










CONSTITUTIVE PI 3-KINASE ACTIVITY IN SCLC CELLS

Fig. 4. .4. PKBÂ«expression in SCLC cell lines
H69. H345. H510, and Swiss 3T3. Western blots of
cx'll lysatcs were probed with an anti-PKBa anti

body and visualised by ECL. B. PKB activity in
SCLC cells. SCLC cells grown in quiescent me
dium were well washed and then equilibrated in
fresh PBS for I h. PKB was immunoprccipitated
from cell lysates. and activity was assayed in an in
vitro kinase reaction using Crosstide as substrate
(as described in "Materials and Methods"). Basal

PKB activity was measured in H69 SCLC cells
preincuhatcd with diluent (ut. 100 nM wortmannin
( WAf).or 20 nw rapamycin (/?Â«/;).Basal 3T3 shows
PKB activity in Swiss 3T3 cells under identical
conditions as described above. Results expressed
as percentage of PKB activity above nonspecific
background are the means of two independent ex
periments in duplicale; bars, SD. C, concentration-

dependent inhibition of basal PKB activity by PI
3-kinase inhibitors in SCLC cells. SCLC cells were
treated with I.Y294002 (/*//( or wortmannin Irighi I
for 20 min before lysis. Each point represents the
mean of three independent experiments performed
in duplicate: barÃ. SE. Basal PKB activity is ex
pressed as 100"7r (1824 Â±241 cpm; nonspecific-

background, 596 Â±87 cpm).
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respectively. Incubation of H69 and H345 cells with a combination of
10 /Â¿MLY294002 (a value close to the IC50) and 20 nM rapamycin (a
maximally effective concentration) caused an ~6l-68% inhibition of

SCLC cell growth over 9 days (Fig. 6). Similar results were seen in
H5K) cells. These results suggest that PI 3-kinase exerts its growth
effects by both p70"''k-dependent and independent pathways in SCLC.

However, it appears that the majority of the PI 3-kinase effect is
mediated via a p70s6k-independent pathway, potentially signaling

through PKB.
SCLC Cell Survival Is PI 3-Kinase-dependent. Activation of PI

3-kinase and PKB activity has been implicated in the protection of
cells from apoptosis. The effect of PI 3-kinase inhibitors on the rate of

SCLC cell apoptosis was determined using acridine orange/ethidium
bromide staining under fluorescent microscopy. The background level
of SCLC cell apoptosis in these experiments was 8%. H345 cells
treated with 10 /J.MLY294002 or lOOnM wortmannin for 24 h showed
a 41 Â± 12 and 31 Â± 13% increase in the percentage of cells
undergoing apoptosis, respectively. The figures for H69 cells were
82 Â±30% and 95 Â±22%, respectively (mean Â±SE; n = 3; Fig. 7,4).

These data were corroborated using an immunoassay that detected

cytoplasmic histone-associated DNA fragments (data not shown).

During this time course, trypan blue positivity remained consistently
<5%. Thus, although inhibition of PI 3-kinase activity in SCLC cells

caused a marked inhibition of cell growth in liquid culture, this did not
occur as a result of increased cell necrosis but was due, in part, to an
increase in apoptosis. Because the proapoptotic effect due to PI
3-kinase inhibition was relatively modest, we examined the effect of
PI 3-kinase inhibitors on cell cycle kinetics. Fig. IB shows that 10 /IM

LY294002 causes a cell cycle delay in G, and a decrease in the
number of cells entering mitosis. Therefore, the growth-inhibitory

effects induced by LY294002 are due to a combination of an increase
in apoptosis and a delay in the cell cycle.

LY294002 Inhibits SCLC Cell Tumorigenicity and Neuropep-
tide-stimulated Colony Growth. The ability to form colonies in
agarose semisolid medium is a marker of anchorage-independent

growth that is characteristic of the transformed phenotype. There is a
positive correlation between the cloning efficiency of cells and the
histolÃ³gica! involvement and invasiveness of the tumor in specimens
taken from SCLC (39). We therefore examined the effect of 10 /XM
LY294002 on SCLC colony formation in agarose semisolid medium.

H345

0.1 io 100 ai 10 100 10 100

LY294002 (//M)
Fig. 5. Concentration-dependent effect of LY294002 on H69, H345, or H510 SCLC growth. SCLC cells ( 1 x IO5) were washed and incubated in fresh SITA medium in the presence

of increasing concentrations of LY294002 as shown. Cell number was determined on day 9, and results are expressed as a percentage of cell growth in the presence of diluent alone.
Each point represents the mean of three to five independent experiments performed in triplicate; bars, SE.
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Fig. 6. Effect of LY294002 and rapamycin on H69 (left) and H345 (right) SCLC cell
growth. Cells (1 X 10') were washed and incubated in fresh SITA medium in the presence

of LY294002 (LY) and rapamycin (Rap) alone or in combination, at the concentrations
indicated. On day 9. cell number was measured. Results expressed as percentage inhibi
tion of growth compared with control cell growth are means of three to five independent
experiments performed in triplicate; bars, SE.

Fig. 8 shows that 10 JLIMLY294002 inhibited basal colony formation
of all three SCLC cell lines by up to 80%. Our previous work has
suggested that SCLC cell growth is sustained by multiple autocrine
and paracrine growth loops involving calcium mobilizing peptides. As
shown previously, the neuropeptides vasopressin (50 nM), gastrin ( 100
nM), and bombesin (50 nM) caused a marked stimulation of colony
formation in H69, H510, and H345 cells, respectively (30). However,
the addition of vasopressin, gastrin, or bombesin failed to rescue the
LY294002-induced inhibition of colony formation in these cell lines
(Fig. 8). Thus, PI 3-kinase appears to play a critical role in sustaining
the anchorage-independent growth of SCLC.

DISCUSSION

SCLC has the highest metastatic potential of any of the solid tumors
with >90% of patients having widespread mÃ©tastasesat presentation.
A characteristic feature of cancer cells is their ability to grow in the
absence of cell adhesion to extracellular matrix. The development of
secondary metastatic deposits at sites remote from the primary tumor
is one of the main causes of death in patients with cancer. Therefore,
the ability of tumor cells to survive and proliferate in inappropriate
environments is central to cancer-related death. Thus, anchorage-

independent growth is pivotal to the highly proliferative and meta
static nature of this cancer.

The novel findings of this study are that in all five SCLC cell lines
examined, constitutive PI 3-kinase activity was found that results in
high levels of basal PKB and p70s6k activity. Inhibition of PI 3-kinase

activity blocks SCLC cell growth in liquid culture and colony forma
tion in semisolid medium. We show that this occurs due to a combi

nation of a stimulation of apoptosis and a delay in the cell cycle in G,
with a consequent decrease in the number of cells entering mitosis.
Our results also show that SCLC growth and survival is mediated both
by p70s6k-dependent and -independent pathways, the latter potentially

acting through PKB. Thus, downstream pathway(s) driven by a con-
stitutively active PI 3-kinase appear to play an important role in

promoting the growth and anchorage independence of SCLC. Re
cently, PI 3-kinase activation has been implicated in anchorage-

independent growth, metastasis, and cell invasion (13, 14). To our
knowledge, this is the first description of constitutively activated PI
3-kinase/PKB in any human cancer. Constitutive activation of these
integrin-dependent signaling events may provide a molecular expla
nation for anchorage-independent growth and account for the highly

metastatic nature of SCLC. We propose that anchorage independence
mediated by constitutive PI 3-kinase activity, in concert with serum

independence mediated by multiple autocrine/paracrine growth loops
driven by calcium-mobilizing neuropeptides, is responsible for the

very aggressive nature of SCLC.
The origin of this constitutive PI 3-kinase activity in SCLC cells is

unclear. Before analysis of PI 3-kinase activity, every effort was made

to remove exogenous growth factors by extensive cell washing.
Hence, we feel that it is unlikely that exogenous growth factor
stimulation is mediating this high PI 3-kinase activity, and further
more, under identical conditions PI 3-kinase activity is low in control
cells. PI 3-kinase can be activated by intracellular second messengers
such as raÃ.FAK, and src, which are also able to promote anchorage-

independent growth (24, 32, 40, 41). However, several studies have
failed to show any evidence of activating ras mutations in SCLC (33,
34). In addition, we have shown previously that under the basal
conditions described above, FAK phosphorylation is low (2). Further
more, pp60 src activity is low in SCLC cells (35). This suggests the
possibility of a novel mechanism of PI 3-kinase activation or a
mutationally activated PI 3-kinase in SCLC cells.

The molecular targets of PI 3-kinase are being defined by studies
using PI 3-kinase inhibitors. In this study, we used the PI 3-kinase

inhibitors wortmannin and LY294002. To ensure the specificity of
effects seen with pharmacological agents, it is important that inhibi
tors with differing mechanisms of action produce similar effects
within the concentration range described for other cell systems. Wort
mannin (IC50, 3 nvi) is noncompetitive with respect to ATP, binding
irreversibly to the pi 10 catalytic subunit of PI 3-kinase ( 10), whereas

LY294002 (ICS(), 1.4 pt.M)behaves as a competitive inhibitor for the
ATP binding site of PI 3-kinase (11).

PKB and p70*6k have been identified as downstream effectors of PI

3-kinase (15, 21). Our results may underlie the constitutive basal

Fig. 7. A, effect of the PI-3 kinase inhibitors LY294002 and
wortmannin on H69 (left) and H345 (right) SCLC cell apop
tosis. Cells ( 1 X IO5) were washed and incubated in fresh SITA

for 24 h in Uie presence of either diluent or IO /Â¿MLY294002
(LY) or 100 nM wortmannin (WM). Apoptotic cells were iden
tified using acridine orange/ethidium bromide under fluores
cence microscopy. The results that are expressed as a percent
age of stimulation of apoptosis over control cells are Uie means
of six independent experiments performed in triplicate; bars,
SE. B. effect of LY294002 on SCLC cell cycle. H69 cells that
had incubated for 24 h in the presence or absence of 10 (Â¿M
LY294002 (LY) were washed in PBS and fixed with 70%
ice-cold ethanol. Cellular DNA content was determined by
staining with propidium iodide, and cell cycle phase was ana
lyzed using an EPICS Profile II. G,, S. and M refer to stages of
the cell cycle.
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H69 H345 H510

Fig. 8. Effect of LY294Ãœ02on SCLC clunal growth in semisolid medium. H69, H345.
and H5IO SCLC cells. 3-5 days after passage, were washed, and I X IO4 viable cells/ml

were plated in SITA medium containing 0.39i agarose on top of a base of 0.5% agarose
in culture medium as described in "Materials and Methods." Both layers contained either

no neuropcptide additions (â€¢)or 50 nw vasopressin ( VP], 50 n\i bombesin (floral, or 100
n.Mgaslrin (G: SU]in the presence ( + ) or absence ( - ) of 10 (x.MLY294002 (LY). After 21

days, colonies of >I2() JIM (16 cells) were counted. Results are expressed as colonies/
dish, means of triplicates of two independent experiments: fairs, SD.

phosphorylution of p70"6k noted previously in SCLC cell lines HS10.

H69, und H345 (19). This constitutive basal phosphorylation is re
flected in the high basal activity of p70s''k. Wortmannin and
LY294002 inhibit p70*6k activity by 70-80% with IC5()s similar to
those seen for both PI 3-kinase and p70shk inhibition. Thus, the
constitutive phosphorylation and kinase activity of p70"6k is, in part,

driven by constitutive PI 3-kinase activity. However, even when high

concentrations of wortmannin ( UK)nM) and LY294002 ( 100 JU.M)were
used, residual p7()"''k activity was noted. This may be due to activation
of p70s''k by other pathways, e.g.. the PKC pathway as described in
other cell systems (17). This may also explain why H345 cell p70s<lk

was more resistant to the effects of PI 3-kinase inhibitors than in H69
cells with an IC5(I shifted to the right and higher residual p70"6k

activity, despite maximal PI 3-kinase inhibition. Constitutive activa

tion of the e isoform of PKC has been described in a SCLC cell line (42).
PKB overcxpression in human ovarian, breast, and pancreatic can

cers has been shown to be associated with a poor prognosis and
increased tumorigenicity (22, 23). However, these studies did not
examine PKB activity. All three SCLC lines that we examined ex
pressed the a isoform of PKB and had elevated basal PKB activity
that could be completely inhibited by wortmannin and LY294002 in
a concentration-dependent manner similar to PI 3-kinase. Therefore,

the high basal PKB activity in SCLC cells occurs as a consequence of
constitutive PI 3-kinase activity. The doublet band for PKBa was only
seen in H510 cells and was a constant finding (;; = 3). The reason is

obscure but may be due to a posttranslational modification or an
alternatively spliced form of the protein.

To examine the functional importance of this up-regulated pathway,
we used the PI 3-kinase inhibitor LY294002. The addition of

LY294002 to SCLC cells in liquid culture resulted in a marked
concentration-dependent reduction in cell numbers. The IC5lls are
very similar to the ICMlsfor inhibition of PI 3-kinase, PKB. and p70"6k

activity by LY294002. PI 3-kinase inhibition can almost totally block
SCLC cell proliferation. Thus, constitutive PI 3-kinase-dependent

signaling is playing a critical role in SCLC growth.
The addition of PI 3-kinase inhibitors, wortmannin, and LY294002

to SCLC cells showed a modest but consistent increase in the per
centage of cells undergoing apoptosis. In addition. PI 3-kinase inhi

bition causes a cell cycle delay, and the combination of cell cycle
delay and stimulation of apoptosis appear to be responsible for the

growth inhibition seen. Studies using trypan blue and acridine orange
excluded a toxic effect being responsible. PI 3-kinase inhibition may

arrest growth by preventing normal growth factor signaling. Recent
evidence suggests that growth factors do not induce DNA synthesis in
3T3 cells in the absence of integrin activation (43). This appears to
result from the inability of growth factors to activate the MAP kinase
pathway in the absence of integrin-mediated second messenger sig
nals. We propose that constitutive activation of PI 3-kinase in SCLC
cells may mimic integrin-dependent signal transduction and facilitate
growth factor-mediated activation of the MAP kinase pathway. When

this second messenger pathway is blocked, growth factors can no
longer activate MAP kinase. leading to SCLC cell growth arrest.

PI 3-kinase acting through PKB has been shown to promote
anchorage-independent growth (32). This may be central to the survival

and growth of tumor cells in inappropriate environments. The ability of
cells to grow in soft agar is a feature of anchorage independence and
pathognomonic of the transformed phenotype, correlating with tumori
genicity and invasiveness of the tumor (39). SCLC basal colony growth
can be stimulated by neuropeptide growth factors (30, 44). These obser
vations, along with the finding that SCLC cells produce a variety of
neuropeptides and hormones (45), gave rise to the autocrine/paracrine
theory of SCLC growth. LY294002 markedly inhibited basal colony
formation of SCLC cells in agarose semisolid medium. This block could
not be overcome by the addition of vasopressin, gastrin, or bombesin in
H69, H510, and H345 cells, respectively. This shows that PI 3-kinase
activity is crucial for anchorage-independent growth in SCLC cells.
Furthermore, these results suggest that PI 3-kinase activity is required for

neuropeptide mitogenic signaling. In SCLC cells, neuropeptides have
been shown to activate MAP kinase through G-protein-coupled receptors
(46). PI 3-kinase activity may be necessary for neuropeptide activation of

MAP kinase in SCLC. It remains to be established whether MAP kinase
activation can be potentiated by growth factor/integrin-dependent PI
3-kinase activation and whether this underlies our observations of the
effects of PI 3-kinase inhibition on SCLC growth.

Although both PKB and p70s<>kare known to be physiological targets

of PI 3-kinase, it is unclear whether these enzymes lie on the same
signaling pathway or on parallel pathways. Observations that constitu-
tively activated forms of PKB led to the activation of p70"6k implied that
PKB may mediate mitogenic signaling through p70shk activation (47).

Recently, PDK1, the enzyme that phosphorylates Thr3()8 of PKB, has
been shown to directly phosphorylate and activate p70s<lk,resulting in a

PI 3-kinase-dependent mechanism of activation that may circumvent

PKB in the proliferative pathway (48). Differential activation of PKB and
p70s6kcan be achieved under distinct cellular calcium levels; this may be

important for integrating signals from multiple signaling inputs (49). Our
results support these latter findings. PI 3-kinase regulation of SCLC cell
growth is mediated both by p70shk-dependent and -independent path
ways. It appears that p70shk activation makes approximately a 20-30%

contribution to the PI 3-kinase effect, with a 70-80% contribution from

another pathway, potentially signaling through PKB. H69 cells were
noted to be less sensitive to rapamycin than H345 cells, and this may be
due to different cell line growth rates. Similar effects were seen by
Seufferlein and Rozengurt (19). Because the principle mechanism of
action of rapamycin is G, cell cycle delay rather than apoptosis or
necrosis, we propose that the faster growth rate and cell cycling of H69
cells diminishes the growth-inhibitory effect of rapamycin at longer time

points compared with H345 cells. This is supported by the observation
that at shorter time points the effect of rapamycin on H69 and H345 cell
growth is similar (38 Â± 1.3% versus 29 Â±2.7% growth inhibition,
respectively).

We have shown that constitutive PI 3-kinase activity in SCLC
regulates proliferation, anchorage-independent growth, and apoptosis.
Recent studies have suggested that PI 3-kinase activation induces
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integrin-mediated cell motility and invasiveness (13, 14). In addition,
PI 3-kinase/PKB activation can promote adhesion-independent

growth, protecting cells in suspension from undergoing apoptosis
(32). The pathways driven by constitutive PI 3-kinase in SCLC cells
may therefore be responsible for the highly metastatic and nonadher-
ent phenotype of SCLC cells. We predict that constitutive PI 3-kinase

activation may be a late event in the development of SCLC, allowing
transformed cells to become locally invasive and metastatic. Given the
likely importance of growth and survival in suspension for mainte
nance of the transformed phenotype. and particularly for metastatic
spread of cancer cells within the body, an understanding of the
mechanisms that result in constitutive activation of PI 3-kinase and of

its downstream effectors could be of benefit in designing novel
therapies for SCLC.
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