformants were grown in YM His-Ade-Trp. After mutagen treatment, cells were
resuspended at a density of 4 x 108/ml, and 250 /4 were plated directly on YM Ade-Ura-Trp
to select for His™ recombinants and 100 z4 of a 107> dilution were plated on YPD for
survivors. Selection plates were incubated at 30°C and scored after 7 days. For mutation
assays, GRF18 transformants were grown in YM His and exposed to mutagen in buffer at

a density of 107 cells/ml. The cells were then washed with YPD, survivors were titrated on
YPD plates, and 0.2 ml was used to inoculate 10 ml of YPD. The cultures were incubated on
a 30°C shaker for 6—7 generations to allow expression of the Ura™ phenotype. To select for
ura3 mutants, 200-/4 aliquots were plated on YM His-Leu-Ura plates supplemented with 1
mg/ml FOA (PCR Inc., Gainsville, FL), and to quantitate total survivors, 100-4 aliquots of a
104 dilution were plated on YPD. Plates were incubated at 30°C, and FOA and YPD plates
were scored after 3 and 2 days, respectively. To select for a-aminoadipate-resistant /ys2
mutants, 200-44 aliquots were plated on YM His-Leu plates supplemented with 30 wg/ml
L-lysine and 2 mg/ml a-aminoadipic acid (Sigma, Buchs, Switzerland), which was solved in
H,0 by adjusting the pH to 6 with KOH. Plates were incubated at 30°C and scored after 3
days.

Cancer Res. Author manuscript; available in PMC 2023 May 18.
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Characterization of Chromosome Rearrangements by CHEF.

RESULTS

Chromosomal DNA was prepared from AFB1-induced recombinants as described
previously (37). CHEF gels (35) were run at 6 VV/cm for 26 h. Gels were subsequently
stained with ethidium bromide, and translocations were visually identified.

AFB1 Induces Directed Chromosomal Translocations in S. Cerevisiae.

It was observed previously that the mycotoxin AFB1, when intracellularly activated by
human cytochrome P450 enzymes from family 1, strongly induced mitotic gene conversion
events between two #rp5alleles in S. cerevisiae (41). In this study, we asked whether
metabolically activated AFB1 would also increase the recombination frequency of short
homologous sequences located on nonhomologous chromosomes. To address this question,
the plasmids pSB229 (45), pCS316 (4), or the vector pNW144 (47) were introduced into the
diploid S. cerevisiae strain YB110 (43) by selecting for Ura* transformants (Table 1). This
His™ strain contains two A/s3 fragments, truncated at either the 5" or 3" end, that are stably
integrated in chromosomes Il and 1V, respectively (Fig. 1). His* prototrophs containing
reciprocal translocations of the long arms of chromosomes Il and IV are generated by
mitotic recombination between 300 bp of shared homology (37). The presence of the
individual plasmids in YB110 confers metabolic competence by directing the coexpression
of human CYPIAI (pSB229) or CYP1AZ (pCS316) cDNAs with a cDNA coding for hOR.
In contrast, transformants of YB110 containing vector pNW144 do not express these human
CcDNA:s.

Activation of AFB1 by human enzymes present in YB110 transformants was verified by
the stimulation of His* recombinants after exposure to 250 uM of AFB1. Before AFB1
treatment, His* recombinants occurred at very low frequencies (Fig. 2): (1.19 + 0.43) x 10~/
for YB110pSB229, (1.49 + 1.40) x 10~/ for YB110pCS316, and (0.94 + 0.55) x 1077 for
YB110pNW144. With increasing time of exposure to AFB1, the recombination frequency
steadily increased in strains YB110pSB229 and YB110pCS316 to 7.6 x 1075, reaching

a 51-64-fold increase over the background frequency. In contrast, the vector-transformed
strain YB110pNW144 did not respond to AFB1 due to the lack of human CYP1A
enzymes. At 4 h incubation with AFBL1, the response curve reached a plateau in the two
strains containing human enzymes, suggesting that no additional AFB1 was activated or
recombination was saturated. The recombination frequencies were consistent with previous
observations that both human cytochrome P450 enzymes from family 1 are able to activate
AFBL1 to a genotoxic product (4). Therefore, an incubation time of 4 h was chosen for
further experiments.

The increase in recombination frequencies in strains YB110pSB229 and YB110pCS316
after AFB1 treatment was dose dependent. After exposure for 4 h to different doses of
AFB1, both metabolically competent strains exhibited a similar dose-response curve with a
steep increase at low AFB1 doses and a saturation in the range of 250 M (Fig. 3). Higher
doses of AFB1 resulted in a lower recombination frequency, a behavior consistent with
previously observed AFB1-induced gene conversion (data not shown). The exposure of the

Cancer Res. Author manuscript; available in PMC 2023 May 18.
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strains to different doses of AFB1 was repeated in at least four independent experiments, and
the His™ recombination frequencies were calculated (Fig. 4D). Consistent with our previous
findings, a significant increase in the His* recombination frequency was observed in both
metabolically competent strains, whereas the control strain expressing no human cDNA was
not responsive. At 250 M AFB1, the recombination frequency was increased by a factor of
139 in the CYP1AI-expressing strain, and in the CYPLAZ-expressing strain by a factor of
116 at 500 /M AFB1. Thus, the level of induction and dose response are reproducible. The
induction of recombination apparently occurred in the absence of cytotoxicity. Even at the
highest dose applied, more than 83% of the cells survived the treatment (data not shown).
From this, it was concluded that the AFB1-stimulated recombination did not result from the
secondary unrelated effects of dying cells.

The electrophoretic karyotypes of 10 spontaneous His* recombinants from a
YB110pNW144 transformant and 10 AFB1-induced His* recombinants from a
YB110pSB229 transformant were determined to verify that the induced recombinants were
translocations and to ask whether unusual chromosomal rearrangements appeared among the
AFB1-induced recombinants that did not appear among the spontaneous recombinants. In
recombinants containing reciprocal translocations, H/53is located on CENZ2../V, whereas a
his3 gene fragment lacking both 3" and 5” ends is located on the translocation designated
as CEN4.::11, as shown previously (37) and depicted in Fig. 1. Recombinants containing
nonreciprocal translocations contain CENZ::/V, but not CEN4../1, and are viable in diploids
that contain both wild-type copies of chromosomes Il and IV. Ethidium bromide stains

of CHEF gels revealed that, among the spontaneous recombinants, six recombinants were
reciprocal translocations, one was a nonreciprocal translocation, and three recombinants
were classified as “other” but had the wild-type configuration of chromosomes (data

not shown). Among the induced recombinants, eight were reciprocal translocations, one
was a nonreciprocal translocation, and one recombinant was classified as “other,” but

had the wild-type configuration of chromosomes. Although the recombinants classified

as “other” were not further investigated, this class has been studied previously and may
include rare conversion events of the 4/s3-A200allele that does not result in translocation.
Thus, reciprocal translocations predominate among both spontaneous and AFB1-induced
recombinants, and no unusual types of recombination events were evident among the AFB1-
induced recombinants that did not appear among the spontaneous recombinants.

The same doses of AFB1 also induced gene conversion between two #rp5alleles in

strain YHE2. When transformants of strain YHE2, containing the plasmids pSB229 or
pCS316, were exposed to the mycotoxin (Fig. 4A), a 19-fold increase was observed in

the frequency of Trp* recombinants in the strain expressing CYP1AI1 and hOR, whereas a
24-fold increase over the spontaneous frequency (1-2 x 107> Trp*/survivors) was observed
with the strain expressing CYP1AZand hOR. At both AFB1 doses applied, survival of

the CYP1AI-expressing strain was reduced to 65%, whereas no reduction in survival was
observed with the other two strains (data not shown). From these results, it was concluded
that the translocation tester strain YB110 responded with a higher sensitivity than the gene
conversion tester strain YHE2 to AFB1. The control strain YHE2pDP34 did not respond to
AFBL.

Cancer Res. Author manuscript; available in PMC 2023 May 18.
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Induction of Chromosomal Translocations by Other Chemicals.

To test whether another carcinogen that depended on P450-mediated activation was able to
induce chromosomal translocations in strain YB110, the transformed strain was exposed

to the polycyclic aromatic hydrocarbon BaP-7,8-DHD. This chemical is metabolized

by CYP1AL to the ultimate carcinogen BaP-7,8-diol-9,10-epoxide (4, 53, 54). A dose-
dependent increase in the translocation frequency was observed in strain YB110pSB229
expressing CYP1A1 and hOR (Fig. 4E), whereas the strain expressing CYP1AZor no
human enzyme was not responsive. At 50 pg/ml, a dose resulting in 83% survival of the
cells (data not shown), the translocation frequency was elevated by a factor of 29 above
background. The same compound also induced gene conversion in strain YHE2 (Fig. 4B),
in which a maximal 5-fold induction over background was observed at a dose of 25 pg/ml.
This dose resulted in 84% survival, whereas no reduction in viability was observed at lower
doses or at all doses in experiments with the other two strains (data not shown). Although
BaP-7,8-DHD induced both recombinogenic events, chromosomal translocation and gene
conversion, the recombinogenicity of the mycotoxin AFB1 was greater than BaP-7,8-DHD
in both strains. To determine whether the greater recombinogenicity of AFB1 also correlated
with greater mutagenicity, the mutagenic activities of AFB1 and BaP-7,8-DHD were then
tested in a haploid yeast strain.

Low Mutagenic Activity of Activated AFB1 in S. Cerevisiae.

To monitor the mutagenic activity of metabolically activated AFB1 in S. cerevisiae,
frequencies of forward mutations in URA3were determined by selecting for drug resistance
using the antimetabolite FOA. This drug is cytotoxic in wild-type cells but not in vra3
mutants. Mutations in URA3were studied in a haploid strain to ensure that URA3

was not inactivated by a recombination-mediated process between homologues. Metabolic
competence was conferred to strain GRF18 by introducing plasmid pCS512, which is
identical to plasmid pSB229, except that L £UZ substitutes for URA3 as a selective marker
(Table 1). GRF18 transformants were therefore propagated on Leu-deficient medium. The
control plasmid pCS508 was identical to the control plasmids pNW144 and pDP34, except
that LEUZ substituted for URA3. Strains GRF18pCS512 and GRF18pCS508 were grown to
exponential phase and exposed to AFBL1 at different doses for 4 h, identical to the protocol
using strains YHE2 or YB110. After washing the cells with buffer, cytotoxic effects were
determined by plating an aliquot of the cells on complete medium (YPD). The washed cells
were diluted (see “Materials and Methods™) and incubated for 6—7 generations in YPD to
ensure expression of the Ura™ phenotype before plating on FOA plates. The titer of Ura™
FOA' clones and surviving clones was then determined, and the mutation frequency (FOA'
mutants/survivors) was calculated.

The same dose of AFBL1 that induced a 129-fold increase in chromosomal translocation

was able to increase the mutation frequency in strain GRF18pCS512 by 3-fold (Fig. 4G).
This was paralleled by a reduction in cell viability to 35% (Fig. 4K), suggesting that AFB1
was able to enter the cell and that its metabolite exerted a cytotoxic effect. Thus, AFB1
exerted only a minor mutagenic effect in S. cerevisiae, whereas the same compound strongly
stimulated mitotic recombination. As was expected, no genotoxic or cytotoxic effects were
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observed in the control strain GRF18pCS508 that does not express the human cDNAs (Fig.
4, D and G).

Because strain GRF18pCS512 contained a similar but nonidentical expression plasmid as
strain YB110pSB229, the low degree of AFB1 mutagenicity in the former strain might be
due to a lower expression level of CYP1A1 and/or hOR compared with the latter strain.
Therefore, CYP1A1 -specific enzyme activity was determined in the three strains expressing
CYP1A1and hOR. Identically grown cultures of strains YHE2pSB229, YB110pSB229,

and GRF18pCS512 were harvested during the exponential phase, and EROD activities were
determined. The three strains did not significantly differ in their specific enzyme activities
(Table 2), indicating that comparable levels of the human enzymes were present.

Additional evidence for functional expression of CYP1AZ in strain GRF18pCS512 was
obtained from an experiment in which the strain was exposed to BaP-7,8-DHD. This strain
responded to the chemical with a maximal 12-fold increase in the mutation frequency (Fig.
4H) at a survival rate of 70% (Fig. 4L), thus exhibiting an intermediate-fold increase falling
between the 5-fold increase of strain YHE2pSB229 (Fig. 4B) and the 29-fold increase of
strain YB110pSB229 (Fig. 4E). In conjunction with the enzyme activity measurements, this
result clearly demonstrated that the observed low mutagenicity of AFB1 was not related

to a problem of cytochrome P450-mediated activation of the drug. Moreover, it did not
result from the selection for vra3 mutants, because strain GRF18 transformed with pCS512
or pCS518 responded very well to the directly acting carcinogen EMS. Exposing either
strain to different EMS doses that reduced survival of the cells up to 12% (Fig. 4M)
produced up to a 347-fold increase in the mutation frequency (Fig. 41), which was higher
than the increase observed in translocation (196-fold, Fig. 4F) or gene conversion (21-fold,
Fig. 4C). As was expected, EMS exerted in both diploid strains a weaker cytotoxic effect
than in the haploid strain, resulting in at least a 54% survival at the highest dose (data

not shown). It was, however, possible that the URA3 gene was a particularly weak target
for AFB1-mutagenesis resulting in the observed low mutation frequency. Therefore, we
asked whether a low AFB1-mediated mutagenicity was also observed in the unrelated target
gene LYS2. GRF18pCS512 transformants were exposed to AFB1, BaP-7,8-DHD, and EMS
identically to the experiment in Fig. 4, G-1, and /ys2 mutants were selected upon phenotypic
expression by their resistance to a-aminoadipate (see “Materials and Methods™). Fig. 5
shows that AFB1 mutated the LYS2gene at an even lower efficiency than the URA3 gene,
resulting in a 1.4-fold increase above the spontaneous mutation frequency at 500 4/M AFB1,
a dose that reduced cell viability to 38%. In contrast, doses of 36 mm EMS or 12.5 pg/ml
BaP-7,8-DHD increased the mutation frequencies by a factor of 59 and 3, respectively. Thus,
it could be concluded that the low mutagenicity of AFB1 was not confined to URAS3, and
our data therefore suggest that the recombinogenic and not the mutagenic activity of AFB1
is the major constituent of the genotoxic activity of AFB1 in yeast, an observation with
important implications for carcinogenesis that will be discussed below.

DISCUSSION

We observed that AFB1, when activated intracellularly in the yeast S. cerevisiae by
cytochrome P450 enzymes, strongly induced independent, mitotic recombination events

Cancer Res. Author manuscript; available in PMC 2023 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sengstag et al.

Page 9

that result in allelic gene conversion or reciprocal translocation (cross-overs). These
recombination events constitute a probable subset of potential AFB1-induced genomic
rearrangements that may either result from gene conversion or cross-overs. In contrast,
AFB1-induced forward mutations in the URA3Z gene were rarely detected and occurred at a
46-fold lower frequency than recombination-mediated chromosomal translocation and at a
6-fold lower frequency than gene conversion. Thus, the recombinogenic activity of activated
AFB1 exceeds its mutagenic activity in yeast. This result is discussed in comparison

to the recombinogenicity of other DNA damaging agents and its implication for AFB1
genotoxicity in higher eukaryotic organisms.

Several control experiments eliminated the possibility that the low mutagenic activity of
AFBL1 in yeast resulted from the inability to activate AFBL1 to its mutagenic form. (&)

The EROD activity, representing a CYP1A-specific model activity and determined in the
mutation tester strain GRF18, was not different from the activities determined in the

gene conversion tester strain YHE2 or the translocation tester strain YB110, arguing for
similar levels of CYP1A1and hOR expression in the three strains. () The polycyclic
aromatic hydrocarbon BaP-7,8-DHD was efficiently activated to a mutagen in the respective
GRF18 transformants, yielding a 12-fold increase over the spontaneous mutation frequency
in URAS3. Similar doses of BaP-7,8-DHD activated in YHE2 or YB110 transformants,
however, induced only a moderate increase in the gene conversion or translocation
frequency, being considerably lower than the frequencies induced by activated AFB1. (c)
The alkylating agent EMS efficiently induced mutations in URAS3, negating a potential
problem related to the selection of ura3 mutants. (d) AFB1 gave rise to a cytotoxic response
in the CYP1AI expressing strain, but not in the control strain, arguing that AFB1 was able
to enter the cell and that it was activated to a cytotoxic, but weakly mutagenic, metabolite by
the CYP1A1 enzyme. (€) The low AFB1 mutagenicity was not restricted to the URA3 gene
but was also observed with the unrelated LYS2gene as target. Thus, AFB1 is unlike other
mutagens, the mutagenicity of which exceed or are comparable to their recombinogenicity.

The molecular mechanism(s) that explains the high recombinogenicity of AFB1 in yeast is
unknown. The stimulation of mitotic recombination in unirradiated diploids after matings
with UV or X-irradiated haploids has suggested that recombination may be stimulated by
the induction of trans-acting genes (55). Indeed, the levels of DNA damage-associated
mitotic recombination that result in either allelic gene conversion (56) or translocation
(43) are greater in a/a cells that express higher levels of damage-inducible genes (57).
Alternatively, mitotic recombination can be directly stimulated by DNA lesions, either
single-strand or double-strand breaks (58). Two DNA adducts induced by AFB1 include
8-hydroxydeoxyguanosine (59) and trans-8,9-dihydro-(N7-guanyl)-9-hydroxy-aflatoxin Bq
(12). 8-Hy-droxydeoxyguanosine is also induced by y-irradiation and reactive oxygen
species (60), and is a substrate of formamidopyrimidine DNA glycosylase (61), resulting
in apurinic sites. Because ionizing radiation-induced DNA damage and apurinic sites are
recombinogenic in yeast (62), it may be that some AFB1-induced DNA lesions are also
processed into substrates for homologous recombination.

It is formally possible that the 7/RP5and H/S3 genes are better targets than the URA3 gene
for binding of activated AFB1. A comparison of the DNA sequences revealed two stretches
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of five and four contiguous G residues in 7RP5and a stretch of four G residues in H/S3. As
has been described for the HPRT gene (20), a DNA sequence consisting of six contiguous
Gs acted as a hot spot for AFB1 binding. In contrast, the URA3 gene does not contain more
than three contiguous Gs in a row, and from the study of Muench et al. (63), it is known
that the second G in a contiguous trinucleotide sequence is a favored AFB1 binding site.
Mutations in several of such G residues in the URA3 gene may give rise to nonconservative
amino acid changes that most likely inactivate gene function. Thus, potential AFB1 binding
sites are present in URAS, yet they seem not to be efficiently used for AFB1-induced
mutagenesis. However, solely based on this sequence analysis, it cannot be concluded that
the observed G clusters in 7RP5and H/S3 act as hot spots, and further information on the
potential effect of the G-rich sequences will have to await future experiments.

Observations concerning the low mutagenicity of AFB1 in prokaryotes may provide clues
for the low mutagenicity of AFB1 in yeast. Activated AFB1 is only marginally mutagenic

in the Salmonella typhimurium strains TA1538 and TA1535 that carry a frameshift or a
missense mutation in A/sD and /isG, respectively (14). However, in the presence of plasmid
pKM101, which harbors an error-prone DNA repair system and DNA polymerase, AFB1-
induced frameshift and missense mutations were identified in the respective S. typhimurium
strains TA98 and TA100. Thus, AFB1-mediated mutagenesis requires the induction of the
SOS system (15). By analogy, the ability of AFB1 adducts to generate mutations in yeast
may also arise from a secondary process or an error-prone polymerase. We speculate that the
AFB1-induced DNA lesions are poor substrates for the mutagenic repair pathway, and the
persistence of these lesions stimulates homologous recombination.

A relatively weak ability of activated AFB1 to induce mutations in the HPRT gene has also
been observed with higher eukaryotic cell systems. The metabolically competent Chinese
hamster cell line SD1 expressing CYP2B1 activated AFB1 to a metabolite that resulted in a
4.4-fold increase in the HPRT mutation frequency (64), and the AHH-1 cell line transfected
to express human CYP1AZ2and treated with an AFB1 dose that resulted in 25% survival also
increased HPRT mutation frequency by a factor of 5 (65). Somewhat higher inductions were
obtained with human lymphoblasts expressing CYP3A44(66) or CYP1A1 (20), in which
15-fold increases in HPRT mutation frequencies were obtained at 16—20% survival. Thus,
also in these higher eukaryotic cell systems, AFB1 appears not to be a strong mutagen, an
observation comparable to ours with yeast.

The genetic instability induced by AFB1 in yeast may elucidate mechanisms in the
progression of AFB1-induced transformation of mammalian cells. Carcinogenesis is
correlated with alterations in proto-oncogenes and tumor suppressor genes (67), genes
involved in either cell cycle regulation or progression. For example, mutations in p53are
found in >50% of all solid tumors (reviewed in Ref. 28). The recessivity of mutations in
tumor suppressor genes implies that both copies of the wild-type tumor suppressor gene
must be inactivated before gene function is lost. The rate of mutations in a given tumor
suppressor gene is elevated by specific environmental carcinogens, and exposure to AFB1 is
also strongly correlated with the appearance of p53 mutations detected in human HCCs. In
addition, a high proportion of AFB1-related HCCs exhibit LOH at the p53locus and other
loci. For example, from 21 HCCs sampled from patients living in an AFB1-contaminated
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area in China (26) that also exhibited the AFB1-specific codon 249 mutation in p53, 13
HCCs had lost the second p53allele. In a different study, LOH in the p53, Rb, and APC
tumor suppressor genes was detected at a considerably higher proportion in AFB1-derived
HCCs (48 of 107) compared with AFB1-unrelated HCCs (5 of 36; Ref. 27). Because the
presence of two independent point mutations in both copies of a tumor suppressor gene

is rarely observed, LOH is the predominate mechanism for inactivating the second allele
(25, 68). Thus, the introduction of a point mutation in one tumor suppressor gene followed
by LOH resulting in loss of the second allele may be a prominent mechanism of liver
carcinogenesis.

Molecular mechanisms of LOH in somatic cells include chromosomal deletions,
chromosomal nondisjunctions, gene conversion events, or mitotic crossing-over involving
homologous chromosomes. Indeed, a single mitotic crossing-over occurring in G, phase

of the cell cycle in the target region present between the tumor suppressor locus and

its corresponding centromere will lead to segregation of the tumor suppressor locus and

all loci distal from the crossing-over site in half of the mitotic divisions (69). Double
pericentric cross-overs between homologues thus may result in a recombined chromosome
that cannot be distinguished from one that resulted from a nondisjunction event followed by
reduplication.

Although homologous recombination is an attractive mechanism of LOH, mitotic
recombination between homologues is repressed in normal mammalian somatic cells (70,
71). However, ataxia telangiectasia cell lines that are defective in the p53signal transduction
pathway (72) exhibit higher levels of intrachromosomal homologous recombination between
direct repeated sequences. Because AFB1 promotes both sister-chromatid exchanges (33)
and intrachromosomal recombination in mammalian cells (34), and because deletions of p53
have also been observed /n vivo in AFB1-induced rat liver tumors (73), it is plausible that
AFB1 also induces some of the genetic changes present in liver tumors by homologous
recombination resulting in mitotic gene conversion or crossing-over.

In conclusion, our data argue for another genotoxic activity of metabolically activated AFB1
apart from its mutagenic activity. In the lower eukaryote S. cerevisiae, AFB1 stimulated
homologous recombination that resulted in both allelic gene conversion and translocation.
This recombinogenic activity of the mycotoxin by far exceeds its mutagenic activity. It is
interesting to speculate that AFB1 in mammalian cells also stimulates mitotic recombination
that results in allelic gene conversion and mitotic crossing-over. The future identification

of specific AFB1 lesions that stimulate homologous recombination either /n situ or by the
activation of trans-activating proteins may provide insights into the lesions that provoke
genetic instability in mammalian cells. We suggest that AFB1-associated recombination may
result in LOH and efficiently contributes to liver carcinogenesis.
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Fig. 1.

Yeast strains designed to monitor recombination and mutagenesis. The diploid strain YB110
carries two truncated fragments of the //s3 gene (broken arrow) on chromosomes Il and V.
The 3’ end of the amino acid coding sequence for each gene is designated by an arrowhead.
A recombination event involving ~300 bp of shared sequence homology (shaded area)
results in the reconstitution of A/S3and thus a selectable His* phenotype. Dashed lines and
straight lines represent chromosome 1V and Il sequences, respectively. Diploid strain YHE2
carries two nonfunctional #p5alleles on chromosome VII homologues. Both alleles contain
nonrevertible point mutations (b/ack dots) at different locations. Mitotic gene conversion
results when sequence information from the lower allele is nonreciprocally transferred
(small vertical arrow) to the upper allele, thereby generating 7/7P5 and a selectable Trp*
phenotype. Haploid strain GRF18 carries a functional URA3 gene on chromosome V. The
introduction of a mutation or deletion (b/ack doi) inactivates the gene and confers resistance
to FOA. The changes in phenotypes observed for the different strains are indicated.
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Fig. 2.
AFBL1 significantly induces reciprocal translocations in metabolically competent YB110

transformants. YB110 cells expressing CYP1A1 (O) or CYPIAZ (D), in combination with
hOR or expressing no human cDNA (O), were exposed to 250 M AFBL1 at indicated times.
His* recombinants and survivors were quantitated on appropriate media (see “Materials and
Methods™). Translocation frequencies are given as the ratio of His* clones per survivors.
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Fig. 3.
Dose-dependent increase in His*™ recombinants when YB110 transformants expressing P450

enzymes are exposed to AFBL1. Cells were exposed for 4 h to different doses of AFB1, and
frequencies of His* recombinants were calculated. The symbols are the same as in Fig. 2.
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Fig. 4.
Panels show the summary of gene conversion, translocation, and point mutation data. The

different genotoxic end points that are detected with the individual strains are indicated and
shown for AFB1 (A, D, and G), BaP-7,8-DHD (B, £, and H), and EMS (C, F, and /).

Strain YHE2 (A-C-), YB110 (D-F), or GRF18 (G-M) expressing CYP1AIand hOR (white
columns), CYP1A2 and hOR (black columns), or expressing no human cDNA (striped
columns) were exposed to chemicals as described in “Materials and Methods.” The numbers
above selected columns give the fold induction over the background frequency. Data in A
were taken from Sengstag and Wiirgler (41). The means and SDs were determined from
four to five experiments performed in parallel (Band D), from three experiments performed
in parallel (£, G, and /), or from experiments performed in duplicate (A, C, F, and H).
Cytotoxicity data are shown only for the mutation tester strain GRF18 (K-M). With both

of the other strains, YB110 and YHEZ2, survival rates were all above 65% when gene
conversion or translocation was induced by AFB1 or BaP-7,8-DHD, and above 54% when
EMS was applied (not shown). Bars, SD.
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Fig. 5.

Chemically induced point mutations detected in the LYS2gene. Strain GRF18pCS512
was exposed to the indicated doses of chemicals identically to the experiment in Fig. 4,
G-/, and /ys2 mutants were selected by their resistance toward a-amino-adipate. Mutation

frequencies (Zop row) and the fraction of survivors (bottom row) are shown. The data

represent mean and SDs from three experiments performed on 2 different days. The numbers
above selected columns give the fold induction over the background frequency. Bars, SD.
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Table 1

Plasmids used in the study

Plasmid  Expressed cDNAs  Selection marker
pSB229 CYPIAI+ hOR URA3
pCS316 CYP1AZ + hOR URA3
pCS512 CYP1AI + hOR LEUZ
pDP34 URA3
pNW144 URA3
pCS508 LEUZ
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Table 2

EROD activity of transformed yeast strains

EROD activity
(pmol resorufin
formed/min x Aggg

Strain Expressed cDNAs units of cells)al
YHE2pSB229 CYPI1AI + hOR 36.3+4.2
YB110pSB229 CYPIAL + hOR 408+7.8
GRF18pCS512 CYP1AI + hOR 321+25
YHE2pDP34 ND
YB110pNW144 ND
GRF18pCS508 ND

aND, not detectable.
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