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ABSTRACT

Doxorubicin and etoposide are intercalating agents that inhibit the action of the enzyme topoisomerase II.
Both drugs present therapeutic activity in numerous human neoplasms In the present work the recombinagenic
potential of these drugs was evaluated by ascomycete Aspergillus nidulans. Their effects on the asexual
cycle of A. nidulans was also appraised. Two heterozygous diploid strains of A. nidulans, a wild (uvsH+//
uvsH+) and a defective to the DNA repair (uvsH//uvsH) were used. The drugs’ recombinagenic potential was
evaluated by their capacity to induce homozygosis of recessive genes from heterozygous cells. Both drugs
have a recombinagenic effect on diploid cells of A. nidulans. Doxorubicin and etoposide are potentially
capable to induce secondary malignancies, mediated by the mitotic crossing-over in eukaryotic cells.
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INTRODUTION

Doxorubicin and etoposide are antineoplastic drugs classified
as intercalating agents, a cytotoxic group of drugs that, bound
to DNA, inhibits the action of topoisomerase II (11).

Doxorubicin is an anthracycline antibiotic produced by
fungus Streptomyces peucelius var. caesius; etoposide is a semi-
synthetic glycoside from podophyllotoxin, an active compound
extracted from the Podophyllum pittatum plant. Both drugs
present therapeutic activity in numerous human neoplasms such
as breast cancer, ovary carcinoma, head and neck carcinoma,
leukemia, lung carcinoma, and testicle tumors (5).

Studies on human fibroblasts demonstrated that the two
intercalating agents, doxorubicin and etoposide, block the S
phase of the cellular cycle after a short period of cell treatment
(15). An induction of breaks in DNA double-strands by
doxorubicin and etoposide was also reported in leukemia cells
after 3 hrs of exposition to the chemotherapic agents (8).

Chromosomic breaks and high frequencies of somatic
recombination have been observed in cells of Bloom’s syndrome
or Fanconi anemia patients whose present predisposition to
cancer development. Due to an exchange of segments between
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homologous chromatids, the somatic recombination seems to
be associated with the high cancer incidence reported in these
diseases (7,9,17).

Two chromosomic events are involved in the development
of neoplasms: i) a genetic or epigenetic alteration that results in
a pre-malignant heterozygous condition (m/+) and ii) a
chromosomic rearrangement involving the affected locus, which
results in homozygosis (m/m) or hemizygosis (m/0), with the
subsequent expression of the recessive malign character.
Homozygous cells (m/m) may originate from the exchange of
segments between homologous chromatids, in the G2 phase of
the cellular cycle, proceeded by the segregation of recombinant
chromatids to opposite mitotic poles (3,14).

The ascomycete Aspergillus nidulans is an excellent system
for the study of mitotic crossing-over. This is due to the fact that
its cells pass a substantial part of their cellular cycle in the G2
phase during germination. At this phase, the existence of two copies
of each chromosome benefits mitotic recombination events (12).

Our research aimed at investigating the roles of doxorubicin
and etoposide in the homologous interchromosomal
recombination in heterozygous cells of A. nidulans. Two diploid
strains were used, a defective to DNA repair and a normal one.
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MATERIALS AND METHODS

Strains
The A. nidulans strains were derived from Utrecht (UT448)

and FGSC (A757, A737). The B211 strain was obtained in our
laboratory (4). Diploid strains (UT448//A757 and B211//A837)
were prepared according to Roper (16). Genotypes of the strains:
a) UT448: riboA1, pabaA124, biA1, AcrA1, wA2; b) A757: yA2,
methA17, pyroA4; c) A837: pabaA1, uvsH77, pyroA4, choA1,
chaA1; d) B211: yA2, biA1, AcrA1, wA2, methA17, uvsH77,
pyro A4, chaA1.

Culture media
Complete medium (CM) and minimum medium (MM) were

prepared as described by Van de Vate and Jansen (19). The
selective medium (SM) was prepared with MM supplemented
with the nutritional requirements for each strain. Solid medium
was prepared with 1.5 % agar and strain growth was incubated
at 37ºC.

Doxorubicin and etoposide treatment
Doxorubicin (ICN), dissolved in an aqueous solution, and

etoposide (ICN), dissolved in 10µl DMSO, were added to molten
MM. Solvent was per se neither visibly toxic nor
recombinagenic for the diploid strain (results not shown).
Doxorubicin concentration that induced breaks in DNA strand
in leukemia cells at 2.0µg/ml (8) and etoposide concentration
with induced cell cycle arrested in normal fibroblast at 1.0 µg/ml
(15) and at higher concentrations (4.0µg/ml doxorubicin and
3.0µg/ml etoposide) were used in the present study. They were
final in agar medium.

Evaluation of the recombinagenic potential
Conidia of each diploid strain were inoculated in MM +

antineoplastic agents. Treatment produced visible diploid
sectors, D1-D32, identified by their different morphology from
the original diploid. Diploid sectors were submitted to
spontaneous haploidization in CM after purification in MM. Only
haploid segregants were selected for recombinagenesis test.
Conidia of each haploid sector were transferred to 25 defined
positions in CM plates (master plates). After 48 hours of
incubation at 37ºC, colonies were transferred to SM and the
phenotypical analysis of the haploid segregants was carried out.

The treatment with the drugs in MM will produce only
heterozygous (+ / - or - /+) or homozygous (+/+) segregants
because the recessive ones (-/-) fail to grow in MM. After
haploidization of diploids D1-D32 the nutritional markers will
segregate among the haploids in the proportion of 4+: 4-, if
drug fails to induce recombinagenesis; or 4+: 2-, if drug induces
crossing-over. Values of Homozigotization Indexes (HI) (the ratio
between number of phototropic and auxotrophic segregants)
equal or above 2.0 evidence the recombinagenic effects of the

substance under analysis (2,13). Results were compared by Yates
correct Chi-Square test.

Cytological analysis
Colonies of UT448//A757 diploid were cultivated in dialysis

membranes aseptically placed on the surface of plates
containing CM and CM + doxorubicin or etoposide. Samples
were collected after 8, 12, 18 and 24 hours of incubation at 37ºC.
Membranes were stained with lactophenol cotton blue and
examined under an optic microscope.

RESULTS

The mycelial growth of UT448//A757 and B211//A837 diploid
strains cultivated in MC + doxorubicin (2.0 and 4.0µg/ml) and
etoposide (1.0 and 3.0µg/ml) was normal when compared with
that of controls (results not shown). On the other hand, alterations
in the morphology of the conidiophores were observed in the
cytological preparations of the UT448//A757 diploid, cultivated
in the presence of the two antineoplastic agents. Conidiophore
is formed by an aerial hypha, a multinucleated vesicle and two
tiers of uninucleate cells (metulae and phialides) forming the
sterigmata (18). Vacuoles in the stalk and in the conidiophore’s
vesicle were observed in preparations with 2.0µg/ml and 1.0µg/
ml of doxorubicin and etoposide respectively (data not given).
Conidiophores with shortened and malformed stalks were
observed in higher doses of each drug (4.0µg/ml of doxorubicin
and 3.0µg/ml of etoposide) (Fig. 1).

Methodology does not permit the isolation of auxotrophic
diploids (-/-) since they are not selected in MM. However,
homozygous recessive diploids may be obtained for conidia
coloration markers (y, w and cha). The treatment of B211//A837
diploid strain with both drugs merely allowed the isolation of
prototrophic diploids with chartreuse (cha//cha) conidia.
Contrastingly the treatment with doxorubicin of UT448//A757
diploid originated prototrophic diploids with green (y+//y) and
yellow (y//y) conidia. Through the phenotypical analyses of D8
(yellow) it was possible to determine that it is recombinant for
the centromere-paba interval. The diploid D8 showed HI value
higher than 2.0 for the meth marker (Table 1).

Most diploids from UT448//A757 strain exhibited HIs <2.0
for doxorubicin and etoposide. HI value of only one diploid
was higher than 2.0 for doxorubicin (2.0µg/ml) and etoposide
(1.0µg/ml), and the markers involved were meth and bi
respectively. In higher concentrations the recombinagenic effect
was reported in markers paba and meth for doxorubicin, and in
paba and bi for etoposide (Tables 1 and 2).

Diploids from B211//A837 strain exhibited the highest
sensitivity for antineoplasics. This fact was confirmed from high
values of HI obtained in the recombinagenic test. For both doses
of each drug, the markers involved in the recombinagenic effect
were paba and bi (Tables 3 and 4). Analyses also determined



Somatic recombination in A. nidulans

257

Table 1. Homozygotization Index (HI) of UT448//A757 diploid strain exposed to 2.0µg/ml (D1-D4) and to 4.0µg/ml of doxorubicin
(D1-D8). nº seg.; number of haploid mitotic segregants. C., control.

* Significantly different from control, P<0.05 (Yates correct Chi-square test, Statistic for Windows Program).

that diploids from B211//A837 strain
produced a high number of haploid mitotic
segregants in MC.

DISCUSSION

Alterations in DNA caused by chemical
substances may act as starters in a complex
carcinogenesis process. The loss of
heterozygosity in normal cells, which carry
mutations in malignant genes, by mitotic
recombination, may unchain a neoplasic
process (14).

In Fanconi’s anemia and in Bloom’s
syndrome, cells of affected individuals
present an enhanced level of chromosome
breakage, somatic recombination and an
increase in neoplastic incidence. The risk
of developing tumors in these individuals
is nearly 15,000-fold greater than that of
the general population. The loss of
heterozygosity in specific genes through
the recombination mechanism in somatic
cells may explain the increase of this
incidence. It even corroborates the
hypothesis that cancer may be a recessive
disease at cell level (7,9,17).

Mycelial growth of UT448//A757 and
B211//A837 diploids in the presence of
doxorubicin and etoposide was similar to
that of controls (results not shown).
Results indicate that doses of the
antineoplastic agents used in current
research do not provide any toxicity to the
organism under analysis, although
alterations in the structure of the
conidiophore (asexual cycle) were
microscopically observed (Figure 1).

Figure 1. Growth of the conidiophore UT448//A757 in MC and in MC + antineoplastics
agents. A) normal conidiophore; B) presence of vacuole in the conidiophore’s vesicle
(doxorubicin 4.0µg/ml); C) shortened and malformed conidiophore stalk (doxorubicin
4.0µg/ml); D) presence of vacuole in the vesicle and shortened conidiophore stalk
(doxorubicin 4.0µg/ml); E) presence of vacuole in the vesicle and in the conidiophore
stalk (etoposide 3.0µg/ml); F) shortened conidiophore salk (etoposide 3.0µg/ml); V:
vesicle; M: metulae; P: phialides; C: conidium; S: conidiophore stalk. Diameter of the
conidiophore’s vesicle corresponds to 10µm.
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Concerning the recombinagenic potential, results obtained
indicate that doxorubicin and etoposide were also capable of
inducing homozygosis. These observations were based on the
high Homozigotization Indexes values (HI > 2.0) obtained for
diploids treated with the two drugs (Tables 1-4).

The fact that diploids derived from B211//A837 strain showed
HI values higher than those derived from UT448//A757 one is
due to the uvs mutation in their genome. Homozygous diploid
strains for uvsH mutation cause an efficient increase in the mitotic
crossing-over frequency and in chromosome instability (10).

The loss of a functional copy of a heterozygous tumor
suppressor gene represents an important step during neoplasic
transformation. (1). Treatment with an anticancer drug causing
mitotic crossing-over might lead to the expression of recessive
genes, previously masked in a heterozygous condition. The
clinical use of these drugs might increase cancer risk (6). Our
results demonstrate the carcinogenic potential of doxorubicin
and etoposide antineoplastics through heterozygosity loss.
They are potentially capable of inducing secondary malignancies
by the mitotic crossing-over.

Table 3. Homozygotization Index (HI) of the B211//A837 diploid strain exposed to 2.0µg/ml (D17-D20) and to 4.0µg/ml of doxorubicin
(D21-D24). nº seg.; number of haploid mitotic segregants. C., control.

* Significantly different from control, P<0.05 (Yates correct Chi-square test, Statistic for Windows Program).

Table 2. Homozygotization Index (HI) of UT448//A757 diploid strain exposed to 1.0µg/ml (D9-D12) and to 3.0µg/ml of etoposide
(D13-D16). nº seg.; number of haploid mitotic segregants. C., control.

* Significantly different from control, P<0.05 (Yates correct Chi-square test, Statistic for Windows Program).

Table 4. Homozygotization Index (HI) of the B211//A837 diploid strain exposed to 1.0µg/ml (D25-D28) and to 3.0µg/ml of etoposide
(D29-D32). nº seg.; number of haploid mitotic segregants. C., control.

* Significantly different from control, P<0.05 (Yates correct Chi-square test, Statistic for Windows Program).
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RESUMO

Doxorubicina e etoposida induzem a recombinação
somática em células diplóides de Aspergillus nidulans

Doxorubicina e etoposida são agentes intercalantes que inibem
a ação da enzima topoisomerase II. Ambas drogas são amplamente
utilizadas no tratamento de neoplasias. O potencial
recombinagênico destes agentes e seus efeitos sobre o ciclo
assexual de Aspergillus nidulans foram avaliados no presente
trabalho. Duas linhagens diplóides heterozigotas foram utilizadas:
uma selvagem (uvsH+//uvsH+) e outra deficiente para o reparo
do DNA (uvsH//uvsH). O potencial recombinagênico destas
drogas foi avaliado pela indução de homozigose de genes
recessivos a partir de células heterozigotas. Doxorubicina e
etoposida apresentaram efeitos recombinagênicos em ambas
linhagens utilizadas. Os resultados permitem concluir que
doxorubicina e etoposida são agentes potencialmente capazes
de induzir malignidades secundárias, mediadas pelo crossing-
over mitótico, em células diplóides eucariotas.

Palavras-chave: agentes antineoplásicos, crossing-over
mitótico, malignidade secundária.
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