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A B S T R A C T

As accumulating evidences suggest close involvement of phosphatidylinositol 3-kinase

(PI3K) in various diseases particularly cancer, considerable competition occurs in develop-

ment of PI3K inhibitors. Consequently, novel PI3K inhibitors such as ZSTK474, GDC-0941

and NVP-BEZ235 have been developed. Even though all these inhibitors were reported to

inhibit class I PI3K but not dozens of protein kinases, whether they have different molec-

ular targets remained unknown. To investigate such molecular target specificity, we have

determined the inhibitory effects of these novel inhibitors together with classical PI3K

inhibitor LY294002 on PI3K superfamily (including classes I, II, and III PI3Ks, PI4K and

PI3K-related kinases) by using several novel non-radioactive biochemical assays. As a

result, ZSTK474 and GDC-0941 indicated highly similar inhibition profiles for PI3K super-

family, with class I PI3K specificity much higher than NVP-BEZ235 and LY294002. We fur-

ther investigated their growth inhibition effects on JFCR39, a human cancer cell line

panel which we established for molecular target identification, and analysed their cell

growth inhibition profiles (fingerprints) by using COMPARE analysis programme. Interest-

ingly, we found ZSTK474 exhibited a highly similar fingerprint with GDC-0941 (r = 0.863),

more similar than with that of either NVP-BEZ235 or LY294002, suggesting that ZSTK474

shares more in molecular targets with GDC-0941 than with either of the other two PI3K

inhibitors, consistent with the biochemical assay result. The biological implication of the

difference in molecular target specificity of these PI3K inhibitors is under investigation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

JFCR39 anticancer drug screening system is an informatic

drug-activity database that we established previously by

exploiting a panel of 39 human cancer cell lines.1–4 With the

use of this system, action mechanism of a test compound

can be predicted by comparing its growth inhibition profiles

(fingerprint) across the panel of cells with those of the stan-

dard anticancer drugs using the COMPARE algorithm.1,2 So
er Ltd. All rights reserved

; fax: +81 3 3570 0484.
ori).
far, utilising this method we have succeeded in predicting

the action mechanisms of MS-247 (topoisomerase inhibitor),

FJ5002 (telomerase inhibitor), ZSTK474 (Fig. 1) and other com-

pounds.2,5,6 ZSTK474 was identified as a phosphatidylinositol

3-kinase (PI3K) inhibitor based on the similarity of its finger-

print with that of the well-known PI3K inhibitor LY294002 fol-

lowed by its biochemical characterisation.6,7

PI3Ks are a family of lipid kinases that phosphorylate the

3-OH of phosphoinositides (Fig. 1).8–10 Based on their primary
.
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Fig. 1 – Chemical structures of the PI3K inhibitors used in this study.
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structures and substrate specificities, PI3Ks are divided into

three classes. Class I PI3Ks preferentially phosphorylate phos-

phatidylinositol 4,5-bisphosphate (PI(4,5)P2) to generate phos-

phatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) (Fig. S1),

which plays an important role in cell growth, etc.11 This class

of PI3K is generally referred to as PI3K since much less is

known about the functions of other two classes. As a hetero-

dimeric protein, each class I PI3K contains a regulatory sub-

unit (p85 or p101) and a catalytic subunit p110. There are

four isoforms of class I PI3Ks, namely PI3Ka, PI3Kb, PI3Kd

and PI3Kc, each of which is known to have its own functional

role. PI3Ka plays an important role in tumourigenesis since a

high frequency of gain-of-function mutations in the PIK3CA

gene, which encodes for p110a, has been found in human

cancers. 12–14 PI3Kb is thought to be involved in the develop-

ment of thrombotic diseases through the activation of plate-

lets.15 In a recent study, PI3Kb was shown to play an

essential role in tumourigenesis associated with PTEN (phos-

phatase and tension homologue deleted on chromosome ten)

loss or inactivation.16 Both PI3Kd and PI3Kc were reported to

be involved in various inflammatory and autoimmune-related

diseases.17–20 Class II PI3Ks contain three members, namely

PI3KC2a, PI3KC2b and PI3KC2c, which phosphorylate phos-

phatidylinositol (PI) and phosphatidylinositol 4-phosphate

(PI(4)P) (Fig. S1). This class of kinases does not require a regu-

latory subunit to function and is mainly involved in mem-

brane trafficking and receptor internalisation.21 Class III

PI3K contains only one member, namely the vacuolar protein

sorting 34 (Vps34), which phosphorylates PI to phosphatidyl-

inositol 3-phosphate (Fig. S1). Vps34 is well known to play

important roles in endocytosis and vesicular trafficking.22–24
Recently, Vps34 was reported to be required for autoph-

agy.21,25 Phosphatidylinositol 4-kinases (PI4Ks) are a group of

lipid kinases that phosphorylate PI to PI(4)P at 4-OH (Fig. S1).

Mammalian PI4Ks are now classified into types II and III

based on their sensitivities to different inhibitors, because

the originally assigned type I PI4Ks were later demonstrated

to be PI3K.26 Amongst these two types of PI4Ks, type III PI4Ks

were reported to have structure similar to that of the PI3Ks. By

generating PI(4)P, which is the precursor of PI(4,5)P2, PI4Ks

play important roles in cell signalling control, etc.26 PI3K-re-

lated protein kinases (PIKKs), which are sometimes called

class IV PI3Ks, are protein kinases with similar structure to

p110. PIKKs include mammalian target of rapamycin (mTOR)

and DNA-dependent protein kinase (DNA-PK), which is

known to be involved in protein synthesis or DNA repair.27

Interestingly, many PI3K inhibitors are also known to inhibit

PIKKs.28,29 In this paper, we have designated three classes of

PI3Ks, PI4Ks and PIKKs as the PI3K superfamily.

Since PI3K plays important roles in several diseases, espe-

cially in cancer, multiple efforts are being made to develop

novel PI3K inhibitors for cancer therapy. While the classical

PI3K inhibitors, LY294002 (Fig. 1) and wortmannin, showed

in vivo antitumour efficacy, both inhibitors failed to enter clin-

ical trials because of their poor solubility or stability,30 and

also because of the associated undesired toxicities.31,32 How-

ever, recent elucidation of the crystal structure of PI3K and its

complex with LY294002 33,34 accelerated the development of

new PI3K inhibitors, as a result of which several PI3K inhibi-

tors with antitumour efficacy and low toxicity were obtained.

One of these new PI3K inhibitors, PI-103, showed antitumour

effects on a variety of tumour types including glioma without
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obvious toxicity, but unfavourable pharmacokinetics such as

rapid metabolism was observed.35 As its pharmacologically

optimised derivative, GDC-0941 (Fig. 1), showed high oral bio-

availability and favourable antitumour effect, and conse-

quently entered phase I clinical trials in 2008.36,37 Another

novel PI3K inhibitor, NVP-BEZ235, (Fig. 1) has exhibited prom-

ising antitumour efficacy on various tumour types29,38,39 and

is now undergoing phase I/II clinical trials.9 In our laboratory,

we have recently identified a novel PI3K inhibitor, ZSTK474

(Fig. 1), which exhibited highly promising antitumour efficacy

without any obvious toxicity.6,40

Even though the above-mentioned novel PI3K inhibitors

have all been reported to inhibit class I PI3Ks without reveal-

ing any cross-activity to tens of protein kinases,6,29,37,41

whether they have different molecular targets remained un-

clear. Since the activities of these inhibitors on the members

of PI3K superfamily other than class I PI3K were largely un-

known yet, we therefore determined their inhibition profiles

for PI3K superfamily and also compared their class I PI3K

specificity. Furthermore, we have examined the growth inhi-

bition profiles (fingerprint) of these PI3K inhibitors across

JFCR39 panel and compared these fingerprints using the

COMPARE analysis programme. Our results indicated that

ZSTK474 and GDC-0941 have highly similar inhibition profiles

for PI3K superfamily, with higher class I PI3K specificity than

NVP-BEZ235 and LY294002. Moreover, ZSTK474 and GDC-0941

showed more similar fingerprints across JFCR39 compared

with other two PI3K inhibitors.
2. Materials and methods

2.1. Materials

ZSTK474 was kindly provided by Zenyaku Kogyo Co., Ltd.

(Tokyo, Japan). LY294002 and DL-dithiothreitol (DTT) were pur-

chased from Sigma (St. Louis, MO). GDC-0941 was purchased

from Symansis (Shanghai, China). NVP-BEZ235 was obtained

from Selleck (London ON, Canada). Recombinant PI3Ka, PI3Kb,

PI3Kd and PI3Kc, and the PI3K HTRF Assay Kit were purchased

from Millipore (Billerica, MA). Recombinant PI3KC2a, PI3KC2b,

Vps34, PI4Kb, mTOR, adenosine 5 0-triphosphate disodium salt

(ATP), Adapta Universal Kinase Assay Kit, green fluorescent

protein labelled 4EBP1 (GFP-4EBP1) and Tb (terbium)-anti-

p4EBP1 antibody were purchased from Invitrogen (Carlsbad,

CA). DNA-PK, DNA-PK Peptide Substrate and Kinase-Glo Plus

Luminescent Kinase Assay Kit were obtained from Promega

Corporation (Madison, WI).

2.2. Cell lines

A panel of 39 human cancer cell lines, known as JFCR39, was

used as described previously,1–3 which consists of the follow-

ing cell lines: lung cancer, NCI-H23, NCI-H226, NCI-H522, NCI-

H460, A549, DMS273 and DMS114; colorectal cancer, HCC-

2998, KM-12, HT-29, HCT-15 and HCT-116; gastric cancer,

MKN-1, MKN-7, MKN-28, MKN-45, MKN-74 and St-4; ovarian

cancer, OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8 and SK-OV-

3; breast cancer, BSY-1, HBC-4, HBC-5, MDA-MB-231 and

MCF-7; renal cancer, RXF-631L and ACHN; melanoma, LOX-
IMVI; glioma, U251, SF-295, SF-539, SF-268, SNB-75 and SNB-

78; and prostate cancer, DU-145 and PC-3. All the cell lines

were cultured in RPMI 1640 medium supplemented with 5%

fetal bovine serum, penicillin (100 U/ml), and streptomycin

(100 lg/ml) at 37 �C in humidified air containing 5% CO2.

2.3. Homogenous time-resolved fluorescence (HTRF) assay
for the determination of PI3K activity

The HTRF assay was carried out as described previously.7

Briefly, various concentrations of the selected inhibitors or

DMSO (control) were incubated with the recombinant PI3Ka,

PI3Kb, PI3Kd and PI3Kc in the assay buffer supplemented with

10 lM of PI(4,5)P2 in the wells of a 384-well plate at room tem-

perature. The reaction was initiated by the addition of 10 lM

ATP and was stopped after 30 min of incubation by adding

the stop solution containing EDTA and biotin-PIP3. Detection

buffer was then added to each well and the resulting mixture

was further incubated for 14 h. Signals from the wells were

read using the EnVision 2103 Multilabel Reader (PerkinElmer,

Wellesley, MA). The PI3K activity remaining in each well was

calculated according to the following formula: PI3K activity (%

control) = (sample ) minus-enzyme control)/(plus-enzyme

control ) minus-enzyme control) · 100. For the plus-enzyme

control, the kinase was incubated with PI(4,5)P2 and ATP in

the absence of the test inhibitor, and for the minus-enzyme

control, PI(4,5)P2 was incubated with ATP in the absence of

the kinase and the test inhibitor. Representative data from

two independent experiments, each carried out in triplicate,

were used for plotting. The IC50 values were calculated by fit-

ting the data points to a logistic curve using GraphPad Prism 4

(GraphPad software, San Diego, CA).

2.4. Adapta kinase assay for determining the activities of
PI3KC2a, PI3KC2b, Vps34 and PI4Kb

To determine the activities of PI3KC2a, PI3KC2b, Vps34 and

PI4Kb, a novel non-radioactive assay, known as Adapta kinase

assay, was utilised. Adapta kinase assay is a homogenous,

fluorescence-based immunoassay, which measures kinase

activity in terms of the amount of ADP produced. The assay

was performed according to the manufacturer’s instructions

with minor modifications. The amount of the recombinant ki-

nases were first optimised to keep the reaction velocity within

the linear range, and to obtain adequate difference between

the resulting signals of the sample in the absence of enzyme

and that in the presence of enzyme. Finally, the optimised en-

zyme concentration (2.0, 7.0, 1.0, and 1.2 lg/ml for PI3KC2a,

PI3KC2b, Vps34, and PI4Kb, respectively) was used to evaluate

the inhibitory activities of the test compounds. The kinase

reaction and the following ADP detection reaction were car-

ried out in 10 ll volume in a 384-well plate in the kinase reac-

tion buffer containing 20 mM Tris pH 7.5, 5 mM MgCl2, 0.5 mM

EGTA, 0.4% Triton X-10 and 2 mM DTT. In the case of Vps34,

2 mM MnCl2 was further added to the assay mixture. In all

cases, 2.5 ll of the respective kinase was added and the mix-

ture was incubated at 28 �C in the presence or absence of var-

ious concentrations of a given inhibitor. Each reaction was

initiated by the addition of 10 lM of ATP and 100 lM of the

substrate PI. After incubation for 1 h, 5 ll of the quench/detec-
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Fig. 2 – Inhibition of class I PI3K isoforms by GDC-0941. (A)

Inhibition profiles of GDC-0941 for each class I PI3K isoform.

Data shown are mean ± SD (n = 3), representative of 2

independent experiments. (B) IC50 values for inhibition of

each class I PI3K isoform by GDC-0941.
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tion solution containing 10 mM EDTA, 2 nM Eu-labelled

anti-ADP antibody, and 20 nM Alexa Fluor 647 ADP tracer,

was added to stop the kinase reaction and to detect the

formed ADP. After further incubation for 30 min at room tem-

perature, signals from each well were read using Envision

2103 Multilabel Reader in the time-resolved FRET (fluores-

cence resolved energy transfer) mode. The kinase activity

remaining in each well was calculated according to the for-

mula: kinase activity (% control) = (sample ) minus-enzyme

control)/(plus-enzyme control ) minus-enzyme con-

trol) · 100. For the plus-enzyme control, each kinase was

incubated with its substrate and ATP in the absence of the

test inhibitor, and for the minus-enzyme control, the sub-

strate PI was incubated with ATP in the absence of the kinase

and the test inhibitor. Representative data from at least two

independent experiments, each carried out in triplicate, were

used for plotting. The IC50 values were calculated by fitting

the data points to a logistic curve using GraphPad Prism 4.

2.5. LanthaScreen kinase assay for the determination of
mTOR activity

To determine the kinase activity of mTOR in the absence or

presence of an inhibitor, another non-radioactive assay,

called LanthaScreen Kinase assay, was utilised. Like the

Adapta kinase assay described above, LanthaScreen kinase

assay is also a homogenous, fluorescence-based time-re-

solved-FRET immunoassay. With the use of a GFP-labelled

mTOR substrate 4EBP1 (GFP-4EBP1), and a Tb-labelled anti-

phospho-4EBP1 antibody, this assay measures the activity of

mTOR in terms of the amount of phospho-4EBP1 produced.

The assay was carried out according to the manufacturer’s

instructions with minor modifications. To keep the reaction

velocity within the linear range and to keep adequate differ-

ence between the control (absence of mTOR) and test sample

(presence of mTOR) signals, the concentration of the recombi-

nant mTOR was optimised to be 62.5 ng/ml. The assay reac-

tion was carried out in a 384-well plate in 10 ll of kinase

reaction buffer consisting of 50 mM HEPES pH 7.5, 0.01%

polysobate 20, 1 mM EGTA, 10 mM MnCl2 and 2 mM DTT. First,

2.5 ul of mTOR (62.5 ng/ml) was incubated in the presence or

absence of various concentrations of inhibitors (2.5 ll) at

30 �C. Then the reaction was initiated by the addition of

10 lM of ATP and 0.4 lM GFP-4EBP1. After incubation for 1 h

at 30 �C, 10 ll of quench/detection solution containing

10 mM EDTA and 2 nM Tb-labelled anti-p4EBP1 antibody,

was added to stop the kinase reaction and to detect the phos-

phorylated 4EBP1. The reaction mixture was then equilibrated

for 30 min at room temperature, and the signals from each

well were read by using Envision 2103 Multilabel Reader in

the time-resolved-FRET mode. The kinase activity of a certain

sample was calculated according to the formula: kinase activ-

ity (% control) = (sample ) minus-enzyme control)/(plus-en-

zyme control ) minus-enzyme control) · 100. For the plus-

enzyme control, mTOR was incubated with GFP-4EBP1 and

ATP in the absence of the test inhibitor, and for the minus-en-

zyme control, the substrate was incubated with ATP in the ab-

sence of mTOR and the test inhibitor. Representative data

from at least two independent experiments, each carried

out in triplicate, were used. The IC50 values were calculated
by fitting the data points to a logistic curve using GraphPad

Prism 4.

2.6. Kinase-Glo assay for the determination of DNA-PK
activity

DNA-PK activity was determined by using Kinase-Glo assay, a

luciferase assay that we previously optimised for assaying the

DNA-PK activity.28 The assay reactions were carried out in a

white 96-well plate as described previously.28 Briefly, DNA-

PK was mixed with different concentrations of a test inhibi-

tor, DNA-PK peptide substrate and activation buffer. After

pre-incubation for 5 min at 30 �C, ATP was added to initiate

the kinase reaction. Next, after 2 h of incubation at 30 �C,

the mixture was placed at room temperature for 10 min.

Equal volume of Kinase-Glo Assay Plus reagent was then

added to initiate the luciferase reaction. Ten minutes later,

the luminescence intensity was measured using the EnVision

2103 Multilabel Reader. The DNA-PK activity (% control) of a

certain sample was calculated according to the formula:

DNA-PK activity (% control) = (sample ) minus-enzyme con-

trol)/(plus-enzyme control ) minus-enzyme control) · 100.

For the plus-enzyme control, DNA-PK was incubated with

its substrate and ATP in the absence of the test inhibitor,

and for the minus-enzyme control, DNA-PK substrate was

incubated with ATP in the absence of DNA-PK and the test

inhibitor. Representative data from two independent experi-

ments, each carried out in triplicate, were used. The IC50

values were calculated by fitting the data points to a logistic

curve using GraphPad Prism 4.
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2.7. Correlation analysis for PI3K superfamily inhibition
profiles

The Pearson correlation coefficient (r) between the Log IC50

values of PI3K inhibitors X and Y was calculated using the fol-

lowing formula: r ¼ ð
P
ðxi � xmÞðyi � ymÞÞ=ð

P
ðxi � xmÞ2

P
ðyi�

ymÞ
2Þ1=2, where xi and yi are their respective Log IC50s for each

kinase, and xm and ym are the mean values of xi and yi,

respectively (n = 9).
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2.8. Determination of cell growth inhibition profiles
(fingerprint) and COMPARE analysis

Inhibition of cell growth was assessed by the change in total

cellular protein following 48 h of treatment with a given com-

pound, and was measured by sulforhodamine B (SRB) assay as

described previously.2,3,42 The concentration of a compound

required for 50% growth inhibition (GI50) of cells was

calculated as reported.2,43 The graphic representation (termed
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fingerprint) of a compound’s mean differential growth inhibi-

tion for the cells used in the JFCR39 panel was plotted based

on a calculation that uses a set of GI50 values.44 At least three

independent experiments were carried out, of which the rep-

resentative fingerprint was used. COMPARE analysis was per-

formed by calculating the Pearson correlation coefficient (r)

between the GI50 mean graphs of the compounds X and Y

using the following formula: r ¼ ð
P
ðxi � xmÞðyi � ymÞÞ=

ð
P
ðxi � xmÞ2

P
ðyi � ymÞ

2Þ1=2, where xi and yi are Log GI50 of

the two compounds, respectively, for each cell line, and xm
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0.016, 0.007 and 0.6 lM, respectively, as reported previously by
and ym are the mean values of xi and yi, respectively

(n = 39).2,44 The Pearson correlation coefficients were used to

determine the degree of similarity.
3. Results

3.1. GDC-0941 inhibits each class I PI3K isoforms

We previously measured the inhibitory activities of ZSTK474,

NVP-BEZ235 and LY294002 against each class I PI3K isoform

by HTRF assay, and demonstrated that all of them were

pan-class I PI3K isoform inhibitors,7,28 results of which were

consistent with other reports.29,41 Using the same assay, we

have determined the inhibition of each class I PI3K isoform

by GDC-0941. As shown in Fig. 2A, GDC-0941 inhibited all

the four PI3K isoforms in a dose-dependent manner. The

IC50s of GDC-0941 for PI3Ka, PI3Kb, PI3Kd and PI3Kc were

found to be 0.015, 0.185, 0.007 and 0.224 lM, respectively

(Fig. 2B). Therefore, like the other three selected PI3K inhibi-

tors, GDC-0941 is also a pan-PI3K isoform inhibitor, which

was consistent with a recent report.36

3.2. Inhibitory activities of ZSTK474, GDC-0941, NVP-
BEZ235 and LY294002 against class II and class III PI3Ks

The inhibitory activities of ZSTK474, GDC-0941, NVP-BEZ235

and LY294002, against PI3KC2a, PI3KC2b and Vps34, were
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determined next. Fig. 3A shows various inhibition patterns of

the selected PI3K inhibitors. Thus, GDC-0941 did not inhibit

PI3KC2a, whereas ZSTK474 only weakly inhibited PI3KC2a

even when used at a high concentration of 100 lM. In con-

trast, both NVP-BEZ235 and LY294002 inhibited PI3KC2a in

a dose-dependent manner. The IC50s of them were calcu-

lated to be 0.034 and 27.3 lM, respectively (Fig. 3B). With re-

spect to their effect on PI3KC2b, all of the PI3K inhibitors

showed inhibitory activity in a dose-dependent manner

(Fig. 3C). The IC50s of ZSTK474, GDC-0941, NVP-BEZ235 and

LY294002 for PI3KC2b were calculated to be 0.176, 0.590,

0.044 and 10.4 lM, respectively (Fig. 3D). Fig. 3E and F show

the inhibition of class III PI3K Vps34 by the selected inhibi-

tors. Similar to the results of PI3KC2a, GDC-0941 did not in-

hibit Vps34 and ZSTK474 only weakly inhibited Vps34 even

when used at 100 lM. The other two inhibitors, NVP-

BEZ235 and LY294002 inhibited Vps34 with IC50s of 0.45

and 3.49 lM, respectively.

3.3. PI4K is not inhibited by any of the selected inhibitors
with the exception of LY294002

Fig. 4 shows the inhibition of PI4K by the indicated concentra-

tions of the selected PI3K inhibitors. As indicated, none of the

inhibitors inhibited PI4K, with the exception of LY294002,

which inhibited 25% of PI4K at 100 lM.
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3.4. Inhibitory activities of ZSTK474, GDC-0941, NVP-
BEZ235 and LY294002 against mTOR

The inhibition of mTOR by all the selected inhibitors was

determined using LanthaScreen assay. As shown in Fig. 5A,

all the inhibitors inhibited mTOR in a dose-dependent man-

ner. The IC50 values were calculated and are shown in

Fig. 5B. NVP-BEZ235 inhibited mTOR potently, with IC50 va-

lue of 0.002 lM. In contrast, ZSTK474, GDC-0941 and

LY294002 weakly inhibited mTOR, with IC50 values of 0.377,

0.413 and 3.86 lM, respectively. To further demonstrate their

selectivity for class I PI3K, the IC50 values of these inhibitors

for mTOR were divided by their corresponding IC50s for class

I PI3Ka (0.016, 0.015, 0.007 and 0.6 lM, for ZSTK474, GDC-

0941, NVP-BEZ235 and LY294002, respectively), and the

resulting ratios were plotted in Fig. 5C. Clearly, ZSTK474

and GDC-0941 revealed much higher selectivity for inhibiting

class I PI3K than the other two inhibitors. In contrast, NVP-

BEZ235 more potently inhibited the activity of mTOR than

that of class I PI3K, suggesting its low class I PI3K inhibition

specificity.

3.5. Inhibition of DNA-PK by GDC-0941

We have previously measured the inhibitory activities of

ZSTK474, NVP-BEZ235 and LY294002 against DNA-PK, by
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using Kinase-Glo assay we established.28 Here, we deter-

mined the activity of GDC-0941 against DNA-PK by the same

assay. As shown in Fig 6A, GDC-0941 inhibited DNA-PK in a

dose-dependent manner. The IC50 was calculated to be

1.37 lM. This IC50 value of GDC-0941 and those values of

the other three inhibitors determined previously by us28 were

plotted in Fig. 6B, and were used to determine the specificities

for class I PI3K shown in Fig. 6C. Like ZSTK474, GDC-0941 re-

vealed much higher specificity for inhibiting class I PI3K than

NVP-BEZ235 and LY294002.

3.6. ZSTK474 and GDC-0941 indicate highly similar
inhibition profiles for PI3K superfamily

IC50 plots for inhibiting the representative members of

PI3K superfamily are shown in Fig. 7A (for ZSTK474 and

GDC-0941) and Fig. S2 (for NVP-BEZ235 and LY294002). As

indicated, the inhibition pattern of ZSTK474 was highly

similar to that of GDC-0941, and both significantly differed

from the inhibition patterns of the other two inhibitors

(Fig. 7A and Fig. S2). To further confirm the similarities be-

tween the inhibition patterns of ZSTK474 and GDC-0941,

correlation analysis was carried out using their respective

Log IC50 values and the result is shown in Fig. 7B. From

this plot, the correlation coefficient was determined to be

0.985, which further confirmed that ZSTK474 and GDC-

0941 inhibited PI3K superfamily in a highly similar

fashion.
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3.7. ZSTK474 and GDC-0941 have similar JFCR39 GI50
fingerprints

ZSTK474 was originally identified as a PI3K inhibitor by com-

parison of its JFCR39 fingerprint with that of LY294002.6 Here,

we have determined the cell growth inhibition profiles of

GDC-0941, NVP-BEZ235, together with ZSTK474 and

LY294002, and obtained their fingerprints for the JFCR39 panel

(Figs. 8 and S3). ZSTK474 and GDC-0941 exhibited similar fin-

gerprints, suggesting the similarity between their cell growth

inhibition profiles across the JFCR39 panel. Furthermore,

using ZSTK474 as a seed, we carried out COMPARE analysis

of the PI3K inhibitors together with 8 anticancer drugs includ-

ing topoisomerase inhibitors SN-38, Topotecan, Amsacrine

and Etoposide, antimetabolites 1-hexylcarbamoyl-5-fluoro-

uracil (HCFU), 5-fluorouracil (5-FU), and tubulin binders Doce-

taxel and Paclitaxel. As a result, the other three PI3K

inhibitors showed much higher similarity with ZSTK474

(r P 0.670), compared with the 8 anticancer drugs (r 6 0.201),

due to the fact that all the PI3K inhibitors share a common

class I PI3K target with ZSTK474 (Table 1). Amongst the three

PI3K inhibitors, GDC-0941 exhibited a correlation coefficient

value of 0.863, higher than NVP-BEZ235 and LY294002, in sim-

ilarity with ZSTK474. This result suggests that ZSTK474

shares more in the molecular targets with GDC-0941 than

with either of the other two PI3K inhibitors, consistent with

the result obtained from the biochemical assay. In addition,

we also carried out COMPARE analysis by using Etoposide,
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Table 1 – COMPARE analysis with ZSTK474 as a seed.

Rank Compound Correlation coefficient (r)

1 GDC-0941 0.863
2 LY294002 0.749
3 NVP-BEZ235 0.67
4 Amsacrine 0.201
5 Etoposide 0.192
6 Topotecan 0.189
7 Docetaxel 0.159
8 SN-38 0.13
9 HCFU 0.082
10 Paclitaxel 0.061
11 5-FU )0.068
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Paclitaxel and 5-FU as seeds, respectively. The results showed

that compounds with the same molecular target (Amsacrine,
SN-38 and Topotecan for Etoposide; Docetaxel for Paclitaxel;

HCFU for 5-FU) exhibit high correlation coefficient, demon-

strating that JFCR39 is reliable for molecular target identifica-

tion (data not shown).
4. Discussion

In this study, biochemical assay of the activities of the se-

lected PI3K inhibitors on PI3K superfamily demonstrated that

ZSTK474 had a similar inhibition pattern with GDC-0941;

COMPARE analysis of their inhibition profiles against JFCR39

also indicated that they have highly similar fingerprints, thus

suggesting the existence of highly overlapping molecular tar-

gets between them.

JFCR39 was established in the early 1990s by exploiting the

methods and some of the tumour cell lines used in NCI60,
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supplemented with other cell lines of particular interest in Ja-

pan.45 We previously demonstrated that JFCR39 could be uti-

lised for molecular target identification. The present study

further suggests that JFCR39 is able to provide valuable infor-

mation regarding the molecular target specificity of a PI3K

inhibitor with respect to its activity against PI3K superfamily,

and thus, provides further support to the idea that this infor-

mation-rich system could be used as a reliable approach for

molecular target identification.

In addition to predicting the molecular target or action

mechanism of an agent, JFCR39 could also provide informa-

tion on disease-oriented cancer chemotherapy, since the fin-

gerprint reflects the sensitivity of each individual cancer cell

line. For example, prostate cancer cell PC-3 exhibits compara-

tively higher sensitivity to all the PI3K inhibitors used in this

study (Fig. 8 and Fig. S3), suggesting that PI3K inhibitor could

be expected to treat patients with such tumour type when ap-

proved. The relatively higher sensitivity of PC-3 cell to PI3K

inhibitors could be explained by loss of function of PTEN,

the counterpart of PI3K, in this cell.46 In contrast, lung cancer

cell NCI-H23 shows relative resistance to all PI3K inhibitors

(Fig. 8 and Fig. S3), which might be attributed to the K-RAS

mutation in this cell.47

ZSTK474 and GDC-0941 indicated no or weak inhibition

against class II and class III PI3Ks, PI4K, mTOR and DNA-PK,

suggesting that both of them are specific class I PI3K inhibi-

tors. In contrast, NVP-BEZ235 seems to be a non-specific class

I PI3K inhibitor, because it inhibited the activities of mTOR,

DNA-PK and class II PI3Ks with higher or similar potencies,

compared with that of class I PI3Ks. This study is the first re-

port describing the inhibitory activities of these inhibitors

against class II and class III PI3Ks and PI4K.

GDC-0941 and NVP-BEZ235 are presently undergoing clini-

cal trials. Even though both of them did not inhibit dozens of

protein kinases,29,37 our results revealed that they inhibited

members of PI3K superfamily with different selectivity.

GDC-0941 was shown to be a specific class I PI3K inhibitor

while NVP-BEZ235 exhibited similar potency on mTOR and

DNA-PK to that on class I PI3K. Dual targeting both class I

PI3K and mTOR was reported to enhance the antitumour

activity in vitro.38 On the other hand, additional inhibition of

DNA-PK might lead to side-effect.48 However, the available

in vivo data showed that GDC-0941 exhibited potent efficacy

on U87MG and other xenografts,37,49 and NVP-BEZ235 was

also well tolerated without obvious toxicity.29,39 Therefore,

whether the difference in class I PI3K specificity affect the

therapeutic efficacy and/or side-effects remains unclear at

present. An answer to this question would have to wait for

the results of the ongoing clinical trials.

Like GDC-0941, ZSTK474 inhibited class I PI3K but not

Vps34. Recently, it was reported that class I and class III

PI3K play opposite roles in autophagy.50 By producing

PI(3,4,5)P3 and activating the downstream mTOR, class I

PI3K inhibits autophagy.51 In contrast, Vps34 promotes

autophagy by forming a multiprotein complex with Beclin 1,

etc.25,50 Therefore, based on their differential effects on class

I and class III PI3Ks, ZSTK474 and GDC-0941 are expected to

induce autophagy. Our preliminary results indicate that

ZSTK474 could indeed induce autophagy (data not shown).

Detailed investigations are ongoing.
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