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Survivin overexpression correlates with an apoptosis-resistant
phenotype in chronic myeloid leukemia cells
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Abstract. Survivin is a member of the inhibitor of apoptosis
protein family (IAP) that acts in both inhibition of apoptosis
and regulation of the cell cycle. Despite the fact that survivin
is overexpressed in almost all human malignancies, its expres-
sion is undetectable in most normal adult tissues, which is
what makes it a potential target for anticancer interventions.
The aim of this work was to investigate whether survivin is
involved in resistance to idarubicin (ida), a drug commonly
used in leukemia treatment. Cytotoxic assays using MTT
showed that 1 ¥M of ida could inhibit 50% of cell viability in
K562, a chronic myeloid leukemia cell line. Western blotting
analysis revealed that survivin expression was increased in the
cell line after treatment with ida 0.5 and 1 M concentrations,
protecting cells from ida-induced apoptosis. However, the
highest ida concentrations tested were able to inhibit survivin
levels and induce apoptosis in K562 cells, as evaluated by
morphology and caspase-3 and -9 activation. These results
indicate that survivin expression is involved in ida resistance
in K562 leukemic cells. Flow cytometry analysis of the cell
cycle showed that ida induced G2/M arrest in these cells and
there was a statistically significant positive correlation between
survivin expression and the percentage of cells in G2/M phase.
This work supports the idea that survivin may contribute to an
apoptosis-resistant phenotype by inhibiting ida-induced apop-
tosis and preventing cells from progressing in the cell cycle.

Introduction

Resistance to chemotherapeutic agents remains a major obstacle
for the effective treatment of many cancers. Several mechanisms
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are thought to be involved in the development of multidrug
resistance (MDR) and resistance to apoptosis has emerged as
an important one (1). Taken into account that chemoresistance
may arise from failure of neoplastic cells to successfully
undergo apoptosis, many pathways such as the inhibitor of
apoptosis proteins (IAPs) overexpression have been investi-
gated in order to clear if these proteins might be involved in
this homeostatic imbalance (2,3). Survivin is a member of TAPs
that is expressed in embryonic and fetal organs, but not in the
majority of terminally differentiated normal adult tissues (4).
On the other hand, it is strongly expressed in most of human
tumor types, what makes this protein a potential target for anti-
cancer interventions (5). Survivin overexpression is frequently
associated with an unfavorable prognosis and resistance to
chemotherapy and radiotherapy (6). Survivin not only regulates
apoptosis, but also controls cell division (7). Its expression is
increased in the G2/M phase of the cell cycle (8), a process that
requires a cell-cycle dependent transcription of the survivin
gene during the mitotic phase, as well as post-translational
modifications of the protein (9). Such pathway occurs domi-
nantly in normal cells, but the upregulation of survivin in G2/M
phase has already been observed in tumor cell lines (10).

In chronic myeloid leukemia (CML), survivin was found
to be expressed in accelerated and blastic phases but it was
low or undetectable in chronic phase of CML (11-13), what
suggests that survivin may be involved in the evolution from
the chronic to the blastic phase of CML. Despite the recent
incorporation of imatinib in the treatment of the blast phase
CML (14), the schema of treatment of blast phase CML has
been very similar to that used in acute myeloid leukemia
as the association of one anthracycline, daunorubicin or
idarubicin (ida), with cytosine arabinoside (ara-c) (15). It
has been already noted that ida (a semisynthetic derivative
of daunorubicin) is more active than daunorubicin in acute
myeloid leukemia and it has also showed to be a good promise
to blast phase CML (15-17). More recently it was suggested
that the association between imatinib and ida would be a good
schema for blast phase CML patients (18). The origin of ida
action is from the ability to diffuse across the cell membrane,
intercalate between DNA base pairs and target topoisomerase
II, leading to DNA single- and double-strand breaks (19).
Compared to other anthracyclines, this drug has the highest
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lipophilicity, characteristic that leads to the fastest accumula-
tion in the nucleus and the greatest cytotoxicity (20).

Considering that survivin is involved in chemoresistance
in cancer, the present study aimed to investigate the relation-
ship between survivin expression and resistance to ida in a
CML cell line. We found that CML cells exposed to ida had
survivin expression increased, consistent with an apoptosis-
resistant phenotype. In addition, ida induced G2/M arrest and
a correlation could be established between the percentage of
cells arrested in this phase and survivin levels. These findings
suggest that survivin overexpression is not only involved in
ida resistance in CML cells, but also related to the positive
regulation this protein undergoes during preparation to enter
G2/M phase and play its relevant role on chromossome segre-
gation and cell division.

Materials and methods

Drugs and chemicals. Ida (Idarubicin-Zavedos®) and doxo-
rubicin (doxorubicin hydrochloride®) were provided by
Pharmacia-Upjohn (Milan, Italy) and Eurofarma (Sao Paulo,
Brazil), respectively. The drugs were diluted in distilled water
and serial dilutions in RPMI-1640 were performed prior to
use. Tris (tris hidroximethyl aminomethane) was purchased
from Merck and MTT (3-(4,5-dimethylthiazlol-2-yl)-2,5-
diphenyltetrazolium bromide), from USB. Ficoll-Hypaque,
PBS (phosphate-buffered saline), RNAse (ribonuclease A)
and DMSO (dimethyl sulfoxide) were obtained from Sigma
Aldrich (St. Louis, MO, USA).

Cell culture. The human blast crisis CML K562 cell line was
obtained from the American Type Culture Collection, ATCC,
Manassas, VA, USA. Cells were cultured in RPMI-1640
medium (LGC Biotechnology) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco®) and maintained at
37°C under 5% CO, in a humidified atmosphere.

Cytotoxicity assay. Cell viability was evaluated by a modified
MTT assay (21). K562 cells (10° ml"') were treated with ida
for 24, 48 and 72 h, at a final concentration ranging from
1 nM to 10 uM. Briefly, cells were plated onto 96-well plates
in 200 ul growth medium and 20 ul of MTT (5 mg/ml in
phosphate-buffered saline) reagent was added to each well.
After incubation with MTT for 4 h at 37°C, the supernatant
was removed and 150 ul of DMSO were added to dissolve the
formazan salt. Absorbance at 492 nM was measured with an
ELISA reader (DTX 800 Multimode Detector from Beckman
Coulter, Fullerton, CA, USA) and the percentage of cell viability
was assessed as: (absorbance of ida treated cells/absorbance of
untreated cells) x 100. The concentrations and experiments were
done in triplicate. This assay was done as a preliminary experi-
ment to determine de ICs, (concentration able to inhibit viability
of cells in 50%).

Western blotting. For survivin detection, pellets of 2x10°
cells were washed three times with PBS and lysed in
ressuspension buffer (40 mM Tris-HCIl; 40 mM EDTA;
pH 7.5) and SDS (dodecyl sodium sulfate) 10% for 15 min
at 100°C. The total protein was determined using Bio-Rad
protein assay solution and 70 ug of lysates were subjected to
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SDS-PAGE onto 15% polyacrylamide gels (acrylamide/bis-
acrylamide 30%; 25% H,0; 115 mM Tris-HCI buffer pH 8.8;
Temed; APS). After electrophoresis, proteins were trans-
ferred to Hybond-P membranes, which were subsequently
stained with Ponceau red to assure equal protein loading and
transfer. The blots were blocked for 1 h at room temperature
with 5% non-fat dry milk TBS containing 0.2% Tween-20
before incubation with antibodies against Survivin (1:1000
dilution, R&D Systems, Minneapolis, MN, USA) or B-actin
(1:1000 dilution, Sigma-Aldrich) for 1 h in the same solution.
Secondary antibodies comprised horseradish peroxidase
(HRP)-labelled anti-mouse antibody (1:1000 dilution; GE
Healthcare, Buckinghamshire, UK) or anti-rabbit antibody
(1:1000 dilution; GE Healthcare). Blots were exposed to
them for 1 h, before four washing steps of 10 min each with
TBS-Tween. Antibody complexes were visualized by the
ECL detection system (GE Healthcare) and band intensities
were quantified using the VisionWorks software. The expres-
sion of survivin was normalized with respect to B-actin. As
a negative control for survivin expression, lymphocytes were
collected from normal individuals and isolated on a Ficoll-
Hypaque gradient.

Detection of apoptosis. Activation of caspases is a well
known key event in the apoptotic process and has been
used as a biochemical marker for induction of apoptosis in
leukemic cells (22). Thus, cleavage of procaspases-3 and -9
were analyzed by Western blotting. The method performed
has undergone some differences compared to the previously
described. A total of 80 ug of lysates was loaded and primary
antibodies against caspase-3 (1:500 dilution, BD Biosciences,
San Jose, CA, USA), caspase-9 (1:500 dilution, R&D Systems)
and B-actin (1:1000 dilution, Sigma-Aldrich) were incubated
overnight in TBS-milk. Membranes were probed with the
secondary antibody horseradish peroxidase (HRP)-labelled
anti-mouse antibody (1:1000 dilution; GE Healthcare).

For morphological analysis of apoptosis, aproximately
2x10* cells were harvested at different times after ida treat-
ment. Then, K562 cells were centrifugated onto slides by
cytospin (350 rpm, 5 min) and stained with May-Grunwald
Giemsa. Apoptotic cells were scored by their condensed
chromatin and fragmented nuclei compared to non-apoptotic
cells and microscopically identified in a x40 magnification.
The percentage of apoptotic cells was determined by counting
at least 200 cells from three separate preparations and calcu-
lated from the ratio: (number of apoptotic cells/total number
of cells) x 100. Results were visualized and registered in an
Eclipse E200 Nikon microscope connected to a Digital Sight
system. Images were captured by the NIS-Elements F2.30
software.

Cell cycle analysis. After ida treatment, 10° cells were harvested,
washed in PBS and incubated with 500 pl of propidium iodide
(PI) staining solution (PI 50 ug/ml diluted in citrate buffer
4 mM and Triton X-100 0.3%) and RNAse (100 pg/ml diluted
in citrate buffer 40 mM) for 15 min at room temperature.
DNA content was determined on a flow cytometer (FACScan
Becton-Dickinson, San Jose, CA, USA). A total of 10,000 events
were acquired per sample and populations in cell cycle phases
were quantified using the WinMDI software.
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Statistical analysis. Statistical analysis of the results was
performed using the Graph Pad Prism 4.0 software. Data
analysis was done using the Student's t-test to compare differ-
ences in viability between cells exposed or not to ida. The
Pearson's test was applied to investigate a correlation between
survivin protein expression and the percentage of cells arrested
in G2/M phase of the cell cycle. p<0.01 was considered statisti-
cally significant.

Results

Ida cytotoxicity in K562 cells. Because previous studies have
shown that ida exerts cytotoxic effects on leukemic cells
(23,24), we conducted preliminary experiments to determine
the ICs, dose of ida in K562 cells. The MTT assay revealed
that ida is cytotoxic at concentrations above 1 M, since the
concentrations ranging from 1 nM to 10 ¥M did not display
a statistically significant effect regarding inhibition in cell
viability (Fig. 1). After 48 h of incubation, we found that ida
1 uM was able to cause a 50% decrease in cell viability, which
was progressively inhibited when K562 cells were treated
with higher concentrations. On the basis of our observations,
we further examined the effect of ida ICs,, as well as half of
IC,, value, in subsequent experiments. Higher concentrations
of ida (10, 15 and 20 M) were also tested with the objective
of understanding drug mechanisms.

Survivin modulation as a response to ida treatment. Survivin
has been reported to modulate the balance between cell
viability and cell death in cancer (25). Therefore, we exam-
ined the effects of ida on the expression of survivin in K562
cells. Western blotting of total cell extracts revealed that ida
was able to induce survivin expression at lower concentra-
tions (Fig. 2). After cell treatment with ida 0.5 and 1 uM
for 48 h, there was an increase in survivin expression to
2.5-2.2-fold, respectively, which was quantified through the
survivin/B-actin densitometric ratio. However, the highest ida
concentrations tested reduced survivin levels in a significant
way. It was possible to observe a progressive reduction in the
levels of survivin when ida concentration was progressively
increased (Fig. 2). Survivin modulation was not a general
effect of members of anthracyclines, since K562 cells expo-
sure to doxorubicin did not lead to any changes in survivin
expression (Fig. 3). These data show that ida modulated
survivin expression, suggesting that this protein may be a
specific target for ida in leukemic cells.

Morphological changes of ida-treated K562 cells. As survivin
expression is involved in tumour resistance to chemothera-
peutic drugs in leukemia (26) and is associated with disease
progression in CML (12), the next step of our work was to
evaluate whether survivin expression would correlate with an
apoptosis-resistant phenotype in these cells. Morphologically,
cells undergoing apoptosis are characterized by the appear-
ance of apoptotic bodies, nuclear fragmentation, cromatin
condensation and cell retraction (27). Thus, the next step of
our work was to analyze morphological features of apoptosis
in K562 cells exposed to ida. By using morphological analysis,
it was possible to observe that there was a dose-dependent
induction of apoptosis after ida treatment. Despite cells treated
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Figure 1. Determination of the concentration of idarubicin (ida) capable of
inhibiting viability of K562 cells in 50% (ICs,), using the MTT assay. Cells
were treated or not with the indicated concentrations of ida for 24, 48 and
72 h. The viability of untreated cells was set at 100%. Ida decreased cell
viability in a dose- and time-dependent manner. ICs, value found for K562
cells was 1 uM for 48 h. All data are the mean + standard deviation of three
independent experiments. “p<0.01; Student's t-test.
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Figure 2. Western blotting analysis of the expression of survivin in K562 cells
treated or not with idarubicin (ida) for 48 h. Treatment with ida increases
Survivin levels in >200%, compared to untreated cells. However, survivin
expression is reduced with the increase in ida concentrations. Changes in
survivin levels induced by ida were expressed through the survivin/actin
densitometric ratio. The blots shown are representative of three independent
experiments. NC, negative control (see Materials and methods).
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Figure 3. Western blotting analysis of the expression of survivin in K562
cells treated or not with doxorubicin for 48 h. Doxorubicin exposure was able
to induce apoptosis in K562 cells, as visualized by the disappearance of the
precursor form of caspase-3. The apoptotic cascade activated by doxorubicin
in these cells did not involve survivin modulation, since its levels remained
unaltered after drug treatment. The blots shown are representative of three
independent experiments.
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Figure 4. Representative images of May-Grunwald/Giemsa stained K562 cells, exposed or not to idarubicin (ida) for 48 h. Morphological analysis revealed that
ida can induce apoptosis in K562 cells in a dose-dependent manner. The arrows point to the apoptotic features observed after ida treatment: presence of apoptotic

bodies, chromatin condensation and nuclear fragmentation. Magnification x40.
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Figure 5. Western blotting analysis of caspase activation after idarubicin
(ida) treatment. K562 cells were exposed to various ida concentrations
for 48 h. Ida 0.5 and 1 M did not alter procaspase-3 levels, while the
highest concentrations tested were able to reduce its levels, progressively.
Procaspase-9 cleavage could already be observed after treatment with ida
1 uM (ICs,) and occurs in a dose-dependent manner.

with ida at 0.5 and 1 yM concentrations displayed some apop-
totic features, as indicated by the arrows (Fig. 4), there were
already many cells which remained unaltered. Compared with
untreated cells, these concentrations were able to induce only
17 and 25% apoptosis in K562 cells, respectively. The highest
concentrations tested (10, 15 and 20 yM) caused a greater
cytotoxicity against K562 cells with the reduction in number
of live cells and the appearance of many apoptotic bodies
in the fields observed (Fig. 4). These data suggest that ida
induced apoptotic cell death in K562 CML cells.

Ida induces caspase-9 and caspase-3 activation in K562
cells. To confirm morphological data regarding induction of
apoptosis in K562 cells by ida, we assessed caspase-3 and
-9 activation through Western blotting. The processing of
caspase-3 was judged by the disappearance of the 32-kDa
precursor (procaspase-3), since the caspase-3 antibody used for
Western blot analysis did not detect the active 17-kDa subunit.
Concomitantly with high survivin expression, exposure of

K562 cells to 0.5 and 1 ¥M ida did not alter procaspase-3
levels (Fig. 5). On the other hand, ida downregulated procas-
pase-3 levels as concentrations were progressively increased,
what was associated with inhibition of survivin expression.
The activation of caspase-9 was detected after exposure to
1 uM ida for 48 h and was dose-dependent (Fig. 5), indicating
that ida-induced cell death is mediated by the activation of
caspases. These results suggest that survivin is involved in
resistance to ida-induced apoptosis.

Ida induces G2/M arrest. Survivin displays great relevance
for cell cycle progression (28) and acts during G2/M phase
transition (29). Consistent with this, the possible involvement
of survivin in cell division was analyzed by flow cytometry.
DNA content histograms revealed that ida at 0.5 and 1 yM
concentrations induced G2/M arrest in K562 cells (Fig. 6).
There was an accumulation of 50 and 39% of cells, respec-
tively, in G2/M phase, which was associated with induction
of survivin expression by ida. The highest ida concentrations
tested did not have the same effect upon cells, since there
was not an arrest in cell cycle, neither high survivin levels. In
addition, ida led to the appearance of a sub-G0/G1 peak in a
dose-dependent manner, corroborating our morphological
analysis regarding nuclear fragmentation. These data suggest
that survivin overexpression may also occur as a response to
the regulation survivin undergoes while playing its role in the
cell cycle.

Correlation between survivin expression and G2/M arrest.
Our results collectively allowed us to establish a correlation
between survivin expression and the G2/M phase. When
we compared changes that ida induced in survivin levels
with the percentage of cells arrested in G2/M, we obtained
a statistically significant positive correlation between these
two variables (Pearson r=0.9695; p=0.0014). Altogether, our
results suggest that survivin may contribute to an apoptosis-
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Figure 6. Flow cytometry analysis of idarubicin (ida)-induced alteration in K562 cells DNA content. Cell cycle was analyzed using PI-stained K562 cells,
after 48 h of incubation with the drug. The cell cycle phases were sub-G0/G1 (M1), GO/G1 (M2), S (M3) and G2/M (M4). The percentage of cells in each
phase was calculated from the histograms. Ida induced G2/M arrest in 0.5 and 1 uM. The appearance of a sub-G0/G1 peak showed that all concentrations tested

led to DNA fragmentation.

resistant phenotype by inhibiting ida-induced apoptosis and
preventing cell cycle progression.

Discussion

Evasion from apoptosis is a critical event in tumorigenesis and
constitutes a hallmark of cancer (30). Survivin is an inhibitor
of apoptosis protein (IAP), whose overexpression is a very
common feature observed in many types of malignancies and
seems to underlie tumor development and resistance to therapy
(31). Therefore, targeting survivin may have a direct role in
circumventing drug resistance and sensitizing cancer cells to
apoptosis induced by chemotherapeutic agents (32). In fact, it
has been already shown that targeting survivin is a potential
strategy, since survivin inhibition induced by anticancer agents,
antisense oligonucleotides or RNA interference techniques has
enhanced sensitivity of neoplastic cells to apoptosis (33-37).
Hence, our study aimed to understand if survivin overexpres-
sion would be involved in resistance to ida and if it would be

possible to modulate survivin expression through ida treatment
in K562 cells. Our interest in studying ida is due to the fact that
this drug is very effective in leukemia patients (38), besides it
is more effective than other members of anthracyclines in
inducing apoptosis (24).

First, our study demonstrated that ida at 1 #M concentra-
tion was capable to induce a decrease of 50% (ICs,) in cell
viability after 48 h of incubation (Fig. 1). The inhibition in
cell viability was not significantly observed when K562 cells
were exposed to lower concentrations. Next, we aimed to
analyze if ida treatment would be able to modulate survivin
levels, because some forms of chemoresistance in leukemia
may start from failure of tumour cells to undergo apoptosis
and survivin could play a role in this defect. Interestingly,
survivin was upregulated after a 48-hour incubation with
ida 0.5 and 1 uM in K562 cells, as demonstrated by Western
blotting (Fig. 2). Other studies have demonstrated that some
antineoplastic drugs can induce an increase in antiapoptotic
protein levels. Survivin overexpression was observed when
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Figure 7. Correlation between survivin expression and the percentage of K562
cells in G2/M phase. Cells were incubated with idarubicin (ida) for 48 h.
Survivin levels are expressed by the densitometric ratio Survivin/fB-actin.
The Pearson r (0.9695) and p (0.0014) values observed reveals a significant
positive correlation between the variables analyzed.

neuroblastoma cells were treated with staurosporine, leading
them to an apoptosis-resistant phenotype (39). Another study
has demonstrated that leukemic cells exposed to ida showed
an upregulation in the Bcl-2 antiapoptotic protein levels
(40), indicating that some concentrations of ida may activate
leukemic cellular mechanisms of defense.

The next step was to investigate if survivin would confer
resistance to ida and protect cells from apoptosis. After 48 h
of incubation, ida at 0.5 and 1 uM concentrations did not lead
to procaspase-3 processing, indicating that the drug did not
activate the effector caspase (Fig. 5). Confirming these data,
cellular morphological analysis showed that, after treatment
with 0.5 and 1 uM of ida, there were still many cells which
did not display apoptotic features and remained similar to the
control of untreated cells (Fig. 4). In an interesting way, the
exposure of K562 cells to the highest ida concentrations led
to survivin downregulation (Fig. 2). In accordance with other
studies afore-mentioned, which demonstrated that ida can
efficiently induce apoptosis in leukemic cells (22,24), cells
expressing low survivin levels underwent apoptosis, as showed
by caspase-3 and -9 activation (Fig. 5) and by the observation
of many apoptotic figures (Fig. 4). Consistent with this, two
recent reports from our group show that treatment of K562
CML cells with imatinib (41) or a new antitumoral compound,
a pterocarpanquinone structurally related to lapachol (42),
resulted in survivin downregulation and cell death, showing
that many chemotherapeutic agents can regulate survivin
while inducing apoptosis. These data suggest that survivin
expression is closely involved in resistance to ida treatment,
since K562 cells displaying high survivin levels had a defect
in the activation of the apoptotic machinery. This work is the
first to investigate a possible association between survivin and
resistance to ida in leukemic cells.

Contrasting with the effect observed after ida exposure,
incubation of K562 cells with doxorubicin, another anthra-
cycline, did not modulate survivin expression (Fig. 3). It
is important to highlight that doxorubicin is also effective
in inducing apoptosis in K562 cells, as visualized by the
reduction in procaspase-3 levels (Fig. 3), demonstrating that
not all anthracyclines have survivin as a target to activate the
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apoptotic cascade. These results show that doxorubicin might
overcome resistance and affect sensitivity by activating other
cell signaling pathways.

The results regarding ida-induced survivin overexpression
prompted us to analyze the involvement of survivin in cell cycle
since it is known that survivin has a dual role, having properties
both antiapoptotic and proliferative (43). Thus, we verified that
ida 0.5 and 1 gM induced a G2/M arrest after 48 h of treat-
ment, reaching 50% of K562 cells in these phases of cell cycle
(Fig. 6). Other groups also described that ida was able to induce
G2/M arrest in both K562 (19) and HL60 cells (44), indicating
that it may be a general ida mechanism of action. Reinforcing
our hypothesis, we could establish a correlation between the
percentage of cells in G2/M and survivin expression (Fig. 7). We
found that there was a positive correlation between the variables,
which was statistically significant (p=0.0014). Confirming our
results, it was demonstrated that G2/M-arrested cultures showed
an upregulation in survivin expression (39) and that survivin is
required for checkpoint activation following taxol exposure (45).
These data strongly suggest that survivin overexpression also
occurs as a response to the cell cycle modulation induced by ida
treatment, being related to the regulation survivin is submitted
throughout progression into G2 and M phases.

In conclusion, our work demonstrates that survivin upregu-
lation was assigned to the cell cycle status, being closely
associated with its role in cell division. Moreover, an important
point to emphasize is that survivin overexpression was associ-
ated with ida resistance in chronic myeloid leukemia cells,
corroborating previous studies which described survivin
role in chemoresistance in other models. This work provided
some spectrum of biologic parameters that may have implica-
tions in the understanding of survivin dynamics and role in
chemoresistance.
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