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Etoposide, DNA topoisomerase II inhibitor, is one of
the widely used anticancer drugs. Etoposide toxicity seems
to be related to double-strand DNA breaks due to stabi-
lization of DNA-topoisomerase II intermediate complex.
Such DNA breaks are supposed to trigger the chain of
events resulting in induction of apoptosis in etoposide-
treated cells. On the other hand, topoisomerase II inhibi-
tors are known to induce a wide spectrum of chromo-
somal abnormalities, in particular translocations, inser-
tions and deletions in peripheral blood mononuclear cells.
Meanwhile the data on the genes � targets of etoposide
as well as other apoptosis-inducing drugs are rather
scarce. Different cell lines are also known to differ by their
susceptibility to etoposide [1�3]. Nevertheless, the exact
mechanisms of such a difference as well as contribution
of specific genes to susceptibility or resistance to this drug
have been far from being elucidated.

MYC family genes are known as potent inducers of both
cell proliferation and apoptosis in various systems [4].
C-MYC deregulation as a result of translocations, rear-

rangements and mutations is believed to represent a char-
acteristic feature of different lymphomas including Burkitt�s
lymphoma, AIDS-associated lymphoma, non-Hodgkin�s
lymphoma, etc. The role of C-MYC deregulation in lym-
phomagenesis is evident taking into account C-MYC in-
volvement in cell proliferation and differentiation as well as
cell death since C-MYC is indispensable for cell cycle pro-
gression [5, 6]. In particular, C-MYC has been shown to
prevent cells from exiting cell cycle and to drive quiescent
cells into continuous cycle [5, 7]. Recently etoposide-in-
duced site-specific C-MYC cleavage in lymphoma cell has
been demonstrated which could be involved in apoptosis
program triggering [8].

Taking into consideration the importance of C-MYC
in lymphoma- and leukemogenesis and apoptosis con-
trol as well as the data on the site-specific activity of
DNA topoisomerase II inhibitors we have attempted to
study the effects of etoposide on the structure of MYC
family genes in cells of B and T cell lines of human
leukemia and lymphoma.

MATERIALS AND METHODS
Human B cell transplantable lymphoma cell line

Namalwa and T cell leukemia line MT-4 were used in
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Gene structure alterations upon treatment of cells with anticancer drugs could be useful markers of drug suscepti-
bility. Alterations of MYC-family (C-MYC and L-MYC) genes in transplantable B and T lines of malignant lym-
phoid cells treated with various doses of etoposide have been studied by Southern blot hybridization. The subtoxic
doses of etoposide (0.4–2 µµµµµM) have been shown to induce substantial structural alterations of the genes under
study in Namalwa and MT-4 cells upon prolonged incubation with the drug. Such alterations have been represented
as rearrangements and deletions of certain gene fragments. The alteration revealed are supposed to be associated
with the secondary leukemogenic effects of etoposide observed upon cancer treatment with this drug.
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Ñòðóêòóðíûå èçìåíåíèÿ ãåíîâ ïðè âîçäåéñòâèè íà êëåòêè ïðîòèâîîïóõîëåâûõ õèìèîïðåïàðàòîâ ìîãóò ñëóæèòü
ìàðêåðàìè ÷óâñòâèòåëüíîñòè êëåòîê ê ýòèì âîçäåéñòâèÿì. Ñ ïîìîùüþ Ñàóçåðí-áëîò-ãèáðèäèçàöèè èññëåäîâàíû
ñòðóêòóðíûå èçìåíåíèÿ ãåíîâ ñåìåéñòâà MYC (C-MYC è L-MYC) â ïåðåâèâíûõ ëèíèÿõ çëîêà÷åñòâåííûõ ëèìôî-
èäíûõ êëåòîê Â- è Ò-êëåòî÷íîãî ãåíåçà ïîñëå âîçäåéñòâèÿ íà íèõ ðàçëè÷íûìè äîçàìè ýòîïîçèäà — èíãèáèòîðà
ÄÍÊ-òîïîèçîìåðàçû II. Óñòàíîâëåíî, ÷òî ñóáòîêñè÷åñêèå äîçû ïðåïàðàòà (0,4–2 ìêìîëü/ë) ïðè äëèòåëüíîé
èíêóáàöèè èíäóöèðîâàëè â êëåòêàõ Namalwa è ÌÒ-4 çíà÷èòåëüíûå ñòðóêòóðíûå èçìåíåíèÿ ãåíîâ, çàêëþ÷àþùè-
åñÿ â ðåàðàíæèðîâêå è äåëåöèè îòäåëüíûõ èõ ôðàãìåíòîâ. Âîçìîæíà àññîöèàöèÿ ýòèõ èçìåíåíèé ñ âòîðè÷íûì
ëåéêåìîãåííûì äåéñòâèåì ýòîïîçèäà ó áîëüíûõ îíêîëîãè÷åñêîãî ïðîôèëÿ ïîñëå ëå÷åíèÿ ýòèì ïðåïàðàòîì.
Êëþ÷åâûå ñëîâà: ýòîïîçèä, Ñàóçåðí-áëîò-ãèáðèäèçàöèÿ, ãåíû ñåìåéñòâà MYC, ÷óâñòâèòåëüíîñòü ê õèìèîïðå-
ïàðàòàì.
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the study. The cells were maintained as suspension
cultures in RPMI-1640 medium with 10% fetal calf se-
rum and passaged every 3�4 days immediately upon
reaching maximum cell density.

DNA topoisomerase II inhibitor etoposide (Brystol-
Myers, USA, trade name �vepeside��) was used in the
study. Cells were treated with different doses of eto-
poside in log-phase of culture growth. Intermediate
stock dilutions of etoposide were prepared in dimethyl
sulphoxide with further dilutions in complete medium
being prepared immediately before each experiment.
The doses and the time of the treatment varied ac-
cording to the tasks of each experiment.

Total DNA was extracted from cell pellet by stan-
dard phenol-proteinase K technique. DNA samples
were digested with restriction HindIII, EcoRI or MspI
endonucleases (Sigma, USA). The restriction fragments
of DNA were separated by electrophoresis in 1% aga-
rose gel in Tris-acetate buffer, pH 8.0 with further trans-
fer onto nitrocellulose filters (Schleicher and Schuell,
Germany). The filters were prehybridized for 12 h at
42 0Ñ in the mixture containing 50% formamide, 5 õ
Denhardt solution, 10% dextran sulfate and 0.8 M NaCl
with 100 µg/ml of denatured DNA from salmon sperm.
Thereafter DNA was hybridized for 24�48 h at 42 0Ñ.
The following 32Ð-labeled DNA-probes were employed:
L-MYC � 1.8 kb SmaI/EcoRI fragment cloned in
pJB327 (This probe was kindly provided by Dr. Chev-
enix-Trench from Queensland Institute of Medical Re-
search, Australia); cloned human C-MYC � 1.4 kb ClaI/
EcoRI fragment containing exon 3 of C-MYC (This
probe was kindly provided by Dr. N. Imamura, Research
Institute for Radiation Biology and Medicine, Hiroshi-
ma, Japan); prDNA � 6.7 kb EcoRI fragment of rDNA
cloned in pUC19. The probes were labeled with α [32Ð]
dATP (Amersham, England) to the initial specific ac-
tivity of more than 1.8 · 108 dpm/min/µg by nick trans-
lation according to generally accepted technique [9].
Each probe was added to hybridization mixture at a
concentration 3�5 · 106 dpm/min/µg per 1 ml of the mix-
ture. Upon hybridization filters were exposed to X-ray
film for 3�5 days at �70 0Ñ. DNA of phage λ hydrolyzed
with HindIII served as a marker to determine the size of
DNA fragments in kilobases (kb).

RESULTS AND DISCUSSION
Human leukemia and lymphoma cells of different

genesis have been shown to differ in susceptibility to
etoposide as well as other topoisomerase II inhibitors. In
our previous study we have compared the susceptibility
of B and T cell lines and found out that Namalwa cells
were relatively resistant to induction of apoptosis by this
drug as well as to cytotoxic effects of etoposide [10].

Different regimens of Namalwa cell treatment with-
in the wide range of etoposide concentrations were used
in the present study. First the structure of C-MYC and
L-MYC was analyzed in cells treated with etoposide at
the dose within optimum for apoptosis induction range
(20�80 µM) upon short-term incubation. In 18�24 h
upon such a treatment around 70% of cells were still
alive. Meanwhile the patterns of either EcoRI or HindIII

restriction fragments of L-MYC in cells incubated with
etoposide according to the same regimen of the treat-
ment rested unaffected in comparison with non-treat-
ed Namalwa cells (Fig. 1). We attempted further to an-
alyze the effects of short-term incubation with the same
doses of etoposide using MspI endonuclease produc-
ing more fragments upon DNA digestion. Neverthe-
less Southern blots of MspI digested genomic DNA from
etoposide treated (10 or 80 µM) and untreated Nama-
lwa cells upon hybridization with L-MYC probe were
essentially the same (Fig. 2, lanes 3�5). The same holds
true for the patterns of C-MYC EcoRI restriction frag-
ments which were also unaffected upon short-term in-
cubation with etoposide at the same doses within the
range optimal for apoptosis induction (Fig. 3, lane 2).

The effects of subtoxic doses of etoposide on C-MYC
and L-MYC structure were also analyzed in the differ-
ent experimental settings. The treatment of Namalwa
cells with subtoxic doses of etoposide does not result in
immediate cell death, moreover the cells treated at the
doses less than 1 µM are quite viable and sustain the
growth for at least several passages. Several regimens
of treatment were analyzed. In most experiments cells
were treated with etoposide for at least 18 h, than cells
were washed and further incubated in drug-free medi-
um. Meanwhile in some experiments cells treated with
etoposide at the doses not exceeding 0.4 µM were fur-
ther cultured without washing of the drug, instead cells
were simply diluted with fresh medium allowing them to
be exposed subsequently to the trace amounts of the
drug. The representative patterns of L-MYC MspI frag-
ments in Namalwa cells treated with various doses of
etoposide are represented in Fig. 2. Such prolonged
treatment of Namalwa cells with subtoxic etoposide dos-
es has been shown to result in pronounced changes of
L-MYC structure. The pronounced redistribution of the
intensity of the bands which corresponded to standard
L-MYC fragments upon hydrolysis with MspI (9.5, 4.3,
3.8, and 3.0 kb) was revealed upon 3-days treatment
with 0.2 µM of etoposide (see Fig. 2, lane 2). At the same
time the same regimen of the treatment with 2 µM of
etoposide resulted in complete disappearance of low-
molecular weight L-MYC MspI fragments (4.3, 3.8, and
3.0 kb) (see Fig. 2, lane 1).

In another set of experiments the patterns of EcoRI
L-MYC fragment distribution have been analyzed in

Fig. 1. Southern blot of HindIII (lanes 1, 2) and EcoRI (lanes 3, 4)
digested genomic DNA from Namalwa cells treated for 24 h with
40 µM etoposide (lanes 1, 3) or from non-treated Namalwa cells
(lanes 2, 4). Blots were hybridized to L-MYC probe. Size of DNA
fragments (kb) was determined by comparison with the frag-
ments of λ phage ÍindIII digested DNA
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DNA isolated from Namalwa cells treated with etopo-
side using the same regimens as above. In this case
the typical EcoRI L-MYC fragments in Namalwa cells
were represented by 6.0 and 10.0 kb bands (Fig. 4, a,
lane 2). Etoposide treatment at the dose range 2�4 µM
has been shown to result in total disappearance of both
bands (see Fig. 4, a, lane 1) resembling the analogous
observations in the case of  L-MYC MspI fragments.
To prove that such a deletion was not an artifact the
same blot was re-hybridized with rDNA probe. Fig. 4,
b shows that upon re-hybridization the same blot was
positive. Therefore the disappearance of L-MYC frag-
ments seems to be indicative of the deletion of L-MYC
fragments being studied.

Southern blot hybridization studies with C-MYC
probe encompassing the 3d exon revealed similar but
not identical patterns of structural alterations upon eto-

poside treatment of Namalwa cells. 16 kb germ-line
EcoRI fragment was unaffected upon both short-term
incubation with doses optimal for apoptosis induction
(see Fig. 3, lane 2) and prolonged incubation in drug-
free medium after 4 h exposure to subtoxic (2�4 µM)
doses of etoposide (see Fig. 3, lane 3). Meanwhile 24 h
treatment with 0.4 µM etoposide followed by washing
out and further prolonged incubation in drug-free me-
dium resulted in appearance of extra hybridization band
of smaller size (5 kb) in addition to the major one (see
Fig. 3, lane 4), such results being suggestive of C-MYC
rearrangements under these experimental conditions.

We have attempted also to analyze structure of
C-MYC in T cell line MT-4 within similar experimental
settings. In this case we had to use only less stringent

Fig. 3. Southern blot of EcoRI digested genomic DNA from Na-
malwa cells treated with etoposide: 1 � control, non-treated cells;
2 � 80 µM, 24 h; 3 � 2 µM 4 h followed by washing out and further
6 days culture (2 sub-cultures) in drug-free medium; 4 � 0.4 µM
24 h followed by washing out and further 6 days culture (2 sub-
cultures) in drug-free medium. Blots were hybridized to C-MYC
probe. Size of DNA fragments (kb) was determined by compar-
ison with the fragments of λ phage ÍindIII digested DNA.

Fig. 5. Southern blot of EcoRI digested genomic DNA from MT4
cells treated with etoposide: 1 � control, non-treated cells; 2 � 0.4 µM
of etoposide for 4 h followed by washing out and further 10 days of
culturing (2 sub-cultures) in drug-free medium; 3 � 0.4 µM of eto-
poside for 10 days (2 sub-cultures). Blots were hybridized to C-MYC
probe. Size of DNA fragments (kb) was determined by comparison
with the fragments of λ phage ÍindIII digested DNA.

Fig. 2. Southern blot of MspI digested genomic DNA from Na-
malwa cells treated with etoposide: 1 � 2  µM, 72 h; 2 � 0.2 µM,
72 h; 3 � 80 µM, 24 h; 4 � 10 µM, 24 h; 5 � control, non-treated
cells. Blots were hybridized to L-MYC probe. Size of DNA frag-
ments (kb) was determined by comparison with the fragments of
λ phage ÍindIII digested DNA

Fig. 4. Southern blot of EcoRI digested genomic DNA from Na-
malwa cells treated with 4 µM etoposide for 96 h (1) and non-
treated Namalwa cells (2) upon hybridization to L-MYC probe
(a). Southern blot the same as in a, upon re-hybridization to prD-
NA probe (b). Size of DNA fragments (kb) was determined by
comparison with the fragments of  λ phage ÍindIII digested DNA.
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conditions of the treatment since T cell line was much
more susceptible towards cytotoxic and apoptosis-in-
ducing effects of etoposide. 13 kb and 8 kb EcoRI
C-MYC fragments characteristic of germ-line pattern
in MT-4 cells were unaffected upon 4 h treatment at
the dose of 0.4 µM with following prolonged culture in
drug-free medium. At the same time prolonged culti-
vation (10 days) in the medium initially containing 0.4
µM of the drug with following dilutions upon cell sub-
culture resulted in appearance of additional bands which
corresponded to restriction fragments of larger size,
namely 15.5, 17.0 and 22.0 kb in addition to major
germ-line fragments (Fig. 5).

Therefore long-term incubation of B cell line Nama-
lwa with subtoxic doses of etoposide resulted in L-MYC
fragment deletion which was not evident upon short-
term incubation with etoposide within the dose range
effective for apoptosis induction. At the same time incu-
bation of Namalwa cells with 0.4 µM of etoposide with
further culture in drug-free medium altered C-MYC
structure in these cells which is indicative of the stable
character of the detected alterations being fixed in sev-
eral successive cell generations. The alterations of
C-MYC structure were also evident in T cell line MT-4.
Meanwhile these alterations were of different character
with accompanying appearance of larger restriction frag-
ments being suggestive of C-MYC rearrangements upon
the prolonged exposure to very low doses of etoposide.

All these data are in line with the data of other authors
showing that the optimal time for expression of mutation
upon etoposide treatment in cell culture accounted to 2�
6 days [11, 12]. Single incubation with etoposide seemed
to be sufficient for generation of stable populations with
site-specific DNA rearrangements. In our studies alter-
ations in the structure of C-MYC and L-MYC upon pro-
longed treatment with small amounts of drug run in pa-
rallel with some cytogenetic changes observed in the
same cell samples (data not shown). Meanwhile C-MYC
and L-MYC alterations being observed could be irrele-
vant to apoptosis since such alterations were registered
at the doses of etoposide which were insufficient for ap-
optosis induction. These rearrangements appear to be
associated with the secondary leukemogenic effects
known for etoposide [13�15].

In our studies we have attempted to compare the
effects of etoposide on the structure of both C-MYC
and L-MYC genes. L-MYC gene and protein are known
to share the oncogenic activities and structural fea-
tures with the other MYC family members. N-MYC and
L-MYC genes may have a role in normal and malig-
nant hematopoiesis, being expressed in several hu-
man leukemias and leukemia cell lines. Preliminary
evidence has suggested that there is a variation in re-
striction fragment length polymorphism associated with
L-MYC locus which could play a role in predisposition
to the development of B-NHL and acute lymphoblastic
lymphoma [16]. This fact makes L-MYC more prefer-
able as hybridization probe to analyze MYC family
genes in some experimental settings. Moreover differ-
ential genes of MYC family are involved in distinct phys-

iological processes even in the same cell type [17]. In
addition L-MYC is characterized by different chromo-
somal location [18]. Therefore, it was of certain interest
to compare the effects of etoposide on the structure of
C-MYC and L-MYC as representatives of the same
oncogene family with different characteristics. Alter-
ations in L-MYC structure observed in our study were
manifested as rearrangements and partial deletions.
Therefore, the effects of etoposide on different repre-
sentatives of MYC family genes seem to follow similar
patterns irrespective of the apparent differences be-
tween the structure and chromosomal position of the
diverging members of the family.

Several authors have also observed genetic alter-
ations of analogous origin such as site-specific rear-
rangements of MLL gene caused by different topo-
isomerase II inhibitors [19, 20]. Specific deletions of
hypoxanthine phosphoribosyltransferase gene in leu-
kemic cells mediated through the illegitimate action of
V(D)J recombinase have been also shown to be in-
duced by etoposide [11]. The reason of existence of
the preferable sites of DNA cleavage upon incubation
with DNA II topoisomerase inhibitors is still unknown.
Again there is still rather controversial whether such
effects are exactly the same in different types of cells.

The question remains also whether the deletions
and recombinations occur more or less frequently in
specific genes, in actively transcribed vs non-tran-
scribed regions of chromatin or at any specific base
sequences. Any of these possibilities might contribute
to tissue specificity to etoposide as well as to the mech-
anisms of susceptibility to this drug.

 Meanwhile the deletions or rearrangements induced
by exposure to low doses of etoposide may represent
useful markers of recombinogenic effects of this drug.
It would be of interest to analyze such effects also in
myeloid cells as well as in normal peripheral blood cells
and, especially in normal progenitor cells as to assess
the importance of the effects under study in generation
of secondary leukemias in clinical settings.
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