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Deregulation of the phosphatidylinositol 3-kinase (PI3K) pathway is central to many human malignancies while
normal cell proliferation requires pathway functionality. Although inhibitors of the PI3K pathway are in clinical trials or
approved for therapy, an understanding of the functional activities of pathway members in specific malignancies is
needed. In lung cancers, the PI3K pathway is often aberrantly activated by mutation of genes encoding EGFR, KRAS,
and PIK3CA proteins. We sought to understand whether class IA PI3K enzymes represent rational therapeutic targets in
cells of non-squamous lung cancers by exploring pharmacological and genetic inhibitors of PI3K enzymes in a non-
small cell lung cancer (NSCLC) cell line system. We found that class IA PI3K enzymes were expressed in all cell lines
tested, but treatment of NSCLC lines with isoform-selective inhibitors (A66, TGX-221, CAL-101 and IC488743) had little
effect on cell proliferation or prolonged inhibition of AKT activity. Inhibitory pharmacokinetic and pharmacodynamic
responses were observed using these agents at non-isoform selective concentrations and with the pan-class I
(ZSTK474) agent. Response to pharmacological inhibition suggested that PI3K isoforms may functionally compensate
for one another thus limiting efficacy of single agent treatment. However, combination of ZSTK474 and an EGFR
inhibitor (erlotinib) in NSCLC resistant to each single agent reduced cellular proliferation. These studies uncovered
unanticipated cellular responses to PI3K isoform inhibition in NSCLC that does not correlate with PI3K mutations,
suggesting that patients bearing tumors with wildtype EGFR and KRAS are unlikely to benefit from inhibitors of single
isoforms but may respond to pan-isoform inhibition.

Introduction

Lung cancer leads to the greatest morbidity and mortality of all
cancer deaths in the United States.1 To combat these diseases, new
therapeutic agents and therapeutic strategies are necessary, and
these strategies should include patient-specific therapy to minimize
toxicity and cost. Targeting therapeutic strategies to actionable
mutations found in non-small cell lung carcinomas (NSCLC),
such as mutation/amplification of epidermal growth factor
receptor2 gene,3 activating point mutations in p110a isoform of
PI3K (PIK3CA),4 and in the KRAS gene,5 and deletion of the
PTEN gene,6 may help achieve personalized treatments. Impor-
tantly, each of these genetic alterations can lead to increased

survival signals that converge on the PI3K/AKT/mTOR cascade.
The PI3K pathway is a central node for control of both cell
growth and cell proliferation in normal epithelial cells, and aber-
rant pathway activation in lung tumorigenesis dysregulates cell
metabolism, proliferation, apoptosis, and angiogenesis.7-9

Because many cancers depend on a hyperactive PI3K pathway,
increased attention has been placed on development of pharmaco-
logical inhibitors of PI3K enzymes that are often mutated or
improperly expressed in tumors.10,11 Specifically, activation of class
IA PI3Ks (p110-catalytic and p85-regulatory heterodimers) gener-
ates plasma membrane lipid second messenger molecules by phos-
phorylating the 30-OH position of phosphatidylinositol 4,5
bisphosphate (PIP2) to produce phosphatidylinositiol-3,4,5-
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trisphosphate lipid (PIP3). While PIP3 levels are tightly regulated
by the cell, net pathway activation is determined by a delicate bal-
ance between the opposing activities of PI3K lipid kinases and 3-
and 5- lipid phosphatases such as PTEN. Recent evidence suggests
that there may be specific cellular contexts and physiological roles
for each class IA PI3K isoform: p110a (PIK3CA), p110b
(PIK3CB), and p110d (PIK3CD).12,13 Activated receptor tyrosine
kinases, G-protein coupled receptors, RAS and other small GTPases
can signal through cell type-specific PI3K isoforms.14-19 Application
of these data to drug discovery efforts revealed a role for PIK3CD
inhibition for treatment of B-cell malignancies and autoimmune
diseases.20,21 Finally, class IA PI3Ks may also function with non-
catalytic activity, serving as molecular scaffolds for other signaling
proteins.22 Thus, therapeutic targeting of individual PI3K class IA
catalytic subunits may have clinical promise by impeding a host of
PI3K functions necessary for tumor growth, but the biology under-
lying PI3K isoform function in specific contexts is essential.

We began this study with a hypothesis that PI3K isoform-selec-
tive inhibitors may have clinical value for personalized treatment
of lung cancers due to activation of PIK3CA in some lung cancers.
Herein, we describe the treatment of genetically diverse NSCLC
cell lines with inhibitors of class IA PI3K enzymes on pathway
activation, proliferation, and viability. Importantly, our results
demonstrate the apparent compensatory activity of PI3K isoforms,
independent of the genetic background of the cells, that may derail
clinical use of single-agent PI3K inhibitors in lung cancers in favor
of pan-PI3K inhibitors in combination with other agents.

Results

Neither PI3K isoform expression levels nor mutation status
alone dictates response to PI3K inhibitors

The experiments were initiated by determining gene and pro-
tein expression levels for class IA PI3K enzymes in a panel of

NSCLC cell lines (Fig. 1A). Mutation status for important driver
mutations (EGFR, KRAS, PIK3CA, LKB1, TP53, and PTEN) is
also indicated for the cell lines utilized as reported by the COS-
MIC database and others (cancer.sanger.ac.uk).23,24 Gene expres-
sion levels of PI3K isoforms were measured in NSCLC cells
using Affymetrix DNA microarray technology. Normalized Affy-
metrix signal intensity values revealed that the p110b isoform is
the most highly expressed of the 3 isoforms assayed while the
p110d isoform was poorly expressed. PTEN demonstrated vary-
ing levels of expression among cell lines.25 Even though gene
expression levels vary among PI3K isoforms, levels of protein
expression for PI3K isoforms change only modestly (Fig. 1B).
PTEN expression is the most variable among pathway members
assessed. All cell lines show activated AKT (S473) and varying
levels of activated ERK1/2 activity under normal growth
conditions.

To assess the contribution of each Class IA PI3K enzyme in
lung cancer cells to proliferation and AKT phosphorylation, we
chose pharmacological inhibitors of PI3K isoform activity. Inhib-
itors of 3 chemotypes, previously shown to possess isoform-selec-
tive activity were selected: A66 (aminothiazole) 26; TGX-221
(morpholinochromone) 27; CAL-101 (quinazolinone purine),28

and IC488743 29 (Table 1). Briefly, A66 preferentially inhibits
p110a; TGX-221 preferentially inhibits p110b isoform; CAL-
101 and IC488743 are potent p110d inhibitors, and the latter
also had significant inhibitory activity against p110b. We used
the pan-PI3K inhibitor, ZSTK474, which has low nanomolar
IC50 values for all 3 class IA isoforms as a control.30 Although
the IC50 values for these inhibitors have been independently
reported, we independently quantified the kinase activity of A66,
TGX-221, CAL-101 and IC488743 using an ELISA assay.26-29

The resulting IC50 values are consistent with those previously
reported (Fig. S1).

To determine whether isoform-selective PI3K inhibitors affect
NSCLC cell proliferation and survival, Alamar Blue and Trypan

Blue exclusion assays were used.
We tested cell lines in asynchro-
nous and synchronized growth
conditions to determine if cell
cycle position affected activity of
the agents. First, asynchronously
growing cells were treated for 72hr
with the pan-PI3K inhibitor,
ZSTK474, as a control, or each of
4 isoform-selective inhibitors to
determine the half-maximal con-
centration for growth inhibition
(GI50) using the Alamar Blue assay
(Fig. 2, Table 2). In cells synchro-
nized by serum starvation, treat-
ment with PI3K inhibitors was
carried out for 72 hr and assayed
by Trypan Blue exclusion
(Table S1). There was significant
agreement between inhibition
of asynchronous and synchronous

Figure 1. Expression of class IA PI3K p110 isoforms and PTEN among NSCLC cell lines. (A) Relative mRNA
expression of p110 isoforms and PTEN were measured by Affymetrix microarray analysis. NSCLC cell line
mutation status and histopathology are indicated below. (B) PI3K p110/p85 isoform and pathway effector
protein expression in NSCLC cell lines was determined by immunoblotting analysis.
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cells as determined by match-ranking the inhibitors based on the
calculated GI50(r D 0.651, p D 0.001).

In summary, pan-PI3K isoform inhibition with ZSTK474
was effective at blocking proliferation in all NSCLC cell lines
achieving GI50 values at nanomolar concentrations. Treatment
with isoform-selective inhibitors for p110a, p110b, and p110d
enzymes was largely ineffective at impairing proliferation at con-
centrations conferring isoform
selectivity. Specifically, H460 and
H1975 cells have the greatest sen-
sitivity to the PIK3CA inhibitor,
A66 (GI508.1 mM and 1.7mM)
and demonstrated the greatest
overall responsiveness to PI3K
inhibition of proliferation com-
pared to other cell lines tested.
Conversely, PC9 and H1650 cell
lines were found to be the least
sensitive to all PI3K inhibitors
tested. In particular, PC9 cells are
most resistant to TGX-221 and
CAL-101 (GI50>100mM), and
H1650 cells are most resistant to
A66 (GI50 >200mM). Finally, cell
cycle position does not appear to
alter sensitivity in any cell line.

Inhibition of PI3K/AKT
blocks survival signals necessary
for proliferation

To assess whether the lack of
proliferative response of the cell
lines to isoform-selective inhibi-
tors of the PI3K enzymes was due
to lack of target inhibition, we
tested AKT activation (Ser473)
over a range of inhibitor concen-
trations by western analysis after 3
hr of treatment. The ratio of
pAKT/tAKT was determined by
densitometric evaluation of the
immunoblots and plotted for each

cell line and isoform selective inhibitor concentrations (Fig. 3).
Consistent with the proliferation assays, H1975 and H460

cell lines demonstrate the greatest reduction of activated AKT at
nanomolar concentrations of A66 while H1650 demonstrated
only minor reduction in pAKT, even at high concentrations
(Fig. 3A). Treatment with the p110b inhibitor, TGX-221, had
little effect on AKT phosphorylation in all cell lines except for
H1650 cells (Fig. 3B). H1650 cells demonstrated nearly 75%
reduction in phosphorylated AKT at nanomolar levels of TGX-
221. Treatment with the p110d inhibitors (CAL-101 and
IC488743) reduced AKT phosphorylation more than 50% at
the highest concentrations used for most cell lines (Figs. 3C
and 3D).

To determine the duration of inhibition of effector mole-
cule (pAKT and pS6RP) phosphorylation, a treatment time
course was performed using 1mM of each inhibitor on 3 rep-
resentative NSCLC lines (A549, PC9, H1650) (Fig. 4, top).
At this concentration (1mM), each compound is predicted to
be on-target, having minimal impact on other PI3K isoforms.
The duration of activity was consistent with both the

Table 1. PI3K inhibitor IC50 selectivity profile- Summary of previously pub-
lished biochemical selectivity for PI3K class I isoform inhibitors used in this
study.

IC50(mM) p110a p110b p110d p110g mTOR

Pan-PI3K inhibitor
ZSTK474 0.017 0.053 0.046 0.049 >10

Isoform-selective PI3K inhibitors
A66 0.032 >12.5 >1.25 3.48 >50
TGX-221 5 0.005 0.100 >35 >10
CAL-101 0.82 0.56 0.002 0.089 >1
IC488743 >20 1.2 0.005 — —

Figure 2. Growth inhibition activity PI3K inhibitors against a panel of 5 NSCLC cell lines. A549, H460, H1975,
PC9, and H1650 were treated with increasing concentrations of PI3K inhibitors; ZSTK474, A66, TGX-221,
IC488743, and CAL-101 for 72hr (0.03 – 100mM). Cell proliferation was determined by Alamar Blue viability
assay. Each experiment was performed with triplicate cultures, for 3 independent experiments (nD3). Error
bars represent standard deviation (SD). Experimental results were normalized to 24 hr plated cells and
divided by untreated control to determine (% growth relative to control). Non-linear curve fitting and GI50
values were generated using Graphpad Prism.
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proliferation and concentration-dependent treatment assays.
Specifically, the effect of each inhibitor on A549 cells was
sustained over time, as measured by reduction in phosphory-
lation of AKT and S6. Except for A66, PC9 cells displayed
minimal response to each agent as demonstrated by modest
reduction of pAKT. However, phosphorylated S6 signal was
reduced over time with each inhibitor relative to untreated
PC9 cells. H1650 cells also demonstrated sustained responses
to each agent as measured by absence of S6 phosphorylation.
However, in H1650 cells, A66 was ineffective in reducing
pAKT levels, relative to the untreated control.

Because of the poor response of A549, PC9 and H1650 cells
to the isoform-selective inhibitors, we also assessed the pharma-
codynamic response to ZSTK474 on all 5 cell lines originally
tested for proliferation defects in Figure 2. In Figure 4, bottom,
we found that all 5 cell lines responded to treatment of 1mM
ZST474 with diminished pAKT473 and pS6 that was sustained
for the entire timecourse, suggesting that inhibition of each of
the PI3K isoforms is necessary for a robust and sustained
response. We recognize that this concentration of drug is well
above the GI50 for each of these cell lines. Thus, the accumulated
data suggest that loss of a single PI3K class I isoform might be
compensated by remaining isoforms, or alternative pathways, as
measured by maintenance of activated AKT. To test the hypothe-
sis of isoform compensation, we undertook an experiment to
couple gene silencing with a pharmacological inhibitor of
PIK3CB/D.

siRNA silencing of p110b does not phenocopy effects
observed with PIK3CB and D inhibition

The previous experiments provided evidence that inhibition
of proliferation and loss of AKT and S6 signaling were only
apparent at concentrations of each inhibitor that exceeded selec-
tivity for that compound. Only the pan-inhibitor, ZSTK474,
was effective at inhibiting proliferation at sub-micromolar con-
centrations, suggesting that in most cells complete PI3K activity
was necessary for growth. Further, the cell lines with activating

PIK3CA mutations (H460 and
H1975) were the most sensitive to
A66, as previously described.31 We
then postulated that PI3K isoforms
may compensate for one another.
To test this hypothesis, we chose
cells least sensitive to PIK3CA
inhibition and most sensitive to
PIK3CB and PIK3CD inhibitors
(A549, PC9, H1650). Expression
of p110b was reduced using short-
interfering RNA (siRNA) then
cells were treated with either CAL-
101 or IC488743 for 3hr at 1mM
concentration then effector mole-
cule expression was tested.
IC488743 is expected to have off-
target activity relative to CAL-101
at this concentration (Table 1).

Silencing of p110b isoform
reduced expression in A549 by
80%, in PC9 by 55%, and in
H1650 by 61%, as measured by
densitometry (Fig. 5A). Partial
ablation of the p110b isoform
alone did not significantly reduce
phosphorylation of AKT at S473
compared with IC488743 or
CAL-101 treatment alone in all
cells, suggesting that p110a and

Table 2. GI50 values of PI3K inhibitors for NSCLC cell line. Each cell lines was
treated with increasing concentrations of indicated PI3K inhibitors for 72 hr.
Cell proliferations was determined by Alamar Blue viability assay. Non-linear
curve fitting and GI50 values were generated using Graphpad Prism.

GI50(mM) A549 H460 H1975 PC9 H1650

Pan-PI3K inhibitor
ZSTK474 0.33 0.15 0.21 0.40 0.69

Isoform-selective PI3K inhibitors
A66 15.64 8.10 1.74 23.31 >200
TGX-221 24.19 26.78 21.88 120.5 50.14
CAL-101 22.09 10.66 10.85 131.6 62.10
IC488743 22.80 17.45 14.28 32.15 24.45

Figure 3. Pharmacodynamic responses to PI3K isoform selective inhibition. The relative levels of phosphory-
lated AKT in NSCLC cell lines (A549, H460, H1975, PC9, H1650) treated with increasing concentrations of PI3K
inhibitors (A) A66 (B) TGX-221 (C) IC488743 and (D) CAL-101. Cells were synchronized by serum-starved for
24hr prior to release in RPMI 1640 media containing 1% serum with or without drug for 3 hr. Cell lysates
were collected for immunoblotting analysis with pAKT (S473) and tAKT antibodies. a-tubulin serves as the
normalization control. ImageJ software was used for densitometric analysis of pAKT and tAKT levels. Three
independent experiments were quantified, pAKT (S473) was normalized to tAKT , and data were averaged
to reflect relative changes in pAKT (S473) activation. Error bars represent mean § SEM. PIK3CA mutant cell
lines are indicated.
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p110d isoforms, or residual
p110b, remain active. Impor-
tantly, the observed decrease in
pAKT after p110b ablation with
CAL-101 treatment was not supe-
rior to treatment with CAL-101
alone. However, treatment of
p110b-depleted cells with
IC488743 further reduced pAKT
levels compared with the either
p110b-depletion or IC488743
treatment, suggesting that PIK3CA
may responsible for the remaining
activity (Fig. 5B).

Interestingly, pERK1/2 signal-
ing was reduced in H1650 cells
that were treated with genetic and
pharmacological inhibitors but not
the other lines (Fig. 5A). Densito-
metric analysis of pERK1/2
showed reduction of signal by
nearly 50%, suggesting that one or
both isoforms play a role in RAS/
MAPK signaling in H1650 cells
perhaps independently of AKT
phosphorylation. These data sug-
gest that activity of both the AKT
and RAS/MAPK signaling cascades
are controlled by multiple PI3K
isoforms.

Treatment with IC488743 or
ZSTK474 promotes transient cell
cycle arrest but not apoptosis
NSCLC cells

Inhibition of p110b and p110d
isoforms by genetic and/or phar-
macological treatment reduced cell
proliferation and inhibited PI3K
signaling in A549, PC9, and
H1650 NSCLC lines better than
isoform-specific inhibitors alone
but not as well as the pan-inhibi-
tor. We sought to understand
whether reduced proliferation asso-
ciated with increased concentration of the isoform-selective
inhibitors was due to cell cycle arrest or induction of apoptosis,
given the potential clinical consequences on normal and tumor
cells.

When we initiated these studies, we operated under that
hypothesis that isoform-selective inhibition of PI3K species may
have a more favorable clinical path than pan-inhibition if inhibi-
tion resulted in tumor stasis or death. However, given that the
data generated thus far suggests that inhibition of multiple PI3K
isoforms in NSCLC does not appear to induce cell death, we
chose to assay the cell cycle profile of cells treated with the

IC488743 compared to the pan-isoform inhibitor ZSTK474 at
the individual GI75 concentrations for the cell lines to determine
cell fate. The GI75 was selected because this represents the con-
centration where loss of proliferation was observed with
IC488743. Importantly, when evaluating differences in sensitiv-
ity between the 2 inhibitors, ZSTK474 was >50-fold more
potent than IC488743 (1.3 mM vs 73.3 mM) among the cell
lines. After 24 hr of treatment, treatment with either compound
led to significant cellular accumulation in G1 phase for each cell
line with concomitant loss in the S phase compartment
(Fig. 6A). At 48 hr, we observed a sustained arrest in G1 in A549

Figure 4. Isoform-selective PI3K inhibitor treatment demonstrates time-dependent inhibition of PI3K signal-
ing. (Top) A549, PC9 and H1650 cells were treated with 1mM isoform selective inhibitors in RPMI 1640 con-
taining 1% serum and collected at indicated times after drug addition. Untreated controls represent serum-
starved cells collected at times post-serum addition. (Bottom) Cell lines were treated with 1mM ZSTK474 as
in the top panel. Samples were collected for immunoblotting with indicated antibodies as described above.
a-tubulin serves as the normalization control.
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and H1650, however PC9 cells appear to exit G1 and re-enter
the cell cycle. Additionally, at both 24 and 48 hr, we detected no
change in the % sub-G1 population suggesting apoptosis was not
being induced by inhibitor treatments for the cell lines tested
(Fig. 6B). We then treated each of the original cell lines at the
GI75 for 72h and found insignificant changes in cell cycle posi-
tion relative to control cells which remained in 1%-serum con-
taining media for the length of the experiment (Fig. S3A).

We also assessed pathway activity after 48 hr of treatment with
IC488743 and ZSTK474. As expected, both drugs inhibited
phosphorylation of AKT S473 and phosphorylation of ERK1/2
(Fig. 6C). We evaluated cleaved PARP as an apoptotic signaling
molecule. We observe no change in cleaved PARP levels with
treatment in any cell line consistent with no significant change in
sub-G1 fraction after treatment (Fig. 6B and Fig. S3B).

To further characterize treatment effects on cell cycle progres-
sion, treated cells were fractionated into sub-cellular compart-
ments and we evaluated nuclear and cytosolic levels of cyclin D1
after 48 hr treatments (Fig. 6D). Cyclin D1 should be extruded
from the nucleus of cycling cells. After 48 hr, cyclin D1 accumu-
lated in the cytosol with treatment of IC488743 or ZSTK474
relative to the controls all cells consistent with cell cycle analysis
and lack of cleaved PARP. Fractionation of the nuclear and cyto-
solic compartments was confirmed by histone H3 and HSP90
localization.

From these data, only pan-PI3K inhibition or an isoform-
selective inhibitor utilized at non-selective concentrations dimin-
ished PI3K signaling downstream to AKT and S6 molecules and
resulted in transient loss of proliferation. We have observed that
each of the Class IA PI3K isoforms is necessary for growth and
proliferation and PI3K/AKT and RAS/MAPK activity.

Combined treatment of ZSTK474 and erlotinib inhibits
proliferation of erlotinib-resistant NSCLC cells

Our data suggest that non-squamous NSCLC cell lines seem
to require class IA PI3K activity to ensure proper cell growth and
proliferation through both PI3K/AKT and Ras/MAPK pathways,

we investigated whether pharmacological inhibition of all class IA
enzymatic activity sensitized cells to the EGFR inhibitor, erloti-
nib. Ihle and colleagues demonstrated that PX-866, an inhibitor
of PI3KCA, inhibited growth of xenografted A549 cells when
administered with gefitinib, an EGFR inhibitor, but there are
apparent adverse metabolic events that coincide with treatment.32

A549 and H460 cells are inherently insensitive to EGFR inhibi-
tion largely due to KRAS activation. These cell lines have inacti-
vating mutations in LKB1 (Fig. 1) and have been shown to
possess sensitivity to MAPK and mTOR inhibitors.23 Thus,
treatment with ZSTK474, to ablate the activity of each class I
enzyme, with the addition of erlotinib, to silence the MAPK
pathway, may prove efficacious in these cells, especially if apopto-
tic activity is demonstrated at low levels of drug.33

The growth inhibitory activity of erlotinib and ZSTK474 was
measured in the erlotinib-resistant NSCLC cell lines A549 and
H460 (wt EGFR/KRAS) by Alamar Blue assay (Fig. 7A). We
found that both A549 and H460 were similarly insensitive to
single-agent exposure to erlotinib, only reaching 50% growth
inhibition at concentrations greater than 3mM. The pan-PI3K
inhibitor was markedly more potent, achieving half maximal
growth inhibitory concentrations in the nanomolar range.

We then determined the effect of combined EGFR and pan-
PI3K inhibitor treatment on cell proliferation over 72 hr. Each
inhibitor combination was tested at concentrations spanning
GI50 values. We found that the combinations of erlotinib and
ZSTK474 were more growth inhibitory than either compound
alone. Although modest, H460 cells demonstrated greater growth
inhibition in response to the drug combinations. Growth inhibi-
tion was evaluated by median effect analysis (CompuSyn, Memo-
rial Sloan-Kettering Cancer Center and MIT) to determine if the
improved growth inhibitory activity of the combinations was
additive or synergistic (Fig. 7B). Combinations were synergistic
at 1:1, 1:10, and 1:100 ratios (ZSTK474: erlotinib), but antago-
nistic effects were evident at 10:1 and 100:1 ratios (ZSTK474:
erlotinib). Overall, while a synergistic interaction was observed
with pan-PI3K and EGFR inhibitors that impaired cell

Figure 5. siRNA-mediated ablation of p110b does not phenocopy pharmacological IC488743 inhibition in NSCLC. (A) A549, PC9, and H1650 cells were
transiently-transfected with siRNA specific for p110b for 24hr, then treated with CAL-101 or IC488743 (1mM) for 3 hours. Cell lysates were prepared for
immunoblotting with indicated antibodies. (B) Densitometric analysis of phosphor-AKT (Ser 473) levels in treated cells. Signals normalized to tAKT.
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proliferation, we identified modest
cytotoxic effects in the H460 cell
line occurring at highest tandem
drug concentrations.

These data suggest that ablation
of both the PI3K/AKT and RAS/
MAPK axes are essential for cyto-
toxicity in the KRAS active, non-
squamous NSCLC cells. Utilizing
these agents in combination may
lead to effective cytotoxicity in
KRAS active cells at concentrations
of ZSTK474 that minimize side-
effects.33-35 Pre-clinical in vivo
experiments that test the combina-
tion as single agents will be impor-
tant as will efforts to formulate the
drugs as a combination particle to
prevent off-target effects.

Discussion

Lung cancer is a disease charac-
terized by extensive genomic
changes that unfortunately lead to
millions of deaths from the disease
each year worldwide because
patients do not achieve a sustained
response to therapy.36 Only
recently have actionable mutations
and mutated signaling pathways
been identified and targeted thera-
peutically.37-40 Our interests con-
verge on the PI3K/AKT/mTOR
signaling axis because it represents
one of the most commonly acti-
vated pathways in cancer for which
few targeted therapies have resulted
in clinical use in lung cancer.41

In lung cancers, mutations have
been reported in multiple genes
that control PI3K/AKT pathway
activation, including EGFR,
KRAS, HER3 and BRAF,42-44

even though few adenocarcinomas
of the lung demonstrate mutations
in PIK3CA.45 Together, these
observations make the effector molecules of the PI3K pathway
alluring targets for the cancer therapy. First generation PI3K
inhibitors targeted 3 class IA PI3K isoforms (a, b, and d) and
were not suitable for clinical use due largely to toxicity and poor
bioavailability.46,47 Although class IA PI3K isoforms possess sim-
ilar protein structure, control of expression, and regulation of
activity, recent literature reports non-redundant cellular func-
tions that appear to be isoform specific.48-54 Importantly, to our

knowledge, PI3K isoform-specific activities have not been thor-
oughly dissected in lung cancers of non-squamous histology.
Therefore, we chose to investigate the intersection of therapeuti-
cally-actionable mutations, isoform-specific inhibitory com-
pounds, and deregulated activities of the PI3K/AKT signaling
cascade in NSCLC cell lines.

The activities of a panel of PI3K inhibitory compounds were
tested in vitro and in cell lines. The IC50 values for PI3K isoform

Figure 6. IC488743 and ZSTK474 treatment alters G1 cell cycle progression without inducing apoptosis. (A)
Control, IC488743 and ZSTK474 treatment at GI75 concentrations for A549 (IC 65mM and Z 1mM), PC9 (IC
100mM, Z 1.3mM), and H1650 (IC 55mM, Z 1.6mM) cells were assessed for relative cell cycle distributions by
propidium iodide (PI) staining of DNA following 24hr and 48hr of treatment. Mean percentages of cells in
G0/G1, S, and G2/M are indicated. Error bars represent standard deviation, (nD3) and Student t test showed
significant difference (*p <0.05). (B) Control, IC488743, and ZSTK474 treated A549, PC9 and H1650 cells
were analyzed for % sub-G1 population indicating apoptosis. Mean percentages of sub-G1 cells are dis-
played. Error bars represent standard deviation, (nD3). (C) Markers for pathway activation and apoptosis
assayed in A549, PC9, and H1650 cells treated at GI75 concentrations of IC488743 (IC) or ZSTK474 (Z) for 24
and 48hr then harvested for western blot analysis. (D) Cells treated for 48hr with GI75 concentrations of
IC488743 or ZSTK474 were subjected nuclear and cytosolic fractionation then western blot analysis to deter-
mine the sub cellular localization of G1 to S-phase regulatory protein cyclin D1.
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specificity and selectivity have been previously published and fur-
ther validated by this laboratory. Using these compounds as tools
and mutational status of cell lines as potential biomarkers of
response, we intended to evaluate the activity of each compound
for inhibition of growth and/or cell killing in a panel of NSCLC
cells and to independently assess the necessity of each PI3K class
IA enzymes in NSCLC.

Importantly, we found poor anti-proliferative activity among
the isoform-selective PI3K compounds using a range of treatment
concentrations overlapping our in vitro estimation of IC50 for each
isoform. Several compounds demonstrated anti-proliferative activ-
ity against the cell lines when tested at micromolar concentrations,
thus non-selective. Even though we sought biomarkers of response
in anticipation of moving these agents toward clinical use, the
mutational analysis was mostly observational given poor activity of
the compounds. We found that cell lines containing mutated
PIK3CA were most sensitive to A66. Specifically, H460 bears an
activating mutation in PIK3CA (E545K) as does H1975
(G188D) which apparently sensitizes the cells to A66 (GI50 8.1
mM vs 1.59 mM, respectively). CAL-101 (GS-1101) is a small
molecule inhibitor of p110d isoform that has been demonstrated
to having promising activity against chronic lymphocytic leukemia
(CLL).21,55,56 We found that CAL-101 has similar anti-prolifer-
ative activity as the other p110d inhibitor tested, IC488743.
IC488743 interestingly demonstrates the best activity in H1975
and H460 cell lines that retain KRAS and LKB1 mutations. Using

the work of Ihle and others as a
foundation, these results were con-
trary to our expectations.23,57

CAL-101 and IC488743 treat-
ment differed most in the EGFR
mutant lines PC9 and H1650. It is
important to note that the GI50 val-
ues for even the most sensitive cell
lines were well above those estimated
IC50 values for isoform selectivity,
and likely, physiologically unachiev-
able. However, the data also suggest
that dual inhibition of p110b and
p110d enzymes may be observed at
micromolar concentrations while
sparing p110a. These treatment
conditions resulted in diminished
cellular proliferation for cells of mul-
tiple genotypes. Having similar
potency for individual class IA iso-
forms as the isoform-selective inhibi-
tors, the pan-PI3K inhibitor
(ZSTK474) was far more effective at
blocking PI3K signaling and prolif-
eration than any of the isoform selec-
tive inhibitors tested demonstrating
nanomolar GI50 for all NSCLC cell
lines tested.

The dose-dependent pharmaco-
dynamics evaluation of each inhibi-

tor largely mirrors the proliferation results. Treatment with
ZSTK474 completely abrogated pAKT signaling at 0.5mM for
A549, H1650 and PC9 cell lines (Fig. 4, top, and Fig. S2). Each
isoform-selective inhibitor impaired PI3K/AKT pathway signaling
at micromolar concentrations and only elicited an anti-prolifer-
ative response at those concentrations. Treatment at concentra-
tions suitable for single isoform selectivity had little effect on
proliferative signaling, with the exception of A66 treatment in
PIK3CA –mutated H1975 and H460 cells. Importantly, time-
dependent inhibition of PI3K/AKT signaling was achieved with
partial off-target activity but showed differential effects among
the NSCLC cell lines. Together, these data suggest that there
may be inherent resistance mechanisms in place in NSCLC cells
to preserve PI3K activity for cell proliferation and survival signal-
ing. To this point, in the preclinical development of CAL-101,
drug concentrations of 5-10 mM were needed to achieve cytotoxic
activity. This represents at least 1000x greater concentrations than
the predicted IC50 for p110d, likely inhibiting both p110b and
p110g PI3K isoforms. Furthermore, clinical exposure to CAL-
101 is greater than 2 mM at lowest doses, suggesting that partial
inhibition of other PI3K isoforms such as p110b may contribute
in part to clinical cytotoxic effects observed in patients.28,29,58,59

Because there is little literature that evaluates the roles of the
class IA PI3K enzymes specifically in lung cancer, we also investi-
gated the possibility of compensating PI3K activities in NSCLC
with respect to resistance to the PIK3CD inhibitors, CAL-101

Figure 7. Combined ZSTK474 and erlotinib can synergistically reduce proliferation in KRAS active NSCLC. (A)
A549 and H460 cells were treated with the indicated concentrations of each inhibitor, as a single-agent, or in
combination. Combination data are presented as individual curves at fixed erlotinib concentrations (0.03–
30mM) plotted against increasing ZSTK474 concentrations (0.03–30mM). Points represent the mean of 3
independent experiments C/¡ SD, and lines were fitted using non-linear regression analysis. (B) Median
effect analysis was performed by CompuSyn software to study the interaction between the inhibitor combi-
nations at the concentrations indicated in (A). Points represent the mean of 3 independent experiments.
Dotted lines mark range of interaction classification.
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and IC488743, because each compound possesses a different
selectivity profile for PIK3CA, PIK3CB and PIK3CD.10,60

Using siRNA-mediated silencing of p110b, we tested the activity
of CAL-101 and IC488743 in 3 cell lines having variable sensi-
tivity to either drug. From this experiment, it seemed likely that
ablation of 2 of the 3 enzymes of interest (PI3KA/B/D) is neces-
sary to eliminate the majority of the pAKT activity. However, to
prove the hypothesis, silencing of PIK3CA followed with
PIK3CB/D pharmacological inhibition would be necessary.

Interestingly, we observed reduced pERK1/2 signaling follow-
ing treatment with IC488743 or ablation of p110b in the
H1650 cell line, a PTEN null line. We expected that MAPK sig-
naling might be up-regulated to compensate for loss of pAKT
activity. This observation suggests that in some cellular contexts,
PI3K enzymes may retain catalytic activities in multiple pathways
or serve non-catalytic activities as observed by others.22 We will
pursue experiments to assess protein-protein interactions to test
the latter hypothesis.

From these data, we observed that non-selective concentra-
tions of IC488743 and nanomolar concentrations of a pan-inhib-
itor slowed proliferation. We wanted to understand how
proliferation is slowed in the presence of these agents. We found
that GI75 concentrations of either inhibitor impaired PI3K/AKT
pathway signaling and led to what appears to be a transient G1
cell cycle arrest. However, there was no observable induction of
apoptosis for either drug suggesting that targeted inhibition the
PI3K pathway. We suspect that these non-squamous NSCLC
cells exploit pathway cross-talk and feedback mechanisms
between PI3K/AKT and RAS/MAPK pathways that allow for
cell cycle re-entry and escape from apoptosis. To determine this
convincingly, treated cells would undergo drug washout and
incubation with complete media after which cell cycle position
would be re-evaluated.

In cells retaining wild-type EGFR and harboring KRAS muta-
tions, co-incubation of ZSTK474 and erlotinib lead to reduced pro-
liferation and, under some conditions, cell death in these cells
resistant to erlotinib alone, suggesting that ablating upstream signals
from receptor tyrosine kinases and activity of all class I PI3K enzymes
may be an effective combination as has been postulated for other can-
cers.61 We did not test the combination on the EGFR single-mutant
cells (PC9 and H1650) because we know that erlotinib is effective in
cell killing, and we would not expect to observe notable improve-
ment. Utilizing the combination of pan-PI3K and EGFR inhibitors
in the clinic faces scheduling and dosing hurdles to reduce the possi-
bility of adverse events in patients.

Finally, we hypothesized that isoform-selective inhibition of
PI3K class IA enzymes was a rational choice for lung cancer
patient therapy and might be able to be personalized. Impor-
tantly, we found that PIK3CA mutated cells responded to
p110a inhibition, as demonstrated by other.26 Inhibition of
multiple isoforms or pathways was more effective than inhibi-
tion of individual p110b and p110d isoforms alone, and
efficacy of single-agent treatment cannot be predicted from the
genotypes of the NSCLC lines used in this study. Overall,
our findings provide evidence that redundancy among class
IA isoforms contributes to inherent drug resistance, and that

pan-class I PI3K inhibitors, especially in combination with
EGFR inhibitors, may hold therapeutic promise in erlotinib-
resistant NSCLC.

Materials and Methods

Cell lines and culture conditions
Human NSCLC cell lines obtained from American Type Cul-

ture Collection were A549, H460, H1650, H1975, and PC9.
The lines were frozen at low passage for future use and subse-
quently were confirmed by STR testing (Bio-synthesis Inc., Lew-
isville, TX.). All cell lines were propagated as monolayer cultures
at 37�C in 5% CO2 using RPMI 1640 growth media supple-
mented with 10% fetal bovine serum (FBS), glucose, sodium
pyruvate, HEPES buffer and penicillin-streptomycin (Life Tech-
nologies, Grand Island, NY USA). The mutation status of each
cell line was determined from the Cosmic database (http://www.
sanger.ac.uk/genetics/CGP/cosmic/) and is found in Fig. 1A.

Reagents
IC488743 and CAL-101 (GS-1101) were provided by Gilead

Sciences (Foster City, CA). A66, TGX-221, and ZSTK474 was
purchased from Selleckchem (Houston, TX). All inhibitors were
dissolved in DMSO (Sigma Aldrich Corp, St. Louis, MO;
BP231-100) to a stock concentration of 10mM, stored at ¡20C,
and diluted to indicated final concentration in RPMI 1640 con-
taining 1% FBS at time of use.

PI3K activity ELISA
PI3K isoform-specific inhibitor concentration (IC) was deter-

mined in vitro using an ELISA assay (Millipore, Billerica, MA;
17-493) according to manufacturer’s instructions. The values for
biotinylated-PIP3 were set to 100. Experimental signals are
divided by biotinylated-PIP3 then multiplied by 100 to give per-
cent positive signal. IC50 values were calculated using Graphpad
Prism software based upon the previous calculations for relative
percent experimental to control for drug/isoform concentration
as indicated. For detailed instructions, refer to the following
document: http://www.millipore.com/userguides.nsf/a73664f9f
981af8c852569b9005b4eee/ca49bfd0cd79e94b852577c3007b-
cebd/$FILE/PI3K.pdf

Cell proliferation assessment
The growth inhibitory activity (GI) of each compound was

tested on cells using the Alamar Blue viability and Trypan Blue
exclusion assays.62,63 In the Alamar Blue assay, 2 £ 103 cells/well
were plated in 96-well cell culture plates (USA Scientific, Ocala,
FL USA; CC7682-7596). Cells were treated 24hr later with
PI3K inhibitors for 72hr in RPMI 1640 containing 1% serum.
For the Trypan Blue exclusion assay, 1 £ 104 cells/well were
plated in 24-well cell culture plate (USA Scientific, CC7682-
7524). The cells were synchronized 24 hr later by changing
media to RPMI containing 0.1% serum. After 24hr serum depri-
vation, cells were released in RPMI containing 1% serum with
PI3K inhibitors for 72 hr. Cells were trypsinized, and mixed 1:1
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with trypan blue for visual counting of both viable and dead cells.
Experimental concentrations from (0.3 – 30 mM) of A66, TGX-
221, IC488743 and CAL-101 were tested. GI50 values were cal-
culated using Graphpad Prism software.

Cell cycle and apoptosis analysis
For the cell cycle study, NSCLC cell lines were plated in 60-

mm dishes (Corning, Corning, NY; 25382-381). After 24hr, the
cells were treated with ZSTK474 and IC488743 at the indicated
GI75 concentrations for 24 and 48 hr. Following incubation, cells
were trypsinized, quenched with serum, washed, resuspended in
phosphate buffered saline (PBS), and fixed in cold 70% ethanol.
Cell cycle distribution was assessed by propidium iodide (PI)
staining then quantified by BD FACS Calibur flow cytometery
or Life Technologies Attune flow cytometry. The data were ana-
lyzed with CellQuest software (BD Biosciences, San Jose, CA) or
FlowJo (TreeStar software, Ashland OR USA), respectively. An
analysis of apoptosis was performed using the same conditions as
the cell cycle study, but whole-cell lysates were analyzed by west-
ern blot analysis for cleavage of PARP (Cell Signaling Technol-
ogy, Danvers, MA USA).

Analysis of protein expression
NSCLC cells were plated in 60-mm dishes. After 24hr, plat-

ing media was removed, and cells were synchronized in starvation
media (RPMI 1640 containing 0.1% FBS) for 24 hr. Concentra-
tion-dependent response experiments were carried out using indi-
cated drug concentrations for 3 hr. Similarly, time-dependent
response to drug exposure was undertaken at 1 mM concentra-
tion of each isoform-selective inhibitor at indicated time inter-
vals. After drug treatment, cells were harvested, pelleted by
centrifugation, and lysed with M-PER protein extraction reagent
(Thermo Fisher Scientific, Waltham, MA USA; 78503).

Proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes for antibody exposure. Signal was eli-
cited using chemiluminescent reagents (ThermoScientific/
Pierce). Primary antibodies used in these experiments were phos-
pho-AKT (Ser473), total AKT, phospho-ERK1/2 (Thr302/
Tyr204), total ERK1/2, phospho-S6 ribosomal protein (pS6RP)
(Ser235/236), a-tubulin, PTEN, PARP, p85, cyclin D1,
HSP90, Histone H3, PI3K p110a, p110b (Cell Signaling Tech-
nology, Danvers, MA; 9271, 9272, 9101, 4695, 4858, 2125,
9559, 9532, 9661, 4255, 3011, respectively) and PI3K p110d
(Santa Cruz Biotechnology, Santa Cruz, CA; sc-7176).

Cytosolic and nuclear protein extraction
A549, PC9 and H1650 NSCLC cell lines were treated with

indicated concentrations of agents, representing the estimated
GI75 concentrations for IC488743 and ZSTK474. After 48hr
exposure, cells were trypsinized, quenched with serum, pelleted,
and washed once with PBS. Nuclear and cytosolic compart-
ments were separated according to NE-PER Nuclear and
Cytoplasmic Extraction Kit protocol (ThermoScientific/Pierce,

78835). Western blot analysis for cyclin D1, and controls for
cytosolic and nuclear fractionation, HSP90 and Histone H3,
were performed as described above.

Short interfering RNA knockdown (siRNA)
Cells were plated in 6-well dishes in RPMI growth medium

(10% FBS) without antibiotics. After 24hr and immediately
prior to transfection, the media was changed to RPMI 1640 con-
taining 1% FBS without antibiotics. Isoform-specific PI3K
p110b siRNA (Smartpool- Dharmacon, Thermo Fisher Scien-
tific, Waltham, MA USA; L-003019-00) (25 nM) was pre-incu-
bated with RNAiMAX transfection reagent (Life Technologies,
13778-150) in Opti-Mem (Life Technologies) then added to
cells for 24 hr. siRNA-containing media was aspirated then
replaced with RPMI 1640 containing 1% serum with or without
1 mM CAL-101 or IC488743 for 3 hr. Cells were then harvested
and extracts prepared for western blot analysis, as previously
described for analysis of protein expression.

Statistical analyses
Cell proliferation assays were completed 3 times with 3 repli-

cates per experiment (Fig. 2, Table 2). The technical replicate
values were averaged for the 3 experiments and plotted, mean §
standard deviation (SD). CompuSyn software was used to evalu-
ate drug combination median effects and combination indices
(CI). CompuSyn algorithm simulating drug interactions utilize
Chou-Talalay method, where additive effect (CI D 1), synergism
(CI > 1), and antagonism (CI > 1). 64

ELISA experiments were completed once with technical repli-
cate measures. IC50 values were calculated using Graphpad
Prism.

Pharmacodynamic analysis represents 3 independent experi-
ments quantified by densitometric analysis, pAKT (S473) nor-
malized to tAKT, and averaged to reflect changes in pAKT levels
(Fig. 3). Image J software was used for densitometric analysis of
pAKT and tAKT levels from films. The error bars for each agent
and cell line combination represents the SEM, nD3.

Cell cycle and apoptosis data represent the mean § SD of 3
separate experiments, (Fig. 6). Figures were generated using
Graphpad Prism. Pearson correlation calculation was performed
using GraphPad Prism software to compare paired GI50 values
for each inhibitor quantified in serum-synchronized cells vs. asyn-
chronous cells. The r-value represents the correlation coefficient.
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