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a b s t r a c t

The alpha isoform of the phosphatidylinositol-3-kinases (PI3Ka) is often mutated, amplified and overex-
pressed in human tumors. In an effort to develop new inhibitors targeting this enzyme, we carried out a
pharmacophore model study based on six PI3Ka-selective compounds. The pharmacophore searching
identified three structurally novel inhibitors of PI3Ka and its H1047R mutant. Our biological studies show
that two of our hit molecules suppressed the formation of pAKT, a downstream effector of PI3Ka, and
induced apoptosis in the HCT116 colon cancer cell line. QPLD-based docking showed that residues
Asp933, Glu849, Val851, and Gln859 appeared to be key binding residues for active inhibitors.

� 2011 Elsevier Ltd. All rights reserved.
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Phosphatidylinositol 3-kinases (PI3Ks) are a group of lipid
kinases that phosphorylate phosphatidylinositol at the 3-OH
position of the inositol ring, generating phosphatidylinositol
3,4,5-triphosphate (PIP3).1,2 PIP3 regulates a wide variety of cellular
functions including cell growth, differentiation and proliferation.3

The alpha isoform of PI3Ks (PI3Ka) is encoded by the gene PIK3CA,
which is mutated, amplified and overexpressed in numerous hu-
man tumors including breast, urinary tract, cervical, gastric,
squamous cell lung, non-small-cell lung, and colon cancers.4 PI3Ka
somatic heterozygous point mutations can be grouped in frequent
‘hotspots’ located in the helical (E542K or E545K) or kinase
(H1047R) domains, thereby conferring a gain in lipid kinase activ-
ity.4 The gain-of-function in the H1047R mutation is dependent
upon allosteric changes mediated by p85a.5 The prevalence of
PI3Ka and its H1047R mutation in various cancers suggests that
inhibitors targeting the wild-type or the H1047R mutant of PI3Ka
would be beneficial.

The efforts to develop PI3Ka inhibitors have led to the discovery
of LY294002 (1), quercetin (2), myricetin (3), GSK2126458 (4) and
NVP_BEZ235 (5) (Fig. 1) as antitumor agents. Compound 1 is a
potent, reversible and selective inhibitor of PI3K kinase and is a
All rights reserved.
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common reference compound in many PI3K inhibition studies.6

In addition, flavonols 2 and 3 are associated with reduced pancre-
atic cancer risk7 and both are considered to be broad spectrum
inhibitors of many protein kinases, including PI3Ks. 48 and 59 are
OH

Myricetin:  R= -OH (3)
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Figure 1. Chemical structures of PI3K inhibitors.
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Figure 2. PI3Ka-selective inhibitors used in pharmacophore modeling.
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currently evaluated in clinical trials. Compounds 1–5 non-selec-
tively inhibit both PI3Ka and PI3Kc; the latter is a structural homo-
log to the a isoform and mediates inflammatory pathways in
rheumatoid arthritis, psoriasis, allergic diseases and cardiovascular
disorders.10

The aim of this study was to find novel lead compounds that are
active against both the overexpressed wild-type PI3Ka (wt PI3Ka)
and the frequently observed H1047R mutant PI3Ka. To achieve
this goal, we used 4, its structural homologs 6 and 7 and the
Figure 3. Pharmacophore model for PI3Ka with 4 (A, stick model), and 13 (B, ball-
and-stick model). Aro stands for aromatic rings; Acc for H-bond acceptor; and Hyd
for hydrophobic groups. F2 (Aro|Acc) is due to the imidazopridine in 8–10 which are
both aromatic and contain a nitrogen atom (H-bond acceptor).
PI3Ka-selective imidazopyridine derivatives 8–10 (Fig. 2)11,12 to
build a pharmacophore model in MOE13 to search against the
National Cancer Institute (NCI) compound database.14 The identi-
fied hit molecules were tested for their ability to suppress tumor
growth in cells harboring both the wt and H1047R mutant PI3Ka.
The suppressive activity of these compounds on the downstream
AKT and their apoptosis effect were also examined in colon cancer
cell lines. In this work, we discovered three novel PI3Ka inhibitors
with potencies comparable to that of 1.

The selection of pyridylsulfonamide analogs (4, 6, 7) and
imidazopyridine derivatives (8–10) to build a pharmacophore for
potential PI3Ka inhibitors was based on their high potency. The
superposition of 6–10 to 4 generated a pharmacophore with two
H-bond acceptors (F4 and F5), one aromatic ring (F1), one aromatic
or H-bond acceptor (F2) and one aromatic or hydrophobic or H-
bond acceptor (F3) (Fig. 3).

This model was used to search against the NCI database with
260,071 compounds, which were subject to the filtration with
Lipinski’s rule of five.15 3,716 entries satisfied the pharmacophore
and were reported as hits. Further refinement with ranges of logP
and logS of active inhibitors yielded a list of 49 structures as our
final hit list. From these 49 compounds, NSC 79888 (11), NSC
408120 (12), and NSC 675972 (13) were chosen as potential PI3Ka
inhibitors (Fig. 4) based on their availability from commercial
sources. Efforts to obtain other hit molecules from various sources
failed. Figure 3B showed that 13 satisfied four out of five pharma-
cophores. Similarly, 11 and 12 matched four pharmacophoric
points.

In order to examine the antiproliferative activities of 11–13
against the wt or H1047R mutant PI3Ka, or both, we evaluated
the growth inhibition of 1–3 (as references) and 11–13 in the colon
cancer cell lines HCT116, HCT116-WT and HCT116-MUT (H1047R).
HCT116 is a highly malignant colon carcinoma cell line with both
wt and mutant PI3K (H1047R) that was established in tissue cul-
ture from a primary tumor.16 HCT116-WT and HCT116-MUT are
colon cancer cell lines with the wt only or H1047R mutant only
(MUT) PI3Ka, respectively. These cell lines were obtained via
asymmetrical knockout of the MUT or wt PIK3CA allele.17

All three hit molecules (11–13) inhibited both the wt and
H1047R mutant of PI3Ka, with IC50 values comparable to those
of LY294002 (1). Compound 13 appeared to be the most potent.
In most cases, the IC50 values of HCT116-MUT are lower than those
expressing WT cells (HCT116-WT only, or HCT116, which contains
both wt and H1047R mutant) (Table 1). This result is in good agree-
ment with the gain-of-function observation that cells expressing
mutant PI3KCA are hypersensitive to PI3K inhibition.
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Figure 4. Chemical structures of the hit molecules.



Figure 5. (A) Direct inhibition of PI3K kinase activity by tested compounds; (B)
inhibition of AKT or phosphorylation of AKT (pAKT).

Table 1
Growth inhibition of HCT116, HCT116-WT, and HCT116-MUT (H1047R) by com-
pounds 1–3 and 11–13

Compounds (IC50, lM) HCT116 HCT116-WT HCT116-MUT (H1047R)

1 5.8 6.7 5.3
2 6.7 23 5.7
3 24 23 4.1

11 13 31 18
12 6.2 5.3 3.8
13 1.8 1.1 0.73
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Next, we tried to determine whether the cell growth inhibition
of the tested compounds was mediated by PI3K pathway. We car-
ried out kinase assays on PI3Ka and immunoblot analysis on AKT
(a downstream effector of PI3K signaling) using HCT116-WT and
HCT116-MUT cells.

For the HCT116-WT cells, 13 showed the best inhibition of
p110a-PI3K whereas 11 and 12 exhibited similar activities as 3.
Compounds 3, 11–13 all inhibited PI3K more potently than 1
(Fig. 5A). These results show that the tested compounds can di-
Table 2
Quantification of DNA fragmentation of 1–3 and 11–13 in HCT116, HCT116-WT, and
HCT116-MUT cells (48 h) at 25 lM

Compound HCT116 HCT116-WT HCT116-MUT

1 3.8 8.5 8.6
2 1.0 2.5 4.0
3 1.5 2.6 8.5

11 1.8 1.3 3.0
12 8.6 12 13
13 2.9 3.2 11
rectly inhibit PI3K kinase activity. The immunoblot analysis of
phospho-AKT (pAKT) at Ser473 and total AKT revealed that other
than 12, all other tested compounds effectively blocked AKT phos-
phorylation without altering total AKT protein in both HCT116-WT
and HCT116-MUT cells, with 12 and 13 exhibiting the best inhibi-
tory activity in preventing the formation of pAKT-S473. Compound
12 appeared to exert its PI3K inhibitory effect by not only sup-
pressing the formation of pAKT but also by inhibiting the expres-
sion of AKT (total AKT level) (Fig. 5B). Taken together with the
PI3Ka kinase assay data, our results confirm that 11–13 directly in-
hibit PI3Ka and indirectly block downstream signaling pathways.

Having shown that our hit molecules 11–13, especially 12 and
13, caused growth inhibition and blocked AKT phosphorylation in
colon cancer HCT116-WT and HCT116-MUT cell lines, we next
questioned whether the cell growth inhibition was due to cell
death caused by apoptosis. To address this issue, we performed
DNA fragmentation and MTT assays in the three cell lines de-
scribed above.

The DNA fragmentation data (Table 2, and Supplementary
Fig. 1S) showed that 1 led to more than an eightfold increase in
DNA fragments than the control in the HCT116-WT and HCT116-
MUT cells. This is consistent with the observation that inhibition
of the PI3K/AKT pathway by 1 significantly increased ursolic
acid-induced apoptosis in human HepG2 cells.18 Compound 3 pro-
duced a similar degree of apoptosis as 1 in HCT116-MUT cells,
whereas the cell death caused by 2 in the mutant only cells was
much weaker—only half of that of 1. In addition, the cell cycle ar-
rest and apoptosis induced by 2 may be mediated through caspas-
es-3, -8, and -9 as observed in MDA-MB-231 human breast cancer
cells.19

The DNA fragmentation assays showed that 12 and 13 had
stronger apoptosis effects than did the established PI3K inhibitors
1–3. 12 appeared to induce the most apoptosis in all three cell
lines. The potent apoptotic effect of 12 correlated with its ability
to block AKT expression (total AKT) and to suppress the formation
of pAKT-S473 (Fig. 5B). Previously, the antiproliferative effect of 12
was considered via the activation of caspase-3 induced apoptosis.20

Our data provides an additional mechanism of the tumoricidal ef-
fect of 12 via the inhibition of the PI3K/AKT pathway by blocking
the formation of AKT and pAKT-S473 and by inducing apoptosis.
It is known that AKT suppresses apoptosis either by stimulating
NF-jB by upregulating the transactivation potential of p65,21 or
by phosphorylating BCL-2 family member BAD, thereby suppress-
ing apoptosis and promoting cell survival.22 The suppression of
pAKT and the blockage of AKT expression by 12 led to apoptosis
in three HCT116 cell lines, especially in H1047R mutant cells.

Similarly, 13 produced more apoptosis than 1 in the H1047R
mutant only cells (HCT116-MUT). The apoptotic effect induced
by 13 was not as strong as that of 1 in cells expressing wt PI3Ka
(HCT116 or HCT116-WT cells). The apoptosis-inducing effect of
11 is not as strong as that caused by 12 or 13, but it exhibited sim-
ilar activity toward apoptosis as 2, a proven chemical known to
cause cell cycle arrest and apoptosis.19 To our knowledge, our
study is the first one to reveal the antitumor properties of 11–13
in colon cancer cells expressing H1047R mutant of PI3Ka. Com-
pounds with the benzophenone core structure of 11 were reported
to induce apoptosis in Ehrlich ascites tumor (EAT) cells through
activation of caspase-3.23

In order to gain detailed insight into the binding interactions of
our experimentally verified inhibitors with PI3K wt and H1047R
mutant, we carried out docking studies of our tested compounds
to proteins PI3K wt (model 2RD0) and H1047R mutant (model
3HHM) using the QPLD-based docking approach. Cho et al. showed
that incorporating the charges that were derived from the quan-
tum mechanical/molecular mechanical (QM/MM) approach into
molecular docking significantly enhanced the predictive outcome



Table 3
Docking scores (kcal/mol) and H-bond interactions between compounds and proteins
PI3Ka (the wt and the mutant).

Compound wt (2RD0) H1047R mutant (3HHM)

Docking
score (kcal/
mol)

Binding
residues

Docking
score (kcal/
mol)

Binding residues

1 �9.0 Asp933 �7.4 Val851, Gln859
2 �11 Tyr836, Val851 �8.6 Val851, Asp933
3 �8.3 Glu849,

Val851,
Asp933

�10 Glu849,Val851,Asp933

4 �13 Lys776,
Tyr836, Val851

�11 Met872, Val851,
Asn853, Gln859

11 �11 Glu849,
Val851,
Gln859

�9.1 Val851

12 �9.8 Glu849 �10 Val851
13 �9.9 Lys802,

Asp810,
Glu849,
Asp933

�8.7 Val851,Asp933
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of a docking program.24 This novel protein–ligand docking method
is called Quantum–Polarized Ligand Docking (QPLD)-based dock-
ing, as described by Cho et al.24 and Zhong et al.25 In the QPLD
docking, the Qsite program was used to generate a new set of
atomic partial charges for ligand poses which were derived from
the Glide dock program. The ligand pose with QM-generated par-
tial charges were redocked to the protein using Glide program with
the XP-scoring function. With such a treatment, the polarization
effects of the protein binding pocket were taken into account.
The QPLD docking method has shown its superiority compared to
other docking programs in the study case of 40 protein–ligand
complexes with root-mean-square deviations (RMSDs) of docked
pose to native pose in most cases less than 1.00 Å.24

The validation of the QPLD-based docking method was per-
formed by comparing the docked pose with the cocrystal structure
of wortmannin in H1047R PI3Ka/wortmannin complex (PDB id:
3HHM).26 The RMSD for heavy atoms of wortmannin between
the QPLD-generated docked pose and the native cocrystal confor-
mation was 0.98 Å. This indicates that the QPLD-based docking
can successfully predict ligand binding conformations.

Our QPLD-based docking results of 1–4, and 11–13 against the
wt and H1047R mutant PI3Ka reveal that first all compounds bind
to the kinase catalytic domain of PI3K, and second, most tested
compounds tend to form H-bonds with the wt and mutant PI3Ka
via Asp933, Gln859, Val851 (via backbone NH), Glu849, and
Lys802 (Fig. 6 and Table 3). This suggested that these residues
are important for ligand binding to the wt and H1047R mutant.
The importance of these residues in ligand binding to the wt and
H1047R mutant of PI3Ka has been confirmed by other experimen-
tal26 and computational data.27,28 Among these residues, Asp933
was considered to be the most important.29 Our docking studies
appeared to confirm this observation. The corresponding position
(Gln859 of PI3Ka) in PI3Kc is Lys890. Our previously docking
results suggested that the difference between these two residues
might be used to develop PI3Ka-selective inhibitors.28 To evaluate
the QPLD-based docking, we also carried out the regular Glide Dock
of our compounds to the 2RD0 native protein. Supplementary Fig-
ure 2S shows that there is a positive linear relationship (r2 = 0.65)
between the docking scores from the Glide versus QPLD-methods.
The morpholino moiety in 1 and the catechol-/pyrogallol-like
structure in 2 and 3 may have contributed to their differences in
activities, docking scores and H-bond behaviors. The importance
of a morpholino moiety has been illustrated in many PI3Ka active
compounds.30
Figure 6. Protein/ligand interactions of the complexes of PI3Ka with 4 (carbon
atoms in orange) and 13 (carbon atoms in cyan).
The docking of 4 to the wt and H1047R mutant of PI3Ka showed
that 4 is the tightest binder (the best docking scores in Table 3) to
the wt and mutant proteins. Compound 4 formed H-bonds with wt
PI3Ka via Lys776, Tyr836, and Val851, and with the H1047R mu-
tant via Met872, Val851, Asn853, and Gln859. Our hit molecules
11 and 12 formed only one H-bond with the main chain amide
nitrogen of Val851, and 13 with Val851 and Asp933 in the
H1047R mutant (Table 3). This suggests that other than Asp933
and Val851, Asn853 and/or Met872 may be important for ligand
binding as well.

In summary, our pharmacophore modeling and database
searching led to the identification of two novel PI3Ka inhibitors
(12 and 13) with growth inhibitory activities similar to that of
the known PI3Ka inhibitor 1. Both 12 and 13 suppressed the for-
mation of pAKT, a downstream effector of PI3Ka and induced
apoptosis in colon cancer cells, generating more DNA fragments
than that induced by 1. Our docking studies suggests that the abil-
ity to form H-bonds with Asp933, Gln859, Val851, Glu849, and
Lys802 may be critical for ligand binding to PI3Ka. The HCT116 co-
lon cancer cell line data show that 12 and 13 may be good candi-
dates for further optimization. Future studies may include an
examination of 12 and 13 against a panel of kinases to investigate
their selectivity. The ready availability of 12 and 13 from commer-
cial sources may make them invaluable pharmacological tools to
study PI3Ka/AKT pathway, especially those affected by H1047R
mutants. We are synthesizing a series of compounds based on 13
and the preliminary data will be reported elsewhere. Whether 11
and 12 are promiscuous remains to be determined. Future hit iden-
tification could involve fingerprint-based similarity searching.
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