
Abstract. Survivin is an apoptosis inhibitor found in many
tumors but not in most normal differentiated tissues, which
makes it an exciting target for cancer therapy. Survivin
expression has been shown to be associated with cell
proliferation in renal cancer and we previously demonstrated
the possibility of treating renal cancer with survivin-specific
siRNA and topotecan, which increased the uptake of siRNA
by KU19-20 renal cancer cells. We found in the present
study that the combination of siRNA and topotecan inhibits
survivin expression in Caki-1 renal cancer cells by another
mechanism. Caki-1 renal cancer cells expressed higher level
of survivin than KU19-20 cells did and survivin-specific
siRNA alone suppressed survivin expression only slightly.
The combination of topotecan and siRNA suppressed survivin
expression completely and inhibited cell proliferation.
Topotecan itself did not increase cellular uptake of siRNA
but suppressed survivin expression. It also increased trans-
fection efficiency without increasing cellular uptake of
siRNA. Although the mechanism of action varies between
cell lines, combination therapy using topotecan and siRNA
should offer an attractive approach for treatment of advanced
renal cancer.

Introduction

Renal cell carcinoma (RCC) accounts for 2-3% of adult
cancers and for 2% of cancer-related deaths (1), and the
prognosis for patients with advanced RCC is extremely poor.
The 5-year survival rate for patients with metastatic RCC is
only about 5% (2). Conventional systemic chemotherapy
and radiotherapy are usually ineffective (3) and only 10-20%
of the patients respond to treatment with interferons (IFNs)

(4). Many combination therapies have been proposed in
efforts to improve the treatment efficacy, but their response
rates are also insufficient: 11-43% for the combination of
IFN-α and vinblastine, 0-29% for the combination of IFN-α
and interleukin-2, and 0-47% for the combination of IFN-α,
interleukin-2, and 5-fluorouracil (5). Recently, tyrosine
kinase inhibitors were shown to prolong progression-free
survival, but their effect was not curative (6).

Abnormalities in the control of apoptosis play an important
role in tumorigenesis, and one of the inhibitors of apoptosis
is survivin (7), which is expressed in the G2/M phase of the
cell cycle and associates with the microtubules in the mitotic
spindle. When overexpressed, survivin has oncogenic potential
because it can overcome the G2/M checkpoint to ensure
mitotic progression (8). It also inhibits the terminal effector
proteases caspase-3 and caspase-7 (9). Because survivin is
found in many tumors but is not found in most normal
differentiated tissues (10), inhibiting its action is an exciting
topic in cancer therapy.

We have already shown in the KU19-20 RCC cell line
that the expression of survivin is associated with cell
proliferation and that the combination of the topoisomerase I
inhibitor topotecan and survivin-specific small interfering
RNA (siRNA) synergistically inhibits survivin expression and
cell proliferation (11,12). Suppressing the expression of
survivin might thus be an effective way to treat advanced RCC.

The suppression of survivin expression by siRNA is a
promising approach to selective cancer therapy (12,13),
but the transfection efficiency of liposome-mediated gene
delivery is generally low and differs between cell types.
Our previous result showed that survivin-specific siRNA
suppressed the expression of survivin in KU19-20 cells
effectively when its cellular uptake was increased by using
it in combination with topotecan (12).

Our study here shows that the RCC cell line Caki-1
expresses a higher level of survivin than the KU19-20 line
and that treatment with survivin-specific siRNA alone
suppresses survivin expression only slightly even though the
siRNA is successfully taken up into the cell. Combined
treatment with siRNA and topotecan did not increase cellular
uptake of siRNA but did suppress survivin expression
completely and inhibited cell proliferation. Interestingly,
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unlike in KU19-20 cells, we found that topotecan itself
inhibited survivin expression in Caki-1 cells. We also found
that topotecan increases transfection efficiency without
increasing the cellular uptake of siRNA.

Materials and methods

Cell culture. The Caki-1 RCC cell line was obtained from
the American Type Culture Collection (Rockville, MD,
USA). Cells were grown in DMEM medium containing 10%
fetal bovine serum and 0.3% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA).

Treatment with survivin-specific siRNA and topotecan. One
day before treatment, cells were plated in 6-well (for Western
blot analysis and cell cycle analysis) or 96-well (for cell
proliferation assay) culture plates. The survivin-specific
siRNA or non-sense siRNA (Santa Cruz Biotechnology,
Santa Cruz, CA) was mixed with Lipofectamin 2000 reagent
(Invitrogen) according to the manufacturer's instruction.
Then the mixture was administered to the cells in the DMEM
medium containing topotecan (Calbiochem, San Diego,
CA, USA) at concentrations ranging from 0 to 0.1 μg/ml. The
concentration of siRNA was set at 100 nM. For simultaneous
treatment, cells were maintained in this medium for 48 h and
then assayed for survivin expression and cell proliferation.
For metachronous treatment, cells were first maintained
for 24 h in DMEM medium containing survivin-specific
siRNA but not topotecan, maintained for another 24 h in
DMEM containing topotecan (0-1 μg/ml) and then assayed
for survivin expression and cell proliferation.

Cell proliferation assay. Cells were plated in 96-well culture
plates one day before treatment and then incubated under the
indicated conditions for 48 h, after which cell proliferation
was determined using the MTT assay.

Cell cycle analysis. After treatment under the indicated
conditions, cells were washed with PBS and harvested by
trypsinization. They were then resuspended in citrate buffer,
stained with propidium iodide following the method by
Vindelov et al (14), and then analyzed by flow cytometry
using the CellQuest program for calculation of the different
cell cycle phases.

Measurement of cellular uptake of siRNA. Cells were
transfected with fluorescein-labeled non-sense siRNA (Santa
Cruz Biotechnology) by the method described above and
cultured in the DMEM medium with or without topotecan
(0-0.1 μg/ml) for 48 h. They were then washed with PBS and
harvested by trypsinization, after which the cellular uptake of
fluorescein-labeled siRNA was measured by flow cytometry
using the CellQuest program.

Western blot analysis. Cells were homogenized for 15 min
on ice in RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF, 0.25% sodium deoxycholate, 1 mM
Na3VO4, 1 mM NaF, 1% NP40 and protease-inhibitor
mixture). Protein concentrations were measured using the
DC Protein Assay Reagent (Bio-Rad Laboratories, Hercules,

CA, USA). Samples were mixed with loading buffer,
resolved by 12.5% SDS-PAGE and transferred onto nitro-
cellulose membranes. After blocking with 5% dry skim-
milk, the membranes were incubated for either 1 h or over-
night with anti-survivin rabbit polyclonal antibody (Alpha
Diagnostic International, San Antonio, TX, USA). Then the
membranes were incubated at room temperature first for 1 h
with a biotinylated secondary goat anti-rabbit antibody (Bio-
Rad Laboratories) and then for another hour with strep-
tavidin-biotinylated alkaline phosphatase complex (Bio-Rad
Laboratories). Immunoreactivity was detected using an alka-
line phosphatase substrate kit following the manufacturer's
protocol (Bio-Rad Laboratories). The level of survivin
expression was semiquantified using the public domain
NIH Image program and normalized to the level of ß-actin
expression.

Results

Transfection efficiency differs between cell types, even
between the various types of RCC cells, making it difficult
to use RNA interference for general treatment of cancer.
We therefore combined the survivin-specific siRNA with
topotecan because we had found in the KU19-20 line of
RCC cells that topotecan increases transfection efficiency
by increasing the uptake of siRNA (12). The level of survivin
expressed by Caki-1 cells was 2.4 times that expressed by
KU19-20 cells (Fig. 1). Treatment with only survivin-
specific siRNA for 48 h suppressed survivin expression only
slightly, whereas simultaneous treatment with survivin-
specific siRNA and topotecan for 48 h synergistically
suppressed survivin expression (Fig. 2A) and inhibited
cell proliferation (Fig. 2B and C). Interestingly, topotecan
itself inhibited survivin expression in Caki-1 cells in a dose-
dependent manner. Cell cycle analysis also revealed the
increased sub-G1 fraction, which included apoptotic cells
induced by the suppression of survivin and decreased G2/M
fraction (Fig. 3).

To investigate whether topotecan increases transfection
efficiency in Caki-1 cells by the same mechanism that it does
in KU19-20 cells, we evaluated the changes in the cellular
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Figure 1. Expression of survivin in renal cancer cell lines. Survivin Western
blot analysis. Caki-1 cells expressed a 2.4-fold higher level of survivin than
did KU19-20 cells. Ratio = (survivin level)/(survivin level for the KU19-20
line). Both levels were normalized by the corresponding level of ß-actin
expression.
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uptake of siRNA by using fluorescein-labeled non-sense
siRNA. The cellular uptake of siRNA was not affected by the
treatment with topotecan for 48 h (Fig. 4). From these results,

we inferred that the effect of the combination of topotecan
and siRNA was in part simultaneous suppression of survivin
by both of the agents.
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Figure 2. Inhibition of survivin expression and cell proliferation by
simultaneous treatment with topotecan and survivin-specific siRNA for
48 h. (A) Survivin Western blot analysis. Survivin expression was syner-
gistically suppressed by the combination of topotecan and siRNA. Note that
treatment with siRNA alone suppressed survivin expression only slightly.
Topotecan itself also suppressed survivin expression in a dose-dependent
manner. Ratio = (survivin level)/(control survivin level). Both levels were
normalized by the corresponding level of ß-actin. (B) Cell viability using
MTT assay. (C) Microscopic examination. Cell proliferation was further
inhibited by the combination of topotecan and siRNA.
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Figure 3. Cell cycle analysis after 48-h treatment with topotecan alone and in combination with survivin-specific siRNA. The combination of topotecan and
siRNA increased the sub-G1 fraction, which corresponded to apoptotic cells and decreased the G2/M fraction. The percentage of the cells in the sub-G1

fraction is shown.
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Their combined effect, however, was synergistic, so one
could hypothesize that topotecan increased transfection
efficiency not by increasing the cellular uptake but in some
other way. When Caki-1 cells were treated first with siRNA
for 24 h and then with topotecan for another 24 h (meta-
chronous treatment), survivin expression was further inhibited
by the addition of topotecan, whereas survivin expression
was not suppressed by topotecan itself (Fig. 5). It is note-
worthy that the treatment with siRNA suppressed survivin
only slightly. The effect of topotecan on cellular uptake of
siRNA was negligible because the siRNA was removed
before the cells were treated with topotecan. This result
supports the hypothesis that topotecan increases the trans-
fection efficiency without increasing cellular uptake.

Discussion

Expression of survivin is associated with carcinogenesis,
tumor progression and decreased survival (15). Survivin is
found in many tumors but not in most normal differentiated
tissues (10) and has therefore been recognized as an attractive
target for cancer therapy. We have previously shown that
survivin expression is associated with cell proliferation in
RCC cells (11). Considering the low rate with which advanced
RCC responds to various systemic therapies, we have tried
to completely suppress survivin expression in Caki-1 cells,
which express a high level of survivin and do not respond
to survivin-specific siRNA treatment, by combining the use
of siRNA and topotecan.

RNA interference has been widely used in tumor gene
therapy and the suppression of survivin by siRNA has
been shown to decrease the survival of various cancer cells
(13,16-18). Complete suppression of survivin expression by
liposome-mediated transfection of siRNA, however, is often
difficult in part because of the relatively low transfection
efficacy of non-viral vectors (19). Many investigators have
therefore tried to increase transfection efficiency by combining
liposomes with agents such as topoisomerase II inhibitor,
steroids and insulin (20-22). In the present study, we
combined siRNA with topotecan, which has been shown
to increase the cellular uptake of siRNA by KU19-20 RCC
cells (12). Topotecan is a topoisomerase I inhibitor widely
used in the treatment of various cancers such as small cell
lung cancer, ovarian cancer and cervical cancer (23-25).
Its effectiveness against renal cancer, however, has been
investigated only in one small phase-II study (26).

The use of topotecan in combination with survivin-
specific siRNA decreased the expression of survivin and
inhibited cell proliferation dramatically. Topotecan did not
increase the uptake of siRNA by Caki-1 cells, as it does of
siRNA by KU19-20 cells, but did decrease survivin
expression in a dose-dependent manner. This discrepancy
in cellular uptake might be due to a difference between the
cell lines. That is, Caki-1 cells might be more capable of
taking up siRNA than KU19-20 cells are. KU19-20 cells
were able to take up only small amount of siRNA (5.3%
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Figure 4. Analysis of cellular uptake of siRNA after 48-h treatment with topotecan and fluorescein-labeled non-sense siRNA by flow cytometry. Percentage
of the cells taking up siRNA is shown. Topotecan did not increase cellular uptake of siRNA in Caki-1 cells.

Figure 5. Changes in survivin expression by metachronous treatment with
topotecan and survivin-specific siRNA. Survivin Western blot analysis.
Survivin expression was inhibited by the metachronous administration of
topotecan 24 h after transfection of siRNA. Note that treatment with siRNA
alone suppressed survivin expression only slightly and that topotecan itself
did not suppress survivin expression. Ratio = (survivin level)/(control survivin
level). Both levels were normalized by the corresponding level of ß-actin.
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without topotecan) and therefore cellular uptake could be
increased to its maximum level by topotecan (30.8%) (12),
whereas the amount of siRNA taken up by Caki-1 cells might
not have been increased by topotecan because the siRNA
uptake by Caki-1 cells is already almost at its maximum level
(39.4%) without topotecan. The effect of topotecan on
survivin expression has been discussed in only a few reports.
A study on prostate cancer cells stated that topotecan
decreased survivin expression (27). Topotecan was recently
shown to inhibit cell proliferation by inhibiting the
expression of epidermal growth factor receptor (EGFR) (28),
and epidermal growth factor (EGF) was reported to increase
survivin expression (16,29). Considering the role of EGFR in
RCC (30), one might speculate that topotecan suppresses
survivin expression by inhibiting EGFR expression and that
its effect on survivin expression differs between cell lines
depending on the contribution of EGFR signaling to survivin
expression.

Another mechanism of the suppression of survivin by
the combination therapy might be the change in the cell
cycle. Li et al reported that survivin was expressed in the
G2/M phase and was associated with the microtubules in
the mitotic spindle (8). According to the cell cycle analysis
in the present study, the number of cells in the G2/M fraction
was dramatically decreased by the combination of siRNA
and topotecan, which may in part explain the further
suppression of survivin.

Furthermore, topotecan might have increased the trans-
fection efficiency because the combination of topotecan and
siRNA suppressed survivin expression synergistically. The
metachronous treatment excluded the influence of topotecan
on the cellular uptake of lipoplex and showed that the
combination of siRNA and topotecan decreased survivin
expression, whereas topotecan itself did not. In this treatment
the topotecan itself probably could not suppress survivin
expression because the cells were treated with topotecan for
only half as long as they were in the simultaneous treatment.
This result suggests that topotecan may be able to decrease
survivin expression by increasing the transfection efficiency
without increasing cellular uptake. The basic mechanism of
lipofection is that lipoplexes are brought into cells by endo-
cytosis, trapped in endosomes, released into the cytoplasm
and transported to the nucleus (31). Transfection efficiency
will therefore be influenced by factors affecting each step,
and numerous studies have focused on this issue. Topotecan
was shown to increase cellular uptake of liposome in another
line of RCC cells (12). Progesterone and cholesterol may
increase the intracellular transport to the nucleus, and choles-
terol may also have an effect on cellular uptake (21). Topoi-
somerase II inhibitors increase the random integration of
transfected vectors into human chromosomes (20). Tamaddon
et al demonstrated that the release of oligodeoxynucleotides
from endosomes was dependent on the factors such as pH
and temperature (32), and synthetic influenza-based diINF-7
peptide was recently shown to increase the endosomal
escape of complexes and improve the silencing efficiency
(33). To our knowledge, there has been no report that
topotecan increased transfection efficiency without increasing
the cellular uptake of lipoplexes. Topotecan may also increase
transfection efficiency by stimulating the intracellular trans-

port of liposome and release of siRNA into the cytoplasm
from endosomes.

In summary, the combination of topotecan and survivin-
specific siRNA completely suppressed survivin expression.
Topotecan itself suppressed survivin expression and increased
transfection efficiency without increasing the cellular uptake
of siRNA. Although the mechanism by which this com-
bination therapy acts may differ between cell lines, this
combination therapy could shed light on the development of
novel treatment modality for advanced renal cancer.
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