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Summary 

lt is known that 5-azacytidine (5-AC) induces tumors in several organs of rats and mice. The 
mechanisms of these effects are still poorly understood although it is known that 5-AC can be 
incorporated into DNA. Furthermore, it can inhibit DNA methylation. The known data on its clasto
genic andjor gene mutation-inducing potential are still controversial. Therefore, we have investigated 
the kinds of genotoxic effects caused by 5-AC in Syrian hamster embryo (SHE) fibroblasts. Three 
different endp6ints (micronucleus formation, unscheduled DNA synthesis (UDS) and cell transforrna
tion) were assayed under similar conditions of metabolism and dose at target in this cell system. 5-AC 
induces morphological transformation of SHE cells, but not UDS. Therefore, 5-AC does not seem to 
cause repairable DNA lesions. Furthermore, our studies revealed that 5-AC is a potent inducer of 
mkronuclei in the SHE system. Immunocytochemical analysis revealed that a certain percentage of these 
contain kinetochores indicating that 5-AC may induce both clastogenic events and numerical chromo
some changes. 

5-Azacytidine (5-AC) is an effective antineo
plastic compound which has been used in the 
treatment of leukemia (Saiki et al., 1978). lt in
duces tumors in several organs of rats (Carr et al., 
1984) and mice in utero (Schmahl et al., 1985). 
5-AC is a cytidine analog containing a nitrogen 
atom at the 5 position instead of a carbon. Incor-
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poration of 5-AC into DNA results in the inhibi
tion of DNA synthesis as weil as DNA methyla
tion. SOS-dependent mutagenic activity of 5-AC 
in Salmonella was shown by Schmuck et al. (1986). 
Mutagenic activity of 5-AC was observed in yeast 
by Zimmermann and Scheel (1984) and in 
Drosophila by Katz (1985). In the yeast system it 
also induced mitotic recombination but no chro
mosomal malsegregation. 

In mammalian cells 5-AC was not mutagenic 
in C3H/10Tl/2 and V79 cells at the ouabain 
and the hypoxanthine-guanine-phosphoribosyl-
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transferase (hgprt) loci (Landolph and Jones, 
1982). It induced chromosome decondensation, 
sister-chromatid exchanges, and endoreduplica
tions (Hori, 1983). 5-AC induced mutations in 
the thymidine kinase (tk)+/- human lymphoblast
oid Iine TK6 at both the tk and the hgprt locus 
(Call et al., 1986). Interestingly, it was 5-10 times 
more effective at the tk locus than at the hgprt 
locus. It did not induce chromosomal aberrations 
due to clastogenic events in TK6 cells (Call et al., 
1986). Amacher and Turner (1987) found 5-AC to 
be mutagenic at the tk locus in L5178Y mouse 
Iymphoma cells. In another study (using the same 
cell system) by McGregor et al. (1989) 5-AC 
induced mutant colanies in the tk assay, but not 
the hgprt assay. Major perturbations of cell-cycle 
kinetics together with elevated rates of endomito
sis and tetraploidization were found in human 
fibroblast-like cells from skin and amniotic fluid 
(Poot et al., 1990). A block in the G2 phase of the 
cell cycle was also reported by Zatsepina et al. 
(1989) in pig kidney cells. 5-AC transformed cul
tures of 10T1 /2 and M2 mouse fibroblasts (Be
nedict et al., 1977; Harrison et al., 1983), primary 
rat tracheal epithelial cells (Walker and 
Nettesheim, 1986) and Balbjc-3T3 cells (Lubet 
et al., 1990). 

Since the data on 5-AC-induced mutagenic or 
clastogenic effects are still controversial, we in
vestigated the genotoxic effects caused by this 
agent in Syrian hamster embryo (SHE) fibro
blasts. We assayed three different biological end
points (micronucleus formation, unscheduled 
DNA synthesis (UDS), and cell transformation) 
under similar metabolic conditions and dose at 
target in this cell system. 

Materials and methods 

Chemieals 
4-Nitroquinoline-1-oxide (4-NQO), hydroxy

urea, Bisbenzimide 33258, 5-azacytidine and 
FITC-conjugated goat anti-human antibody were 
purchased from Sigma Chemical Co. (St. Louis, 
MO, USA). Dirnethyl sulfoxide (DMSO) was ac
quired from Aldrich Company Europe (Nettetal, 
Germany). [3H]Thymidine (spec. act. 20 CijmM) 
was obtained from Amersham Buchler Co. 
(Braunschweig, Germany ), and CREST serum 

(anti-kinetochore-antibody) was purchased from 
Antiborlies Incorporated (Davis, CA, USA). 

Cell culture 
SHE cells were established as described previ

ously (Schiffmann et al., 1984). All experiments 
were performed with tertiary or quarternary cul
tures derived from 13-day-old Syrian hamster em
bryos. Cell cultures were grown in a humidified 
atmosphere with 12% C02 in air at 37°C. The 
culture medium used was IBR-modified Dul
becco's reinforced medium (Grand lsland Biolog
ical Co.), supplemented with 100 U jml penicillin 
and 100 p,gjml Streptomycin, 3.7 gjl NaHC03 
and 15% fetal calf serum (Gibco, Karlsruhe, Ger
many). 

UDS assay 
The UDS test was carried out according to the 

combined and modified procedures of Martin et 
al. (1978) and Lake et al. (1978). An arginine-de
ficient treatment in combination with short hy
droxyurea treatment of the cells was applied to 
achieve a minimum background of replicative 
DNA synthesis (Schiffmann et al., 1983). Cells 
(1.7 X 105 ) were plated in triplicate on 30-mm 
tissue-culture Petri dishes (Falcon Plastics, Ox
nard, USA) in 2 ml complete medium. After 
incubation for 48 h at 37°C, the medium was 
replaced with arginine-free medium containing 
2.5% dialyzed fetal calf serum (FCS); after 24 h 
this medium was again replaced by fresh argi
nine-free medium and incubation continued for a 
further 48 h. At the end of this period this 
medium was again replaced by 1.2 ml arginine
free medium containing the indicated doses of 
test chemieals dissolved in DMSO (final concen
tration 0.1 %), [3H]thymidine (10 ~Cijml) and 
hydroxyurea (10 mM). All dishes were then incu
bated for 5 h at 37°C for DNA binding and 
repair. 4-NQO was used as positive control. UDS 
measurement was carried out according to a rnod
ified proc~dure previously published (Schiffmann 
et al., 1983). The treated cells were washed with 3 
ml phosphate-buffered saline (PBS), and 1 rnl of 
0.1% trypsin was added to remove the cells from 
the dishes; solubilization of the cells was achieved 
by subsequent addition of 1 ml of 2% sodium 
dodecylsulfate. lee-cold trichloroacetic acid (2 ml, 



20~&) was then added to each sample and the 
resulting precipitate was collected on 24-mm 
Whatman GF ;c glass fiber filters; the precipi
tate was washed 4 times with 5 ml of 5% ice-cold 
trichloroacetic acid and twice with absolute 
ethanol. The filters were then treated with 0.5 ml 
tissue solubilizer (Protosol, New England Nu
clear, Boston, MA, USA) for several hours at 
50°C and after addition of 20 JLI of glacial acetic 
acid and toluene scintillator, the radioactivity was 
determined in a Packard scintillation counter, 
model 544. 

In uitro Iransformation assay 
For the transformation assay in SHE cells, a 

feeder layer of 2 X 104 lethally X-irradiated SHE 
cells (50 Gy) was seeded in 3 ml complete medium 
(IBR supplemented with 20% FCS) on 60-mm 
Petri dishes (Falcon Plastics, Oxnard, USA). M
ter 24 h 150-200 target cells suspended in 1 ml 
medium were added and, after a further 24 h, 
various amounts of the test compounds dissolved 
in DMSO. The final concentration of DMSO in 
the medium did not exceed 0.1% (v jv). Following 
a 48-h incubation period in a humidified incuba
tor at 12% co2 and 37°C, the medium was 
removed, the cells were washed with PBS and 
supplied with fresh culture medium. Eight days 
later, the cells were fixed with methanol, stained 
with 10% aqueous Giemsa and scored for cloning 
efficiency and morphological transformation ac
cording to the criteria (altered colony morphology 
consisting of criss-crossing and piling up of cells) 
described previously in detail by Herwald and 
Sachs (1965), DiPaolo et al. (1971) and Pienta 
(1980). Cell survival was determined in parallel by 
the conventional colony assay. Mter 10-12 days 
of incubation, fixation and staining, colanies with 
more than 50 cells were counted as survivors. 

In vitro micronucleus assay and kinetochore analy
sis 

SHE cells were plated in 35-mm Petri dishes 
containing glass coverslips and grown to medium 
density. Then the cell culture medium was re
placed by culture medium containing 5-AC (di
luted in DMSO) or DMSO (final m~mum con
centration: 1% v jv). Following an incubation 
period of 5 h the compound was removed by 
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changing the medium. Mter 15 h (or different 
time points for time course) fixation was per
formed with metbanal for at least 30 min at 
- 20°C. The cells were then stained (1 J.Lg/ml 
Bisbenzimide 33258, 5 min), washed 3 times with 
distilled water or PBS and mounted in Per
mafluor (Dianova) for microscopy. Micronuclei 
were determined at 1250 X magnification. Kine
tachore staining was achieved by incubating the 
fixed cell preparations (after rinsing with PBS) 
with CREST serum (60 min) in a humidified 
chamber at 37°C. After rinsing with PBS again, 
the cells were incubated as before with FITC
conjugated goat anti-human antibody (diluted 
1 : 100 in PBS), rinsed again and counterstained 
with Bisbenzimide 33258 as described. Micronu
clei were scored as such when up to three per cell 
were present. Cells with higher numbers of mi
cronuclei were not registered. Mitotic index (cells 
in mitosis per 1000 cells) was determined in the 
same cell preparations that had been evaluated 
for the time course of micronucleus induction. 

Results 

UDS assay 
The data obtained with 5-AC for UDS in SHE 

cells are given in Table 1. No UDS, i.e., no 
significant incorporation of [3H]thymidine ex
ceeding that of background incorporation, was 
observed with 5-AC. At the highest dose tested 
(2.0 JLM) the Ievel of replicative DNA synthesis 
was reduced to 84% of the control Ievel indicat
ing toxicity. 

TABLE 1 

UNSCHEDULED DNA SYNTI-IESIS (UDS) INDUCED BY 
5-AC AND 4-NQO IN SHE CELLS 

Compound 

DMSO 
4-NQO 
5-AC 

Concentration 

1% 
5.0J.LM 
0.2p.M 
0.4J.LM 
1.0 J.LM 
2.0J.LM 

cpm/5 X 105 cells 

9870± 683 
58320± 1422 
9853± 648 
9829± 615 
9141 ± 606 
8323± 567 

Each data point represents the mean of three chemically 
treated cultures from one experiment. The experiments were 
repeated three times with consistent results. 
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TABLE 2 

MORPHOLOGICAL TRANSFORMATION OF SHE 
CELLS, INDUCED BY 5-AC AND 4-NQO 

Com
pound 

DMSO 
4-NQO 
5-AC 

Concen
tration 

0.1% 
0.01 J.LM 
0.2J.LM 
0.4 J.LM 
1.0 ILM 
2.0J.LM 

Survival 
(%) 

100 
91.2 
89.6 
88.1 
71.0 
66.5 

Transfor
mation 
frequency 

Ratio (%) 

0/896 
3/817 
3/803 
8/789 
4/637 
2/596 

0 
0.37 
0.37 
1.01 
0.63 
0.34 

Signifi~ 

cance 
(%) 

< 10 
< 10 
<1 
<2 

< 10 

The transformation frequency is calculated from the ratio of 
transformed colonies to the number of surviving colonies. All 
experiments were repeated three times with consistent results. 
The present data represent the results of one experiment. All 
transformation frequencies were statistically significant as 
tested in the x 2 test. 

Morphological Iransformation 
Despite the inability to cause UDS in SHE 

cells, 5-AC induced morphological cell transfor
mation (Table 2). The maximum transformation 
frequency was observed at a concentration of 0.4 
p.M. At higher concentrations, a decline in cloning 
efficiency was noted, indicating that the com
pound was toxic to the cells (Table 2). This may 
also account for the lower transformation fre
quency observed at higher concentrations. 

Micronucleus assay 
5-AC induced micronuclei in SHE cells in a 

dose-dependent manner (Fig. 1). The time de
pendence of micronucleus formation was investi
gated (Fig. 2a). After removal of 5-AC the fre
quency of micronuclei rose above the control 
Ievel and continued rising during the investigated 
expressiontime of 36 h. Between 15 and 18 h an 
increased formation of micronuclei was observed. 
The time dependence is in contrast to that deter
mined for diethylstilbestrol (DES) and 4-NQO, 
given in Fig. 2b. DES also induced micronuclei as 
early as 1 h after its removal (Schiffmann and De 
Boni, 1991). However, the micronucleus fre
quency was reduced after 18 h (duration of SHE 
cell cycle: 15-18 h). In contrast, 4-NQO did not 
induce micronuclei before 18 h after removal of 
the compound. 

Micronuclei/2000 Cella 

0 5 10 
5-AC Cancantration (~M) 

Fig. 1. lnduction of micronucleus formation in SHE cells by 
5-azacytidine. Data represent the mean of three treated cul
tures from one experiment. The experiments were repeated 

three tim es with consistent results. 

The mitotic index (Fig. 2c) was markedly de
creased compared to the control value during 
5-AC exposure, resulting in a low mitotic index 
after 5-AC removal 6 h later a value similar to 
the untreated control was observed and a de-

TABLE 3 

PRESENCE OF KINETOCHORES IN MICRONUCLEI 
(%) IN SHE CELLS 

Compound Dose % CRMN+ 

DMSO 1%vjv 23±7 (a) 
5-AC lOJ.LM 29±8 (a) 

DES 50J.LM 85±3 (b) 
4-NQO 0.5J.LM 6±2 (b) 

(a) Each number represents the mean of three counts of 100 
micronuclei (with standard deviation), evaluated for kinet
ochore presence. 

(b) Data taken from Schiffmann and de Boni (1991) for 
comparison. These experiments were also perfomed with 
SHE cells, using the same procedure as described in this 
publication. 
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250,-----------------------------------~ 

a b 

150 
200 

150 
100 

100 

50 

50 

0 0 I I I I I I I I I I I 

0 10 20 30 0 10 20 
Time (h) Time (h) 

Mitotic lndex/1000 Cella 
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Fig. 2. (a) Time course of micronucleus induction by 5-azacytidine (10 ,uM) in SHE cells, starting at the time of 5-AC removaL 
Each data point represents the mean of three treated cultures from one experiment. The area marked 'BG' (background) indicates 
the mean of the spontaneaus frequency. (b) Timecourse of micronucleus induction in SHE cells by 4-NQO ( *, 0.5 JLM) and DES 
(O, 50 ,uM). The line marked 'BG' indicates the spontaneaus frequency. Data taken from Schiffmann and DeBoni (1991) and 
Schmuck et al. (1988). (c) Timecourse of changes in mitotic index after 5-azacytidine treatment (10 JLM) in SHE cells. Each data 
point represents the mean of three treated cultures from one experiment. The area marked 'BG' indicates the mean of the 

spontaneaus frequency. 
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crease occurred again after 12 h. The following 
second increase coincided with the beginning of 
the second cell cycle after 5-AC removaL 

Anti-kinetochore staining of micronuclei (Ta
ble 3) revealed that 29 ± 8% of the 5-AC-induced 
micronuclei reacted positively with CREST serum 
(CRMN+). Control micronuclei (treated with 
DMSO, 1% v jv) reacted in a similar way (23 ± 
7% CRMN + ). The aneuploidy-inducing hormone 
DES induced 85 ± 3% CRMN+ whereas the 
clastogen 4-NQO yielded 6 ± 2% CRMN+. 

Discussion 

In a previous study we compared the muta
genic activity of 5-AC in excision repair-deficient 
and -competent Salmonella strains (TA104 vs. 
TA2638) (Schmuck et al., 1986). We found only a 
small difference between the activities in the two 
strains. This result provides evidence that, in 
Salmonella, 5-AC produces only marginal base 
darnage recognizable by excision repair. Our 
present negative UDS results suggest that 5-AC, 
in SHE cells, may also not cause excisable DNA 
damage. 

5-AC induced morphological transformation of 
SHE cells with a high frequency (i.e., > 1% at 0.4 
,uM). The mechanism of 5-AC-mediated cell 
transformation is still unknown. However, several 
observations support the notion that the hy
pomethylating effect of 5-AC is responsible for 
the induction of cell transformation: the results 
of Walker and Nettesheim (1986) show that the 
analog 6-azacytidine, which does not cause DNA 
hypomethylation, did not transform rat tracheal 
epithelial cells. Hsiao et al. (1985) and Harrison 
et al. (1983) have shown that 5-AC can neoplasti
cally transform established cell Iines, suggesting 
that changes in methylation occurring during later 
stages of transformation can result in the conver
sion of immortal cells to neoplastic cells. Further 
characterization of the process of malignant pro
gression induced by 5-AC and related com
pounds, and molecular analysis of immortalized 
and neoplastic cells seem necessary. 

5-AC-induced cell transformation occurred in 
a dose range similar to that where we found a 
dose-dependent increase in micronucleus fre
quency. However, the 5-AC-induced micronuclei 

seemed to be less intensely stained than those 
induced by a nurober of other compounds (e.g., 
DES, 4-NQO) indicating a structural change of 
chromatin. This effect may be related to the 
known 5-AC-mediated direct interference with 
chromosome condensation (Parrow et al., 1989). 
The early formation of 5-AC-mediated micronu
clei suggests a development due to mitotic distur
bances. Similar effects have been described for 
the aneuploidy-inducing agent DES (Schiffmann 
and De Boni, 1991), whereas clastogenic effects 
(e.g., induced by 4-NQO, Schmuck et al., 1988) 
give rise to micronuclei only after one additional 
cell cycle. A similar mechanism of 5-AC-mediat
ed micronucleus induction may exist, which could 
be related either to the reported 5-AC-induced 
DNA instability (Sutherland et al., 1985) or to 
changes in chromosome condensation (Parrow et 
al., 1989) and elongation of the centromere re
gion (Rattner and Lin, 1985, 1987). In fact, we 
observed increased numbers of cell pairs con
nected with narrow chromatid bridges especially 
shortly after 5-AC removal (unpublished Observa
tion). 

Chromosomes showing such alterations may 
have an increased propensity to undergo disinte
gration (i.e., breakage). Alterations at the cen
tromeric region may also affect kinetochore bind
ing. After removal of 5-AC the mitotic index was 
markedly decreased which is in agreement with 
the findings of Zatsepina et al. (1989) and Poot et 
al. (1990) who reported an arrest in the G2 phase 
of the cell cycle. The further increase of micronu
cleus frequency after completion of the first cycle 
could be a consequence of this arrest (partial 
synchronization). In combination with residual 
5-AC inside the cells this may cause further de
velopment of micronuclei during the second mi
tosis. The relative frequency of CRMN- versus 
CRMN + further supports the notion that 5-AC 
induces chromosomal darnage as well as the loss 
of whole chromosomes. Micronucleus induction 
caused by clastogenic effects Ieads to low per
centages of CRMN+ (6% for 4-NQO), and mi
cronucleus induction due to mitotic disturbances 
Ieads to high percentages of CRMN+ (85% for 
DES), which may result in the loss of whole 
chromosomes. According to the study of McGre
gor et al. (1989) 5-AC induced both small and 



large colanies in the L5178Y mause Iymphoma 
mutation assay. The production of small colanies 
in this assay has been associated with chromoso
maJ lesions (Blazak et al., 1989). The different 
sensitivity in mutagenic response to 5-AC at the 
hgprt versus the tk locus (Call et al., 1986; Mc
Gn:gor et al., 1989) may provide further support 
that 5-AC induces chromosomal lesions. Due to 
the absence of a homologaus chromosome at the 
hgprt locus (sex-linked), a )arge lesion in that 
chromosome - inactivating flanking essential 
genes - would result in cell death. 

In view of these results further investigations 
of t:he effects of 5-AC on mitosis and chromo
some structure seem necessary. Therefore, stud
ies are under way aiming at the identification of 
target components such as spindie fibers, kineto
chores and centromeric DNA regions. 
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