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Abstract Bcl-xL is an anti-apoptotic protein over-
expressed in colorectal cancers acting on both the
intrinsic and extrinsic pathways. We stably expressed
four diVerent short hairpin RNA (pSNG-xL1-4) target-
ing Bcl-xL in HCT 116 cells. HCT 116 pSNG-xL#1 pro-
duced a modest (30%) decrease in Bcl-xL expression
whilst Bcl-2 levels were similar to the parental cell line,
HCT 116 pSNG-xL#2 and 3 showed 50% decrease in
Bcl-xL and stable Bcl-2. HCT 116 pSNG-xL#3 showed
a concomitant decrease (50%) in Bcl-2. A decrease in
Bcl-xL sensitised cells to the small molecule inhibitor
of Bcl-xL, Antimycin A3 and the DNA topoisomerase
I inhibitors, SN-38 and camptothecin, but not to doxo-
rubicin. HCT 116 pSNG-xL#1 produced a moderate
increase in both senescence and apoptosis and a lim-
ited increase in SN-38 induced cell death while HCT
116 pSNG-xL#2 produced an increase in apoptosis but
reduced senescence. Finally, when both Bcl-xL and
Bcl-2 were decreased to a similar degree (HCT 116
pSNG-xL#3), senescence was signiWcantly increased
but apoptosis was limited. This eVect was conWrmed
in vivo after administration of irinotecan and was asso-
ciated with greater anti-tumour eVect. Optimal growth
inhibitory eVect was therefore observed when both
Bcl-xL and Bcl-2 were decreased to a similar extent.
Antimycin A3, in combination with SN-38 recapitu-
lated this phenotype in HCT 116 cells, suggesting a

potential role for small molecule inhibitors of Bcl-xL/
Bcl-2 in the treatment of colorectal cancer, potentially
in combination with irinotecan.
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Introduction

Cellular senescence is a signal transduction program
leading to permanent cell cycle arrest. Whilst replica-
tive senescence has long been recognised during
aging, a senescence like phenotype (SLP) has more
recently been implicated in response to drug treat-
ment in cancer [21]. Indeed, drugs inducing DNA
damage and modifying DNA structure such as doxo-
rubicin, etoposide and topoisomerase I inhibitor SN-
38 induce terminal growth arrest [4, 11]. SLP is char-
acterised by an absence of telomere shortening, nor-
mally observed during replicative senescence [13]
and expression of high levels of SA-� galactosidase
[4, 27].

The Bcl-2 family includes both pro-apoptotic (Bax,
Bak) and anti-apoptotic (Bcl-2, Bcl-xL) proteins,
which play a crucial role in mitochondria-driven cell
death. Overexpression of the anti-apoptotic protein
Bcl-2 has been shown to induce prolonged drug-
induced growth arrest and SLP, potentially inducing
resistance [20]. Moreover, Bcl-2 was required to
maintain c-Myc induced B cell lymphoma in vivo [17].
Bcl-xL over-expression has been shown to reduce the
sensitivity to various cytotoxic agents in murine
hepatocytes [12], the colon cancer cell line DLD1
[35], and the ovarian cancer cell line, A2780 [33].
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However, Bcl-xL has broader functions than Bcl-2 as
it can inhibit TNF-induced cell death by inhibiting
DISC formation while Bcl-2 does not [32]. In colorec-
tal cancer, Bcl-xL expression was shown to be higher
in carcinomas than in normal mucosa in a high pro-
portion of samples (83%) while Bcl-2 expression was
often decreased in carcinomas compared to normal
mucosa [2, 18].

Bcl-2 and Bcl-xL are appealing drug targets as
they can either be used to decrease cell death after
ischemia for example, or increase cell death in cancer
[16]. DiVerent approaches have been developed to
inhibit these two proteins: antisense oligonucleotides
targeting Bcl-2 or Bcl-xL mRNA, and now small
molecule antagonists such as antimycin A3 or ABT-
737 [23] targeting the proteins. Previous studies from
our laboratory have shown that Bcl-xL downregula-
tion using antisense oligonucleotides in the context
of wild type p53, increases the cytotoxicity of topo-
isomerase I inhibitor SN-38, by switching cell death
from senescence to apoptosis [11]. However, the
phase I study using this antisense (ISIS 15999) con-
Wrmed the limited tissue distribution of oligonucleo-
tide antisense and their limited application as
systemic therapies [31]. The expression of short hair-
pin RNA has been shown, at least in vitro, to be
more powerful in down-regulating target proteins
than antisense oligonucleotides [3]. In addition, short
interfering RNA have been investigated in vivo and
shown promising results [9]. In this study, we stably
transfected HCT 116 colon cancer cells with four
diVerent short hairpin RNA targeting Bcl-xL. We
validated the HCT 116 pSNG-xL isogenic cell lines
generated by determining their sensitivity to Anti-
mycin A3, an inhibitor of Bcl-xL and Bcl-2. We
investigated the growth inhibitory eVect of topoisom-
erase I inhibitors SN-38 and camptothecin and topo-
isomerase II inhibitor doxorubicin against the HCT
116 pSNG-xL cells and evaluated the extent of drug-
induced senescence after downregulation of Bcl-xL
and/or Bcl-2 both in vitro and in vivo.

Materials and methods

Materials

Camptothecin was purchased from SIGMA. Antimy-
cin A3 was obtained from the National Cancer Insti-
tute (Bethesda, MA, USA). Two mM aliquots in
dimethylsulfoxide (DMSO) were stored at ¡80°C.
Primers were provided by Cancer Research UK
research services (Clare Hall, London, UK).

Cell culture

HCT-116 cells were obtained from the European Col-
lection of Cell Cultures (Salisbury, UK). Cells were
grown in monolayer in RPMI 1640 medium supple-
mented with 5% FCS and 1% L-glutamine at 37°C in a
humidiWed atmosphere containing 5% CO2. Stable
transfectants were grown in presence of 500 �g/ml of
geneticin® (Invitrogen).

Vector constructs

Four 64-mer oligonucleotides targeting Bcl-xL mRNA
were designed according to Tuschl’s recommendations
[28] and inserted in pSUPER-Neo-GFP vector (pSNG)
(oligoengine, Seattle, WA, USA). The target
sequences are located between 193–211 (#1), 489–507
(#2), 605–623 (#3) and 834–852 (#4) nucleotides in the
Bcl-xL mRNA. A shRNA targeting the luciferase gene
(pSNG-Luc) according to the sequence published by
Elbashir et al. [10] was used as control siRNA. HCT
116 and HT-29 cells were transfected with 2 �g of the
diVerent constructs using EVectene® reagent (Qiagen,
Crawley, UK) and the shRNA-expressing population
was selected with geneticin® (Invitrogen) at the con-
centration of 500 �g/ml.

RNA isolation and real-time quantitative RT-PCR

RNA was isolated using Tri-Reagent (Sigma-Aldrich,
Irvine, UK). Bcl-xL and Bcl-2 mRNA levels were
determined using Quantitect® SYBR green RT-PCR
kit (Qiagen, Crawley, UK) on Rotorgene 3000 (Corb-
ett Research, Cambridge, UK). Five ng of total RNA
were used per reaction. The following primers were
used: Bcl-xL F: 5�ttggacaatggactggttga, Bcl-xL R:
5�ctccgattcagtcccttctg, Bcl-2 F: 5�tccatgtctttggacaacca,
Bcl-2 R: 5�ctccaccagtgttcccatct. 18S was used as refer-
ence gene (18S F: 5�aaacggctaccacatccaag and 18S R:
5�cctccaatggatcctcgtta). AmpliWcation conditions
were as follows: 15 s at 94°C (denaturation), 30 s
annealing and 30 s at 72°C (extension) for 45 cycles.
The annealing temperatures were 57°C for Bcl-xL,
56°C for Bcl-2 and 55°C for 18S. HCT 116 RNA was
serially diluted to build the standard curves. Results
are expressed as ratios between Bcl-xL or Bcl-2 and
18S.

Detection of Bcl-xL and Bcl-2 by Immunoblotting

Cells were resuspended in 100 �l/ million cells of lysis
buVer [50 mM HEPES (pH 7.4), 1% Triton X-100,
0.5% sodium deoxycholate, 150 mM sodium chloride,
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5 mM EDTA with protease inhibitors pepstatin A
2 �g/ml, aprotinin 10 �g/ml, leupeptin 10 �g/ml, and
phenylmethylsulfonyl Xuoride 100 �g/ml]. Twenty �g
aliquots of total protein were denatured in loading
buVer (95°C, 5 min), electrophoresed on a 10% SDS-
PAGE gel, and transferred to a polyvinylidene Xuo-
ride Immobilon-P transfer membrane (Millipore).
Membranes were blocked in 5% fat-free milk powder
(Marvel; Premier Brands) in TBS (pH 7.5) with
0.1% TBS-T for 1 h at room temperature, incubated
with primary antibody in 5% Marvel in TBS-T 1 h at
room temperature and washed in TBS-T, and incu-
bated with secondary antibody conjugated to horse-
radish peroxidase (1 h at room temperature). After
additional washing in TBS-T and TBS, blots were
visualized by chemiluminescence (Santa Cruz
Biotechnology).

Cytotoxicity assay in vitro

Drug concentrations that inhibited 50% of cell
growth (IC50) were determined using the sulforhod-
amine B technique [24]. Cells were plated on day 1 in
96-well plates at a density of 2,500 cells/well for HCT
116 and the diVerent isogenic cell lines. Cells were
treated on day 2 with increasing concentrations of
drug for 24 h. After drug exposure, cells were washed
once with cold phosphate buVered saline (PBS) and
placed in 200 �l of drug-free medium for 72 h after
the end of drug exposure. The cells were then Wxed
with trichloracetic acid and stained with sulforhod-
amine B. Optical densities were measured at 540 nm
with a Biohit BP-800 (Bio-Hit, Helsinki, Finland).
Growth inhibition curves were plotted as percentage
of control cells and IC50s were determined by Graph-
pad Prism 3 Software (Graphpad Software, San
Diego, CA, USA) using a sigmoidal curve Wtting with
variable slope. The goodness of Wt determined by r2

was greater than 0.9 and the Hill coeYcient <¡1. The
results are based on 3–4 independent experiments
performed in triplicate and are presented as mean
and 95% conWdence intervals. For the combination
study of SN-38 and AA3, HCT 116 cells were
exposed to SN-38 for 24 h followed by AA3 for 24 h.
Median eVect analysis was used to determine the
interactions between SN-38 and AA3. Dose response
interactions (antagonism, additivity, synergism) were
expressed as a non exclusive case combination index
(CI) for every fraction aVected or killed (Fa), using
the method of Chou and Talalay [7] and Calcusyn
software. A CI < 1 indicates synergism, >1 indicates
antagonism, and CI value of 1 indicates additivity of
the drugs.

Determination of SA �-galactosidase activity

HCT 116 pSNG-xL clones were plated in 24-well plates
(104 cells/well). Cells were treated with SN-38 0.5, 1,
2.5, 5 and 10 nM, 10¡9 M for 24 h. Cells were washed
with PBS and grown in drug-free medium for 8 days.
SA-� gal activity was detected after Wxing the cells with
freshly prepared 2% formaldehyde solution in PBS.
Cells were incubated overnight at 37°C in presence of a
staining solution containing 1 mg/ml X-Gal, 5 mM of
potassium ferricyanide, 5 mM potassium ferrocyanide
2 mM magnesium chloride in a 40 mM citrate/sodium
phosphate solution pH 6. Cells were examined under
the microscope and the proportion of enlarged blue
cells was estimated from 2,400 cells distributed in 12
diVerent areas within the wells.

QuantiWcation of senescent cell fraction using PKH2 
labelling and propidium iodide staining

Drug-induced senescence associated with prolonged
cell cycle arrest was determined by PKH2 labelling as
described by Chang et al. [4]. BrieXy, cells were
labelled with the lipophilic Xuorophore PKH2
(SIGMA) according to manufacturer’s instructions and
106 cells were plated in 100 mm Petri dishes. The fol-
lowing day, cells were exposed to 5 nM SN-38 for 24 h.
Surviving cells were harvested on day 8, Wxed with eth-
anol, and stained with propidium iodide (20 �g/ml Wnal
concentration). The fraction of cells presenting high
PKH2 Xuorescence (FL1 Xuorescence >100) and DNA
content >4N (senescent-like phenotype) was calculated
in SN-38 treated samples and compared with untreated
cells.

Mitochondria membrane potential detection 
by JC-1 staining

Mitochondrial membrane potential was detected
using JC-1 cationic dye (Molecular probes, Cam-
bridge, UK) according to manufacturer’s instructions.
BrieXy, cells were exposed to 100 nM CPT for 24 h.
Forty-eight hours after the end of drug exposure,
5 £ 105 cells were collected, washed once with ice
cold PBS, stained with 0.5 ml 1 £ JC-1 reagent and
then incubated at 37°C in a 5% CO2 for 15 min. After
incubation, cells were washed twice with 2 ml cell cul-
ture medium and re-suspended in 0.5 ml complete
medium. Samples were analysed on a Becton-Dickin-
son FACSCalibur recording both FL 1 (green) and
FL 2 (red) Xuorescence. Results are expressed as the
decrease in FL 2 Xuorescence between untreated and
treated cells.
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Establishment of xenografts in immunodeWcient 
animals

All experiments were conducted according to UKC-
CCR guidelines and under a project license issued by
UK Home OYce. Eight-week-old, athymic mice
(CS7BP6 Nu/Nu; Cancer Research UK), about 20–22 g
body weight, were inoculated subcutaneously on both
Xanks with 107 HCT 116 pSNG and HCT 116 pSNG-
xL#3 cells in 0.2 ml of serum-free RPMI. The xenograft
tumours were measured every 2 days using callipers
and tumour volumes were calculated by the following
equation: V = [L £ (W2/2), where L is length and W is
the width].

EYcacy of CPT-11 treatment in HCT 116 pSNG-xL 
xenografts

After xenografts reached 50–100 mm3, animals were
treated with 5 mg/kg irinotecan (pro-drug of SN-38) ip
for Wve consecutive days. Control animals were treated
with saline. Tumour response was assessed by the time
for each individual xenograft to reach Wve times their
initial volumes and presented as Kaplan–Meier curves.
Animals were weighed every 2 days and toxicity was
assessed by weight loss. 

Detection of apoptosis and senescence in vivo 
after irinotecan treatment

Xenograft tumours from HCT 116 pSNG and HCT 116
pSNG-xL#3 cell lines were implanted as in the eYcacy
study. Irinotecan was administered at a dose of 5 mg/kg
irinotecan ip. Four tumour xenografts were collected
on days 3, 5 and 7 after the start of the treatment and
snap-frozen in liquid nitrogen. Cryosections were pre-
pared from each xenograft (three sections/slide) and
stored at ¡70°C until analysis. For senescence, SA-�
Gal activity was detected on xenograft cryosections.
Cryosections were rapidly warmed at room tempera-
ture and Wxed with freshly prepared 2% formaldehyde
solution in PBS. Slides were mounted on Sequenzae®

chambers (Shandon) and incubated overnight at 37°C
in staining solution as described for in vitro studies.
After the incubation, the staining solution was
removed and slides were mounted in Aquatex mount-
ing medium (BDH, Poole, UK). The results are
expressed as the total number of senescent cells from
three cryosections for each individual tumour.

Apoptosis was detected by TUNEL assay on cryo-
sections. Cryosections were rapidly warmed at room
temperature and Wxed with freshly prepared 2% form-
aldehyde solution in PBS. Slides were mounted on

Sequenzae® chambers (Shandon) and apoptotic cells
were stained using in situ Cell Death Detection kit
(Roche, Basel, Switzerland) according to manufac-
turer’s instructions.

Results

The expression of short hairpin RNA targeting Bcl-xL 
leads to diVerential downregulation of Bcl-xL 
and Bcl-2

The expression of both Bcl-xL (Fig. 1a) and Bcl-2
(Fig. 1b) was determined by quantitative RT-PCR in
parental HCT 116 and the diVerent isogenic cell lines
expressing either a control siRNA (pSNG-Luc) or
siRNA targeting Bcl-xL (pSNG-xL#1-4). The expres-
sion of a control siRNA targeting the luciferase gene in
HCT 116 did not alter the levels of either Bcl-xL (Bcl-
xL/18S = 1.0 § 0.07 and 1.0 § 0.13 for HCT 116 and
HCT 116 pSNG-Luc, respectively) or Bcl-2 mRNA
(1.0 § 0.14 and 0.8 § 0.12 for HCT 116 and HCT 116
pSNG-Luc, respectively). Three out of four cell lines
expressing a shRNA against Bcl-xL showed 30–60%
decrease in Bcl-xL expression. HCT 116 pSNG xL#3
also showed a decrease in Bcl-2 expression. HT-29 cells
transfected with construct#3 showed an 80% decrease
in Bcl-xL expression. However, whilst the parental cell
line express very low levels of Bcl-2, both HT-29 pSNG
and HT-29 pSNG-xL#3 showed an increase in Bcl-2
expression.

Immunoblot analysis conWrmed the downregulation
observed at the mRNA levels: HCT 116 pSNG xL#3
showed the lowest expression of both Bcl-xL and Bcl-2
(Fig. 1c).

Downregulation of Bcl-xL sensitises HCT 116 cells 
to antimycin A3

Antimycin A3 (AA3) binds and inhibits both Bcl-xL
and Bcl-2 [29]. In order to validate the speciWcity of the
siRNA expressed, we determined the growth inhibi-
tion of AA3 in six colon cancer cell lines and in the
diVerent HCT 116 pSNG-xL cell lines (Table 1). The
colon cell lines tested displayed very similar IC50 values
(from 0.37 �M in HCT8 to 0.7 �M in HCT 116), poten-
tially due to the similar levels of Bcl-xL expressed
among the cell lines tested (Fig. 1c). However, the
growth inhibitory eVect of AA3 was greater in the iso-
genic cell lines expressing a siRNA against Bcl-xL. The
gain in sensitivity correlated with the decrease in Bcl-
xL expression but HCT 116 pSNG-xL#3, showing a
decrease in both Bcl-xL and Bcl-2 was the most sensi-
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tive with an IC50 = 0.23 �M compared to HCT 116
pSNG (0.53 �M). A decrease in Bcl-xL and Bcl-2
expression therefore seems to sensitise cells to AA3.

HCT 116 pSNG-xL cells are more sensitive 
to topoisomerase I inhibitors 

To evaluate the eVect of the decrease of Bcl-xL expres-
sion (via siRNA expression) on drug sensitivity, we

determined the growth inhibitory eVect of topoisomer-
ase I inhibitors SN-38 and camptothecin (CPT) and
topoisomerase II inhibitor doxorubicin in the diVerent
isogenic cell lines (Table 2). A signiWcant increase in
sensitivity was observed with SN-38 in HCT 116 pSNG-
xL#2 and 3 (IC50 = 2.1 and 1.8 nM, respectively) com-
pared to the parental cell line (IC50 = 3.9 nM) or the
control siRNA cell line (IC50 = 4.1 nM). A similar eVect
was observed with camptothecin although the increase
in sensitivity was maximal in HCT 116 pSNG-xL#3
cells. However, there was no gain in growth inhibition
when exposing the diVerent cell lines to doxorubicin, a
topoisomerase II inhibitor: the IC50s ranged from
23.5 nM in HCT 116 to 27.2 nM in HCT 116 pSNG.

SN-38 and AA3 combination recapitulate siRNA
eVect in HCT 116 cells

The sensitivity to AA3 was related to both Bcl-xL and
Bcl-2 expression in HCT 116 pSNG-xL cells. In order
to mimic the eVect of the siRNA with a small molecule
inhibitor, we exposed HCT 116 cells to a sequential
combination of SN-38 and AA3 (Fig. 2). The growth
inhibitory eVect of the combination was greater than
both drugs used individually: 50% growth inhibition
was induced by combining 0.13 �M AA3 with 1.3 nM
SN-38 as compared to 0.53 �M AA3 and 3.9 nM SN-38

Fig. 1 Expression of Bcl-xL 
(Filled box) and Bcl-2 (Open 
box) in colon cancer cell lines. 
mRNA expression of Bcl-xL 
(a) and Bcl-2 (b) in HCT 116 
and HT-29 cells expressing 
short hairpin RNA against 
Bcl-xL. Results are norma-
lised with 18S rRNA expres-
sion and are mean of 2–3 
experiments performed in 
triplicate. c Bcl-xL and Bcl-2 
protein expression in six colon 
cancer cell lines and the 
diVerent HCT 116 pSNG-xL 
cell lines
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Table 1 Antimycin A3 cytotoxicity in colon cancer cell lines and
HCT 116 isogenic cell lines expressing a shRNA against Bcl-xL 

Cells were exposed to increasing concentrations of Antimycin A3
for 24 h. The growth inhibition was determined by a SRB assay.
Results are expressed as mean (95% conWdence intervals) of 3–4
experiments performed in triplicate

Cell line IC50 (�M)

HCT 116 0.70 (0.63–0.78)
HT-29 0.56 (0.48–0.66)
SW620 0.47 (0.40–0.56)
HCT-8 0.37 (0.28–0.47)
HCT-15 0.62 (0.53–0.70)
COLO205 0.44 (0.39–0.50)
HCT 116 pSNG 0.53 (0.45–0.64)
HCT 116 pSNG-Luc 0.78 (0.72–0.85)
HCT 116 pSNG-xL#1 0.55 (0.48–0.64)
HCT 116 pSNG-xL#1 0.41 (0.35–0.49)
HCT 116 pSNG-xL#1 0.23 (0.2–0.27)
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when used as single agent. The median eVect analysis
conWrmed the synergistic eVect of the combination
with a combination index (CI) lower than one.

SN-38 induces diVerential senescence in HCT 116 
pSNG-xL cells

Previous studies have shown that SN-38 can induce
both senescence and apoptosis in vitro [11, 27]. The
diVerent isogenic cell lines HCT 116 pSNG-xL were
exposed to SN-38 for 24 h and the presence of senes-
cent cells was determined 8 days after the end of drug
exposure (Fig. 3a). The percentage of senescent cells in
the diVerent cell lines varied between 0.05% in HCT
116 pSNG and 0.14% in HCT 116 pSNG-xL#3. At a
low concentration (0.5 nM) inducing 0–8% growth
inhibition, no signiWcant diVerence in the percentage of
senescent cells was detected among the cell lines (0.6–
0.18%). However, at higher concentrations (1 and

2.5 nM) inducing 2–20% and 21–55% of growth inhibi-
tion in the various cell lines, HCT 116 pSNG-xL#3
showed the highest increase in SA-�gal positive cells
(86-fold at 2.5 nM SN-38). In HCT 116 pSNG-xL#2,
despite a similar level of Bcl-xL, SN-38 increased
senescent cells by only 36-fold, close to the level
observed in HCT 116 pSNG-xL#1. These results were
conWrmed using PKH2 labelling. The lipophilic Xuoro-
phore PKH2 stably incorporates into the plasma mem-
brane and distributes evenly between daughter cells,
resulting in gradual decrease in PKH2 Xuorescence
during successive cell divisions. Cells showing a drug-
induced senescence-like phenotype present a high
PKH2 content due to growth arrest associated with a
DNA content >4N [4]. The DNA analysis of the
PKH2high fraction in HCT 116 pSNG-xL cells after
exposure to 5 nM SN-38 (Fig. 3b, c) showed that HCT
116 pSNG-xL#2 cells present a lower fraction of cells
with a DNA content >4N (7.7 § 1.8%) compared to
the other isogenic cell lines (14.7 § 2.9 and 14.6 § 1.6
for HCT 116 pSNG-xL#1 and 3, respectively).

SN-38 induces diVerential apoptosis in HCT 116 
pSNG-xL cells

Loss of mitochondrial membrane potential (��m) is
one of the main events during the apoptotic process. As
Bcl-xL blocks the mitochondrial membrane permeabili-
sation and ��m [14], we evaluated ��m in the diVerent
isogenic cell lines after exposure to SN-38 or CPT using
a mitochondrial speciWc dye JC-1. ��m was determined
by the decrease in JC-1 red Xuorescence (FL2 channel).
Exposure of HCT 116 pSNG-xL#2 to SN-38 induces a
dose-dependent decrease in �m (FL2 decrease = ¡33
and ¡52, at 5 and 10 nM SN-38, respectively). A similar
loss of �m was observed in HCT 116 pSNG-xL#3 at 5
and 10 nM SN-38 (¡39 and ¡38, respectively). HCT 116
pSNG-xL#2 also showed a greater decrease in JC-1 Xuo-
rescence after 10 or 100 nM CPT than HCT 116 pSNG-
xL#3 suggesting that a greater fraction of the cells
undergo apoptosis in this cell line.

HCT 116 pSNG-xL#3 xenografts are more sensitive to 
irinotecan in vivo than HCT 116 pSNG xenografts

As the gain in sensitivity in vitro was maximal for HCT
116 pSNG-xL#3 and SN-38, HCT 116 pSNG and HCT
116 pSNG-xL#3 cell lines were established as xenografts
in immunodeWcient animals and treated with irinotecan
(pro-drug of SN-38) at a dose of 5 mg/kg for Wve consecu-
tive days. EYcacy was assessed using the time for each
xenograft to reach Wve times its initial volume (T5V0).
T5V0 was not signiWcantly diVerent between HCT 116-

Table 2 SN-38, CPT and Doxorubicin cytotoxicity in HCT 116
isogenic cell lines expressing siRNA against Bcl-xL 

Cells were exposed to increasing concentrations of Antimycin A3
for 24 h. The growth inhibition was determined by a SRB assay.
Results are expressed as mean (95% conWdence intervals) of 3–4
experiments performed in triplicate

SN-38 (nM) CPT (nM) Dox (nM)

HCT 116 3.9 (3.6–4.2) 8.3 (7.7–8.9) 23.5 (20–27)
HCT 116 pSNG 3.2 (2.8–3.5) 8.3 (7.5–9) 27.2 (22–33)
HCT 116 pSNG-Luc 4.1 (3.7–4.6) 7.8 (7.3–8.2) 25.9 (21–30)
HCT 116 pSNG-xL#1 2.7 (2.5–2.9) 7.1 (6.6–7.7) 22.2 (19–26)
HCT 116 pSNG-xL#2 2.1 (1.9–2.4) 6.8 (6.5–7.1) 24.8 (23–26)
HCT 116 pSNG-xL#3 1.8 (1.3–2.6) 5.2 (4.6–5.9) 23.9 (20–27)

Fig. 2 Median eVect plot of the growth inhibitory eVect of Anti-
mycin A3 and SN-38 combination in HCT 116 cell line. Cells were
exposed to increasing concentrations of Antimycin A3, SN-38 or
a combination of both for 24 h at a constant ratio of 100:1. The
growth inhibition was determined by a SRB assay 72 h after the
end of drug exposure. Results are expressed as mean § SD of
triplicate samples
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pSNG and HCT 116 pSNG-xL#3 in untreated animals
(Fig. 4a). Irinotecan demonstrated signiWcant anti-tumour
activity against both xenografts but the decrease in
growth rate and therefore the T5V0 was signiWcantly
greater in the HCT 116 pSNG-xL#3: T5V0 = 25.5 days for
HCT 116 pSNG-xL#3 xenografts compared to 20.5 days
in HCT 116 pSNG. Moreover, 2 HCT 116 pSNG-xL#3
tumours presented complete response (Fig. 5).

Irinotecan induces increased senescence in HCT 116 
pSNG-xL#3 xenografts

During the week of treatment with irinotecan, a
decrease in growth rate was observed in 7/10 HCT 116

pSNG-xL#3 xenografts but in none (0/10) of the HCT
116 pSNG xenografts. Drug-induced senescence and
apoptosis were therefore investigated during this
period and four tumour xenografts were examined on
days 3, 5 and 7 after irinotecan treatment. No SA-� gal
positive cells were detectable on days 3 and 5. On
day 7, following treatment of HCT 116 pSNG xeno-
grafts with irinotecan, there was no signiWcant increase
in the number of senescent cells. In contrast, in the
HCT 116 pSNG-xL#3 xenografts, 2/3 xenografts
treated with irinotecan contained a greater number of
senescent cells than untreated controls. No apoptotic
cells could be detected at any time-point in any of the
xenografts tested.

Fig. 3 SN-38 induced senes-
cence. a HCT 116 pSNG 
(Open box), HCT 116 pSNG-
xl#1 (Shaded box), HCT 116 
pSNG-xl#2 (Striped box), 
HCT 116 pSNG-xl#3 (Filled 
box) were exposed to SN-38 
for 24 h (0.5–2.5 nM). Cells 
were stained for SA-� galacto-
sidase detection on day 8 after 
drug exposure. b Determina-
tion of the percentage of 
senescent cells after PKH2 
staining: Cells were labelled 
with PKH2 and exposed to 
5 nM SN-38. On day 8, the 
fraction of cells with high 
PKH2 content (>100) and 
DNA content >4N was deter-
mined by Xow cytometry. Ten 
thousand events were col-
lected for each analysis. c 
Representative plot of PKH2 
Xuorescence versus side scat-
ter for HCT 116 pSNG-xL#2 
and HCT 116 pSNG-xL#3 
cells untreated or exposed to 
5 nM SN-38. Cells were analy-
sed on day 8
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Discussion

Bcl-xL and Bcl-2 play diVerent roles in cell death and
predominance of either protein may inXuence the cell
death mechanism in tumour cells [14]. These eVects
diVer in diVerent cell types and previous studies have
highlighted the diVerent phenotypes obtained after
overexpression of Bcl-2 or Bcl-xL: resistance to apop-
tosis [17], premature senescence [8] or even autophagic
cell death [22].

In this study, we used a siRNA approach to evaluate
the eVect of Bcl-xL downregulation in the sensitivity to
topoisomerase I inhibitor in colorectal cancer cell lines.
Four short hairpin RNA targeting Bcl-xL were
expressed in HCT 116 cells. The expression for Bcl-xL
and Bcl-2 varied with the siRNA expressed: HCT 116
pSNG-xL#1 and #4 showed a modest (»30%) decrease
in Bcl-xL expression whilst Bcl-2 levels were similar to
the parental cell line, HCT 116 pSNG-xL#2 showed a
50% decrease in Bcl-xL and no change in Bcl-2 levels.
Finally, HCT 116 pSNG-xL#3 showed a concomitant
decrease in Bcl-xL and Bcl-2 levels. This is unlikely to

be due to the cross-reactivity of the siRNA with Bcl-2
sequence since the same construct expressed in HT29
cells did not modify Bcl-2 expression. As the cells
expressing the shRNA were selected by geneticin, it is
possible that in HCT 116, high levels of Bcl-2 were not
sustainable in presence of low levels of Bcl-xL. This
would be supported by the data in HT29 in which the
low levels of Bcl-2 allowed for a greater downregula-
tion of Bcl-xL. This regulation of expression between
Bcl-2 and Bcl-xL has previously been reported by Arri-
ola et al. [1] in testicular cancer in which increase in
Bcl-2 levels led to a decrease in Bcl-xL and increased
sensitivity to chemotherapy.

To conWrm the phenotype of the four isogenic HCT
116 cell lines generated, we evaluated their sensitivity
to Antimycin A3, an inhibitor of both Bcl-xL and Bcl-
2. Previous studies by Hockenbery et al. showed that
AA3 interacts with the Bcl-2 homology domain 3
(BH3)-binding hydrophobic groove of Bcl-xL and

Fig. 4 Loss of mitochondrial membrane potential was deter-
mined by the decrease in JC-1 red Xuorescence (FL2). HCT 116
pSNG (Open box), HCT 116 pSNG-xl#1 (Shaded box), HCT 116
pSNG-xl#2 (Striped box), HCT 116 pSNG-xl#3 (Filled box) were
exposed to SN-38 (a) or CPT (b) for 24 h. JC-1 staining was per-
formed 48 h after drug exposure. Results are expressed as the
diVerence in JC-1 red Xuorescence in untreated and treated cells
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Fig. 5 a Irinotecan antitumor activity against HCT 116 pSNG
(Filled circle, Open circle) and HCT 116 pSNG-xL#3 (Filled trian-
gle, Open triangle) xenografts. Cells (107) were implanted subcu-
taneously and animals treated on day 7 with vehicle (plain line,
closed symbols) or 5 mg/kg irinotecan daily £ 5 (dashed line, open
symbols). The tumour growth rate was expressed as the time nec-
essary for each xenograft to reach Wve times its initial volume. b
HCT 116 pSNG (square) and HCT 116 pSNG-xL#3 (triangle) xe-
nografts were collected on day 5 of vehicle (closed symbols) or iri-
notecan treatment (open symbols). Cryosections (three per
xenograft) from 3–4 xenografts were stained for SA-�-gal detec-
tion and the number of positive areas determined
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inhibits the pore-forming activity of Bcl-xL in synthetic
liposomes [15, 29]. However, contradictory results
were obtained: in FL5.12 murine pro-B cells, overex-
pression of Bcl-xL prevented cell death after exposure
to AA3 [30] while in murine hepatocytes, Tzung et al.
found sensitisation [29], potentially due to diVerent cel-
lular contexts, as recently pointed out by Letai [16]. In
our model system, a decrease in Bcl-xL and/or Bcl-2
sensitised cells to Antimycin A3. However, Antimycin
A3 had a similar cytotoxic eVect across a panel of colon
cancer cell lines with similar Bcl-xL expression but
diVering in their Bcl-2 expression, suggesting that
AA3-induced cell death is related to Bcl-xL rather
than Bcl-2 expression, in these cell lines. HA14-1,
which displaced BAK-BH3 peptide binding to BCL-2
at high concentrations, showed similar cytotoxicity
across the diVerent HCT 116 pSNG-xL lines (data not
shown).

A previous study at our laboratory showed that a
decrease in Bcl-xL expression using Bcl-xL antisense,
sensitised cells to the topoisomerase I inhibitor, SN-38
[11]. Similarly, a decrease in Bcl-xL expression using
siRNA increased 5FU sensitivity in 5FU-resistant
DLD1 cells [35]. Here we conWrm that downregulation
of Bcl-xL and/or Bcl-2 sensitised cells to topoisomerase
I inhibitors SN-38 and camptothecin but not to doxoru-
bicin. Antimycin A3, in combination with SN-38 reca-
pitulated the phenotype observed in HCT 116 pSNG-
xL cells, conWrming the role of Bcl-xL in this synergy.

The four cell lines generated displayed diVerent Bcl-
xL/Bcl-2 ratios and were used to shed light on the mech-
anisms of cell death related to the gain in sensitivity to
SN38. SN-38 was previously shown to induce a SLP in
HCT 116 [27], but apoptosis has also been reported in a
number of other model systems [19, 25, 26].

Exposure of HCT 116 pSNG-xL#1 to SN-38 was
associated with a moderate increase in both senescence
and loss of mitochondrial membrane potential (��m)
and a modest increase in SN-38 induced global cytotox-
icity. A greater decrease in Bcl-xL expression whilst
the levels of Bcl-2 were maintained, (HCT 116 pSNG-
xL#2) led to an increase in apoptosis (loss of ��m) and
reduced senescence after SN-38 exposure. These
changes were associated with a greater growth inhibi-
tory eVect of SN-38. Finally, when both Bcl-xL and
Bcl-2 were decreased to a similar degree (HCT 116
pSNG-xL#3), senescence was signiWcantly increased
but loss of ��m was limited. A speciWc decrease in
Bcl-xL therefore led to increased apoptosis. Bcl-xL but
not Bcl-2 inhibits DISC formation in the extrinsic path-
way. In HCT 116 pSNG-xL#2, the speciWc decrease in
Bcl-xL expression could therefore potentiate SN-38
cytotoxic eVect by increasing DR4 and DR5-mediated

cell death. Irinotecan and TRAIL exert a synergistic
cytotoxic eVect in HCT 116 cells due to a greater induc-
tion of DR4 and DR5 expression and inhibition of
DcR1, DcR2 induction observed after irinotecan alone
[34].

The concomitant decrease in Bcl-xL and Bcl-2 in
HCT 116 pSNG-xL#3 induced greater SLP than apop-
tosis after SN-38 exposure. Although SLP has been
postulated to occur at low drug concentrations, maxi-
mum senescence was observed in HCT 116 cells after
200 nM doxorubicin (ten times the IC50) [6] and was
observed with diVerent chemotherapeutic agents at
concentrations inhibiting 85% of cell growth [4]. The
concentrations of SN-38 used in this study are there-
fore consistent with these previous reports. Similarly,
the number of senescent cells increased 16–80 times
after exposure to SN-38 in HCT 116 pSNG-xL cell
lines and was correlated with Bcl-xL expression. This is
consistent with the up to 60-fold increase in doxorubi-
cin-induced SLP in HCT 116 cells [5]. The timing used
to determine senescence and apoptosis (loss of ��m)
was important: SA-� galactosidase staining was carried
out on day 8 and loss of ��m on day 4 while the
growth inhibitory eVect of SN-38 was determined on
day 6. Therefore, it is likely that a fraction of the sur-
viving cells determined on day 6 by SRB were in fact
senescent. In HCT 116 pSNG-xL#3, PKH2 labelling
previously described by Chang et al. [4], conWrmed that
the overall growth inhibitory eVect induced by SN-38
was mainly due to growth arrest evolving into senes-
cence. This eVect was conWrmed in vivo after adminis-
tration of irinotecan, a prodrug of SN-38, and was
associated with greater antitumour eVect.

In summary, our studies demonstrate that a
decrease in Bcl-xL expression leads to a sensitisation to
topoisomerase I inhibitor SN-38. The relative expres-
sion of Bcl-xL and Bcl-2 although leading to similar
growth inhibitory eVect with SN-38, controls drug-
induced senescence and apoptosis. Optimal growth
inhibitory eVect was observed when both Bcl-xL and
Bcl-2 were decreased to a similar extent. The same
eVect was achievable using the small molecule, antimy-
cin A3, adding further support to the development of
small molecule inhibitors of the Bcl-xL/Bcl-2 family
and their testing in the treatment of colorectal cancer.
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