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Here, we show that inhibition of c-Myc causes a pro-
liferative arrest of M14 melanoma cells through cellular
crisis, evident by the increase in size, multiple nuclei,
vacuolated cytoplasm, induction of senescence-associ-
ated �-galactosidase activity and massive apoptosis. The
c-Myc-induced crisis is associated with decreased hu-
man telomerase reverse transcriptase expression, te-
lomerase activity, progressive telomere shortening, glu-
tathione (GSH), depletion and, increased production of
reactive oxygen species. Treatment of control cells with
L-buthionine sulfoximine decreases GSH to levels of c-
Myc low expressing cells, but it does not modify the
growth kinetic of the cells. Surprisingly, when GSH is
increased in the c-Myc low expressing cells by treatment
with N-acetyl-L-cysteine, cells escape crisis. To test the
hypothesis that both oxidative stress and telomerase
dysfunction are involved in the c-Myc-dependent crisis,
we directly inhibited telomerase function and glutathi-
one levels. Inactivation of telomerase, by expression of a
catalytically inactive, dominant negative form of re-
verse transcriptase, reduces cellular lifespan by induc-
ing telomere shortening. Treatment of cells with L-bu-
thionine sulfoximine decreases GSH content and
accelerates cell crisis. Analysis of telomere status dem-
onstrated that oxidative stress affects c-Myc-induced
crisis by increasing telomere dysfunction. Our results
demonstrate that inhibition of c-Myc oncoprotein in-
duces cellular crisis through cooperation between tel-
omerase dysfunction and oxidative stress.

The proliferative potential of normal cells in culture is lim-
ited to a finite number of population doublings, a phenomenon
known as cellular senescence or Hayflick limit (1) that is char-
acterized by a large, flat morphology, telomere shortening, a
high frequency of nuclear abnormality and induction of �-ga-
lactosidase activity (2, 3). Continued cell proliferation beyond
the Hayflick limit and further telomere erosion culminates in a
period of massive cell death termed crisis (3). The limited
capacity of human cells to replicate is an important tumor-
suppressive mechanism (4), indicating that cancer cells must
overcome this obstacle and achieve proliferation immortality

before they can form malignant neoplasms. Direct experimen-
tal evidence implicates telomere erosion as a primary cause of
cellular arrest (5, 6). Most cells with indefinite proliferative
ability maintain telomeres through the expression of the cata-
lytic subunit of the enzyme, the human telomerase reverse
transcriptase (hTERT)1 (7, 8), and the introduction of telomer-
ase into normal human cells provides telomere maintenance,
prevention of senescence or crisis, and extension of life span (5,
6). In the opposite type of experiment, inhibition of telomerase
in established tumor cell lines induces telomere shortening,
leading to chromosome end-to-end fusions, cell death, and
eventually arrest of culture growth (9–11). Recent evidence
suggests that although telomere length is an important trigger
for the onset of senescence, increased telomere dysfunction
results in a loss of chromosome end protection and induction of
senescence state (12).

Telomere dysfunction is not an absolute requirement for the
induction of senescence, because other kinds of damage can
contribute to the process. Reactive oxygen species (ROS), prod-
ucts of normal cellular oxidative process (13), have been shown
to be involved in senescence (14). Senescent cells are known to
have higher levels of ROS than normal cells (15). Moreover,
oxidative stress caused by sublethal doses of H2O2 (16) or
hyperoxia (17) can force human fibroblasts to arrest in a senes-
cent-like fashion (18–20). Overexpression of antioxidant genes
such as superoxide dismutase or catalase and the maintenance
of cell cultures in low oxygen environment extend lifespan (13,
21, 22). All of these results point to a strong correlation be-
tween telomere dysfunction and senescence, as well as between
oxidative damage and senescence. Growth beyond the senes-
cence checkpoint correlates with genetic lesions that interfere
with one or more key cellular mortality pathways, most prom-
inently Myc, Rb, and p53 (23, 24). This is consistent with the
findings that either activation of oncogenes or loss of tumor
suppressor function is necessary to override the repression of
telomerase in primary somatic cells.

The c-myc oncogene has been implicated in the regulation of
telomerase through its ability to induce the transcriptional
activation of hTERT (25–27). By using melanoma-derived
clones expressing low levels of c-Myc, we recently demon-
strated that telomerase plays a critical role in the c-Myc-de-
pendent tumorigenicity (28). We have also demonstrated that
the down-regulation of c-Myc decreases the intracellular glu-
tathione (GSH) content, resulting in apoptosis (29). In this

* This work was supported by grants from Italian Association for
Cancer Research, Ministero della Sanità, and CNR-MIUR. The costs of
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paper we found that GSH depletion and telomere loss induced
by c-Myc down-regulation cause the growth arrest of M14 hu-
man melanoma cells.

MATERIALS AND METHODS

Cell Culture—The stable transfectants expressing low levels of c-Myc
protein (MAS51, MAS53, and MAS57) and the control clone (MN2) were
previously obtained by transfecting M14 parental line with an expres-
sion vector carrying antisense c-myc cDNA and/or a neomicine selection
marker gene (30).

The M14-derived doxycycline-inducible clones expressing either low
c-Myc or the puromycin resistance gene were recently obtained by a
double transfection with a commercial inducible TET-ON gene expres-
sion system (Clontech) consisting of two expression vectors, one a reg-
ulator and the other a response vector carrying c-myc cDNA in anti-
sense orientation or only the selected marker (29). Doxycycline (Dox; 1
�g/ml) was administered every 24 h either in the clone carrying the
empty vector (control clone) or in the c-Myc transfectant.

The M14-derived stable transfectants expressing low levels of telom-
erase activity (MDN2, MDN4, and MDN16) and the control clone (MV3)
were previously obtained by transfecting the dominant negative form of
hTERT (DN-hTERT) cDNA (kindly provided by Dr. Weinberg) or the
puromycin resistance gene only (28).

Serial cell cultivation was done plaiting 105 cells on 6-cm-diameter
dishes; 5 days later the total number of cells in the dish were counted,
and 105 cells were replated again. This procedure was repeated for 18 in
vitro passages. The increase in population doubling level (�PDL) was
calculated according to the formula (�PDL � log(nf /n0)/log2, where n0 is
the initial number of cells, and nf is the final number of cells.

5 mM N-acetyl-L-cysteine (NAC; Sigma) or 1 mM L-buthionine sulfoxi-
mine (BSO; Sigma), doses with no toxic effect on cell survival, were
used. According to the different experiments, NAC or BSO was added to
the culture 24 h after plating and left in the medium for 24 h. The cells
were then washed and incubated with fresh medium for 4 days. This
procedure was repeated every culture passage. Intracellular GSH con-
tent was measured by a colorimetric assay (Bioxytech GSH-400; Oxis
International, Inc., Portland, OR), as described by the manufacturer.

Morphological Analysis—Senescence-associated �-galactosidase
(SA-�-gal) staining was performed as described by Dimri et al. (2).
Briefly, the cells were fixed with 2% glutaraldehyde in phosphate-
buffered saline for 5 min at room temperature, washed in phosphate-
buffered saline, and incubated for several hours in staining solution: 1
mg/ml 5-bromo-4-chloro-3-indolyl-�-D-galactoside (X-gal), 5 mM potas-
sium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl2 in phos-
phate-buffered saline, pH 6.0. The nuclei were stained with 1 �g/ml
Hoechst 22358, and cells were analyzed using a fluorescence
microscope.

Detection of apoptosis was performed in cytospin preparation by
terminal deoxynucleotide transferase-mediated dUTP nick end labeling
(TUNEL) assay using the ApopDETEK in situ apoptosis detection kit
(Enzo Diagnostic, New York, NY) as previously reported (28). The
percentage of apoptotic cells was determined by microscopic examina-
tion of TUNEL-treated slide at �200. For each slide, five fields were
examined, and 100 cells in each field were counted.

Flow Cytometric Analysis—Cell percentages in the different phases
of cell cycle were measured by flow cytometric analysis of propidium
iodide-stained nuclei as previously described (31) using CELLQuest
software (Becton Dickinson, San Jose, CA).

The percentage of cells synthesizing DNA was measured by flow
cytometry (Becton Dickinson) using bromodeoxyuridin (BrdU; Becton
Dickinson) incorporation, as previously described (30). Briefly, the cells
were labeled with BrdU at a final concentration of 10 �M for 24 h, and
the analysis was carried out at the end of BrdU labeling. The cells were
then incubated with 2 �g/ml of mouse anti-BrdU (clone BMC 9318;
Roche Applied Science) for 30 min at room temperature, and the BrdU-
positive cells were revealed with fluorescein isothiocyanate-conjugated
anti-mouse monoclonal antibody (1:20; Dako, SA, Glostrup, Denmark).

For ROS content, adherent cells were first assayed for viability and
then incubated with 4 �M dihydroethidium (Molecular Probes, Eugene,
OR) for 45 min at 37 °C. After incubation, the cells were analyzed by
flow cytometry.

Western Blot—Western blot and detection were performed as previ-
ously reported (30). Briefly, 40 �g of total proteins were loaded on
denaturing SDS-PAGE. Immunodetection of c-Myc and hTERT pro-
teins was performed by using mouse anti-c-myc monoclonal antibody
(clone 9E10; Santa Cruz Biotechnology, Santa Cruz, CA; 1:1000 dilu-
tion) and rabbit anti-hTERT polyclonal antibody (clone L-20; Santa

Cruz Biotechnology; 1:100 dilution). To check the amount of proteins
transferred to nitrocellulose membrane, �-actin was used as control.
The relative amounts of the transferred proteins were quantified by
scanning the autoradiographic films with a gel densitometer scanner
(Bio-Rad) and normalized to the related �-actin amounts.

Telomeric Repeat Amplification Protocol (TRAP)—Telomerase en-
zyme activity was measured with the PCR-based TRAP kit (Intergen
Company, Oxford, UK) according to the manufacturer’s instructions. To
define the sensitivity of the method and the semi-quantitative relation-
ship between protein concentration and ladder band intensity, different
amounts of protein extract (from 0.01 to 2 �g) were used for each cell
line and for all assays. In all cases, the reaction products were amplified
in the presence of a 36-bp internal TRAP assay standard, and each
extract was tested for heat sensitivity. Each set of TRAP assay included
a control reaction without extract.

Southern Blot—Total DNA was isolated using the standard proce-
dure. For each sample, 15 �g of DNA were digested with 40 units of
Hinf1 and electrophoresed on 0.8% agarose gel. DNA was denatured,
neutralized, transferred to a nylon membrane (Hybond N; Amersham
Biosciences), and cross-linked with ultraviolet light. The membrane
was hybridized with 5�-end [�-32P]deoxyadenosine triphosphate-labeled
telomeric oligonucleotide probe (TTAGGG)3 at 42 °C for 2 h in a rapid
hybridization buffer (QuikHyb hybridization solution; Stratagene, La
Jolla, CA). After washing, the filters were autoradiographed (Hyper-
film-MP; Amersham Biosciences) with an intensifying screen at �80 °C
for 24 h. The autoradiographs were scanned, and the mean telomere
length was calculated as reported by Harley et al. (32).

Cytogenetic Analysis—To obtain chromosome preparation, the cells
were incubated with 0.1 �g/ml colcemid for 1 h and trypsinized, then
incubated with hypotonic 0.075 M KCl for 20 min, fixed with methanol
to acetic acid (3:1 v/v), dropped onto frosted microscope slides, and
air-dried overnight. End-to-end fusions were evaluated in at least 50
Giemsa-stained metaphases from two simultaneously grown cultures
for each line and each treatment. For all the experiments, metaphase
preparations of the different cells were performed simultaneously un-
der the same conditions. The �2 test was used for statistical analysis.

RESULTS

c-Myc Down-regulation Causes Growth Arrest of M14 Mela-
noma Cells—We previously generated stable M14 melanoma
transfectants expressing low levels of c-Myc compared with
control cells (30). By using these transfectants, we here ob-
served that, starting from culture passage 7, their growth rate
slowed down, and then they stopped proliferating. In contrast,
the growth kinetic of control cells was unabated (Fig. 1A). This
effect was accompanied by a reduction of BrdU incorporation
(Fig. 1B); although control cells maintained a high and stable
labeling with BrdU (approximately 100%), BrdU-positive cells
decreased from approximately 90% to less than 10% in the
c-Myc transfectants with the increasing of culture passages.

To demonstrate the specific role of c-Myc in this phenome-
non, a M14-derived Dox-inducible c-Myc low expressing clone,
recently generated (29), was used. As previously reported, after
72 h of Dox administration, the cells showed a reduction of
c-Myc protein level by approximately 60% compared with un-
induced cells. Decreased c-Myc protein expression following
Dox administration caused a growth arrest during the in vitro
passages (Fig. 2). On the contrary, control cells showed no
change in growth. When Dox was removed in the Dox-induced
cells, they exhibited a growth rate similar to that of uninduced
cells or the control clone, from the eighth passage onwards.
Consistent with this result, c-Myc expression (Fig. 2, inset) was
lower in the Dox-induced cells than in the uninduced or control
clone, and it increased following Dox withdrawal.

Dox-induced cells showed distinctive cell characteristics as-
sociated with crisis. As cells passaged, a progressively in-
creased expression of SA-�-gal activity was observed in Dox-
induced cells, whereas a negligible amount was found in
uninduced cells (Fig. 3A). Moreover, although no alteration in
phenotypic characteristics was observed in uninduced and Dox-
induced cells at early passages, induced cells became enlarged,
often contained multiple nuclei, and had a vacuolated cyto-
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plasm from the eighth passage onwards (Fig. 3B, panel a). Cell
cycle analysis revealed elevated forward and side scatters,
which reflect increased cell size and granularity (Fig. 3B, panel
b), and a cell cycle profile substantially altered (Fig. 3B, panel
c). A significant decrease in the percentage of cells in G1 phase
was observed, which was the major factor contributing to a
reduced ratio of G1 to G2/M cells. Staining of nuclei with
Hoechst showed that cells contained multiple or multi-lobu-
lated nuclei (Fig. 3B, panel d). These morphological character-
istics predominated until day 5 of culture, and then apoptosis
appeared (Fig. 3B, panel e). TUNEL staining detected an in-
crease in the percentage of apoptotic cells with the increasing of
culture passages, TUNEL-positive cells reaching 60% at the
tenth in vitro passage.

c-Myc-induced Crisis Is Associated with an Impairment of
Telomerase Function and Alteration of Intracellular Redox
State—hTERT expression, telomerase activity, and telomere
length were analyzed as functions of long term passage in
culture. Western blot analysis (Fig. 4A), a semi-quantitative
TRAP assay (Fig. 4B), and terminal restriction fragment (TRF;
Fig. 4C) were performed in uninduced and Dox-induced c-Myc
transfectant after four, eight, and ten in vitro passages. It is
evident that hTERT protein expression and telomerase activity

were repressed in the Dox-induced cells compared with control
cells. The decreased hTERT expression and telomerase activity
were evident at the fourth passage, and they were unabated as
cells passaged. Consistent with a reduction of telomerase ac-
tivity, progressive telomere shortening occurred. As shown in
Fig. 4C, TRFs length ranged from approximately 12 to 6 kb,
with a mean length of approximately 8 kb in control cells. In
contrast, in Dox-induced cells TRFs were significantly shorter
already after 4 in vitro passages, ranging from 9 to 3 kb with a
mean length of approximately 6 kb, and it reached a mean
length of approximately 4 kb at the tenth passage.

c-Myc-induced crisis was also associated with alteration in
the intracellular redox state. As reported in Fig. 4D, the value
of GSH in Dox-induced cells was significantly lower (p � 0.01)
than control cells. As a consequence, a significant increase in
ROS production was observed (Fig. 4E). The measure of reac-
tive oxygen species revealed that although no change in ROS
content was evident in uninduced cells, approximately 30% of
ROS was already found after four in vitro passages, and this
percentage remained unchanged as cells passaged.

Restoration of Intracellular Glutathione Content Allows c-
Myc Low Expressing Cells to Escape from Crisis—To determine
whether the alteration of redox state influenced the c-Myc-de-
pendent crisis, intracellular GSH content was normalized be-
tween control and c-Myc low expressing cells. In particular,
control cells were treated with BSO, a specific inhibitor of GSH
synthesis, to decrease the GSH levels, and in the opposite
experiments, GSH levels were increased in the Dox-induced
c-Myc cells by adding NAC, which is known to provide cysteine
precursor for GSH synthesis. As shown in the Fig. 5A, the
intracellular GSH content was significantly reduced in BSO-
treated cells to levels comparable with c-Myc low expressing
cells. Nevertheless, BSO-treated cells continued to proliferate,
and the growth kinetic showed no change compared with un-
treated cells (Fig. 5B). NAC treatment of the c-Myc low ex-
pressing cells raised their GSH levels to those found in the
controls (Fig. 5A), enabling the treated cells to continue prolif-
erating, in contrast to the untreated cells (Fig. 5B). Moreover,
NAC-treated cells escaped from crisis at late culture passages
(Fig. 5C). In fact, the simultaneous analysis of SA-�-gal-posi-
tive and polinucleated cells revealed no significant difference
between untreated and NAC-treated c-Myc transfectant at pas-
sage 8, the percentage of SA-�-gal-positive and polinucleated
cells being approximately 40 and 10%, respectively, in all cells,
regardless NAC treatment. On the contrary, as cells passaged,
the difference between untreated and NAC-treated cells in

FIG. 1. c-Myc down-regulation causes growth arrest. A, growth of M14 parental line (f), MN2 control clone (�), MAS51 (�), MAS53 (E),
and MAS57 (‚) c-Myc low expressing clones after serial culture passages. B, incorporation of BrdU in a representative c-Myc low expressing clone
(gray bars) and in the control clone (black bar) at the indicated culture passages.

FIG. 2. The growth arrest is a c-Myc-specific event. Growth
kinetics and Western blot analysis of c-Myc protein expression per-
formed at passage 9 (inset) of M14-derived Doxycycline-inducible clones
expressing either the control selected marker or low levels of c-Myc.
Lane a and �, control clone; lane b and f, uninduced c-Myc transfec-
tant; lane c and �, Dox-induced c-Myc transfectant; lane d and ‚,
Dox-induced c-Myc transfectant where Dox was removed since the
eighth passage.
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terms of SA-�-gal-positive and polinucleated percentages be-
came evident. In fact, whereas approximately 60% of SA-�-gal-
positive cells were evident in the untreated cells at passage 10,
a reduction by approximately 70% was revealed in the NAC-
treated cells, and only a minimal presence of SA-�-gal activity
existed at passage 18. Similarly, NAC treatment was able to
significantly decrease the percentage of cells with supernumer-
ary nuclei by approximately 75%, the percentage of polinucle-
ated cells being approximately 25 and 5% in untreated and
NAC-treated cells, respectively. In addition, the percentage of
SA-�-gal-positive and polinucleated cells in NAC-treated cells
at passage 18 was similar to that observed in control cells.

Glutathione Depletion Cooperates with Telomerase Dysfunc-
tion in Inducing Crisis—To test the hypothesis that oxidative
stress could cooperate with telomerase dysfunction in the c-Myc-
dependent crisis, we directly inhibited telomerase function and
GSH levels. To this aim, an experimental model previously

generated (28), and consisting of three clones expressing a
catalytically inactive DN-hTERT and a control clone express-
ing the puromycin gene only, was used. We first evaluated the
effect of telomerase inhibition on growth properties (Fig. 6A).
The growth kinetic of cells carrying a control retrovirus vector
did not differ from those of parental cells (Fig. 1). In contrast,
following DN-hTERT introduction, the cells displayed many
characteristics of crisis, similar to what had been observed
after c-Myc down-regulation (Figs. 1–3). In fact, as shown in
Fig. 6B, the percentage of SA-�-gal cells in DN-hTERT cells
progressively increased with the culture passages, reaching a
value of approximately 70% at passage 14, whereas it remained
lower than 5% in control cells.

As expected, DN-hTERT cells showed a reduction of telom-
erase activity by approximately seven times lower than control
cells and telomere shortening (Fig. 6, C and D). On the con-
trary, no change in either c-Myc protein or intracellular GSH

FIG. 3. c-Myc down-regulation induces cellular crisis. A, percentage of SA-�-galactosidase-positive cells in uninduced (black bar) and
doxycycline-inducible c-Myc transfectant (gray bars) at the indicated culture passages. B, cellular morphology (panel a), cytofluorimetric dot plot
of forward (x axis) and side (y axis) scatter parameters (b), DNA content analysis (panel c; x axis shows propidium iodide staining, and y axis shows
cell number), Hoechst (panel d) and TUNEL (panel e) staining of uninduced (�Dox) and doxycycline-inducible c-Myc transfectant (�Dox) at the
indicated culture passages.
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content was observed between control and DN-hTERT cells
(Fig. 6, E and F).

To demonstrate a cooperative effect between oxidative stress

and telomerase dysfunction, the intracellular GSH content was
decreased in the DN-hTERT cells, and the growth kinetics of
untreated and BSO-treated cells were monitored. BSO treat-

FIG. 4. c-Myc-induced crisis is associated with an impairment of telomerase function and oxidative stress. A, Western blot; B, TRAP
assay; C, terminal restriction fragment; D, intracellular GSH content; E, flow cytometric analysis of ROS content in doxycycline-inducible clones
expressing either the control selected marker or low levels of c-Myc. Lanes a and bold line, control clone; lanes b and thin line, uninduced c-Myc
transfectant; lanes c and dotted line, Dox-induced c-Myc transfectant. Kbp, kilobase pair.

FIG. 5. Restoration of intracellular glutathione content reverts c-Myc-induced crisis. Intracellular GSH content (A) and growth kinetics
(B) evaluated in uninduced c-Myc transfectant, left untreated (f) or treated with BSO (Œ), and in Dox-induced c-Myc transfectant, untreated (�)
or treated with NAC (‚). C, percentage of SA-�-galactosidase-positive (black bars) and polinucleated cells (white bars) at the indicated culture
passages in uninduced and Dox-induced c-Myc transfectant, left untreated or treated with NAC.
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ment in DN-hTERT cells reduced the intracellular GSH con-
tent (Fig. 7A) to a level comparable with c-Myc transfectant
(Fig. 5A) and accelerated the growth arrest induced by the
inhibition of hTERT function (Fig. 7B). In fact, although DN-
hTERT cells stopped proliferating after 16 culture passages,
the BSO-treated cells had undergone growth arrest six pas-
sages before. These data were even more apparent from the
analysis of SA-�-gal-positive and polinucleated cells evaluated
at passage 10 (Fig. 7C). In fact, whereas approximately 70% of
BSO-treated cells expressed �-gal, only 20% of �-gal-positive
cells were present in the untreated DN-hTERT. Similarly, su-

pernumerary nuclei were increased in the BSO-treated cells,
with untreated and BSO-treated cells having 10 and 25% nu-
clei, respectively.

Oxidative Stress Increases Telomere Dysfunction—To study
how the change in the intracellular glutathione levels influ-
ences the c-Myc-dependent crisis, telomere status was ana-
lyzed. Fig. 8 shows terminal restriction fragment in the M14
parental line, in uninduced and Dox-induced c-Myc transfec-
tant, both untreated and treated with NAC, and in DN-hTERT
transfectants, both untreated and treated with BSO. In control
and uninduced c-Myc transfectant, TRF length ranged from

FIG. 6. Inhibition of telomerase induces crisis. A, growth of MV3 control clone (�), MDN2 (�), MDN4 (�), and MDN16 (‚) DN-hTERT
transfectants after serial culture passages. B, percentage of SA-�-galactosidase-positive cells in the control clone (black bar), MDN2 (light gray
bars), and MDN4 (dark gray bars) DN-hTERT transfectants at the indicated culture passages. C, TRAP assay; D, TRF analysis; E, c-Myc protein
expression; and F, intracellular GSH content in the control clone and in two DN-hTERT transfectants at the indicated culture passages. Lanes a
and black bars, control clone; lanes b and light gray bars, MDN2 DN-hTERT transfectant; lanes c and dark gray bars, MDN4 DN-hTERT
transfectant. Neg., negative; Kbp, kilobase pair.
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approximately 13 to 5 kb, with a mean length of approximately
8 kb. In contrast, TRFs in induced c-Myc transfectant were
significantly shorter, ranging from 7 to 2 kb with a mean length
of approximately 4 kb. Treatment of the c-Myc low expressing
cells with NAC, capable of restoring intracellular GSH content
and helping escape crisis (Fig. 5), did not modify telomere
length. TRFs in c-Myc transfectant treated with NAC were
superimposable to untreated cells. Similarly, in the opposite
experiment, treatment of the DN-hTERT transfectants with
BSO, capable of decreasing GSH levels and accelerating te-
lomere-based crisis, did not alter the mean length of telomere.
TRFs analysis, reported in Fig. 8, showed no significant differ-
ence in the mean of telomere length between DN-hTERT trans-
fectants treated with BSO and those left untreated, the aver-
age being approximately 4 kb in both groups of cell, regardless
of the GSH levels.

Data reported in Table I show that c-Myc transfectant had a
high frequency of telomeric fusions when compared with con-
trol cells. A significant decrease in telomeric fusion frequency
appeared in the c-Myc transfectant treated with NAC (p �
0.0001), when referred to untreated cells. The mean values of
telomeric fusion frequency of untreated and NAC-treated c-
Myc transfectant were 1.46 and 0.80, respectively. Similarly,
DN-hTERT transfectants showed a higher frequency of telo-
meric fusions (approximately 1.4), compared with that in con-
trol clone (0.27). Treatment of the DN-hTERT transfectants
with BSO significantly increased the number of telomeric fu-
sions (p � 0.0001), BSO-treated cells harboring a total of 132
fusions of 61 metaphases analyzed.

DISCUSSION

Overexpression of the proto-oncogene c-myc has been associ-
ated with neoplastic transformation in a variety of malignant
tumors (33). For human melanoma, c-Myc has been found to be
an independent prognostic marker (34) correlated with clinical
outcome in both primary and secondary disease (35–37). By
blocking the expression of this gene, using an antisense ap-
proach, our group has largely documented the importance of
the c-myc oncogene in controlling melanoma growth (38) and in
sensitizing this tumor to chemotherapy (31, 39). In this paper
we demonstrate that the down-regulation of c-Myc induces a
proliferative arrest of melanoma cells after serial in vitro
passages.

We first demonstrated that the growth arrest during the in
vitro passages was a c-Myc-specific event by withdrawing doxy-
cycline to increase c-Myc protein, which resulted in the return
of cell proliferation. That c-Myc low expressing cells underwent
crisis is indicated by their increase in size, the multiple nuclei,
vacuolated cytoplasm, induction of senescence associated �-ga-
lactosidase activity, and massive apoptosis. The cellular crisis
was associated with decreased telomerase activity through the
ability of c-Myc to directly reduced hTERT protein expression
and progressive telomere shortening. The observation that te-
lomere progressively shortened with c-Myc down-regulation
during the in vitro passages, which resulted in cell crisis, indi-
cates that telomere shortening may play an active role in the
crisis. This is further suggested by our previous findings that
inducing telomere lengthening by restoring telomerase activity
through exogenous expression of wild type and not the mutant
biologically inactive hTERT is accompanied by reactivated cell
proliferation and reversal of the reduced tumorigenic ability
because of c-Myc down-regulation (28). Here, to test the hy-
pothesis that telomerase dysfunction is involved in the c-Myc-

FIG. 7. Oxidative stress cooperates with telomerase dysfunction in inducing crisis. A, intracellular GSH content in MDN2 (light gray
bars) and MDN4 (dark gray bars) DN-hTERT transfectants untreated or treated with BSO. B, growth of MDN2 and MDN4 DN-hTERT
transfectants untreated (� and E) or treated with BSO (f and ●). C, percentage of SA-�-galactosidase-positive (black bars) and polinucleated cells
(white bars) in a representative DN-hTERT transfectant untreated or treated with BSO at the indicated culture passages.

FIG. 8. Oxidative stress does not alter telomere length. Termi-
nal restriction fragment in uninduced c-Myc transfectant untreated or
treated with NAC (performed at passage 10) and in DN-hTERT trans-
fectants untreated or treated with BSO (performed at passage 10). Lane
a, control clone; lane b, uninduced c-Myc transfectant; lane c, Dox-
induced c-Myc transfectant; lane d, Dox-induced c-Myc transfectant
treated with NAC; lane e, MV3 control clone; lane f, MDN2 DN-hTERT
transfectant; lane g, MDN2 DN-hTERT transfectant treated with BSO;
lane h, MDN4 DN-hTERT transfectant; lane i, MDN4 DN-hTERT
transfectant treated with BSO. Kbp, kilobase pair.
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dependent crisis, we directly inhibited telomerase function. We
demonstrated that reducing hTERT catalytic function causes a
phenotype similar to that observed after c-Myc down-regula-
tion, with a reduced telomerase activity, shortened telomere,
and cellular crisis. Our data are consistent with papers dem-
onstrating that inhibition of telomerase in established tumor
cell lines induces telomere shortening, cell death, and eventu-
ally culture growth arrest (9–11). It has been suggested that
p53 is a participant in the cellular response to telomere disrup-
tion and loss (40, 41). In our experimental model, however, the
c-Myc-dependent crisis does not appear to be dependent on
functional p53. In fact, although the sequencing analysis of the
p53 hot spots revealed that they were all wild type in M14
melanoma cells, the p53 oncoprotein was inactive because of its
inability to transactivate the MDM2 or p21 promoters in a
luciferase activity assay (data not shown). On the other hand,
p53 mutations are rare in melanomas (42, 43), even if its
pathway may be functionally inactivated (44).

Even though either inhibition of c-Myc or telomerase induces
cellular crisis in M14 cells, the onset of cellular arrest was
different between the c-Myc and DN-hTERT transfectants. By
comparing the growth kinetics of c-Myc and DN-hTERT trans-
fectants, a significant delay in the growth arrest was evident in
the DN-hTERT. In fact, despite the levels of telomerase activity
inhibition being absolutely comparable, c-Myc transfectants
completely stopped proliferating after 12 culture passages,
whereas DN-hTERT cells stopped after 16 passages. These
data were corroborated by the analysis of �-galactosidase ac-
tivity. These results suggested that, apart from the impairment
of telomerase function, other mechanisms could contribute to
the c-Myc-mediated crisis.

c-Myc down-regulation also induces an alteration in intra-
cellular redox state, in terms of glutathione depletion and
increased production of reactive oxygen species. The oxidative
stress is not due to telomere erosion, because these two c-Myc-
dependent biological effects are independent, c-Myc being able
to affect two different target genes transcription: hTERT, the
catalytic subunit of telomerase (25–27) and �-glutamyl-cys-
teine synthetase, the enzyme for GSH biosynthesis (29). Here,
we demonstrate that the alteration of these two different tar-
gets by c-Myc causes telomerase dysfunction and oxidative
stress, both involved in the c-Myc-dependent crisis. The crucial
role of redox state in the c-Myc-mediated crisis appears evident
from the data obtained by modulating the GSH levels in the
control and c-Myc low expressing cells. By treating control cells
with BSO, an inhibitor of GSH synthesis, no modification oc-
curred in the growth kinetic of cells. On the contrary, in the
opposite experiment, GSH increase by NAC treatment in the
c-Myc transfectant enabled cells to escape crisis. These results
indicate that although oxidative stress is not sufficient to in-
duce crisis, it is involved in the c-Myc-mediated cellular arrest.

Our data are in agreement with papers demonstrating that
oxidative stress is involved in senescence (14) and that overex-
pression of antioxidant genes, such as superoxide dismutase or
catalase, or the maintenance of cell cultures in low oxygen
environment, causes extension of lifespan (13, 21, 22).

Moreover, the results demonstrating that modulation of
GSH content has a significant effect on cellular crisis exclu-
sively in the c-Myc low expressing cells, suggest that oxidative
stress preferentially acts on dysfunctional telomeres. To test
the hypothesis that both telomerase dysfunction and oxidative
stress are involved in the c-Myc-mediated crisis, BSO treat-
ment was used to decrease GSH content in the DN-hTERT
transfectants. The GSH was reduced to levels comparable with
those evaluated in c-Myc transfectants and the growth arrest
induced by the inhibition of hTERT function accelerated,
clearly demonstrating that both biological effects are involved
in the c-Myc-dependent crisis. Analysis of telomere status, in
terms of both telomere length and dysfunction, demonstrated
that the change in the intracellular GSH levels influenced the
c-Myc-dependent crisis by modulating telomere dysfunction
rather than the mean telomere length. Our data are in agree-
ment with recent evidence, suggesting that although telomere
length is an important trigger for the onset of senescence,
increased telomere dysfunction results in a loss of chromosome
end protection and in an induction of senescence state (12). It
has also recently been demonstrated that specific molecular
alteration in telomere structure, such as the erosion of the
telomeric single-strand overhang, occurs at senescence (45). All
of these findings show that although length remains important,
preservation of telomere integrity is critical, regardless of te-
lomere length.

The results presented here have a therapeutic relevance. In
fact, unlike most conventional chemotherapeutic drugs, agents
that target telomerase may not induce cytotoxicity immedi-
ately after administration. This lag in therapeutic response
will permit continued tumor cell growth for a period of time
depending on the telomere length. Thus, the possibility of ac-
celerating cell death by combining agents inducing telomerase
dysfunction with drugs that cause oxidative stress may allow
clinically important tumor response. The link between telom-
erase inhibition and oxidative stress may provide a basis for
further studies employing a combination of inhibitors of telo-
merase and glutathione for cancer treatment.
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