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TEMOZOLOMIDE INDUCED DIFFERENTIATION OF K562
LEUKEMIA CELLS IS NOT MEDIATED BY GENE
HYPOMETHYLATION
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Abstract—Temozolomide (8-carbamoyl-3-methylimidazo[5,1d}-1,2,3,5-tetrazin-4-(3H)-one), an exper-
imental antitumor agent which spontaneously decomposes to 5-(3,3-methyl-1-triazeno) imidazole-4-
carboxamide, the active metabolite of the antineoplastic drug DTIC, causes erythroid differentiation of
K562 leukemia cells. The increase in € and y globin gene expression after temozolomide treatment does
not appear to be due to drug-induced hypomethylation of the genes. In other genes containing many
methylated sequences such as the proto-oncogenes c-myc and C-Ha-ras, temozolomide caused no
detectable change in methylation. In contrast, in the same genes 5-aza-2'-deoxycytidine induced
hypomethylation. Temozolomide caused DNA alkali-labile sites and an arrest of the cell cycle in G2
phase. Ethazolastone (its 3-ethylimidazo analogue) which does not cause differentiation of K562
produced no significant DNA damage and G2 phase blockade. DNA damage rather than hypomethyl-
ation may be responsible for induction of differentiation.
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Fig. 1. Chemical structure of temozolomide.

5-(3,3-Dimethyl - 1 - triazeno)imidazole - 4 - carbox-
amide (DTIC) is an antineoplastic agent used for
the therapy of several human malignancies [1, 2] and
is the drug of choice against melanoma [3]. DTIC
undergoes oxidative N-demethylation, forming of 5-
(3,3-methyl-1-triazeno)  imidazole-4-carboxamide
(MTIC) an alkylating agent probably responsible for
DTIC’s activity [4, 5].

Temozolomide (8-carbamoyl-3-methylimidazo-
(5,1-d]-1,2,3,5-tetrazin-4-(3H)-one) (Fig. 1), pre-
viously called methazolastone, is a recently syn-
thesized compound which decomposes
spontaneously to MTIC [6] without requiring meta-
bolic activation. Temozolomide may overcome the
problem of the variable and/or insufficient activation
of DTIC and for this reason is under clinical inves-
tigation,

In addition it is useful for in vitro studies to eluci-
date the mode of action of methyltriazenes, which is
still unclear. These monofunctional alkylators not
only have cytotoxic activity, probably due to alky-
lation of cellular macromolecules, but other inter-
esting effects related to modulation of the expression
of some genes have been reported. Methyltriazenes

* To whom requests for reprints should be addressed at
the Istituto di Ricerche Farmacologiche ‘Mario Negri’, via
Eritrea 62, 20157 Milan, Italy.

cause increased expression of some tumoral cell-
associated antigens [7], and their antitumoral activity
might thus be partially due to an increased sus-
ceptibility to immunological mechanisms.

Recently Tisdale [8] reported that temozolomide
but not ethazolastone (its 3-ethylimidazo analogue),
induced differentiation in K562 erythroleukemic
cells. He found that after temozolomide treatment
the content of 5-methylcytosine fell from 3.5t0 2.2%
in the total genome and proposed that differentiation
was due to gene hypomethylation [8], as previously
described for azacytidine [9, 10]. The data on the
total presence of 5-methylcytosine can only be taken
as indicative at this stage and more detailed studies
on the methylation status of single genes are required
to confirm this hypothesis.

In the present study we investigated whether temo-
zolomide induces changes in the methylation status
of the ¢ globin gene, y globin gene, c-myc oncogene
and ras oncogene. The data do not support the
hypothesis that temozolomide-induced differenti-
ation of K562 erythroleukemia cells is mediated by
gene hypomethylation.

MATERIALS AND METHODS

Drugs. Temozolomide and 8-carbamoyl-3-ethyl-
imidazo[5,1-d}-1,2,3,5-tetrazin-4-(3H)-one (ethazo-
lastone) were kindly provided by Dr C. G. Newton,
May & Baker Ltd., Dagenham, Essex (RM107XS).
The drugs were dissolved in 0.5% DMSO immedi-
ately before use. 5-Aza-2'-deoxycytidine was pro-
vided by the Drug Synthesis and Chemistry Branch,
National Cancer Institute, MD. It was dissolved in
RPMI 1640 medium before administration.

Cell culture. K562 erythroleukemia cells [11] were
grown at 37° in suspension culture in RPMI 1640
medium (Gibco Europe, Glasgow, Scotland) sup-
plemented with 10% heat-inactivated (56°, 30 min)

2069



2070

185 —> |

72 h

M. ZUCCHETTI et al.

96 h

Fig. 2. Northern blot analysis of ¢ globin mRNA levels from uninduced (lanes 1 and 4), hemin induced
(lanes 2 and S5) and temozolomide treated (lanes 3 and 6) K562 cells. The filter was hybridized with the
0.7 Kb Bam HI fragment of the & globin gene.

fetal bovine serum (Gibco), 2mM L-glutamine,
100 U/ml penicillin, and 100 ug/ml streptomycin.
Stock cultures were maintained in exponential
growth at a density between 0.2 x 10% and
0.8 x 10° cells/ml.

Cells were treated with 100 uM of temozolomide,
100 and 200 uM of ethazolastone or 1 uM of 5-aza-
2’-deoxycytidine for 72 hr. At this time the per-
centage of differentiated cells was evaluated by ben-
zidine staining as previously described [12].

Analysis of methylation pattern. High molecular
weight DNA was extracted from treated (as indicated
above) and untreated K562 cells by standard tech-
niques. Total DNA (10 ug) was digested overnight
as 37° with 10 U/ug of the methylation-sensitive
restriction endonuclease Mspl, Hpall and Hhal
(Bethesda Research Laboratories). The complete-
ness of digestion was assessed by comparing the
results obtained with increasing amounts of enzymes.
Methylation was studied using Hpall and Mspl
digesting the 5’-CCGG-3' sequence (but only Mspl
can cut when the internal cytosine of this sequence
is methylated) and Hhal, digesting unmethylated
GCGC sequences [13, 14]. The resulting DNA frag-
ments were separated by DNA electrophoresis
through 0.9% agarose gel in a Tris acetate—-EDTA
buffer (pH 8), denatured with NaOH, then trans-
ferred to Gene Screen Plus membrane (Dupont Co.
N.E.N. Products, Boston, MA) according to the
method of Southern [15]. The membrane was pre-
hybridized for 6 hr at 42° in a solution containing

50% formamide [16]. Salmon sperm DNA (final
concentration 100 ug/ml) and denatured DNA
probes (4 X 10° dpm/ml) labeled with [a->?P]dCTP
(Amersham, U.K.) were added and incubation con-
tinued overnight. The membrane was then washed
twice in 2X SSC (0.3M NaCl-0.03M sodium
citrate) at room temperature for 10 min, twice in
2 X SSC-1% SDS at 65° for 15 min, and finally in
0.1 x SSC at room temperature for 15 min. To reveal
the hybridized fragments the membrane was then
exposed to Kodak XAR-5 film with Dupont Light-
ning Plus intensifying screens at —70° for three or
four days.

RNA analysis. We used a recently reported pro-
cedure to isolate total RNA from whole cells [17].
Briefly: 1 ml of suspended K562 cells (5 X 10°) were
pelleted by centrifugation, washed and resuspended
in 10 ul of cold PBS containing bentonite. Three
volumes of formaldehyde-SDS buffer [17] preheated
to 95° were added to the cell suspension and heated
at 65° for 10-15 min. The samples were centrifuged
for 2 min, and the resulting supernatant containing
the RNA species was loaded on formaldehyde-SDS
1% agarose gel. Electrophoresis, conventional blot-
ting and hybridization techniques were then used to
indicate the RNA species [18].

Alkaline Elution Assay. DNA Alkaline-Labile
Sites (ALS) were determined by alkaline elution
techniques previously described in detail [19]. Cells
were labeled for 24 hr using a medium supplemented
with 0.05uCi/ml >H-thymidine (specific activity
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20 Ci/mmol; Amersham, U.K.) and 10~%M unla-
beled thymidine. Postlabeling 18-24 hr chasing in
medium without *H-thymidine was done before drug
treatment. Some standard controls were irradiated
with 450 rads. After 1 hr temozolomide or ethazo-
lastone treatment, the cells (5-10 x 10%) were
washed with cold PBS and layered on polycarbonate
filters, 0.8 um pore size and 25 mm diameter (Nucle-
opore Corp, Pleasanton, CA). Cells were then lysed
with a solution containing 2% SDS, 0.02M Na,
EDTA, 0.1M glycine, pH 10.0 (lysis solution),
which was allowed to flow through the filter by
gravity. The outlet of the filter holders was connected
to the pumping system and 2ml proteinase K,
0.5 mg/ml (EM Laboratories, Darmstadt, West Ger-
many) dissolved in the lysis solution were added to
a reservoir over the polycarbonate filters and cycled
through the filters for approximately 1 hr at a rate of
0.35 ml/min.

DNA was eluted from the filters by pumping
0.02M EDTA solution adjusted to pH 12.6 with
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Fig. 3. Pattern of DNA methylation of & (part A) and y (part B) globin genes. DNA from untreated
(lanes 1, 2) or temozolomide treated (lanes 3 and 4 part A; lanes 4 and 5 part B) K562 cells were
digested with MspI (M) or Hpall (H) and hybridized with the 0.7 Kb Bam HI fragment of the ¢ globin
gene (part A) and with the 3.3 Kb HindIII fragment of the Ay globin gene (part B). Lanes 3 and 6
(part B) correspond to undigested DNA from untreated and from temozolomide treated K562 cells.

tetrapropylammonium hydroxide (Fluka, West Ger-
many) containing 0.1% SDS through the filters at
approximately 2 ml/hr. Three-hour fractions were
collected, and fractions and filters were processed as
described previously [19].

Flow cytometry. K562 cells were treated with
temozolomide (100 uM), ethazolastone (100 and
200 uM) and 5-aza-2’'-deoxycytidine (1 uM). The
effects on cell cycle phase distribution were evaluated
after 24, 48 and 72 hr recovery time. K562 cells
were centrifuged and directly stained with 2 ml of
propidium iodide (Calciochem Behring) in 0.1%
sodium citrate and 25 ul RNAse 0.5 ug/ml in water
(Calciochem Behring) at room temperature for
30 min.

RESULTS

The number of benzidine positive K562 cells
increased from 5 to 30% and 27% after 72 hr from
temozolomide or 5-aza-2'-deoxycytidine treatment
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Fig. 4. DNA methylation pattern of c-Ha-ras and c-myc proto-oncogenes. DNAs from untreated (lanes

1 and 2 part A; lanes 1 and 3 part B) and temozolomide treated (lanes 3 and 4 part A; lanes 2 and 4

part B) K562 cells were digested with Mspl (M) and Hpall (H) and hybridized with the 6.5 Kb Bam HI

fragment of the c-Ha-ras (part A) and with the 1.4 Kb Clal-EcoRI fragment (third exon) of c-myc
oncogenes (part B).

respectively. No increase of benzidine positive cells
was found after ethazolastone. Expression of the &
globin gene was increased after temozolomide
exposure, in line with the induction of differentiation
(Fig. 2). Hybridization of mRNA with the 0.7 Kb
Bam HI 5’ fragment of the £ globin gene detected a
considerably higher mRNA level in the K562 cells
treated with temozolomide than the untreated cells.
To determine whether this rise in globin mRNA was
related to the presumed inhibition of gene methyl-
ation we analysed the methylation state around the
e and y globin genes. Figure 3 reports the Southern
blot analysis of DNA obtained from untreated K562

(lanes 1 and 2 part A and B) and from temozolomide
treated K562 celis (lanes 3 and 4 part A and 4,5 part
B). DNA was digested with Mspl, Hpall and Hhal
(not shown) restriction endonucleases, processed as
described in Methods, and hybridized with the ¢
probe previously described (Fig. 3, part A) and with
the 3.3 Kb HindIII fragment of the Ay globin gene
(Fig. 3, part B). In uninduced K562 cells € and y
globin genes were largely hypomethylated and their
state of methylation was not altered by temo-
zolomide. We then extended our studies to two other
genes known to contain many methylated sites, the
ras and myc proto-oncogenes [20-22]. Even in these
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Fig. 5. DNA methylation pattern of c-myc (part A) and c-Ha-ras (part B) proto-oncogenes. DNAs
from untreated (lanes 1 and 3) and 5-aza-2’-deoxycytidine treated (lanes 2 and 4) K562 cells were
digested with MspI (M) and Hpall (H) and hybridized using the probes described in Fig. 4.

cases, there were no differences in the pattern of
DNA methylation around the two oncogenes
between temozolomide treated and untreated K562
cells (Fig. 4). Neither was any difference found in
the status of methylation of the GCGC sequences as
assessed by Hhal (data not shown). In contrast to
temozolomide 5-aza-2'-deoxycytidine caused evi-
dent hypomethylation around the third exon of the
c-myc proto-oncogene (Fig. 5, part A) and to a lesser
extent in the c-HA-ras proto-oncogene (part B). In
fact, low molecular weight bands were present from
5-aza-2'-deoxycytidine treated K562 cells DNA (lane
4) but not in untreated cell DNA (lane 3) digested
with Hpall.

The alkaline elution method showed temozo-
lomide caused dose-related DNA breakage in K562
cells (Fig. 6). The elution profiles were not linear,
but convex upward, indicating that the drug induces
DNA alkali-labile sites. Ethazolastone caused no

detectable DNA damage at the concentration of
100 uM and very low DNA breaks at 200 uM. In
K562 cells temozolomide induced an arrest in G2-M
phase of the cell cycle; the maximum effect was
found 72 hr after treatment (Fig. 7). Ethazolastone
did not cause a significant cell cycle perturbation
whereas 5-aza-2'deoxycytidine caused a G2-M phase
blockade too.

DISCUSSION

In a previous report Tisdale [8] showed that the
anticancer agent temozolomide, but not its inactive
ethyl analogue ethazolastone, induced differen-
tiation of the human erythroleukemia K562 cell line.
He found that temozolomide was able to induce
hypomethylation of total genomic DNA and thus
proposed that the increased expression of genes
associated with differentiation (e.g. globin genes)
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Fig. 6. Alkaline elution profile of control K562 cells

(®—®) and cells treated with 50 uM (O—CO), 100 uM

(O0—0) or 200 uM (A—A) temozolomide and 100 uM

(0--0) or 200 uM (A--A) ethazolastone for 1 hr. After

treatment cells were processed immediately for analysis

of DNA damage by the alkaline elution method (at
pH 12.6).

might be due to drug-induced hypomethylation. The
results of our study confirm that temozolomide
induces differentiation of K562 cells, but the rise in
€ and y globin genes’ expression does not appear to
be related to changes in their methylation pattern.
Since in K562 cells most methylation sites in globin
genes were already unmethylated before drug treat-
ment it could be difficult to assess any hypomethyl-
ating effect of temozolomide. We therefore selected
two other genes, c-myc and cHa-ras proto-oncogenes
which presented a high frequency of methylated
CCGG and GCGC sequences and in which even a
weak hypomethylating effect of temozolomide could
be detected. The drug caused no detectable
hypomethylation in either case. In the same experi-
ments 5-aza-2'-deoxycytidine, used as a positive con-
trol, caused hypomethylation of both c-myc and c-
Ha-ras proto-oncogenes. Therefore we can exclude
that the experimental conditions were inadequate
for evaluation of the hypomethylating effect of temo-
zolomide.

A possible reason for the difference between Tis-
dale’s results and ours is that he determined the total
number of methylcytosines present in the genome,
whereas we analyzed only the methylation of cyto-
sine in some DNA sequences (CCGG and GCGC)
susceptible to the restriction enzyme used. However,
Puccetti et al. [23] found no hypomethylating effects
of methyltriazenes in rodent leukemias when they
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Fig. 7. Flow cytometry analysis of cell cycle phase distri-
bution in K562 control cells (A), temozolomide (100 uM
for 1 hr) treated cells (B), ethazolastone (200 uM for 1 hr)
treated cells (C) and 5-aza-2'deoxycytidine (1 uM for 24 hr)
treated cells (D). Analysis was done 72 hr after drug treat-
ment for B and C, and 48 hr after drug treatment for D.

determined the percentage of total methylcytosines,
and concluded that the ability of these drugs to
increase tumour cell immunogenicity was not related
to DNA hypomethylation.

In K562 cells, as recently reported in other leu-
kemia cell lines [24], temozolomide causes the for-
mation of DNA alkali-labile sites, presumably due
to apurinic sites corresponding with N’-methyl guan-
ine. In addition it is likely that temozolomide induces
alkylation of O®-guanine, a lesion generally associ-
ated with the mutagenicity of these compounds
[25, 26] and more recently also with their cytotoxicity
[24]. Recently it has been found that other agents
known to cause DNA damage such as doxorubicin
and cisplatin can induce differentiation of K562 cells
[27-29]. Since these drugs cause different types and
extent of DNA damage it appears unlikely that a
specific DNA lesion triggers this phenomenon.
Induction of differentiation may be related to the
cell cycle arrest, which is invariably produced by all
compounds which cause DNA damage [30]. This
hypothesis is also suggested by the finding that
ethazolastone which did not induce differentiation
did not cause significant DNA damage and G2-M
phase arrest.

Itis to note that also 5-aza-2'-deoxycytidine, which
induces differentiation of different cell types {9, 10]
causes alkali-labile sites in DNA [31] and an arrest
in G2 phase, thus suggesting that the drug induced
differentiation might be at least in part related to
DNA damage. In conclusion the present study pro-
vides further evidence that K562 cells can be induced
to differentiate by methyltriazenes; it is suggested
that the drug-induced differentiation is not mediate
by gene hypomethylation, but is more likely a result
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of DNA damage and cell cycle arrest produced by
this methylating agent.
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