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Overexpression of Bcl-xL, an anti-apoptotic member
of the Bcl-2 family, negatively correlates with the sensi-
tivity of various cancers to chemotherapeutic agents.
We show here that high levels of expression of Bcl-xL
promoted apoptosis of cells treated with an antisense
oligonucleotide (5�Bcl-x AS) that shifts the splicing pat-
tern of Bcl-x pre-mRNA from the anti-apoptotic variant,
Bcl-xL, to the pro-apoptotic variant, Bcl-xS. This sur-
prising finding illustrates the advantage of antisense-
induced modulation of alternative splicing versus down-
regulation of targeted genes. It also suggests a
specificity of the oligonucleotide effects since non-can-
cerous cells with low levels of Bcl-xL should resist the
treatment. 5�Bcl-x AS sensitized cells to several antine-
oplastic agents and radiation and was effective in pro-
moting apoptosis of MCF-7/ADR cells, a breast cancer
cell line resistant to doxorubicin via overexpression of
the mdr1 gene. Efficacy of 5�Bcl-x AS combined with
chemotherapeutic agents in the PC3 prostate cancer cell
line may be translated to clinical prostate cancer since
recurrent prostate cancer tissue samples expressed
higher levels of Bcl-xL than benign prostate tissue.
Treatment with 5�Bcl-x AS may enhance the efficacy of
standard anti-cancer regimens and should be explored,
especially in recurrent prostate cancer.

Cancers not completely eradicated by surgery or radiation
(localized therapy) may escape control by chemotherapy (sys-
temic therapy) because some cancer cells, especially those re-
sistant to apoptosis, survive treatment (1, 2). For example,
prostate cancer that recurs after potentially curative therapy,
or that presents in an advanced stage, is palliated with andro-
gen-deprivation therapy. Within several years most recur as
androgen-independent, metastatic disease that leads to death.
Recently, chemotherapy regimens have been developed that
allow palliation in most patients. While such treatments may
lead to re-remissions of 1 year or more, they have not proven to
increase survival (3–5).

Chemotherapeutic resistance usually arises due to overex-
pression of anti-apoptotic proteins such as Bcl-2 and Bcl-xL (2,
6–8). Bcl-2 is regarded as one of the most important proteins
protecting cancer cells from apoptosis and, to date, may be the

most highly studied member of the Bcl-2 family. However, in
an examination of 60 different cell lines from the National
Cancer Institute, Bcl-xL was shown to provide equivalent or
greater protection against cytotoxic agents than Bcl-2. Higher
levels of Bcl-xL correlated with decreased cellular sensitivity
toward a variety of chemotherapeutic reagents; there was no
such correlation for Bcl-2 (6). Other studies have shown that
high levels of Bcl-xL contributed to increased risk of metastasis
in breast cancer (9) and protected cancer cells from chemother-
apeutic agents (10, 11). In addition, cancer cells were sensitized
to various apoptosis-inducing agents if Bcl-xL levels were
decreased (12, 13).

Bcl-xL and Bcl-xS are splice variants produced by alterna-
tive splicing of Bcl-x pre-mRNA (14). While Bcl-xL is anti-
apoptotic, Bcl-xS has been shown to induce cell death (15, 16)
and sensitize cancer cells to chemotherapeutic agents (17–20).
Bcl-xS inhibits the anti-apoptotic effects of Bcl-xL and Bcl-2,
possibly by forming heteroduplexes with these proteins (21)
and/or by acting as a dominant negative gene product (22).
Decreasing Bcl-xL and increasing Bcl-xS levels may initiate
pro-apoptotic events through various cellular mechanisms
that, alone or in synergy with the action of antineoplastic
agents, lead to cell death.

We have shown previously that a 2�-O-methyl-oligoribo-
nucleoside phosphorothioate (5�Bcl-x AS)1 targeted to the
downstream alternative 5�-splice site in exon 2 of Bcl-x
pre-mRNA shifted splicing from the Bcl-xL to Bcl-xS splice
variants; this treatment decreased the levels of Bcl-xL and
increased the levels of Bcl-xS proteins (23). The shift in splicing
induced cell death in oligonucleotide-treated PC3 prostate can-
cer cells and to a lesser extent in MCF-7 breast cancer cells. In
A549 lung epithelial cells, a similar treatment alone was inef-
fective; cell death resulted only from co-administration of radi-
ation or cisplatin (24). These findings prompted us to investi-
gate the differences in cellular responses as a result of
oligonucleotide-induced modification of Bcl-x pre-mRNA splic-
ing. We found that the endogenous level of Bcl-x is the main
factor that determines the extent of cell death induced by
5�Bcl-x AS. Treatment of PC3 and MCF-7 cells (two cell lines
that express different levels of Bcl-xL) with 5�Bcl-x AS sensi-
tized both cell lines to various chemotherapeutic agents and
radiation and increased cell death at lower doses of these
agents. Finally, prostate cancer expressed higher levels of
Bcl-xL protein than benign prostate. These results suggest that
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5�Bcl-x AS treatment may augment the effectiveness of radia-
tion and chemotherapy for prostate cancer.

EXPERIMENTAL PROCEDURES

Cells Lines and Prostate Tissue Samples—The treated human cancer
cell lines were from prostate (PC3, DU145), breast (MCF-7, MDA-MB-
231, BT-549, Hs578T) and cervical (HeLa) cancers. They included four
p53 mutant cells (PC3, DU145, MDA-MB-231, Hs578T) (25–28) and
three p53-positive cells (MCF-7, BT549, HeLa) (25, 28–30). Among the
breast cancer cell lines, two were ER-negative (MDA-MB-231, Hs578T)
(28) and two were ER-positive (MCF-7, BT549) (28, 29). PC3 and DU145
were androgen-insensitive prostate cancer cell lines. All cell lines were
originally from the ATCC and grown in a humidified incubator with 5%
CO2 at 37 °C. All cells were cultured in the presence of penicillin/
streptomycin or, for HeLa cells gentamycin/kanamycin, in the following
media. PC3: DMEM/F12 (Dulbecco’s Modified Eagle’s Medium), 10%
fetal calf serum (FCS); MCF-7: MEM (modified essential medium), 10%
FCS, 1� sodium pyruvate (Invitrogen), 1� non-essential amino acids
(Sigma), 10 �g/ml insulin (Invitrogen); MDA-MB 231 and Hs578T:
Dulbecco’s modified Eagle’s medium, 10% FCS, insulin (10 �g/ml); BT
549: RPMI 1640 (Invitrogen), 10% FCS, insulin (1 �g/ml); HeLa: MEM,
5% FCS, 5% horse serum, L-glutamine (2 mM; Invitrogen); and DU145:
MEM, 10% FCS, 1� sodium pyruvate, 1� non-essential amino acids.
Twenty-four hours prior to oligonucleotide treatment, all cells were
plated in 1 ml of media in 24-well plates at a density of 7 � 104 per well.

Research specimens were recovered from prostate tissue stored in
liquid nitrogen. Androgen-independent prostate cancer had been ob-
tained by transurethral resection from 10 men who presented with
urinary retention from recurrent prostate cancer 7–92 months after
androgen deprivation therapy. Histologic examination revealed poorly
differentiated prostate cancer (Gleason scores 8–10) that represented
an average of 92% (ranged from 72–99%) of the cross-sectional area of
the tissue sections. Ten specimens of benign prostate tissue had been
obtained from portions of adenoma removed at open prostatectomy;
absence of cancer was confirmed by frozen section.

Oligonucleotide Treatment—2�-O-methyl-oligoribonucleoside phos-
phorothioate 18-mer, antisense to the 5�-splice site of Bcl-xL (AC-
CCAGCCGCCGUUCUCC; 5�Bcl-x AS) was synthesized by Trilink Bio-
technologies, Inc. (San Diego, CA). 2�-O-methyl oligoribonucleoside
phosphorothioate 18-mers with randomized sequence and/or antisense
to human �-globin IVS2–705 sequence (31) were used as negative
controls; they were synthesized by Hybridon, Inc (Cambridge, MA).
Cells were treated with oligonucleotides complexed with DMRIE-C (8
�g/ml, Invitrogen) cationic lipid delivery agent (23).

Treatment with Antineoplastic Agents and Radiation—Cisplatin,
5-FU (5-fluorouracil), 5-FdU (5-fluorodeoxyuridine), etoposide, and
doxorubicin were obtained from Sigma. Their concentrations used in
treatment of oligonucleotide-treated PC3 and MCF-7 cells were in the
ranges of 0.001–10 �g/ml for cisplatin and 0.001–10 �M for the remain-
ing four drugs. 48 h after oligonucleotide transfection, the cells were
treated with the above compounds for the times indicated in the text
and figure legends. The variations in treatment were designed to max-
imize the response in subsequent assays (see below).

In radiation experiments, cells were replated in 10-cm plates 24 h
after oligonucleotide treatment. After overnight culture, cells were ir-
radiated using a 60Co �-irradiator at doses indicated in Fig. 7. The
numbers of re-plated and radiated cells were: control PC3 cells, 500 at
0–2 Gy, 1000 at 4 Gy; 5�Bcl-x AS-transfected PC3 cells: 500 at 0 Gy,
1000 at 1 and 2 Gy, 2000 at 4 Gy; control MCF-7 cells, 1000 at 0–2 Gy,
2000 at 4 Gy; 5�Bcl-x AS-transfected MCF-7 cells: 1000 at 0 Gy, 2000 at
1 and 2 Gy, 4000 at 4 Gy. After irradiation, cells were cultured, and
colonies stained and counted on day 10 of culture (see below), and the
percent viability (or replating efficiencies) was calculated.

RNA Isolation and Reverse Transcription-PCR (RT-PCR)—These
procedures were carried out as previously described (23). Briefly, 48 h
after oligonucleotide transfection, cells were lysed in 1 ml of TRI-
reagent (MRC, Cincinnati, OH), and total RNA was isolated. RT-PCR
was performed with rTth DNA polymerase (PerkinElmer Life Sciences,
Branchburg, NJ) in the presence of 0.2 �Ci of [�-32P]dATP and forward
(CATGGCAGCAGTAAAGCAAG) and reverse primers (GCATTGTTC-
CCATAGAGTTCC) at 70 °C, 15 min for the RT step followed by PCR:
95 °C, 3 min, 1 cycle; 22 cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for
1 min; and final extension at 72 °C for 7 min.

Colony Formation Assay—48 h after oligonucleotide treatment, 500
cells for PC3, DU145, MDA-MB 231, BT 549, MCF-7/ADR, and HeLa
and 1000 cells for MCF-7 and Hs578T were re-plated in 10-cm plates.
After 10 days under normal culture conditions surviving colonies were

stained with 5% methylene blue (Sigma) in 50% ethanol for 10 min.
Colonies larger than 50 cells were counted. For chemotherapeutic dose-
response experiments, re-plated, oligonucleotide-treated cells were
treated for 24 h with the chemotherapeutic agents. After treatment
with chemotherapeutic agents, the cells were washed with HBSS
(Hank’s Buffered Saline Solution, Invitrogen), and fresh medium was
added. The remainder of the procedure was the same.

Bcl-xL Western Blot—Total protein was prepared by lysing cells (one
well of a 24-well plate) or lysing prostate tumor tissues (200 mg tissue
sections finely ground to a powder) in radioimmune precipitation assay
(RIPA) buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 0.1% SDS, 1% sodium deoxycholate), and a mixture of protease
inhibitors (15 �l for every 1 ml of RIPA buffer, Sigma). 20 �g of total
protein were electrophoresed on a 15% SDS-polyacrylamide gel and
electrotransferred to polyvinylidene difluoride membranes. Blots were
probed with Bcl-xL (1:1000 dilution; Transduction Laboratories,
Lexington, KY) followed by a horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000 dilution; Bio-Rad). Bcl-xL migrated at �30
kDa. Equal loading and transfer were confirmed by staining the mem-
branes with Ponceau S (Sigma) and blotting with �-tubulin antibody
(1:4000 dilution; Sigma) followed by an HRP-conjugated secondary an-
tibody (1:5000 dilution; Sigma); �-tubulin protein migrated at �55 kDa.
Protein was visualized with ECL Plus (Amersham Biosciences)
treatment.

RNase Protection Assay (RPA)—Untreated cells were analyzed for
levels of Bcl-xL, Bcl-xS, Bax, Bak, Bcl-2, Mcl-1, and GAPDH genes with
a multiprobe template set (hAPO-2; BD PharMingen, San Diego, CA)
and RPA II RNase protection assay kit (Ambion, Inc., Austin, TX).
Reactions were carried out according to the manufacturers’ protocols.

Statistical Analysis—Prism (Graph Pad) software was used to gen-
erate dose response curves, calculate LC50 values, and for other statis-
tical analyses indicated in the figure and table legends.

RESULTS

Cell Death Affected by a Shift in Splicing from Bcl-xL to
Bcl-xS—To shift the alternative splicing pathway of Bcl-x
pre-mRNA from Bcl-xL to Bcl-xS, seven different cell lines were
treated with 5�Bcl-x AS antisense oligonucleotide targeted to
the downstream alternative 5�-splice site of exon 2 (Fig. 1) and
delivered to the cells with the aid of DMRIE-C cationic lipid
reagent. The treated cell lines originated from prostate (PC3,
DU145), breast (MCF-7, MDA-MB-231, BT-549, Hs578T), and
cervical (HeLa) cancers and represented distinct genetic back-
grounds (see “Experimental Procedures”).

RT-PCR analysis of total RNA from untreated cells showed
that in all cell lines Bcl-xL mRNA was essentially the only
expressed splice variant; Bcl-xS was barely or not at all detect-
able (Fig. 2A, lane 1). Since the uptake of the lipid-oligonucle-
otide complex or the oligonucleotide antisense activity may
vary in different cells, for each cell line, the oligonucleotide
concentration was adjusted such that the splicing was shifted

FIG. 1. Alternative splicing of Bcl-x pre-mRNA. Use of the up-
stream alternative 5�-splice site (dotted line) in exon 2 yields the
shorter, pro-apoptotic splice variant, Bcl-xS. Use of the downstream
5�-splice site (thick solid line) results in the longer, anti-apoptotic splice
variant, Bcl-xL. Short bar below this splice site indicates 5�Bcl-x AS, an
antisense 2�-O-methyl phosphorothioate oligonucleotide, designed to
shift the splicing pattern from Bcl-xL to Bcl-xS. Boxes, exons; thin lines,
introns.
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�50–60%. Note that RT-PCR was carried out with 32P-labeled
dATP, which is incorporated into Bcl-xL and -xS spliced prod-
ucts with a 1.2:1 ratio. Thus, the autoradiograms shown in Fig.
2A slightly underrepresent the amount of newly generated
Bcl-xS mRNA. The extent of the oligonucleotide-induced shift
in splicing was confirmed by RPA (data not shown).

The effects of the treatment with 5�Bcl-x AS on the survival
of the cells from all seven cell lines was determined by a colony
formation assay. This method was chosen because it quantifies
the cumulative cell death over a prolonged 10-day period of
time. Short term apoptosis assays were not appropriate since
the time course of apoptosis induction varies from cell line to
cell line making it difficult to compare the overall extent of
apoptosis among different cell lines. The results shown in Fig.
2B demonstrated that the oligonucleotide treatment led to
death of the cells from all cell lines; PC3 cells were the most,
and HeLa cells were the least susceptible.

Endogenous Levels of Bcl-xL Determine the Cellular Re-
sponse to 5�Bcl-x AS—Since the extent of Bcl-xL/xS splicing
modification was normalized to approximately the same 50–
60% level (Fig. 2A) it appeared that other factors must have
contributed to the variability of the cellular response to 5�Bcl-x
AS treatment. No clear correlation was found between suscep-
tibility to 5�Bcl-x AS treatment and the level of expression of
functional p53 or ER genes; this indicated that Bcl-xL/Bcl-xS
effects are p53 (32, 33) and ER-independent (Fig. 2B). Further-
more, there was no correlation between 5�Bcl-x AS susceptibil-
ity, and the levels of expression of several Bcl-2 family mem-
bers (Bak, Mcl-1, Bcl-2, and Bax) determined by RPA of total
RNA from the seven cell lines (Fig. 3).

To further address this issue, an examination of the levels of
Bcl-xL mRNA was carried out by RPA. The results showed that
the levels of Bcl-xL were highest in PC3 cells, followed by MDA
231, DU145, Hs578T, MCF-7, BT549 and lowest in HeLa cells
(Fig. 4, A and B). Analysis of Bcl-xL protein by immunoblotting
with anti-Bcl-xL antibody established the same rank order of
Bcl-xL expression levels (Fig. 4, C and D). There was a high
degree of correlation (p value of � 0.0001 and r2 � 0.9601, by
Pearson correlation) between the levels of Bcl-xL protein in
untreated cell lines and death of 5�Bcl-x AS-treated cells, indi-
cating that cells containing higher levels of Bcl-xL were more
susceptible to 5�Bcl-x AS oligonucleotide treatment.

This counterintuitive result, that increased expression of
anti-apoptotic Bcl-xL at the same time facilitates cell death of
5�Bcl-x AS-treated cells, is best explained by the data illus-
trated in Fig. 5, A and B. The seven different cell lines were
treated with 5�Bcl-x AS at concentrations indicated in Fig. 2A
that resulted in 50–60% shift in Bcl-x pre-mRNA splicing.
Despite the fact that the relative amounts of Bcl-xL/xS mRNAs
were the same in all cell lines (i.e. the ratio of Bcl-xL to -xS was
�50–60%), RPAs of total RNA with a Bcl-xS-specific probe
showed that the absolute levels of Bcl-xS mRNA varied sub-
stantially (Fig. 5). PC3 cells had the highest and HeLa cells the
lowest content of this RNA, consistent with the expression
levels of Bcl-xL and not the extent of the shift in splicing. These
data suggest that highly expressing cells such as PC3 cells
have high levels of Bcl-x pre-mRNA, which when spliced pro-
duced large amounts of Bcl-xL mRNA. When targeted with
5�Bcl-x AS oligonucleotide splicing of Bcl-x pre-mRNA resulted
in large amounts of Bcl-xS mRNA (Fig. 5) and presumably
Bcl-xS protein. Previously observed differences in the level of
Bcl-xS protein in oligonucleotide-treated PC3 and MCF-7 cells
support this conclusion (23).

5�Bcl-x AS Sensitizes MCF-7 and PC3 Cells to Antineoplastic
Treatments—The 5�Bcl-x AS-induced shift in splicing may be
less effective against cancers with low Bcl-x expression levels

FIG. 2. Cellular response to 5�Bcl-x AS treatment. A, shift in
Bcl-xL/xS splice variant ratio. RT-PCR analysis of total RNA from
5�Bcl-x AS-treated cells (see text and “Experimental Methods”). The cell
lines (prostate cancer, DU145 and PC3; breast cancer, MCF-7, Hs578T,
BT-549, MDA-MB-231; cervical cancer, HeLa) are indicated above the
panels. Lane 1, mock transfection; lane 2, transfection with randomized
oligonucleotide; lane 3, transfection with 5�Bcl-x AS. The concentra-
tions of the oligonucleotides are indicated (top). B, 5�Bcl-x AS-induced
death of treated cell. Cells treated with the concentrations of 5�Bcl-x AS
that elicited 50% shift in Bcl-xL/xS splicing in each cell line were tested
in a clonogenic assay (“Experimental Methods”). Cell viability is ex-
pressed as percent colonies formed 10 days after treatment and nor-
malized versus control cells treated with the same concentration of
randomized oligonucleotide. In this and subsequent figures error bars
represent the S.D. from at least three independent experiments. Mu-
tant (M) and wild type (W) p53 and ER status are indicated below the
graph.
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(see also “Discussion” for additional considerations). Thus, we
sought to determine if the applicability of this approach could
be extended to more resistant cells if the 5�Bcl-x AS treatment
is combined with conventional antineoplastic agents. The ex-
periments were carried out on the MCF-7 breast cancer cell
line, a cell line relatively resistant to oligonucleotide treatment,
and the oligonucleotide-susceptible PC3 prostate cancer cell
line. Five apoptosis-inducing agents, cisplatin, doxorubicin,
5-FU, 5-FdU, and etoposide, which exert their cytotoxic effects
through different mechanisms (see “Discussion”) were selected
for these experiments. All of these chemotherapeutic agents
are a part of the standard set of anticancer agents included in
the National Cancer Institute’s drug screen (6).

Dose response curves were generated for MCF-7 cells treated
with 0.1 and 0.4 �M 5�Bcl-x AS followed by chemotherapeutic
agents. 0.4 �M random oligonucleotide-transfected or mock-
transfected cells served as negative controls. 0.1 and 0.4 �M

5�Bcl-x AS alone resulted in �35 and 50% shift in splicing and

59 and 38% viability, respectively (data not shown). The latter
values were normalized to 100% in order to determine the LC50

of the different drugs (see “Experimental Methods”). Examples
of the experimental data for cisplatin and doxorubicin are
illustrated in Fig. 6, A and B. The summary of the data for all
the drugs and MCF-7 and PC3 cells is in Tables I and II.

For MCF-7 cells, the 0.4 �M concentration of 5�Bcl-x AS
markedly decreased the LC50 values for cisplatin (�5-fold) and
doxorubicin (�6-fold) (Table I). Although the oligonucleotide
also sensitized the cells to a statistically significant degree to
5-FdU, the effect was not dose-dependent (see “Discussion”);
the effect was even lower for etoposide. The shift in Bcl-x
pre-mRNA splicing did not alter the sensitivity of MCF-7 cells
to 5-FU. Treatment of PC3 cells with 5�Bcl-x AS at concentra-

FIG. 3. Relative levels of expression of anti-apoptotic genes.
Ribonuclease protection assays (see “Experimental Methods”) for Bak,
Mcl-1, Bcl-2, and Bax (indicated above the graphs) were carried out on
total RNA from the cell lines indicated below the graphs. The mRNA
levels are normalized to the levels of GAPDH mRNA and expressed in
arbitrary units from NIH Image. Results are an average from two
samples.

FIG. 4. Variability of Bcl-xL mRNA and protein levels. A, rep-
resentative gel analysis of RNA protection assay for Bcl-xL (upper
panel) and GAPDH (lower panel) mRNA levels. B, relative Bcl-xL
mRNA levels, normalized for GAPDH, and expressed in arbitrary units
from NIH Image. C, representative immunoblot analysis of Bcl-xL and
�-tubulin protein levels (upper and lower panels, respectively). D, rel-
ative levels of Bcl-xL protein, normalized for �-tubulin, and expressed
in arbitrary units from NIH Image.
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tions of 0.01 and 0.08 �M led to a 35 and 55% shift in Bcl-x
pre-mRNA splicing and, respectively, to 58 and 25% viability
(data not shown). Addition of cisplatin and 5-FdU to oligonu-
cleotide-treated (0.08 �M 5�Bcl-x AS) PC3 cells led to a 10-fold
decrease in LC50 of these drugs. The LC50 values of etoposide,
5-FU, and doxorubicin were 2–3-fold lower in 5�Bcl-x AS (0.08
�M)-treated PC3 cells than that in control cells. For the latter
three drugs, oligonucleotide dose dependence was not found.

The effects of the oligonucleotide and antineoplastic treat-
ments on cell viability in all the experiments were assayed in
long term colony formation assays in tissue culture plates.
Thus, it could be argued that there is no evidence that these
treatments led to cell death by increasing apoptosis. We have
shown previously that the shift in Bcl-xL/xS splicing induced
apoptosis in PC3 and MCF-7 cells (23). We confirmed that the
combination of 5�Bcl-x AS with cisplatin or 5-FdU for PC3 cells
and with doxorubicin for MCF-7 cells induced PARP cleavage
(poly(ADP)-ribose polymerase, an indicator of apoptosis) to a
greater extent than each agent alone, as expected (data not
shown).

Soft agar colony formation tests were carried out to confirm
that the oligonucleotide/drug treatments caused cell death and
not merely reduced the ability of the treated cells to attach to
the culture plate. The 5�Bcl-x AS-transfected PC3 and MCF-7
cells were treated with cisplatin, doxorubicin, 5-FU, 5-FdU,
and etoposide at the LC50 concentrations of these drugs shown
in Tables I and II. Colony formation in soft agar and the
calculated effects of the treatments on cell viability closely
mirrored those obtained in the plate-based clonogenic assay
(data not shown). Thus, the combined results of the PARP and
soft agar assays indicate that the above treatments increased
apoptotic cell death.

5�Bcl-x AS Sensitizes MCF-7 and PC3 Cells to Radiation—
Overexpression of Bcl-xL is an important factor in mediating
radioresistance (34) whereas cells with lower levels of Bcl-xL
are more sensitive to radiation-induced apoptosis (35). Fur-
thermore, it was found that radiation down-regulates Bcl-xL in

MCF-7 cells (36). Thus, it seemed likely that the oligonucleoti-
de-induced shift in Bcl-xL/Bcl-xS splicing would sensitize can-
cer cells to radiation-induced apoptosis. Transfection of MCF-7
and PC3 cells with 5�Bcl-x AS (0.1 and 0.4 �M for MCF-7 and
0.01 and 0.08 �M for PC3 cells), followed by exposure to 1–4 Gy
doses of radiation, resulted in a statistically significant reduc-
tion of cell viability (Fig. 7, A and B). At 2 Gy and 0.4 �M 5�Bcl-x
AS oligonucleotide, MCF-7 cell viability was reduced to 24%,
compared with 40% for control oligonucleotide-transfected
cells. At the highest dose (4 Gy) the viability was further
reduced in a dose-dependent fashion to 5.8 and 3.4% for 0.1 and
0.4 �M Bcl-x AS, respectively, compared with 14.5% for control
oligonucleotide-transfected cells.

PC3 cells were found to be more sensitive to the combined
oligonucleotide-radiation treatment. Cell viability was reduced
close to 2-fold even at low doses (0.01 �M oligonucleotide and 1
Gy radiation). Under these conditions viability of the cells was
lower than that of control cells irradiated at a 2-Gy dose (Fig.
7B). As the radiation dose increased, the effects of the shift in
Bcl-xL/Bcl-xS splicing became less pronounced; at 4 Gy there
was no further sensitization, presumably because the radiation
alone induced massive cell death.

5�Bcl-x AS Induces Cell Death in the Multidrug-resistant Cell
Line, MCF-7/ADR—Since treatment of cancer cells with che-
motherapeutic agents may select resistant cells, we sought to

FIG. 5. Levels of Bcl-xS mRNA in 5�Bcl-x AS-treated cells. A,
representative gel analysis of RNA protection assay for Bcl-xS (upper
panel) and GAPDH (lower panel) mRNA levels in 5�Bcl-x AS (concen-
trations were as indicated in the legend to Fig. 2)-treated cells. B,
relative Bcl-xS mRNA levels, normalized for GAPDH, and expressed in
arbitrary units from NIH Image.

FIG. 6. Sensitization of MCF-7 cells to cisplatin and doxorubi-
cin by 5�Bcl-x AS. A and B, dose response curves to cisplatin and
doxorubicin of 5�Bcl-x AS-treated cells. The clonogenic assays were
performed on MCF-7 cells transfected with the oligonucleotides at con-
centrations indicated in the panel followed by treatment with increas-
ing concentrations of the drug. Cell viability of drug-treated cells is
expressed as percent of colonies formed after treatment and normalized
versus control cells treated with the oligonucleotide only. These data
were used to calculate drug LC50 values. See “Experimental Proce-
dures” for more details.
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determine if the oligonucleotide-induced shift in Bcl-xL/xS
splicing caused apoptosis in chemotherapy-resistant cells.
MCF-7/ADR cells, a p53 mutant (25) breast cancer cell line, are
highly resistant to apoptosis induced by chemotherapeutic
agents such as doxorubicin (37). Overexpression of the mdr1
gene, which codes for P-glycoprotein, is the principal mecha-

nism of the chemoresistance for these cells (38–41). Treatment
of MCF-7/ADR cells with 5�Bcl-x AS oligonucleotides resulted
in a dose-dependent shift in splicing from Bcl-xL to Bcl-xS (Fig.
8A). The EC50 of 5�Bcl-x AS (0.08 �M) was comparable to its
EC50 in PC3 cells (0.08 �M) and 5-fold lower than in parent
MCF-7 cells (0.4 �M). This effect appears to be due to increased
uptake of the oligonucleotide-DMRIE-C complex into the nuclei
(data not shown, see “Discussion”). The shift in splicing led to
a dose-dependent decrease in the viability of the MCF-7/ADR
cells (Fig. 8B). Although the 50% shift in Bcl-xL/xS splicing was
achieved at a 5�Bcl-x AS concentration lower than that in
MCF-7 cells, decreases in cell viability were comparable in the
two cell lines (compare Figs. 2B and 8B).

In order to examine this observation in more detail, the level
of Bcl-xL protein in MCF-7/ADR cells was determined and
plotted versus cell viability and compared with the other cell
lines studied. The level of Bcl-xL was similar to that of the
parent MCF-7 cells (Fig. 8C). The decrease in cell viability was
similar and agreed with the results obtained for other cell lines
(Fig. 8C, p � 0 .0001 and r2 � 0.9480 by Pearson correlation).
Thus, despite apparent changes in the oligonucleotide uptake
resulting in increased sensitivity of Bcl-xL/xS splicing to oligo-
nucleotide treatment, the decrease in cell viability remained
unchanged suggesting that it depended only on the endogenous
level of Bcl-x pre-mRNA as reflected in the levels of Bcl-xL
protein.

High Expression of Bcl-xL in Prostate Cancer—Since the
androgen-insensitive prostate cancer cell lines, PC3 and
DU145, had among the highest levels of Bcl-xL, we tested if
clinical specimens of prostate cancer recurrent after androgen
deprivation therapy exhibited increased expression of this
gene. Immunoblot analysis of prostate cancer and benign pros-
tate samples showed significant differences in the levels of
Bcl-xL between the two groups (p � 0.0012, 2-tailed Student’s
t test; Fig. 9). This suggests that Bcl-xL may play a role in the
progression of prostate cancer and that modulation of its ex-
pression may be a means of controlling that progression.

TABLE I
LC50 results for MCF7 cells transfected with 5�Bcl-x AS

MCF7 cells were transfected with 0.1 and 0.4 �M 5�Bcl-x AS that yielded, respectively, a 35 and 55% shift in splicing from Bcl-xL to Bcl-xS, or
with a control oligonucleotide. LC50 values were obtained from dose response curves, as shown in Fig. 6. See “Experimental Procedures” for more
details. Results are the mean values from three independent experiments. S.D. for all values were equal to or less than 0.02.

Cell line Treatment Etoposide 5-FU Cisplatin 5-FdU Doxorubicin

�M �M �g/ml �M �M

MCF-7 Mock 0.94 1.4 0.063 5.5 0.26
0.4 �M Control 0.84 1.1 0.061 5.4 0.29
0.1 �M 5Bcl-x AS 0.48a 1.0 0.056a 1.8a 0.19a

0.4 �M 5Bcl-x AS 0.49a 0.96 0.012b 1.4a 0.041b

LC50 decrease (0.4 �M

5�Bcl-x AS vs. Mock):
1.9 1.1 (NS) 5.3 3.9 6.3

a Significant difference from control cells (p � 0.05; one way ANOVA with Tukey post-hoc test).
b Significant difference from control and 0.1 �M 5�Bcl-x AS-treated cells (p � 0.05; one way ANOVA with Tukey post-hoc test.
c NS, Not significant.

TABLE II
LC50 results for PC3 cells transfected with 5�Bcl-x AS

PC3 cells were transfected with concentrations of 5Bcl-x AS (0.01 and 0.08 �M) that yielded, respectively, a 35 and 50% shift in splicing from
Bcl-xL to Bcl-xS. S.D. for all values were equal to or less than 0.023. Other details are as in the legend to Table 1.

Cell line Treatment Etoposide 5-FU Cisplatin 5-FdU Doxorubicin

�M �M �g/ml �M �M

PC3 Mock 2.2 12.2 0.19 5.8 0.030
0.08 �M Control 2.1 13.0 0.15 4.9 0.029
0.01 �M 5BclAS 0.67a 5.0a 0.13a 1.5a 0.017a

0.08 �M 5BclAS 0.62a 3.7b 0.02b 0.56b 0.016a

LC50 decrease (0.08 �M

5�Bcl-x AS vs. Mock):
3.5 3.3 9.5 10.4 1.9

a Significant difference from control cells (p � 0.05; one-way ANOVA with Tukey post-hoc test).
b Significant difference from control and 0.01 �M 5�Bcl-x AS-treated cells (p � 0.05; one way ANOVA with Tukey post-hoc test).

FIG. 7. Treatment with 5�Bcl-x AS sensitizes MCF-7 and PC3
cells to radiation. A, MCF-7 cells; B, PC3 cells. Clonogenic assay of
cells transfected with the oligonucleotides at concentrations indicated
in the figure followed by radiation at 1–4 Gy. Cell viability of irradiated
cells is expressed as percent colonies formed after treatment and nor-
malized versus control cells treated with the oligonucleotide only. As-
terisk indicates statistically significant difference versus control cells
(p � 0.05; one-way analysis of variance with Tukey post-hoc test).
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DISCUSSION

Several recent studies showed that antisense oligonucleoti-
de-mediated down-regulation of expression of Bcl-xL and other
anti-apoptotic genes enhanced apoptosis with and without ad-
ditional treatment with chemotherapeutic drugs (13, 18, 42–
47). In these approaches, the higher the expression of the
target mRNA, the less effective were the oligonucleotides. In
the work reported here, the opposite was true; the higher the
expression of Bcl-xL, the more pronounced the effects of the

5�Bcl-x AS oligonucleotide. These results show the power of
oligonucleotide modification of splicing and bode well for the
specificity of this approach.

The main advantage of splicing modification, especially in
the context of opposing Bcl-xL and -xS splice variants, is that
for every pre-mRNA molecule targeted with the antisense oli-
gonucleotide one molecule of anti-apoptotic Bcl-xL is replaced
with one molecule of pro-apoptotic Bcl-xS. The observations
that antisense down-regulation of Bcl-xL was not very effective
(23), or even promoted chemoresistance in some cases (48),
suggest that the key contributor to 5�Bcl-x AS oligonucleotide-
induced apoptosis was newly generated Bcl-xS. Importantly, as
shown here, this splice variant was effective regardless of the
expression profile of the targeted cells. This notion is well
illustrated by the lack of correlation of 5�Bcl-x AS-induced cell
death with the levels of Bcl-2, Bak, Bax, Mcl-1 apoptosis genes,
p53 status, estrogen receptor status (for breast cancer cells),
and mdr1 gene expression (MCF-7/ADR cells). Apparent lack of
impact of estrogen receptor status is particularly interesting
since estradiol, acting via estrogen receptors, has been shown
to activate anti-apoptotic pathways (49). Here, treatment of
MCF-7 ER-positive breast cancer cells and Hs578T ER-nega-
tive breast cancer cells with equivalent doses of 5�Bcl-x AS
resulted in similar levels of cell death. Furthermore, previous
results showed that culturing MCF-7 cells in estradiol-free
media did not enhance the apoptotic effects of 5�Bcl-x AS treat-
ment (23). Thus, it appears that high expression of Bcl-xS is
able to override several different anti-apoptotic pathways.
These findings may be exploited as a prognostic tool to identify
tumors that are most likely to benefit from 5�Bcl-x AS treat-
ment. It is therefore encouraging that prostate cancer has
higher levels of Bcl-xL compared with benign prostate (Fig. 9)
or lower grade tumors (50). Furthermore, 5�Bcl-x AS should be
quite specific as a drug since non-cancerous cells, that typically
express low levels of Bcl-xL, should be relatively resistant to
the treatment. While data presented in this paper suggest that
the endogenous level of Bcl-xL is a major factor in several cell
lines, the role of other factors in different cell lines cannot be
ruled out. For example, cells may degrade the oligonucleotide
faster, have different rates of mRNA turnover, varying expres-
sion levels of other apoptotic genes (such as caspases), or vary-
ing levels of proteins in pathways that interact with Bcl-xL
and/or Bcl-xS function (e.g. PKC- and MEK-dependent path-
ways that regulate Bcl-xL expression, Refs. 51 and 52, and
JNK, which phosphorylates Bcl-xL, Ref. 49).

The oligonucleotide-induced shift in splicing alone was able
to cause significant cell death in PC3 cells and was even more
effective in combination with chemotherapeutic agents, partic-

FIG. 8. Induction of cell death in MCF-7/ADR, multidrug-re-
sistant breast cancer cell line by 5�Bcl-x AS. A, RT-PCR analysis of
MCF-7/ADR cells transfected with increasing doses of 5�Bcl-x AS and
control oligonucleotide. Percent of Bcl-xS is shown below each lane. B,
clonogenic assay of control (open bars) and 5�Bcl-x AS-treated cells
(black bars). Cell viability is expressed as percent colonies formed after
oligonucleotide treatment versus mock-transfected cells. C, correlation
of Bcl-xL protein levels (expressed in arbitrary units converted to a
0–50 unit scale) with viability of the cells treated with 5�Bcl-x AS at
EC50,splicing.

FIG. 9. Expression of Bcl-xL in human prostate cancer and
benign prostate. Total protein from 10 cancer and 10 benign prostate
tissue specimens were analyzed for Bcl-xL content by Western blotting
with Bcl-x antibody. The intensities of the resulting Bcl-xL bands were
quantified and normalized versus �-tubulin (see “Experimental Meth-
ods”). Asterisk, statistically significant difference from benign tissue
(p � .0012; 95% CI; 2-tailed Student’s t test).
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ularly with cisplatin and 5-FdU. Similarly, in MCF-7 cells the
combination of cisplatin, 5-FdU, or doxorubicin with 5�Bcl-x AS
oligonucleotide was more effective than each agent alone. This
sensitization of cells indicates that in clinical treatments the
concentration of the toxic antineoplastic agents can be lowered
up to 10-fold if, for example, the results with PC3 cells and
cisplatin and 5-FdU could be recapitulated in prostate cancer
patients. Since in clinical trials, similarly modified oligonucleo-
tides were found to be relatively non-toxic (53, 54), overall
toxicity of the treatment would be reduced.

The specific mechanisms responsible for frequently observed
variations in the degree of sensitization to the different chemo-
therapeutic agents (55, 56) are not entirely clear. The five
tested chemotherapeutic drugs, as well as radiation, damage
DNA and induce apoptosis (57, 58). Yet, they varied in the ways
they acted in combination with 5�Bcl-x AS treatment. For ex-
ample 5� Bcl-x AS treatment effectively sensitized the cells to
5-FdU but not to 5-FU. The obvious difference between these
two drugs is that although both compounds incorporate into
DNA and affect its function, 5-FU is also incorporated into
RNA where it interferes with several processes including splic-
ing (59). To follow this lead, we have tested the effects of all the
drugs on the shift in splicing of Bcl-xL to Bcl-xS. Neither 5-FU,
nor for that matter the remaining drugs, had any clear effect on
splicing of Bcl-x pre-mRNA, as determined by RT-PCR of total
RNA of treated MCF-7 and PC3 cells (data not shown). On the
other hand, higher sensitivity of MCF-7 (wild type p53) versus
PC3 (mutant p53) cells to doxorubicin is consistent with the
observation that doxorubicin is most effective in cells with wild
type p53 (60). Even technical details such as order of addition
of drugs may affect their interactions (61). For example, Kano
et al. (62) found that in various cancer cell lines paclitaxel and
cisplatin could have antagonistic or additive effects depending
on the order of treatment. Evidently, the mechanisms under-
lying different effects of drug combinations are not readily
discerned based on simple assumptions. Additional work, most
likely based on the global assessment of gene expression of cells
treated with drugs and antisense oligonucleotides afforded by
microarray technology (63–65) will be needed.

The finding that the multidrug-resistant cell line, MCF-7/
ADR, is equal to the parent MCF-7 cells in its response to
newly spliced Bcl-xS is encouraging. It suggests that the Bcl-
xL/xS-dependent apoptotic pathways were not altered in the
resistant cell line. The result also suggests that in the clinical
setting, resistance due to overexpression of the mdr1 gene, may
still be overcome with the antisense therapy or that initial
combination therapy may reduce the probability of selection of
resistant cells. 5�Bcl-x AS treatment was unable to sensitize
the cells to doxorubicin (data not shown) indicating that, as
expected for a sequence-specific agent, the oligonucleotide did
not affect the mdr1 gene expression.

The fact that in MCF-7/ADR cells, the same reduction of
viability as in parent MCF-7 cells was achieved at lower con-
centrations of 5�Bcl-x AS oligonucleotide suggests that its up-
take was better in the doxorubicin-resistant cells. Experiments
with fluorescent-labeled 2�-O-Me oligonucleotide confirmed
that in these cells, there was higher nuclear accumulation of
the oligonucleotide (data not shown). Questions remain as to
whether there is a connection between this phenomenon and
overexpression of mdr1 or other means of drug resistance.
Likewise, investigation of the uptake of other modified oligo-
nucleotides, which appear to be more effective than 2�-O-Me
derivatives (66), into MCF-7/ADR or other mdr1-overexpress-
ing cells would be worthwhile. Positive answers to these ques-
tions would be very encouraging since the resistance of cancer
cells to apoptosis induced by chemotherapeutic agents is a

major obstacle that impairs the effective treatment of many
cancers.

The finding that cells that express higher levels of Bcl-xL
were more sensitive to 5�Bcl-x AS-induced cell death, suggests
that cancers that express high levels of Bcl-xL may benefit from
treatment with the oligonucleotide. In particular, the effects of
5�Bcl-x AS combined with chemotherapeutic agents may be
translated to clinical prostate cancer since recurrent prostate
cancer expresses high levels of Bcl-xL. The potential combina-
tion of 5�Bcl-x AS with standard anti-cancer treatments war-
rants further exploration, especially in recurrent prostate
cancer.
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