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Small molecule inhibitors of PI3K for oncology mainly target the
class | PI3Ks, comprising the p110«, §, v, and § isoforms, of which
only p110a is mutated in cancer. To assess the roles of class | PI3K
isoforms in cell proliferation and survival, we generated immortal-
ized mouse leukocyte and fibroblast models in which class | PI3Ks
were inactivated by genetic and pharmacological approaches. In
IL3-dependent hemopoietic progenitor cells (which express all four
class | PI3K isoforms), genetic inactivation of either p110a or p1108
did not affect cell proliferation or survival or sensitize to p1108
or p110y inactivation. Upon compound inactivation of p110a and
p1103, which removed >90% of p85-associated PI3K activity, re-
markably, cells continued to proliferate effectively, with p110p
assuming an essential role in signaling and cell survival. Further-
more, under these conditions of diminished class | PI3K activity,
input from the ERK pathway became important for cell survival.
Similar observations were made in mouse embryonic fibroblasts
(which mainly express p110a and p110g) in which p110x or p1108
could sustain cell proliferation as a single isoform. Taken together,
these data demonstrate that a small fraction of total class | PI3K
activity is sufficient to sustain cell survival and proliferation. Persis-
tent inhibition of selected PI3K isoforms can allow the remaining
isoform(s) to couple to upstream signaling pathways in which they
are not normally engaged. Such functional redundancy of class IA
PI3K isoforms upon sustained PI3K inhibition has implications for
the development and use of PI3K inhibitors in cancer.

apoptosis | cancer therapeutics | inhibitors | combination therapy | MAP
kinase

he class I subset of PI3K comprises the p110 catalytic sub-
units, which have been further subdivided into class IA and
IB, depending on whether they occur in complex with a p85- (in
the case of p110a, p110p, and p1108) or p87/p101-type regula-
tory subunit (in the case of p110y). Unlike p87/p101, which have
no homology to other proteins, the p85 subunits have SH2
domains, which can link the class IA PI3Ks to tyrosine kinase
signaling pathways. In mammals, the four class I PI3K isoforms
are present in all cell types, with p1108 and p110y highly en-
riched in leukocytes (1). Among the p110s, the most prominent
role in cancer has thus far been attributed to p110a, encoded by
the PIK3CA gene, found to be amplified and mutated in a wide
range of solid tumors (2, 3). Consistent with their roles in signal-
ing downstream of tyrosine kinases and Ras, class IA PI3Ks are
currently being pursued as therapeutic targets in oncology (4, 5).
However, the relative importance of p110f in tyrosine kinase
signaling is not entirely clear, as this isoform has recently been
shown to mainly signal downstream of G protein-coupled recep-
tors (GPCRs) (6). A role for the GPCR-coupled p110y in cancer
is less clear, but activity against this isoform is often represented
in small PI3K molecule inhibitors under development or in
trials. Moreover, overexpression of non-p110a class I PI3K iso-
forms in cell-based models can confer characteristics of cell
transformation (7).
A better understanding of the role of the individual class I
PI3K isoforms in cell survival and proliferation is important for
the development of therapeutics targeting the PI3K pathway,
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especially to determine whether inhibition of multiple PI3K iso-
forms is essential to block cell proliferation and survival. In this
study, we addressed this question by derivation of cell lines from
mice with homozygous inactivation of p110« (8, 9), p1105 (10),
or their intercrosses, in combination with the use of small mol-
ecule inhibitors against p110f (11) or p110y (12). We initially
focused our studies on hemopoietic cells, given that these cells
express all four class I PI3K isoforms, allowing us to test the
contribution of each p110 isoform to cell proliferation and sur-
vival. This cell model also allowed us to test the role of p1105
in the context of pl110a and p110f. Indeed, it has now become
apparent that many nonhematological cancers, unlike their nor-
mal tissue counterparts, can express high levels of p1108 (13-15),
increasing the relevance of this model to the study of solid tu-
mors. We also studied mouse embryonic fibroblasts (MEFs), which
mainly express p110a and p110p, with low or undetectable levels
of p1106 and pl10y (6). We have used these cells to assess the
effect of inhibiting class I PI3K isoforms, alone or in combination,
on cell proliferation and survival, and on sensitivity to treatment
with various stressors. Our data show that cells can proliferate and
survive with very low levels of class I PI3K activity. Cells only
showed a reduction in proliferation, with associated cell death in
the case of hemopoietic cells, upon full inactivation of class IA
PI3K activity. This also resulted in sensitization of cells to selected
signal transduction inhibitors, including those targeting the MEK/
ERK pathway. However, inactivation of class IA PI3Ks did not
sensitize hemopoietic cells or MEFs to genotoxic stress. The
implications of these findings for the ongoing development of PI3K
inhibitors and their use in cancer therapy are discussed.

Results

Expression of a Single Active Class IA PI3K species Can Sustain Cell
Survival and Proliferation in Hemopoietic Cells. Homozygous p110a
knock-in (KI) mice (8) die around day 10 of embryonic develop-
ment, partially due to defective developmental angiogenesis (9).
Embryos die before the stage of liver development, precluding iso-
lation of hemopoietic cells from this organ. We therefore used
the yolk sac, an extraembryonic tissue and a site of primitive he-
mopoiesis in the mouse (16), to derive hemopoietic progenitor cells
(HPCs) from E10.5 embryos. HPCs, which express all four class I
PI3K isoforms, were derived from homozygous p110a KI (8) or

Author contributions: L.C.F., A.K., and B.V. designed research; L.C.F., LM.B., A.G., and A.K.
performed research; L.C.F., A.K., and B.V. analyzed data; and L.C.F., AK., and B.V. wrote
the paper.

Conflict of interest statement: Bart Vanhaesebroeck is a consultant for Intellikine (San
Diego, CA).

*This Direct Submission article had a prearranged editor.
Freely available online through the PNAS open access option.

'Present address: Institute of Healthy Ageing and Department of Genetics, Evolution and
Environment, University College London, Gower Street, London WC1E 6BT,
United Kingdom.

2To whom correspondence should be addressed. E-mail: |.foukas@ucl.ac.uk.
3AK. and B.V. contributed equally to this work.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.0906461107/-/DCSupplemental.

PNAS | June 22,2010 | vol. 107 | no.25 | 11381-11386

>
(Y
[=]
=
e
@
-
=
frr}
(%)



mailto:l.foukas@ucl.ac.uk
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0906461107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0906461107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0906461107

L T

z

1\

BN AS - PNAS D)

p1108 KI mice (10) or from their intercrosses (further referred to
as p1100/6 KI). In this KI approach, the endogenous p110 alleles
are inactivated by the introduction of a germline KI mutation in
the kinase domain of the p110 isoforms. In these mice and cells
derived thereof, the mutated p110 protein is expressed in equiva-
lent amounts as in WT mice but in an inactive form. Such genetic
intervention better reflects kinase inhibition by small molecule
inhibitors than gene deletion approaches (17).

p110a/86 KI embryos were obtained at a frequency somewhat
below the predicted Mendelian ratio (20% versus expected 25%)
and were often severely malformed. When the condition of the
embryo allowed isolation of the yolk sac, this tissue (like p110a
KI embryos) contained substantially fewer cells than WT em-
bryos (Fig. 14 Upper).

Primary HPCs from all genotypes very effectively produced
colonies upon plating in cytokine/growth factor-supplemented
methylcellulose media, albeit with some variable efficiency (Fig.
14 Lower).
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Fig. 1. HPC survival and proliferation upon genetic inactivation of p110aq,
p1108, or both. (A) Primary cells were isolated from yolk sacs of E10.5 em-
bryos of the designated genotypes and counted (Upper), followed by mea-
surement of colony formation capacity in methylcellulose-based semisolid
media (Lower) (equal numbers of cells were plated per condition). Pooled
data from cells isolated from three embryo litters per each genotype (i.e.,
nine independent colony assays) are shown. (B) Immortalized Hox11-
expressing HPCs of the indicated genotypes were seeded at the same density
and cultured in the presence of IL3, followed by cell counting at the in-
dicated time points. Pooled data from three independent experiments
performed in triplicate are shown.
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We next transduced these primary HPCs with a retrovirus en-
coding Hox11 (18), a protooncogene originally identified in pedi-
atric T cell acute lymphoblastic leukemia. In vitro transduction of
HPCs with Hox11 is known to give rise to immortal but still factor-
dependent cell lines (19). Immortalized IL3-dependent HPC pools
with single or combined inactivation of p110a and p1108 could
be obtained and found to proliferate well in liquid cultures, albeit
at a slightly reduced rate compared to WT cells, but with no ap-
parent differences between the three genotypes (Fig. 1B).

Lipid kinase activity assays on p85 immunoprecipitates from
each of these HPC lines indicated that p110d contributed the
largest fraction (approximately 70%) of the total class IA PI3K
activity in WT cells (Fig. 24), with p110a accounting for approxi-
mately 20% of PI3K activity. These observations are in line with
p1108 being the predominant PI3K isoform in leukocytes (20, 21).
p1100/8 KI cells had about 10% of p85-associated PI3K activity
remaining, presumably conferred by p110p. In vitro kinase assays
on immunoprecipitated PI3K do not necessarily reflect the im-
pact of individual PI3K isoform inactivation on the cellular levels
of their in vivo product phosphatidylinositol(3,4,5,)trisphosphate
(PIP5) (22). We therefore measured cellular PIP; levels in HPCs
with inactivation of the various PI3K isoforms using a time-resolved
FRET assay (23). As shown in Fig. 2B, inactivation of p110a or
p1108 resulted in a similar reduction in the PIP; levels in IL3-
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Fig. 2. PI3K activity and signaling in immortalized HPCs upon genetic in-
activation of p110a, p1108, or both. (A) Lipid kinase activity was assayed in
anti-p85 immunoprecipitates from HPC lysates. Data from one experiment
performed in quadruplicate are shown. (B) Cellular PIPs levels in IL3-stimulated
HPCs. Pooled data from three independent experiments performed in dupli-
cate are shown. The average value of p1100/6 KI HPCs treated with 1 pM TGX-
221 for 16 h was subtracted as background signal. (C and D) HPCs, deprived of
serum and IL3 for 3 h, were stimulated with 20 ng/mL IL3 for 5 min at 37 °C,
followed by cell lysis and immunoblotting of 50 pg of total protein with the
indicated antibodies to Akt (C) or by immunoprecipitation of 1.5 mg of total
protein using an antibody to Gab2, followed by immunoblotting using anti-
bodies to the indicated p110 isoforms (D). In C, relative (fold over vehicle-
treated WT cells) signal intensities, indicated under each blot, were quantified
by densitometry.
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stimulated HPCs. This implies that p110a contributes higher (and
p1103 lower) amounts of PIP; in vivo than indicated by the p85-
associated PI3K activity levels. Combined inactivation of p110a
and pl108 further reduced the PIP; levels to approximately
20% of those in WT cells, a value roughly in line with the p85-
associated activity in these cells. Taken together, these data show
that HPC:s, either primary or immortalized, can survive and pro-
liferate in the absence of the class IA catalytic isoforms p110a and
p1108 and maintain sufficient levels of PIP; for survival and
proliferation in the face of only 10% of total class IA PI3K acti-
vity present.

p1108 Can Substitute for p110a/p1105 in Cell Survival and Proliferation
Signaling in Hemopoietic Cells. We next investigated signaling in cells
lacking functional p110x, p1103 or both. As shown in Fig. 2C,
IL3-induced phosphorylation of Akt was unaffected in p110a KI
cells and only modestly reduced in p1105 and p110a/6 KI cells.
Following IL3 receptor stimulation, the adaptor protein Gab2 is
known to bind the bulk of PI3K activity (24). In p110a- or p1105-
null cells, p110 binding to Gab2 was only observed upon IL3
stimulation (Fig. 2D) (note that p110a could not be detected in
this complex, probably due to its expression levels being below
the detection limit of the assay). In p110a/5-deficient cells, p110p
and p1106 tended to associate with Gab2, even in quiescent con-
ditions of no IL3 stimulation (Fig. 2D). This was observed in two
independently-derived p110a/5 KI HPC pools (Fig. S1 Upper).
The underlying mechanism for this constitutive association of
PI3K subunits with Gab2 is not clear at the moment, but is un-
likely to be the result of full constitutive activation of the IL3
signaling pathway, given that basal phosphorylation of ERK un-
der IL3-free conditions was not observed in these cells (Fig. S1B).

Inhibition of p110p Blocks Proliferation and Induces Apoptosis in
Hemopoietic Cells Only upon Coinactivation of p110a and p1105.
We next tested the sensitivity of HPCs to treatment with small
molecule inhibitors with selectivity for p110p (TGX-221) (11) or
pl10y (AS252424) (12). Treatment with even a high dose of
AS252424 had little effect on proliferation of cells of any ge-
notype (Fig. 34), excluding a potential involvement of p110y in
cell survival and proliferation in this cell model. Inhibition of
p110p only affected the proliferation of p110a/5-deficient cells
(Fig. 3B), with prolonged (72-h) treatment inducing apoptosis
only in these cells (Fig. 3C).

In line with the observations above, inhibition of p110p by
TGX-221 only affected PI3K pathway signaling in p1100/8-null
cells, abrogating IL3-induced Akt phosphorylation and substan-
tially decreasing phosphorylation of the ribosomal S6 protein
(Fig. 3D). Treatment with the Gi protein inhibitor pertussis toxin
(PTX) only modestly affected IL3-induced phosphorylation of
Akt in these cells (Fig. 3E), suggesting that p110p signaling in
p110a/5-deficient HPCs predominantly operates through tyrosine
kinase signaling pathways, rather than through GPCR signaling (6).

We also found that proliferation was unaffected in p110a/86 KI
cells, TGX-221-treated p110a KI and TGX-221-treated p1108
KI cells (in which, respectively, only p110p, p1105, or p110a
remain as a single active class IA PI3K isoform), suggesting that
any class IA PI3K isoform is sufficient to sustain cell survival and
proliferation.

PI3K Inactivation in Hemopoietic Cells Results in Enhanced Sensitivity
of Proliferation to Blockade of mTOR or MEK. We next investigated
whether inhibition of PI3K affects sensitivity to blockade of sig-
naling pathways that are partially controlled by PI3K (such as
mTOR) or that operate in parallel with the PI3K pathway (such as
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Fig. 3. p110p can support survival and proliferation of p110a/5 Kl cells in a largely Gpy-independent fashion. (A and B) Dose-dependent effect of p110y
inhibitor AS252424 (A) or p110p inhibitor TGX-221 (B) on HPC proliferation assessed by MTS assay after treatment for 24 h. Pooled data from two and three
independent experiments, respectively, performed in triplicate, are shown. (C) Apoptosis induced by 72-h treatment with TGX-221 (1 uM). Pooled data from
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20 ng/mL IL3 for 5 min at 37 °C, followed by lysis and immunoblot analysis of Akt and S6 phosphorylation using the indicated antibodies. (E) WT and p110a/5
K1 HPCs cultured in serum-free RPMI medium in the presence or absence of 100 ng/mL PTX for 3 h were treated with 100 nM TGX-221 or vehicle for 30 min,
followed by stimulation with 20 ng/mL IL3 for 5 min at 37 °C. Akt was analyzed by immunoblotting using the indicated antibodies. Pertussis toxin-treated WT
and p110a/5 Kl cells were stimulated for 5 min with the GPCR ligand SDF-1 (250 ng/mL) as a positive control for the effectiveness of PTX treatment.
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the MEK/ERK pathway). Inhibition of proliferation by rapamy-
cin was enhanced in cells with one or more inactive PI3K iso-
forms (Fig. 44), but this treatment did not lead to apoptosis, even
in p1100/8 KI HPCs treated with TGX-221 (Fig. S2). The MEK
inhibitor UO126 also had an additive effect on inhibition of pro-
liferation of p1100/8-deficient HPCs by TGX-221 (Fig. 4B and Fig.
S3) but, unlike rapamycin, also enhanced and accelerated the ap-
optosis induced by TGX-221, with cell death now clearly evident by
24 h (Fig. 4C) (note that treatment with either TGX-221 or UO126,
as single agents, over 24 h had a minimal impact on apoptosis in
these cells). This highlights the importance of combined pan-class
IA PI3K and ERK inhibition to achieve a rapid apoptotic response.

Either p110a or p1108 Is Sufficient for Proliferation of MEFs. We next
tested the impact of PI3K isoform inactivation in MEFs, which
mainly express p110a and p110f, and low or undetectable p1108
and p110y (6). PI3K isoform inactivation in these cells was ach-
ieved by genetic (p110a) or pharmacological (for p110p only, as
no pl10a-selective inhibitors are available) approaches.

To inactivate p110a, we immortalized MEF (by p53 knock-
down) from mice homozygous for a conditional p110a allele
(p110a¥1°% mice). Efficient deletion of the floxed p110a allele
was achieved by the introduction of tamoxifen-inducible Cre re-
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Fig. 4. mTOR and ERK pathway inhibition augments the effect of class IA
PI3K inhibition on HPC survival and proliferation. (A and B) Dose-dependent
effect of rapamycin (A) or TGX-221 combined with the MEK inhibitor UO126
(B) on HPC proliferation, assessed by MTS assay after 48 h. Representative
experiments performed in triplicate are shown (values = mean + SD). (C)
Apoptosis in WT and p110a/5 KI HPCs upon incubation in the presence of
TGX-221 (1 uM) with or without UO126 (10 pM). Data pooled from three
independent experiments are shown.
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combinase. Indeed, no p110a protein expression (Fig. S44) or
activity (Fig. S4B) could be detected in total lysates or p110a
immunoprecipitates, respectively, from pl10a-deficient MEFs
(further referred to as p110a®F~PEL MEFs).

Basal proliferation of p110a®5"PE- MEFs was essentially un-
affected, despite the fact that the remaining p85-associated PI3K
activity in these cells was as low as 7% of control (p110a/°¥ox)
cells (Fig. S4C).

Similar to HPCs, inhibition of p110f by TGX-221 blocked
proliferation of p110a®*~PEL MEFs in a dose-dependent man-
ner (Fig. 54). In these cells, p110 inhibition resulted in a G0/G1
cell cycle arrest rather than in induction of apoptosis (Fig. 5B).
Similar to HPCs, the MEK inhibitor UO126 enhanced the neg-
ative impact of TGX-221 on proliferation of p110a°F"PE- MEFs
(Fig. 5C).

Conversely, inhibition of %110\[3/ with TGX-221 did not di-
minish proliferation of p110a”*~“T MEFs (Fig. 54), indicating
that p110a can support proliferation as a single class I PI3K
isoform in these cells.

Sensitivity of PI3K-Deficient Cells to Cellular Stress. Pan-PI3K inhib-
itors such as L' Y294002 have previously been shown to enhance
sensitivity to DNA-damaging agents (25-27). However, L'Y294002
also inhibits protein kinase members of the PI3K family that are
induced in response to DNA damage, including ATM, ATR, and
DNA-PK (28-30). Therefore, it is important to determine the ex-
tent to which LY294002-induced sensitization to genotoxic agents
may be attributable specifically to PI3K inhibition. TGX-221-treated
p110a®EYPEL MEFs were not sensitized to doxorubicin-induced
apoptosis (Fig. S54). Also in HPCs, there was no correlation
between inactivation of selected PI3K isoforms and sensitivity to
doxorubicin or etoposide, including full inactivation of class IA
PI3Ks (i.e., by treatment of p110a/5-deficient cells with TGX-221)
(Fig. S5C). Furthermore, various cellular stresses such as the
autophagy inhibitor chloroquine, serum deprivation, and H,O,
had a similar impact on all HPC pools, irrespective of genotype
(Fig. S6). These data suggest that class IA PI3K inhibition per se
does not sensitize cells to the stressors tested.

Discussion

An important consideration in targeting the PI3K pathway for
therapy is whether to interfere with one or more of the isoforms of
PI3K, especially in cancer (31). Current drugs developed for use
in oncology mainly inhibit class I PI3KSs. In this study, we used two
cell models with different class I PI3K isoform expression profiles
to address the relative contribution of these PI3K isoforms to cell
signaling, proliferation, and survival. Class I PI3K isoforms were
inactivated either in isolation or in combination, using genetic or
pharmacological approaches.

The ubiquitously expressed pl10a has been considered the
main PI3K isoform supporting cell survival and proliferation.
However, the fact that embryos can progress until the 10th day of
development upon full inactivation of p110a (8, 9, 32) implies that
cells can survive and proliferate in the absence of functional
p110a, in line with the observation that MEFs without functional
p110a survive and proliferate (33). Likewise, genetic or pharma-
cological inactivation of p110p does not seem to have a major
impact on cell proliferation and survival (6, 34, 35). In this study,
we show that immortalized HPCs can tolerate combined loss-of-
function of p110a and p1108, which together account for 90%
of the p85-associated PI3K activity in these cells. In other words,
only about 10% of the cellular class IA PI3K activity appears to
be sufficient to sustain survival and proliferation in these cells.
In the case of MEFs, approximately 7% of total p85-associated
PI3K activity still allows these cells to effectively proliferate. A re-
cent study presented evidence for a role of both p110a and p110p
in cell cycle progression (36), and it is conceivable that both PI3K
isoforms might be necessary for optimal cell proliferation. Never-
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on proliferation of p110a-deficient (p1100°E/PEY) MEF assessed by MTS assay
after treatment for 48 h. Heterozygous p110a”t“"T MEFs (i.e., tamoxifen-
treated p1100:‘('°’""‘rr MEFs) were used as a control. Pooled data from three
independent experiments are shown. (B) Cell cycle distribution of p110a-
deficient MEFs assessed by FACS analysis of BrdU incorporation following 48-h
treatment with 1 pM TGX-221. Pooled data from three independent experi-
ments are shown. (C) Effect of combined treatment with TGX-221 (1 pM) and
MEK UO126 (10 uM) on MEF proliferation, assessed by MTS assay after 48 h.
Pooled data from three independent experiments are shown.

theless, the present data demonstrate that, in principle, any class
IA PI3K isoform can sustain cell proliferation and survival.

An important conclusion of the present study is that p110p as
a single class I PI3K can sustain proliferation in both hemopoietic
cells and MEFs. The mode of regulation of p110p has recently
been the subject of intense investigation, not least because a role
for this isoform in the development of certain cancers has started
to emerge (34, 35, 37), especially in tumors lacking functional
PTEN (38, 39). Despite the fact that p110p exists as a dimer with
p85 and can become recruited to phosphotyrosine complexes,
recent studies indicate that its activity is mainly regulated by
GPCRs rather than by tyrosine kinase pathways (6, 34, 35). Here,
we have shown that in the absence of catalytically active p110a
and p1108, p110p can productively engage with Gab2 signaling
complexes in hemopoietic cells. Upon chemical inhibition of
p110p in these cells, and thus complete inactivation of class IA
PI3K activity, cell proliferation is inhibited and apoptosis is in-
duced. Our data suggest that almost complete class IA inhibition
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is required to lead to cell death of immortalized HPCs. Such full
inhibition of PI3K activity might be difficult to achieve with ATP-
competitive inhibitors. This could partially explain why PI3K in-
hibition by small molecule inhibitors in vitro and in vivo does not
appear to result in apoptosis but rather leads to cytostasis, due to
a GO/G1 arrest (40-42). In other words, very potent pan-class IA
PI3K inhibitors and full target inhibition might be required if
apoptosis is the desired outcome. However, it is still possible that
MEFs might be more reflective of most cell types in the context of
sensitivity to PI3K inhibition, in that these cells show inhibition of
proliferation rather than apoptosis upon inactivation of the bulk
of class IA PI3K activity.

We acknowledge that the cell types used in this study might
not be fully representative of cancer cells, which might be more
addicted to the PI3K pathway, and therefore more sensitive to
PI3K inhibition. However, our data demonstrate the principle that
cells can be very resilient to PI3K pathway inactivation, something
that might very well also occur in cancer cells, especially upon
sustained PI3K inhibition. Our results are in line with our previous
studies, which showed that immortalized cells, in contrast to pri-
mary cells, can often use multiple PI3K isoforms for the same
function (43). Whether inhibition of p110« in cancers with an ac-
tivating PIK3CA mutation will be sufficient as monotherapy re-
mains to be determined. It is possible that the broader mutational
landscape in which mutant p110a occurs may be a more critical
factor. Also, p110a may be important at the initial stages of the
oncogenesis but not once the cancer is established. In line with this
possibility, a targeted p110a allele deficient for binding to Ras, or
knockout of the p85 PI3K regulatory subunit, has been shown to
protect mice from development of lung adenocarcinoma induced
by mutated K-Ras (44, 45). However, established tumors in these
models were found to be insensitive to inhibition of PI3K only,
suggesting that PI3K is dispensable for tumor maintenance, at least
in this lung cancer model (45).

Our results indicate that combining PI3K inhibition with some,
but not all, therapeutic agents may improve efficacy. We found that
concomitant treatment with the MEK inhibitor UO126 produced
a stronger block in proliferation (in both HPCs and MEFs) and an
accelerated apoptotic response (in HPCs) compared to pan-class
IA PI3K inhibition only. These observations are in line with the
recent demonstration of enhanced therapeutic efficacy of com-
bined PI3K and MEK inhibition in a preclinical model of lung
cancer (45). We also found that proliferation of HPCs with inactive
PI3K isoforms, particularly those with combined p1100/d inacti-
vation, was more sensitive to treatment with the mTOR inhibitor
rapamycin than WT cells. Full inactivation of class I PI3K, however,
does not appear to render cells sensitive to any form of stress tested.
HPCs or MEFs with inactive class IA PI3K did not show enhanced
sensitivity to the genotoxic drugs doxorobucin and etoposide.

The PI3K pathway is a major transducer of growth factor sig-
naling, which suppresses autophagy. In line with this, it has re-
cently been shown that the pan-PI3K inhibitor PI-103 elicits an
autophagic response in neuroblastoma cell lines (46) and that
inhibition of Akt promotes autophagy and sensitizes PTEN-null
tumors to lysosomotropic agents (47). We found that HPCs with
inactive class I PI3Ks were not more sensitive to inhibition of
autophagy, and thus do not appear to be evading apoptosis by
resorting to autophagy (48).

Observations that implicate specific isoforms of PI3K in tumor-
igenesis [for example the selective mutation of p110a in cancer and
the apparent selective role of p110p in some PTEN-deficient
tumors (38, 39)] indicate that targeting of specific PI3K isoforms in
cancer could have its merits. However, the data from the present
study suggest that targeting of all class I PI3Ks will be essential to
produce maximal inhibition of cell proliferation (probably in most
cases) and to induce apoptosis (in some cases). Given that this
might be difficult to achieve using ATP-competitive inhibitors, at
least in a sustained manner for a long duration, it is most likely that
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combined blockade of additional signaling pathways, such as the
MEK/ERK pathway, will be required to achieve a significant im-
pact in cancer therapy.

Materials and Methods

Materials. TGX-221, PI-103, LY294002, UO126, and rapamycin were from
Calbiochem. AS252424 was kindly donated by Merck Serono. All other
chemicals were from Sigma.

Mutant Mice. p110a KI, p110af/f°* and p1108 KI mice used for isolation of
HPCs or MEFs have been described before (8-10).

Proliferation and Apoptosis Assays. Growth curves of HPCs were generated
by counting cells using an automatic cell counter, CASY model TT (Innovatis).
To test the effect of compounds on cell proliferation, HPCs (5 x 10* per well)
or MEFs (2 x 10° per well) were cultured in 96-well plates, in the presence of
the test compounds or the respective vehicle followed by MTS assay (Promega).
Apoptosis was monitored by FACS analysis using a carboxyfluorescein mul-
ticaspase activity kit (Biomol) for HPCs or by APC annexin V (BD Pharmingen)
for MEFs according to the manufacturers’ instructions.
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In Vitro Lipid Kinase Assay and Cellular PIP; Determination. Lipid kinase activity
was assayed in p85 immunoprecipitates using an equimolar mix of phos-
phatidylserine and phosphatidylinositol(4,5)bisphosphate as a substrate.
Cellular PIP; was measured in extracts from 3 to 4 x 107 HPCs per sample
using a time-resolved FRET assay (23).

Statistical Analysis. Values are presented as mean + SEM. P values were
calculated using unpaired two-tailed t test. P < 0.05 was considered to be
statistically significant (designated by a single asterisk; double asterisk, P <
0.01; triple asterisk, P < 0.001).
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