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Abstract
The emergence of resistance to chemotherapy remains a
principle problem in the treatment of small-cell lung cancer
(SCLC). We demonstrate that extracellular matrix (ECM)
activates phosphatidyl inositol 3-kinase (PI3-kinase) signaling
in SCLC cells and prevents etoposide-induced caspase-3
activation and subsequent apoptosis in a b1 integrin/PI3-
kinase-dependent manner. Crucially we show that etoposide
and radiation induce G2/M cell cycle arrest in SCLC cells prior
to apoptosis and that ECM prevents this by overriding the
upregulation of p21Cip1/WAF1 and p27Kip1 and the down-
regulation of cyclins E, A and B. These effects are abrogated
by pharmacological and genetic inhibition of PI3-kinase
signaling. Importantly we show that chemoprotection is not
mediated by altered SCLC cell proliferation or DNA repair.
Thus, ECM via b1 integrin-mediated PI3-kinase activation
overrides treatment-induced cell cycle arrest and apoptosis,
allowing SCLC cells to survive with persistent DNA damage,
providing a model to account for the emergence of acquired
drug resistance.
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Introduction

Lung cancer is the most common fatal malignancy in the
developed world.1 Small-cell lung cancer (SCLC), which
constitutes 25% of all lung tumors, has a very poor prognosis
(2-year survival less than 5%). Etoposide-based chemo-
therapeutic regimens and radiotherapy are the main stay of
treatment.2 Although impressive initial responses are seen, in
the majority of patients, recurrent disease refractory to further
treatment results in tumor relapse and ultimately death. This
phenomenon, known as multi-drug resistance (MDR), is the
major cause of cancer treatment failure.2 New therapeutic
strategies are urgently needed, which will require an in-depth
understanding of the mechanisms of MDR in SCLC.

We have previously shown that SCLC is surrounded by an
extensive stroma of extracellular matrix (ECM) at both primary
and metastatic sites and that high levels of expression
correlate with poor patient prognosis.3 Cells interact with
ECM components via heterodimeric cell surface proteins
called integrins.4 ECM–integrin interaction stimulates signal
transduction pathways that regulate a number of cellular
processes important in cancer growth, including cell cycle
transition and protection from apoptosis.4 We have shown that
adhesion of SCLC cells via b1 integrins to ECM components
promotes cell survival and confers resistance to chemo-
therapeutic agents.3 This has now been demonstrated to be a
general mechanism for acquired drug resistance in a number
of malignancies including myeloma, breast and colon can-
cer.3,5–7 However, the intracellular signals activated by ECM
components in cancer cells, which influence response to
chemotherapy and radiotherapy, have not been fully eluci-
dated. A clear understanding of these mechanisms is
essential to the development of rational therapeutic strategies
to overcome acquired MDR and enhance the effects of
chemotherapy and radiotherapy.

Central to the cellular response to chemotherapy and
radiation-induced DNA damage is cell cycle arrest, predomi-
nantly at the G1/S and G2/M checkpoints.8 Alterations in
expression of genes that control progression through the cell
cycle have been demonstrated to affect chemosensitivity. The
best described in cancer cells are alterations in expression of
p53 and the retinoblastoma protein (Rb). Mutated forms of
p53 and/or Rb have been shown to be associated with
increased resistance of tumor cells to various anticancer
drugs and irradiation, mainly because of disruption of cell
cycle checkpoints.9 Alterations in other cell cycle regulators
such as the cyclins, cyclin-dependent kinases (CDKs) and
their inhibitors, p21Cip1/WAF1 and p27Kip1, may also play an
important role in the regulation of drug sensitivity.10

Anchorage to ECM is required for proliferation of all
untransformed cells and the development of anchorage
independence is an important stage in transformation.11

Regulation of the cell cycle by mitogens and cell adhesion in
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untransformed cells is restricted to the G1/S transition.12,13

Progression through the G1 phase is mediated by CDK 2, 4
and 6, whose activities are controlled by their associated
cyclins and CDK inhibitors, p21Cip1/WAF1 and p27Kip1.14

Accumulation of cyclin D, which associates with and activates
CDK 4 and 6, initiates progression through G1.15 The cyclin
D–CDK 4 and 6 complex also prevents transcriptional
repression of cyclin E and the de-repression of cyclin A,
promoting the onset of S phase.16 Cells in suspension have
higher levels of CDK 2 inhibitors than do attached cells,
leading to impaired cyclin E–CDK 2 activity with resultant cell
cycle arrest in late G1.14,17 These results suggest that the
regulation of cyclin E–CDK 2 activity is an important
mechanism by which anchorage to ECM controls progression
through the G1/S transition in untransformed cells. Regulation
of cyclin E–CDK 2 activity may also represent how ECM
protects cancer cells from chemotherapy-induced cell cycle
arrest and subsequent apoptosis.

The phosphatidyl inositol 3-kinase (PI3-kinase) signaling
pathway has been demonstrated to be an essential survival
signal in SCLC cells, and is a key regulator of cell cycle
progression.18,19 Integrin activation by ECM couples integrin
cytoplasmic tails to focal adhesion kinase and activates PI3-
kinase, which phosphorylates inositol lipids, leading to
activation of protein kinase B (PKB) and phosphorylation of
glycogen synthase kinase 3b (GSK3b).19,20 PKB phosphory-
lates and inactivates proapoptotic factors such as caspase 9
and Bad, preventing apoptosis.19 Phosphorylation of GSK3b
stabilizes cyclin D1, promoting progression through G1 phase
of the cell cycle, and prevents apoptosis by altering gene
expression through NF-kB and AP-1.21–23 Therefore, preven-
tion of cell cycle arrest and subsequent apoptosis through
integrin activation of PI3-kinase may represent an important
mechanism by which ECM proteins protect SCLC cells from
chemotherapy and radiation.

In this paper, we demonstrate that ECM proteins can
override etoposide-induced G2/M cell cycle arrest and
apoptosis in SCLC cells through b1 integrin activation of
tyrosine kinase/PI3-kinase signaling. Furthermore, we show
that ECM-mediated protection from etoposide occurs despite
topoisomerase II (Topo II) inhibition and DNA double-strand
break formation allowing the survival of DNA damaged cells.
Thus, integrin activation by ECM proteins may provide a
central mechanism for the emergence of MDR in cancer.

Results

ECM proteins protect SCLC cells from
chemotherapy- and radiation-induced apoptosis
via b1 integrin activation

We have previously shown that SCLC ceslls are surrounded
by the ECM proteins laminin and fibronectin in vivo, and
that the degree of expression of ECM adversely affects
patient prognosis.3 To elucidate the mechanism by which
ECM promotes SCLC cell survival, we investigated the
effect of specific ECM proteins in vitro on apoptosis induced
in SCLC cells by etoposide and ionizing radiation. H345
SCLC cells were adhered to poly-L-lysine, fibronectin or
laminin and treated with etoposide (25mg/ml). The percentage

of apoptotic cells was assessed by acridine orange/ethidium
bromide staining at time points over a period of 72 h.
Apoptosis induced by etoposide was first evident at 24 h in
H345 SCLC cells adhered to poly-L-lysine, reaching a
maximum at 48–72 h (Figure 1a). No significant difference
was observed whether cells were plated onto tissue culture
plastic or adhered to poly-L-lysine (data not shown). However,
adhesion to both laminin and fibronectin significantly pro-
tected H345 SCLC cells from apoptosis at all time points
(Figure 1a). This effect was not due to a physical interaction
between etoposide and ECM, as medium that had been
treated with etoposide and incubated with laminin-coated
plastic for 72 h was still able to induce apoptosis when added
to SCLC cells adhered to poly-L-lysine (Figure 1b). Further-
more, adhesion of H345 SCLC cells to ECM proteins
protected SCLC cells against the proapoptotic effect of
ionizing radiation (Figure 1c and d), further confirming that
ECM protection is not caused by a physical effect on
chemotherapeutic agents. Similar results were seen with
H69 and H510 cells (data not shown). These results were
confirmed using two other methods for assessing apoptosis: a
cell death detection ELISA kit which is based on the
quantitative detection of histone-associated DNA fragments
in mono- and oligonucleosomes (Figure 1e) and annexin V
expression (data not shown). To determine whether this
survival benefit was due to an increase in the growth rate of
cells on ECM, we compared the growth of H345 SCLC cells
adhered to laminin or poly-L-lysine (Figure 1f). ECM proteins
stimulated a small increase in cellular growth over 9 days.
However, there was no significant difference in cell number
between H345 cells grown on ECM or on poly-L-lysine at the
early time points corresponding to when apoptosis was being
assessed. These results indicate that the ECM-mediated
protection of SCLC cells from chemotherapy is due to an
antiapoptotic effect and not increased growth.

We have previously characterized integrin expression on
SCLC cells and the b1 integrin subunit is highly expressed.3

To investigate whether the antiapoptotic effect of ECM
proteins was mediated by the activation of b1 integrins on
SCLC cells, we used specific b1 integrin function blocking and
stimulating antibodies to manipulate ECM chemoprotection.
H345 SCLC cells were adhered to poly-L-lysine or laminin,
treated with etoposide (25 mg/ml), and apoptosis was
assessed at 48 h by acridine orange/ethidium bromide
staining (Figure 1g) and annexin V (Figure 1h). The basal
level of apoptosis in H345 SCLC cells on poly-L-lysine was
872%, and this was increased to 5574% in the presence of
etoposide (n¼ 3 independent experiments in quadruplica-
te7S.E.M.). Adhesion of H345 SCLC cells to the ECM
proteins laminin or fibronectin significantly reduced apoptosis
caused by etoposide at 48 h from 5574 to 771.7 and
871.4%, respectively (n¼ 3 independent experiments in
quadruplicate7S.E.M.). ECM-mediated protection from eto-
poside-induced apoptosis was completely abolished by
preincubation of H345 SCLC cells with the b1 integrin
function-blocking antibody (4B4 10 mg/ml). Furthermore, the
b1-stimulating antibody TS2/16 (10 mg/ml) and the broad-
spectrum phosphatase inhibitor sodium orthovanadate
(Na3VO4) both reproduced the effects of ECM proteins.
Taken together, these results indicate that ECM proteins
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prevent apoptosis in SCLC cells through activation of b1
integrins and tyrosine kinase signaling pathways.

Laminin and Na3VO4 stimulate PI3-kinase activity,
PKB phosphorylation and activity, and increase
glycogen synthase kinase-3 (GSK-3)b
phosphorylation

Integrin-dependent cell adhesion triggers an increase in
tyrosine phosphorylation and PI3-kinase activation.19

PI3-kinase has also been shown to mediate matrix-induced
survival in normal epithelial cells.24 Therefore, we examined if
ECM proteins activated PI3-kinase signaling pathways in
SCLC cells. Adhesion of H345 cells to ECM proteins laminin
and fibronectin stimulated a marked increase in PI3-kinase
activation (average 3.1� and 2.9� increases in PI3-kinase
activity, respectively, n¼ 3 independent experiments in
quadruplicate) (Figure 2a). Furthermore, the b1 integrin-
stimulating antibody TS2/16 (10mg/ml) and Na3VO4 (200 mM)
increased PI3-kinase activity by a similar amount to ECM
(average 2.5� and 2.8� increases, respectively, n¼ 3

f

c

720 4824

20

40

60

0

d

0 1 42
Radiation (Gy) 

0

20

40

60

%
 a

p
o

p
to

si
s 

4B4

Etop

PLL TS2/16

Na3VO4

+ -- + +-+

Ln Fn

+-+ +- + +-
+-- +- -+ - -+- - +- -
--- ++ +- - --- - -- -

0

20

40

60g

Time (hours) Time (hours) Time (hours) 
720 4824

20

40

60a

0

h

PLL Ln

%
 a

p
o

p
to

si
s 

+ +-

- - -+ +

- + - - +
+-

- -
- - -

-
+- -

20

40

60

0

720 4824

20

40

60

%
 a

p
o

p
to

si
s 

%
 a

p
o

p
to

si
s 

%
 a

p
o

p
to

si
s 

%
 a

p
o

p
to

si
s 

b

0

C
el

l N
o

s.
 ×

10
4

102 4 6 8

10

100

1

Time (days) 
0

0

Time (hours) 

0

2.0

720 4824

1.0

A
b

so
rb

. (
40

5 
n

m
)

e

4B4

Na3VO4

Etop

Figure 1 ECM-mediated protection from etoposide- and radiation-induced apoptosis in SCLC cells is b1 integrin-dependent. (a) H345 SCLC cells were seeded into
96-well plates precoated with poly-L-lysine (10 mg/ml) (K), laminin (10 mg/ml) (J) or fibronectin (20 mg/ml) (n), and treated with etoposide (25 mg/ml). The percentage
of apoptotic cells was determined at the times indicated by staining cells with acridine orange/ethidium bromide and subsequent fluorescent microscopy (mean of n¼ 3
independent experiments in quadruplicate7S.E.M.). (b) Quiesced H345 SCLC cells were seeded into 96-well plates precoated with poly-L-lysine (10 mg/ml) and treated
with etoposide (25 mg/ml) (K) or seeded on poly-L-lysine in a medium that had been conditioned by incubation for 72 h in laminin-coated (10 mg/ml) six-well plates with
(&) or without (’) etoposide (25 mg/ml). The percentage of apoptotic cells was determined as above (mean of n¼ 3 independent experiments in
quadruplicate7S.E.M.). (c) Quiesced H345 SCLC cells were seeded into 96-well plates precoated with poly-L-lysine (10 mg/ml) (K), laminin (10 mg/ml) (J) or
fibronectin (20 mg/ml) (n), and treated with ionizing radiation (2 Gy). The percentage of apoptotic cells was determined as above (mean of n¼ 3 independent
experiments in quadruplicate7S.E.M.). (d) Quiesced H345 cells were adhered to poly-L-lysine (10 mg/ml) (black bar) or laminin (10 mg/ml) (white bar), treated with
ionizing radiation (0–4 Gy) as indicated, and the percentage of apoptotic cells was determined at 48 h (mean of n¼ 3 independent experiments in
quadruplicate7S.E.M.). (e) H345 cells were adhered to poly-L-lysine (black bar) or laminin (white bar) and treated with etoposide (25 mg/ml). Apoptosis was assessed at
the time indicated using a cell death ELISA kit. The graph represents the mean absorbance at 405 nm from n¼ 3 experiments7S.E.M. Increase in absorbance
indicates increased apoptosis. (f) H345 SCLC cells were plated into 24-well plates coated with poly-L-lysine (K) or laminin (J) and cell numbers were counted at times
indicated (mean n¼ 4 independent experiments7S.E.M.). (g) Quiesced H345 cells were incubated with (þ ) or without (�) the function blocking anti-b1 integrin
antibody 4B4 (10 mg/ml) for 30 min at 371C as indicated, and then seeded into 96-well plates precoated with poly-L-lysine (PLL) (10 mg/ml), laminin (Ln) (10 mg/ml),
fibronectin (Fn) (20 mg/ml) or the integrin-activating antibody TS2/16 (10 mg/ml). Cells were treated with (þ ) or without (�) etoposide (Etop) (25 mg/ml) or Na3VO4

(200 mm) as indicated. The percentage of apoptotic cells was determined at 48 h as above (mean of n¼ 3 independent experiments in quadruplicate7S.E.M.). (h) H345
cells were treated as above and the percentage of apoptotic cells was assessed by surface expression of annexin V using flow cytometry (mean of n¼ 3
experiments7S.E.M.)
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independent experiments in quadruplicate). As predicted,
LY294002 reduced basal levels of PI3-kinase activity. PKB
and GSK-3b, which are downstream effectors of PI3-kinase
and regulate cell survival, may also participate in overriding
chemotherapy- and radiation-induced apoptosis in SCLC
cells. Adhesion of H345 SCLC cells to laminin caused a time-
dependent increase in PKB activity, noted first at 5 min with
maximum activity at 10 min (Figure 2b). An increase in GSK3b
phosphorylation was also noted at 5 min, rising to a plateau at
15 min (Figure 2c). Similar results were seen with fibronectin
and TS2/16 (results not shown). Furthermore, Na3VO4

(200mM) stimulated PKB and GSK3b phosphorylation in
H345 cells adhered to poly-L-lysine (Figure 2d and e). The
ECM-mediated increase in phosphorylation of PKB and
GSK3b was sensitive to PI3-kinase inhibition with LY294002

(10 mM) and was not affected by etoposide treatment (25 mg/
ml) (Figure 2d and e). In addition, the inhibition of PKB
phosphorylation by LY294002 was prolonged in H345 cells,
being observed up to 48 h after treatment (Figure 2f). Similar
effects were seen in H69 SCLC cells (data not shown).

ECM protection against etoposide-induced
apoptosis is dependent on tyrosine kinase and
phosphotidyl inositol 3-kinase activation

To specifically investigate the role of PI3-kinase signaling in
ECM-mediated chemoprotection, we initially used a pharma-
cological inhibitor of PI3-kinase activity, LY294002. Analysis
of annexin V staining at 48 h in H345 SCLC cells adhered to
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ECM overrides G2/M arrest and apoptosis in SCLC
PS Hodkinson et al

1779

Cell Death and Differentiation



poly-L-lysine revealed that inhibition of PI3-kinase with
LY294002 produced a small increase in the degree of
apoptosis both with and without etoposide (Figure 3a).
Furthermore, the protection of H345 SCLC cells against
etoposide-induced apoptosis mediated by ECM was comple-
tely reversed by the addition of LY294002 (Figure 3a). In
addition, chemoprotection resulting from specific b1 integrin
stimulation with TS2/16 or stimulation of the tyrosine
kinase pathway with Na3VO4 was abrogated by LY294002.
Similar results were seen in H69 and H510 SCLC cells. As
expected, z-valine–alanine–aspartate (z-VAD), which inhibits
caspase activity, prevented apoptosis induced by etoposide
(Figure 3a).

PI3-kinase activates downstream PKB, which phosphory-
lates proapoptotic factors such as caspase-9 and Bad,
preventing cell death.21–23 Thus, we investigated whether
ECM could alter Bad phosphorylation and etoposide-induced
caspase-9 activation in a PI3-kinase-dependent manner. We
found that adhesion of H345 SCLC cells to ECM stimulated
phosphorylation of Bad and prevented cleavage of caspase-9
induced by etoposide after 24 h (Figure 3b). These effects
were prevented by treatment with LY294002. Activation of
caspase-9 initiates cleavage of the ‘effector’ caspase-3, which
ultimately results in apoptosis. We found that etoposide could
induce caspase-3 cleavage in H345 cells adhered to poly-
L-lysine, but not in cells adhered to laminin. However,
treatment with LY294002 prevented laminin from blocking
caspase-3 cleavage without affecting caspase-3 activation in
cells adhered to poly-L-lysine (Figure 3b). In parallel experi-
ments, caspase-3 activity was measured (Figure 3c). Etopo-
side induced an increase in caspase-3 activity in H345 SCLC
cells, which, as expected, was blocked by z-VAD. Adhesion to
laminin and stimulation of the tyrosine kinase pathway with
Na3VO4 overcame etoposide-induced caspase-3 activation,
preventing cells undergoing apoptosis. Furthermore, the
ECM- and Na3VO4-mediated inhibition of etoposide-induced
caspase-3 activation was prevented by the tyrosine kinase
inhibitor tyrophostin-25 and the PI3-kinase inhibitor LY294002
(Figure 3c). These results indicate that PI3-kinase signaling,
through phosphorylation of Bad and modulation of caspase
activity, is critical for ECM-mediated resistance to etoposide-
induced apoptosis in SCLC cells.

ECM proteins override etoposide- and radiation-
induced G2/M cell cycle arrest via PI3-kinase
modulation of cell cycle regulators

DNA damage is central to the cellular response to chemo-
therapy and radiation and results in cell cycle arrest predomi-
nantly at the G1/S and G2/M checkpoints.8,14 Subsequent,
activation of checkpoint signaling cascades can result in
apoptotic cell death preventing accumulation of genetic
damage. Modulation of cell cycle checkpoints may therefore
play an important role in sensitivity to radiation and chemother-
apy. We investigated whether ECM proteins could override cell
cycle arrest induced in SCLC cells by etoposide and radiation.
H345 SCLC cells were adhered to poly-L-lysine or laminin,
treated with etoposide (25mg/ml) or ionizing radiation (2Gray
(Gy)), and nuclear DNA content was assessed after 24 h by
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flow-cytometric analysis of propidium iodide staining. H345
SCLC cells showed similar cell cycle profiles whether grown in
suspension or adhered to poly-L-lysine or laminin (Figure 4a). At
24 h after treatment with etoposide (25mg/ml) or ionizing
radiation (2 Gy), H345 SCLC cells adhered to poly-L-lysine
showed a significant increase in the percentage of cells in the S
and G2/M phases of the cell cycle, with a reciprocal reduction in
the percentage of cells in G1 (Figure 4a and Table 1). In
contrast, H345 cells adhered to laminin and treated with

etoposide or ionizing radiation showed only a small increase
in the percentage of cells in S and G2/M phase, with a minimal
reciprocal reduction in the percentage of cells in G1. Similar
results were observed with fibronectin (data not shown).

To investigate whether ECM proteins protect against cell
cycle arrest via activation of b1 integrin/PI3-kinase signalling,
we treated H345 SCLC cells adhered to poly-L-lysine or
laminin with etoposide for 24 h in the presence of the b1
integrin function-blocking antibody 4B4, the b1 integrin-
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indicated: no further treatment (�), etoposide (25 mg/ml) or ionizing radiation (2 Gy) (XRT). Progression through the cell cycle was assessed 24 h later by flow-cytometric
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Cip1/WAF1, p27Kip1, phosphorylated CDK1 (p-CDK1), phosphorylated
CDK2 (p-CDK2) and cyclins D, E, A and B were determined by Western blot analysis. Representative blot from n¼ 3 experiments. Actin is shown as a loading control

Table 1 ECM protects SCLC cells from etoposide- and radiation-induced cell cycle arrest

Plastic Poly-L-lysine Laminin

Cell cycle phase — — Etoposide XRT — Etoposide XRT

Sub-G0 5.671.6 6.171.3 4.972.4 5.471.4 6.371.7 5.171.1 3.571.7
G1 64.872.5 65.372.8 23.272.3 22.171.8 67.173.1 53.271.9 60.172.6
S 17.372.0 18.271.7 25.471.6 24.572.1 16.772.3 22.271.7 20.171.8
G2/M 8.871.0 9.170.6 46.271.5 47.872.1 8.472.1 16.872.0 16.171.9

H345 cells were quiesced overnight, washed twice and seeded into a six-well tissue culture plate, uncoated (plastic) or precoated with poly-L-lysine or laminin. Cells
were treated as indicated: no further treatment (�), etoposide or ionizing radiation (XRT). Progression through the cell cycle was assessed 24 h later by flow cytometric
analysis of DNA content using CELL Quest software. Mean percentage of total cells in each phase of the cell cycle is shown from n¼5 experiments 7S.E.M.
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stimulating antibody TS2/16, Na3VO4 or LY294002, and
assessed progression through the cell cycle (Figure 4b and
Table 2). Blockade of b1 integrins with 4B4 completely
abrogated laminin-mediated protection from G2/M cell cycle
arrest induced by etoposide in H345 SCLC cells without
affecting cell cycle arrest in cells adhered to poly-L-lysine.
Furthermore, laminin-mediated protection from etoposide-
induced G2/M cell cycle arrest was blocked by inhibition of
PI3-kinase with LY294002. In addition, stimulation of b1
integrins on H345 SCLC cells with TS2/16 or activation of
tyrosine kinase with Na3VO4 reduced etoposide-induced G2/
M cell cycle arrest, simulating the effects of ECM. These
results indicate that protection of SCLC cells from etoposide-
induced cell cycle arrest by ECM proteins is mediated via b1
integrin activation of PI3-kinase signaling.

DNA damage can activate p21Cip1/WAF1 and p27Kip1 and
inhibit Cdc25s (activator of CDK1) to cause G1/S and G2/M
arrest.8 PI3-kinase has been shown to induce expression of
D-type cyclins and to increase stability of cyclin-D1 through
PKB-dependent phosphorylation of GSK3b.21 Therefore, we
investigated whether ECM proteins could modulate cell cycle
regulators through PI3-kinase and thus prevent G2/M cell
cycle arrest. After 24 h of etoposide treatment, H345 SCLC
cells showed an increase in expression of the CDK inhibitors
p21Cip1/WAF1 and p27Kip1 and phosphorylated CDK1 (inactive
form) with decreased expression of phosphorylated CDK2
(active form) and cyclins E, A and B (Figure 4d). Adhesion of
H345 SCLC cells to laminin increased cyclin D expression and
blocked the etoposide-induced changes in p21Cip1/WAF1,
p27Kip1, phosphorylated CDK1 and 2, and cyclins E, A and
B. Similar results were seen with fibronectin (data not shown).
Furthermore, the effects of ECM were simulated by TS2/16
antibodies, but with less pronounced effects due to the
bivalent nature of antibody binding, which will produce less
integrin clustering and three-dimensional changes than
laminin. The ability of laminin or TS2/16 to overcome

etoposide-induced changes in cell cycle regulators was
blocked by the PI3-kinase inhibitor LY294002. These results
indicate that ECM proteins via b1 integrins can override
etoposide-induced G2/M cell arrest by modulating expression
of cyclins, CDKs and CDK inhibitors in a PI3-kinase-
dependent manner.

Expression of a dominant-negative PKB mutant
prevents, and a constitutively active PKB mutant
mimics, ECM-mediated protection from apoptosis
and cell cycle arrest

Although LY294002 is accepted as a specific inhibitor of PI3-
kinase/PKB signaling at the doses used, it can inhibit other
pathways that may affect cell survival. Therefore, we sought
to genetically interfere with PI3-kinase signaling in SCLC cells
to confirm the effects of LY294002 on ECM-mediated
chemoprotection. We have shown that binding of SCLC cells
to ECM leads to activation of PI3-kinase, which activates
PKB. Thus, to specifically examine downstream PKB signal-
ing, we interfered with the activity of PKB through the
expression of both constitutively active (PKB CA) and
dominant-negative (PKB DN) PKB mutants. We found that
transient expression of PKB DN in H345 SCLC cells markedly
inhibited phosphorylation of downstream GSK3b, whereas
expression of PKB CA increased phospho-GSK3b levels, in
accordance with the expected activity of these mutants on
PKB signaling (Figure 5a). Importantly, expression of PKB CA
protected H345 cells adhered to poly-L-lysine from etoposide-
induced apoptosis (Figure 5b). Expression of PKB DN
produced a small increase in apoptosis both with and without
etoposide treatment in cells adhered to poly-L-lysine. How-
ever, PKB DN markedly increased etoposide-induced apop-
tosis in cells adhered to laminin (Figure 5b). Similar results
were obtained with H69 cells (data not shown).

To confirm the results obtained with LY294002 on
ECM-mediated protection from G2/M arrest, we transiently
expressed PKB DN and PKB CA in H345 cells adhered to
poly-L-lysine or laminin and analyzed progression through the
cell cycle. In cells adhered to poly-L-lysine, transient expres-
sion of PKB CA reversed etoposide-induced G2/M arrest
(Figure 5c and Table 3). Transient expression of PKB DN in
cells adhered to poly-L-lysine caused a modest increase in the
G2/M population with and without etoposide treatment.
Importantly, expression of PKB DN in cells adhered to laminin
significantly reversed protection from etoposide-induced G2/
M arrest and caused a small, but significant, increase in G2/M
arrest without etoposide treatment (Figure 5c and Table 3).
Taken together, the results observed with LY294002 and the
PKB mutants suggest a central role for PI3-kinase/PKB
signaling in ECM-mediated chemoprotection in SCLC cells.

Adhesion to ECM proteins does not modulate
ongoing etoposide- and radiotherapy-induced
DNA damage or repair

In order to confirm that the antiapoptotic and cell cycle effects
of ECM were not due to a reduction in etoposide activity or
altered repair of etoposide- and radiation-induced DNA

Table 2 ECM overrides etoposide- and radiation-induced cell cycle arrest via
b1 integrin-mediated PI3-kinase activation

Poly-L-lysine

Cell cycle phase — 4B4 LY294002 Na3VO4

Sub-G0 3.671.7 4.971.1 4.370.9 4.570.7
G1 24.273.9 23.272.2 22.172.5 39.871.8
S 22.672.1 20.872.8 19.371.3 24.572.1
G2/M 48.273.1 46.972.8 52.573.0 28.672.0

Laminin TS2/16

Cell cycle phase — 4B4 LY294002 —

Sub-G0 4.272.1 4.371.1 3.270.9 4.172.1
G1 52.373.1 22.872.0 20.971.7 44.271.8
S 20.271.9 19.773.0 16.172.4 28.772.2
G2/M 18.472.5 51.272.2 58.873.1 21.772.6

H345 SCLC cells were seeded into six-well tissue culture plates precoated with
poly-L-lysine, laminin or TS2/16 and treated with etoposide. In addition, cells
were treated as indicated: blockade of b1 integrins with 4B4, inhibition of PI3-
kinase with LY294002 or activation of tyrosine kinase with sodium orthovana-
date (Na3VO4). Progression through the cell cycle was assessed 24 h later by
flow cytometric analysis of DNA content using CELL Quest software. Mean
percentage total cells in each phase of the cell cycle is shown from n¼5
independent experiments 7S.E.M.
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damage, we assessed Topo II activity and DNA double-strand
break formation and repair. Topo II resolves sister chromatid
entanglement by binding to DNA, cleaving both strands and
passing a second duplex through the first before reannealing
the cleavage site.25 Etoposide blocks the reannealing action
of Topo II after the enzyme has created a double-strand break
leading to activation of DNA damage signaling pathways and
ultimately apoptosis.25 We measured Topo II activity by the
ATP-dependent de-catenation of high-molecular-weight
DNA. While etoposide was able to inhibit Topo II activity,
adhesion to the ECM protein laminin did not affect etoposide
inhibition of Topo II activity or Topo II expression. The PI3-
kinase inhibitor LY294002 had no effect on either Topo II
expression or activity (Figure 6a).

To determine the amount of DNA damage induced by
etoposide and radiation, H345 cells were seeded onto plastic
precoated with poly-L-lysine or laminin and then treated as
specified. The cells were washed, allowed to recover, and the

amount of DNA double-strand breaks in cell nuclei was
determined by immunofluorescence staining of phosphory-
lated H2AX (gH2AX). The foci of gH2AX represent actual DNA
double-strand breaks and correlate closely with cell death in
response to DNA damage (Figure 6b and c).26 DNA double-
strand breaks were also confirmed by Western blotting for
gH2Ax and DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) (Figure 6d). A very marked and equal increase in
gH2Ax foci was seen 2 h after etoposide (30 min after
radiotherapy – data not shown). Over the following 24-h
period, there was a decrease in the number of double-strand
breaks as DNA damage was repaired (Figure 6b–d). Crucially
there was no difference in the amount of DNA damage or rate
of repair in response to etoposide or radiation between cells
plated on laminin or nonspecifically adhered to plastic by poly-
L-lysine. Interestingly, while nearly all of the DNA damage was
repaired, there were still a significant number of gH2Ax foci
present at 24 h, suggesting persistence of DNA damage.
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Discussion

Our results show for the first time that ECM proteins activate
b1 integrins to protect SCLC cells against the proapoptotic
effects of the DNA damaging agents, etoposide and ionizing
radiation through tyrosine kinase-mediated PI3-kinase activa-
tion. Etoposide, which inhibits the re-annealing activity of
Topo II causing DNA damage, upregulates CDK inhibitors
p21Cip1/WAF1 and p27Kip1, increases CDK 1 phosphorylation
and downregulates cyclins D, E, A and B and CDK 2
phosphorylation, causing G2/M cell cycle arrest. In SCLC
cells b1 integrin-mediated PI3-kinase activation via phosphory-
lation of PKB and GSK-3b leads to maintenance of cyclins D,
E, A and B, increases expression of phosphorylated CDK2
and downregulates CDK inhibitors, p21Cip1/WAF1 and p27Kip1

despite the presence of etoposide. This leads to continued
progression through the cell cycle, overriding etoposide-
induced G2/M arrest. Furthermore, adhesion of SCLC cells to
ECM via b1 integrin/PI3-kinase signaling results in phosphory-
lation of Bad and reduced caspase-9 cleavage, in response to
etoposide, preventing apoptosis. The interrelationship of ECM
effects on G2/M progression and apoptosis is not clear, but it
is likely that through PI3-kinase ECM overrides these
processes in parallel, to effect cell survival and proliferation.
Importantly, the effects of ECM occur despite etoposide-
induced Topo II inhibition and extensive DNA damage.
As a consequence, SCLC cells in the presence of ECM
are resistant to chemotherapeutic agents and continue to
cycle despite genetic abberations, possibly leading to the

Table 3 Expression of dominant-negative PKB prevents, and constitutively
active PKB mimics, ECM-mediated protection from G2/M cell cycle arrest

Poly-L-lysine Etoposide treatment

Cell cycle phase — PKB CA — PKB CA

Sub-G0 4.370.7 4.170.8 8.371.3 3.670.9
G1 63.272.9 60.173.3 19.672.1 49.871.8
S 15.671.8 17.371.6 27.371.4 21.573.1
G2/M 12.271.1 14.271.1 53.573.0 22.672.3

Poly-L-lysine Etoposide treatment

Cell cycle phase — PKB DN — PKB DN

Sub-G0 3.270.7 4.170.8 7.572.3 8.971.7
G1 61.373.9 51.673.3 24.671.9 27.671.9
S 17.372.1 20.471.9 26.872.4 26.872.7
G2/M 14.272.1 23.273.1 47.573.1 43.67 3.8

Laminin Etoposide treatment

Cell cycle phase — PKB DN — PKB DN

Sub-G0 4.071.8 4.271.9 3.170.7 8.171.1
G1 64.573.0 47.671.5 55.372.2 20.872.2
S 16.271.7 24.572.9 20.671.1 27.771.7
G2/M 11.672.1 21.272.0 15.271.0 49.272.1

H345 cells were transfected with equal amounts of dominant-negative PKB
(PKB DN), constitutively active PKB (PKB CA) or empty vector (�). After 24 h,
the cells were quiesced, seeded into six-well plates precoated with poly-L-lysine
or laminin and treated with etoposide as indicated. Progression through the cell
cycle was assessed 24 h later by flow cytometric analysis of DNA content using
CELL Quest software. Mean percentage of total cells in each phase of the cell
cycle is shown from n¼5 independent experiments 7S.E.M.
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Cells were washed twice and the medium was replaced with RPMI containing
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stained with anti-gH2Ax antibody and foci viewed by fluorescence microscopy.
Representative images of gH2Ax foci from n¼ 4 independent experiments.
Untreated cells are shown for comparison. (c) H345 SCLC cells were seeded into
eight-well coverslips precoated and treated with poly-L-lysine (closed bars) or
laminin (open bars) and allowed to adhere for 1 h. The cells were treated with
etoposide (25 mg/ml) for 2 h, washed and allowed to recover in RPMI with FCS.
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anti-gH2Ax antibody and foci viewed by fluorescence microscopy The intensity of
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relative gH2Ax foci of n¼ 4 experiments). (d) H345 cells were adhered to
poly-L-lysine (�) or laminin (þ ), treated with etoposide (25 mg/ml) and lysed
at the times indicated. Expression of DNA-PKcs and gH2Ax was deter-
mined by Western blot analysis. Representative blot from n¼ 3 independent
experiments
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emergence of drug-resistant clones. As the DNA damage is
random, genetic drug resistance can be achieved as a result
of a wide variety of insults, explaining why no unifying
mechanism for the emergence of MDR in SCLC has been
defined.

The development of MDR is a major cause of treatment
failure in cancer.2 Central to the cellular response to DNA
damage is cell cycle arrest at regulated checkpoints with
subsequent activation of cell death by apoptosis.8 MDR is a
multi-factorial phenomenon, and therefore it may be more
effective to target the processes which enhance survival and
prevent apoptosis induced by initial drug treatment in cancer
cells, preventing the emergence of acquired drug resis-
tance.27 Resistance mechanisms in vitro differ from those in
vivo, suggesting that the local cellular environment plays a
significant role in selection for in vivo drug resistance. Our
previous results in SCLC suggest that in vivo interactions
between tumor cells and ECM proteins in the microenviron-
ment are involved in the early stages of drug selection,
providing a survival advantage to ECM adherent SCLC cells,
and promote the acquisition of the classical forms of drug
resistance.

Detachment of anchorage-dependent cells results in
apoptotic cell death.28 This can be prevented by constitutive
activation of integrin-dependent signaling pathways such as
PI3-kinase and PKB.29 While anchorage-independent growth
is a major step in cellular transformation leading to cancer and
metastases, cancer cells may still use integrin survival
signals. Our work and results from other groups show that a
number of cancers, including SCLC, breast, prostate, colon
cancer and hematological malignancies, all use ECM adhe-
sion for survival to evade the cytotoxic effects of chemo-
therapy or radiotherapy.3,5–7 While this appears to be a
general and important phenomenon, the actual intracellular
mechanisms coupling integrin activation to protection from
chemotherapy- and radiotherapy-induced apoptosis may be
cancer cell type specific. The mechanisms described here for
SCLC differ from those reported previously, particularly
myeloma cells. This may reflect cell type specificity potentially
relating to differing integrin behavior between hematological
malignancies and solid tumors. Previous studies in hema-
poeitic tumor cells have demonstrated that adhesion to
fibronectin protected against chemotherapeutic agents
through increased expression of p27Kip1 and G1 cell cycle
arrest.30 Furthermore, integrin-mediated adhesion in hema-
poeitic cancer cells reduced DNA double-strand breaks and
apoptosis caused by chemotherapeutic agents such as
mitoxantrone and etoposide.31 This primarily a5b1-mediated
reduction in DNA damage correlated with decreased topo-
isomerase-II enzymatic activity. However, the a5b1 integrin is
not found in SCLC cells and is reduced in other carcino-
mas.3,32 Furthermore, our results show that, in SCLC cells
grown in suspension or adhered to ECM proteins such as
laminin and fibronectin, the enzymatic activity of topoisome-
rase-II and the amount of etoposide- or radiation-induced
DNA double-strand breaks remain unchanged. In addition, the
rate of proliferation is also unaffected by adhesion to ECM
proteins. These results demonstrate that decreased prolifera-
tion and changes in Topo II activity are not the mechanisms of
integrin-mediated drug resistance in SCLC cells.

The PI3-kinase/PKB pathway contributes to the pathogen-
esis of cancer and confers resistance to apoptosis.19,33

Activated PI3-kinase phosphorylates inositol lipids, resulting
in the activation of the serine/threonine kinase PKB that
phosphorylates caspase-9 and BAD, promoting cell survi-
val.19 Activated PKB can also regulate cellular proliferation by
interaction in the nucleus with cell cycle regulators governing
G1/S and G2/M checkpoints.34 In this study, we have shown
that inhibition of PI3-kinase prevents b1 integrins from
overriding etoposide-induced G2/M cell cycle arrest and
apoptosis, indicating that PI3-kinase is crucial for ECM-
mediated chemoprotection in SCLC cells. Previous work has
indicated that inhibition of growth factor stimulated PI3-kinase
activity, promotes apoptosis and enhances sensitivity of
SCLC cells to chemotherapy.18 Primarily, we found that
pharmacological and genetic inhibition of PI3-kinase/PKB
signaling dramatically reversed ECM-mediated chemoprotec-
tion. However, we did observe an increase in apoptosis
measured by annexin V staining at 48 h with inhibiton of PI3-
kinase signaling both with and without etoposide. These
results confirm previous data by Krystal et al. (2002), but the
effects on apoptosis were less pronounced in our system,
possibly due to differences in experimental design and cell
types examined. This small effect on apoptosis is in keeping
with previous data published on the use of LY294002.18,35

Integrins and growth factors in untransformed cells only
regulate cell cycle progression at the G1/S checkpoint.11

Current evidence suggests a central role for PI3-kinase
signaling pathway in regulating cell cycle progression. PI3-
kinase activation can be sufficient to induce G1 transit in
fibroblasts.34 Thus, downstream targets of PI3-kinase/PKB-
dependent pathways that regulate normal cell cycle progres-
sion may also participate in overriding etoposide- and
radiation-induced cell cycle checkpoints. PI3-kinase activity
has been shown to induce expression of D-type cyclins and to
increase cyclin D1 stability through PKB-dependent phos-
phorylation of GSK-3b.21 G1 progression depends on the
sustained expression of D type cyclins. The cyclin D–CDK 4
and 6 complex sequesters the CDK inhibitors p21Cip1/WAF1

and p27Kip1, which allows cyclin E–CDK 2 to drive the cell
cycle through late G1, allowing the derepression of cyclin A at
the onset of S phase.16 Deletion of the p27Kip1 gene restores
the growth phenotype of cyclin D1 null mice.36 Furthermore
cells, which overexpress cyclin E, still depend on cyclin D1
accumulation to sequester the enhanced p21Cip1/WAF1 levels,
suggesting that a major function of cyclin D1 in cell cycle
control is the redistribution of CDK inhibitors.37 PI3-kinase
effects on G1-phase progression may also be mediated
through the downregulation of expression and function of
p27Kip1.38 Thus, adhesion to ECM via integrin-mediated
activation of PI3-kinase may reduce levels of p21Cip1/WAF1

and p27Kip1, allowing cells to progress through the G1/S
phase of the cell cycle.

SCLC cells have previously been shown to have a defective
G1/S checkpoint, which correlates with mutant inactive p53.39

We confirm the reports of others that etoposide and ionizing
radiation lead to G2/M cell cycle arrest in SCLC cells.
Furthermore, our data clearly demonstrate that the b1
integrin/PI3-kinase pathway in SCLC cells regulates progres-
sion through the G2/M checkpoint. The ability of b1 integrins to
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override etoposide-induced G2/M arrest in SCLC cells could
result from increased DNA repair, thus removing signals for
cell cycle arrest. Importantly, we found no difference in the
degree of DNA damage induced by etoposide or XRT in cells
adhered to either laminin or poly-L-lysine. Furthermore, when
cells were allowed to recover, we observed identical rates of
DNA repair. This suggests that ECM-mediated protection
from G2/M arrest is not caused by alterations in the amount of
DNA damage or the kinetics of DNA repair. The finding of
identical DNA repair is interesting because laminin, by driving
cells through the G2/M cell cycle checkpoint, might reduce the
time scale for effective DNA repair, resulting in increased
amounts of damaged DNA. However, previous data have
demonstrated that DNA repair can occur at all stages of the
cell cycle and cells have mechanisms for tolerating damaged
DNA, allowing replication of the genome.40 Therefore, it is
possible that, in cells driven through the G2 checkpoint by
laminin, damaged DNA is tolerated, to be repaired during
other phases of the cell cycle. This could result in similar
apparent levels of DNA double-strand break repair between
cells adhered to laminin and poly-L-lysine. Importantly,
tolerating mechanisms are more likely to introduce point
mutations, increasing the likelihood of long-term genetic
damage.

Crucially, what we have demonstrated in this paper is that
etoposide treatment of SCLC cells adhered to poly-L-lysine
induces DNA double-strand breaks causing G2/M cell cycle
arrest and ultimately apoptotic cell death via caspase
activation. However, although etoposide induces identical
DNA damage in cells adhered to ECM, b1 integrin/PI3-kinase
activation by ECM proteins prevents prolonged G2/M arrest
by downregulating p21Cip1/WAF1 and p27Kip1, reduces phos-
phorylation of CDK1, maintains expression of cyclin D, E, A
and B and phosphorylates CDK2. Thus, adhesion to ECM
allows SCLC cells to survive following significant treatment-
induced DNA damage, increasing the likelihood of propaga-
tion of genetic mutations, providing an explanation for the
acquisition of MDR following initial therapy.
b1 integrin-mediated adhesion between tumor cells and the

ECM in their environment confers a survival advantage to
SCLC cells, protecting from apoptosis and allowing cells with
damaged DNA to drive through the cell cycle. This may lead to
the propagation of further transforming genetic mutations,
which may ultimately cause acquired MDR in what were
initially chemo-sensitive cells. Thus, the environmental con-
text and specificity of cancer cells may have important
consequences on the acquisition of MDR and therapies
designed to disrupt specific interactions between cells, and
their environment may be important targets in the circumven-
tion of MDR. This has important implications for the role of
dose intensification and adjuvant treatment by inhibiting b1
integrin/PI3 kinase signaling to enhance the cytotoxic effects
of chemotherapy. However, integrins play a key role
particularly in the immune system and protection against
infection; thus targeting b1 integrins may have deleterious
side effects. Our initial observations on cell-adhesion
mediated drug resistance have been shown to be widely
applicable in a number of cancers including breast, colon and
hematological cancers. We believe the mechanisms outlined
in this article will also have broad implications, particularly in

cancers that are initially sensitive to cytotoxic treatment and
then become resistant. A better understanding of the b1-
specific mechanisms mediating integrin protection against the
proapoptotic effect of DNA damaging drugs may lead to the
development of novel therapeutic strategies in the circumven-
tion of MDR.

Materials and Methods

Cell culture

All experiments used NCI-H69, NCI-H345 and NCI-H510 cell lines from
ATCC (Rockville, MD, USA) which were grown in HEPES buffered RPMI
1640 medium (Invitrogen) supplemented with 10% (v/v) heat-inactivated
fetal calf serum (FCS) (Labtec), 5mg/ml L-glutamine, 100 U/ml penicillin
and 100mg/ml streptomycin (Invitrogen Ltd, UK). For experiments, cells
were cultured overnight in quiescent media (RPMI supplemented with
0.25% (w/v) BSA, 100 U/ml penicillin and 100 mg/ml streptomycin), and
then resuspended in SITA media (RPMI supplemented with 30 nM
selenium, 5 mg/ml insulin, 10mg/ml transferrin, 0.25% (w/v) BSA, 100 U/ml
penicillin and 100 mg/ml streptomycin). FCS contains fibronectin (25 mg/
ml), which will stimulate b1 integrin/PI3-kinase signaling, and therefore it
was necessary to remove FCS prior to and during experiments examining
the effects of ECM on SCLC cells.

Transfection of cell lines

Plasmids encoding myc-tagged constitutively active PKB-pUSEamp myr-
Akt1/PKBa and myc-tagged dominant-negative PKB-pUSEamp Akt1/
PKBa (K179M) were obtained from Upstate Biotechnology. pUSEamp
was used as an empty vector control. Plasmid inserts were sequenced
prior to use. For transfection H345 and H69 cells were washed twice,
resuspended in antibiotic free culture RPMI (0.5� 106 cells/ml) and
transfected with 1 mg of DNA/106 cells using Lipofectamine 2000 (1 : 5
ratio) according to the manufacturer’s instructions.

Apoptosis

SCLC cells were quiesced by overnight incubation at 371C in quiescent
medium. Cells were washed twice and seeded (4� 104 cells in 200ml of
SITA per well) into 96-well plates which had been precoated by incubation
at 371C for 1 h with poly-L-lysine (10 mg/ml) (Sigma), laminin (10 mg/ml)
(Sigma), fibronectin (20 mg/ml) (Sigma) or TS2/16 (10 mg/ml) (BioLegend)
as specified. Cells were allowed to settle for 1 h at 371C and then treated
with Na3VO4 (200mM) (Sigma), LY294002 (30 mM) (Calbiochem),
tyrphostin-25 (25 mM) (Calbiochem) or etoposide (25 mg/ml) (Sigma) as
specified. Cells were treated with ionizing radiation (1–4 Gy) as specified
using a 6MV linear accelerator. In experiments using 4B4 to block b1
integrin function, cells were incubated with 4B4 (10 mg/ml) (Beckman
Coulter) at 37oC for 30min prior to seeding onto ECM. Apoptosis was
assessed 0–72 h later by the addition of 1ml of ethidium bromide (1mg/ml)
(Sigma) and 1 ml acridine orange (1 mg/ml) (Sigma) and the percentage of
apoptotic cells was determined by fluorescent microscopy as described
previously.5 Apoptosis was also determined using a cell death detection
ELISAt kit (based on the quantitative detection of histone-associated
DNA fragments in mono- and oligonucleosomes) according to the
manufacturer’s instructions (Roche Diagnostics) and by flow-cytometric
analysis of Annexin V staining according to the manufacturer’s instructions
(Annexin V-PE BD Bioscience).
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PI3-kinase activity assay

PI3-K activity was measured as described previously.29 Briefly, cells were
spun onto six-well plates precoated with poly-L-lysine (10 mg/ml) (Sigma),
laminin (10 mg/ml) (Sigma), fibronectin (20 mg/ml) (Sigma) or TS2/16
(10 mg/ml) (BioLegend) as specified and lysed. PI3-kinase was
immunoprecipitated from protein-equilibrated cell lysates using a 10 mg
1 : 1 mixture of anti-phosphotyrosine antibodies PY20 and PY99 (Upstate
Biotechnology, Lake Placid, USA) and assayed for activity using
[g-32P]ATP and a mixture of phosphatidyl inositol and phosphatidyl serine
as substrate. 3-Phosphorylated lipids were resolved using thin-layer
chromatography after Folch extraction. PIP3 was identified by auto-
radiography and quantified by liquid scintillation counting.

PKB activity

PKB activity was measured as described previously.29 In brief, cells were
quiesced overnight, gently disaggregated and then treated as specified.
Cells were lysed, PKB was immunoprecipitated with anti-PKBa
conjugated to protein G-sepharose beads (41C for 90min) and assayed
for activity using [g-32P]ATP and crosstide substrate (Upstate Biotechnol-
ogy). Radioactive incorporation was quantified by liquid scintillation
counting.

Caspase-3 activity

Quiesced SCLC cells were adhered to poly-L-lysine (10mg/ml) (Sigma),
laminin (10mg/ml) (Sigma), fibronectin (20mg/ml) (Sigma), or TS2/16
(10mg/ml) (BioLegend) as specified and treated with Na3VO4 (200mM)
(Sigma), LY294002 (30mM) (Calbiochem), tyrphostin-25 (25mM) (Calbio-
chem), etoposide (25mg/ml) (Sigma) or z-VAD (100mM) (Promega) as
indicated. Cells were lysed at 48 h and caspase-3 activity was assessed
using a caspase-3 cellular activity kit according to the manufacturer’s
instructions (Cat. no. 235419 Calbiochem). Specific caspase-3 activity (pmol/
min/mg protein) in each experiment was normalized to untreated cells.

Western blotting

Cells were treated as specified, lysed in RIPA buffer and protein balanced
by BCA protein assay (Pierce). Samples were resolved on 10, 12 or 14%
acrylamide gels (10 mg protein/lane) and separated proteins were
transferred onto nitrocellulose membranes. Blots were probed with the
following antibodies overnight at 41C in either 5% milk or 3% BSA in TBS
Tween: rabbit anti-actin (Sigma); rabbit anti-phospho-PKB (Sigma),
mouse anti-GSK-3a/b (Biosource International), rabbit anti-phospho-
GSK-3b (pS9) (Biosource International); mouse anti-p21Cip1/WAF1 (clone
CP74) (Sigma); mouse anti-p27Kip1 (clone DCS-72) (Sigma); mouse anti-
cyclin A (Oncogene Research Products) mouse anti-cyclin B (BD
Transduction Labs, USA); mouse anti-cyclin D1 (clone AM29) (Zymed);
mouse anti-cyclin E (clone HE12) (Upstate); rabbit anti-phospho-CDK2
(Thr160), rabbit anti-phospho-CDK1 (Tyr15) (both Cell Signaling
Technology, USA); mouse anti-gH2Ax (Upstate); mouse anti-DNA-PKcs
(p350 clone 6) (BD Biosciences); rabbit anti-phospho-Bad (Ser136); rabbit
anti-Bad (9292) (Cell Signaling Technology); rabbit anti-cleavage site-
specific caspase-9 antibody (CCSA 315/316) (Biosource); mouse anti-myc
(9E10) (Abcam); and rabbit anti-caspase-3 (Asp179) (5A1). Species-
specific horseradish peroxidase-conjugated antibodies (Dako) were used
as secondary labels and bands were visualized using ECL (Amersham)
according to manufacturer’s instructions. Relative protein expression was
quantified using Image J software.

Cell cycle analysis

Cells were quiesced overnight and seeded into six-well plates precoated
with laminin, fibronectin or TS2/16 and treated as specified. Cells were fixed
0–24 h later in 70% ice-cold ethanol (for at least 2 h), stained with propidium
iodide and subjected to flow-cytometric analysis (pulse processing) with a
FACS Calibur (BD Biosciences) flow cytometer. Cell cycle parameters from
10 000 events were analyzed using CELLQuest software.

Topo II activity

Topo II activity was measured as described previously.3 Briefly, nuclei were
extracted from SCLC cells treated as specified and lysed. The supernatant
was used in a Topo II assay, which measures Topo II activity by the ATP-
dependent de-catenation of high-molecular-weight kinetoplast DNA (kDNA).
Each sample was incubated for 30min at 371C in reaction buffer (50mM
Tris-HCl (pH 7.5), 10mM MgCl2, 100mM KCl, 0.5mM EDTA, 30mg/ml
BSA, 1mM ATP, 0.5mM dithiothreitol and 100mg/ml kDNA (TopoGEN)).
The reaction products were separated by 1% agarose gel electrophoresis,
stained with ethidium bromide and photographed under UV light.

Visualization of DNA double-strand breaks

Cells were quiesced overnight and seeded into eight-well coverslides
(Nalge NUNC) at a density of 2.5� 105 cells/cm2 precoated with laminin or
poly-L-lysine. Cells were allowed to adhere for 1 h at 371C and then treated
with etoposide (25mg/ml) for 2 h. Cells were then washed and allowed to
recover in RPMI with FCS. Cells were fixed at 0–24 h after etoposide
treatment with 3% paraformaldehyde for 5min, washed twice with PBS,
permeabilized with 0.1% Triton and blocked with 0.2% fish skin gelatin.
Cells were incubated with 1 : 500 dilution of anti-gH2Ax (Upstate) for 2 h at
room temperature and washed with PBS. Secondary antibody labeled with
ALEXAflour 488 (1 : 500) was applied for 1 h at room temperature. The
slides were viewed using a Zeiss Axioskop 2 microscope. Image analysis
was performed using Openlab software from Improvision.

Statistical analysis

Data were analyzed by one-way analysis of variance and the appropriate
post-test analyses were applied. P-values o0.05 were considered to be
significant.
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