
itol triphosphate (PIP3) (1-3). The lipid second messenger
PIP3 in turn couples the PI3Ks to downstream effectors,
especially Akt, where binding leads to membrane recruit-
ment and phosphorylation. The PI3K pathway is one of
the most frequently mutated in human cancer, leading to
amplification of signaling, and as such is a promising tar-
get for small-molecule inhibition, with exciting therapeutic
opportunities for the treatment of cancer. 

PI3Ks are divided into class I and class II kinases. The
class I PI3Ks in turn are divided into two groups based on
their structure and the receptors that activate them. The
class IA PI3Ks (PI3Kα, PI3Kβ and PI3Kδ) are coupled to
a wide range of receptor tyrosine kinases, whereas the
only member of class IB PI3K, PI3Kγ, is activated by 
G-protein-coupled receptors. Recent studies with iso-
form-specific small-molecule inhibitors have helped to
clarify the distinct cellular functions of the different class I
PI3Ks. These studies have shown that inhibition of PI3Kα
is essential to effect growth suppression in malignant cell
lines (4). The other class I isoforms have therapeutic
potential in a host of other disease areas, such as the
treatment of inflammatory and autoimmune disease
(PI3Kδ, PI3Kγ) and thrombosis (PI3Kβ) (1-3, 5-8). PI3Kα
is also the key PI3K downstream of the insulin receptor
and its inhibition has been linked to hyperglycemia, point-
ing to a potential side effect of this type of therapeutic
approach (4). However, it has recently been reported that
the insulin sensitivity enhancer pioglitazone can reverse
hyperglycemia in mice treated with a derivative of the
PI3K inhibitor wortmannin (9). 

Although it seems clear that inhibition of the α isoform
is essential for the antitumor activity of PI3K inhibitors, it
is not clear whether a more selective inhibitor of a partic-
ular PI3K isoform may lead to fewer unwanted biological
effects. It has recently been reported that non-PI3Kα
class I isoforms (PI3Kβ, δ and γ) have the ability to induce
oncogenic transformation of cells, suggesting that non-
isoform-specific inhibitors may offer enhanced therapeu-
tic potential over specific inhibitors (10). In this respect, it
is also of interest to note that a selective inhibitor of PI3Kδ
was found to enhance the effects of radiation on tumor
growth (11). 

Selectivity versus other related kinases is also an
important consideration for the development of PI3K
inhibitors. While selective inhibitors may be preferred in
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Introduction

The phosphatidylinositol 3-kinases (PI3Ks) are mem-
bers of a family of lipid kinases that regulate cellular
metabolism and growth by phosphorylation of the 3-posi-
tion of phosphatidylinositol to generate phosphatidylinos-
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Abstract

The phosphatidylinositol 3-kinases (PI3Ks) are
members of a family of lipid kinases that regulate cel-
lular metabolism and growth by phosphorylation of the
3-position of phosphatidylinositol to generate phos-
phatidylinositol triphosphate (PIP3). The PI3K pathway
is one of the most frequently mutated in human can-
cer, leading to amplification of signaling, and as such
is a promising target for small-molecule inhibition, with
exciting therapeutic opportunities for the treatment of
cancer. The last several years have seen an explosive
increase in publications and patents concerning inhibi-
tion of PI3K. This paper summarizes recent develop-
ments in the discovery of PI3K inhibitors as anticancer
drugs. We describe representative examples of seven
structurally diverse classes of PI3K inhibitors. These
compounds represent a large arsenal of potent
enzyme inhibitors (single-digit nanomolar IC50 values)
with a variety of isoform specificity profiles. Currently,
the first PI3K inhibitors are making their way into the
clinic and we eagerly await data that will help address
questions regarding the contribution of inhibition of
various PI3K isoforms to tumor suppression and the
associated side effect profiles. 



against human tumor cell lines and in xenograft models in
mice, although its toxicity (exemplified by a low therapeu-
tic index), insolubility and aqueous instability (through
hydrolytic ring opening of its reactive furan ring) have
hampered its development as a viable anticancer agent.
Despite the extensive structure-activity relationship
(SAR) studies with wortmannin derivatives, there are few
examples of compounds with improved properties, which
are discussed below. 

Recently, application of pegylation technology to wort-
mannin and 17-hydroxywortmannin gave conjugates
(e.g., PWT-458) with greatly improved properties  (15,
16). PWT-458 is completely miscible with water and has
improved stability in plasma relative to wortmannin. It was
active in xenograft models in athymic mice with PTEN-
deficient U-87 glioma, with 50% inhibition of tumor growth
on day 7 at a minimally effective dose of 0.5 mg/kg (daily
x 5 i.v.). Tumor growth inhibition increased in a dose-
dependent manner up to a maximally tolerated dose of 15
mg/kg. In contrast, 17-hydroxywortmannin, although
effective at the same minimally effective dose of 0.5
mg/kg, was not tolerated at doses above 1.5 mg/kg.
Thus, pegylation enhanced by at least 10-fold the thera-
peutic index of 17-hydroxywortmannin.

Opening of the wortmannin furan ring with nucle-
ophiles such as secondary amines leads to analogues
that retain significant PI3K inhibition. For instance, PX-
866 (ProlX Pharmaceuticals) is reported to have compa-
rable potency to wortmannin in inhibiting PI3Kα (IC50 =
5.5 nM) (17). Interestingly, in contrast to wortmannin, it is
selective versus one of the PI3Ks (PI3Kβ IC50 > 300 nM).
PX-866 is active in human tumor xenograft models in

order to avoid unwanted side effects, there have been
reports that inhibition of multiple targets in the PI3K/Akt
pathway (e.g., PI3Kα and mTOR [mammalian target of
rapamycin]) may lead to greater efficacy (12). It is possi-
ble that lipid kinase inhibitors may parallel protein kinase
inhibitors in that nonselective inhibitors may also be
brought forward to the clinic (13). 

The development of selective inhibitors is challenging
due to the structural similarity of the ATP-binding pockets of
the PI3K isoforms and other PI3K kinase-related kinases
(PIKKs). X-Ray crystal structures of inhibitors bound to
PI3Kγ and homology modeling have shown that binding to
the backbone amide nitrogen of valine-882 is a conserved
interaction among all known PI3K inhibitors (4, 14). This
review will focus on small-molecule inhibitors of PI3Kα for
cancer, as well as surveying other lipid kinase ATP-bind-
ing site scaffolds for other therapeutic indications. 

Wortmannin and derivatives

The natural product wortmannin and its analogue 17-
hydroxywortmannin (Fig. 1) are potent, nonselective
inhibitors of PI3Ks (wortmannin IC50 = 4.2 nM against
PI3Kα) that bind irreversibly to lysine-833 in the ATP-
binding pocket of PI3K via opening of the electrophilic
furan ring at its C-20 position, as seen in the X-ray crys-
tal structure of wortmannin bound to PI3Kγ (15).
Wortmannin has played a major role in elucidating the
role of PI3K in signal transduction pathways, although its
lack of isoform specificity precludes its utility in identifying
the isoform responsible for a particular biological process.
Wortmannin has demonstrated potent cytotoxic activity

538 Phosphatidylinositol 3-kinase (PI3K) inhibitors as anticancer drugs

O

O

O

OO

O
O

CH3

CH3O

CH3

CH3

H

20

17

O

O

O

OO

O

CH3

CH3
OH

O

CH3

CH3

H

O

O

O

O

O

S
O

O
CH3n

 

O

CH3

O
CH3

O

OCH3

CH3

N

R

R

CH3

O

O

O

OH

O
CH3

CH3 O

O

CH3

O

H

O

O

OO

OH

N

O

CH3

CH3

N

OH
O

CH3

CH3
CH3

CH3

CH3

H

Wortmannin 17-Hydroxywortmannin PWT-458

PX-866: R = -CH2CH=CH2
1: R = ethyl

Fig. 1. Wortmannin and derivatives.

2



noncovalent binders of PI3K. Although the relatively low
potency and poor pharmacokinetic properties have pre-
vented the clinical development of LY-294002, this
inhibitor has proven valuable in revealing the biological
role of PI3K and has functioned as a lead for the design
of other PI3K inhibitors with various isoform selectivity
profiles.

Semafore Pharmaceuticals has disclosed a series of
prodrugs of LY-294002 (e.g., structure 3) (22). Their most
advanced compound, SF-1126, reportedly has antitumor
activity in xenograft models (www.semaforepharma.com).
SF-1126 is scheduled to commence two phase I clinical
trials in 2007 for the treatment of multiple myeloma and
solid tumors. 

Changes to the core of LY-294002 can result in com-
pounds with isoform selectivity. For instance, the former
Thrombogenix (which changed its name to Kinacia and
was later purchased by the Australian bioscience compa-
ny Cerylid) is investigating inhibitors of PI3Kβ as
antithrombotics (23). They replaced the oxygen in the
chromenone core of LY-294002 with a nitrogen to give
TGX-115 and TGX-155 after optimization of the 8-sub-
stituent (Fig. 3) (24). Further derivatization of the core led
to pyridopyrimidinones such as TGX-126 (24), TGX-221
(25)  and TGX-286 (25). The most advanced compound,
KN-309/CBL-1309 (structure not disclosed), successfully
completed formal preclinical toxicology studies. Knight et
al. reported additional SAR around pyridopyrimidinones
(26). All compounds also have significant DNA-depen-
dent protein kinase (DNA-PK) activity and the 8-sub-
stituent is essential for PI3K activity but not DNA-PK
activity (removal leads to DNA-PK-selective compounds)
(27-29).

mice after i.p., i.v. and p.o. dosing (9, 18). The major tox-
icity was a target-related hyperglycemia with decreased
glucose tolerance, which was reversible upon cessation
of dosing. The hyperglycemia could also be reversed by
treatment with insulin or the peroxisome proliferator-acti-
vated receptor γ (PPARγ) activator pioglitazone. PX-866
is also reported to have reduced liver toxicity relative to
wortmannin. A related compound (1) has a reported IC50
against PI3Kα of 80 nM (19). Although the change from
N,N-diallyl (PX-866) to N,N-diethyl (1) appears to result in
a significant decrease in potency, caution should be exer-
cised when comparing IC50 values reported by different
groups, since many factors can contribute to variability in
reported values (e.g., ATP concentration, kinase con-
struct homogeneity, etc.).

Ring-opened analogues of 17-hydroxywortmannin
have also been reported. For example, compound 2 is a
potent PI3K inhibitor (IC50 = 7 nM against PI3Kα) with effi-
cacy in human tumor xenograft models in mice following
i.v. dosing (20).

Quercetin derivatives

Over a decade ago, the first known noncovalent
inhibitor of PI3K was described by Lilly (21). LY-294002
(Fig. 2), derived from the naturally occurring flavonoid
quercetin, is a nonselective PI3K inhibitor with moderate
potency (low micromolar IC50 values). The crystal struc-
ture of LY-294002 bound to PI3Kγ was solved, revealing
that the carbonyl group binds to Lys-833, whereas the
morpholine oxygen binds to the backbone amide nitrogen
of Val-882 (14). The latter critical hydrogen bond to the
hinge region of the kinase is conserved among all known
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Pyridofuropyrimidines and related structures

Yamanouchi and Piramed have reported pyrido-
furopyrimidines and related condensed heteroaryls as
inhibitors of PI3K (35, 36). PI-103 (Fig. 5) is a nonselec-
tive inhibitor with nanomolar IC50 values for the various
isoforms of PI3K (8, 88, 150 and 48 nM, respectively,
against PI3Kα, β, γ and δ) (4, 36). A homology model sug-
gests that the arylmorpholine in PI-103 binds to the ATP-
binding pocket in a similar manner as LY-294002, i.e., the
morpholine oxygen binds to the backbone amide nitrogen
of Val-882 (4). PI-103 inhibited the growth of human
xenografts in vivo (12). Optimization of the pharmacoki-
netic properties of PI-103 led to several related com-
pounds, such as PI-509, PI-516 and PI-540 (structures
not disclosed). PI-540 was reported to have potent anti-
tumor effects in several different human tumor xenograft
models (37, 38).

Fan et al. (12) further explored the anticancer proper-
ties of PI-103 and a number of other PI3K inhibitors with
various selectivity profiles. Although inhibition of either
PI3Kα or PI3Kβ resulted in blockade of the phosphoryla-
tion of Akt, only inhibition of PI3Kα inhibited glioma cell
proliferation (the glioma cell lines used in this study did
not express PI3Kγ or PI3Kδ). PI-103 was also found to
inhibit mTOR. PI-103 inhibits both complexes of mTOR
(TORC1 and TORC2) with similar IC50 values (20-80 nM),
consistent with direct inhibition of the TOR kinase and,
unlike rapamycin, it does not require the formation of a
ternary complex. PI-103 was more effective in vivo in
glioma xenograft models than the other selective PI3Kα
inhibitors investigated in this paper, which was ascribed
to its additional effects on mTOR. 

The 3-phenol group in PI-103 was replaced with other
aromatic groups, such as acetamide 5, which inhibited
the α and δ isoforms with IC50 values of approximately
300 nM (34). Replacement of the pyridofuran group with
other aromatic functionalities was explored by Hayakawa
et al. (39, 40). The thienopyrimidine 6 displayed very
strong inhibition of PI3Ks (IC50 PI3Kα: 2 nM, PI3Kβ: 16
nM, A-375 cells: 580 nM). The 3-phenol moiety in 6 could
be replaced with other aryl groups, such as 4-indoles (41)
or 4-indazoles (42). Interestingly, 4-indoles (e.g., 7) are
reportedly selective inhibitors of PI3Kδ, whereas 4-inda-
zoles (e.g., 8) show selectivity for PI3Kα. According to the

Icos converted the chromenone core to quinazoli-
nones (30, 31) to design selective inhibitors of PI3Kδ,
such as IC-87114 (Fig. 4) (32-34). Although PI3Kδ
inhibitors are mostly of interest as antiinflammatory com-
pounds, another selective PI3Kδ inhibitor, IC-486068,
was shown to enhance the effects of radiation on tumor
suppression in vivo (11). Knight et al. further explored  the
SAR around quinazolinones and reported very potent and
selective inhibitors of PI3Kδ, such as compound 4 (4).

Although none of the compounds described above is
a selective inhibitor of PI3Kα, the available SAR data
show that it is possible to bestow isoform selectivity upon
quercetin-derived inhibitors. It is therefore possible that
PI3Kα-selective inhibitors may be designed from this plat-
form. Moreover, some of the literature cited above reveals
compounds that retain significant inhibitory activity
against PI3Kα, and as such may be of interest as antitu-
mor compounds. 
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Fig. 3. Isoform-selective PI3K inhibitors derived from LY-294002.
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Fig. 5. Pyridofuropyrimidines and derivatives.
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gen binds the backbone amide nitrogen of Val-882, one
of the morpholine oxygens binds the side-chain NH of
Lys-802, whereas the other morpholine oxygen binds to
the OH of Ser-806. AstraZeneca recently claimed sever-
al related structures (45-47). For example, compound 9
had an IC50 of 100 nM for PI3Kα.

Additional related structures have been reported in
patents by Chiron (48) and Pfizer (49). These patents do
not provide any specific data related to the antitumor
properties of the compounds. 

Imidazopyridines 

Piramed and Yamanouchi reported imidazopyridines
(e.g., 10 in Fig. 7) as PI3K inhibitors (50). Hayakawa et al.
revealed several compounds with low single-digit IC50 val-
ues against PI3Kα and submicromolar cellular IC50 values
(43). The most potent compound (11; IC50 = 2.8 nM
against PI3Kα; IC50 = 140 nM against A-375 cell prolifera-
tion) was administered i.p. to nude mice bearing HeLa
xenografts and resulted in 37% suppression of tumor
growth after 2 weeks of dosing (25 mg/kg once daily).
Opening of the pyrazole ring resulted in 12, an inhibitor of
PI3Kα (5.8 nM) and PI3Kγ (76 nM) (4).

Imidazoquinolines and related structures

Novartis revealed imidazoquinolines (e.g., compound
13; Fig. 8) as inhibitors of PI3K (51). Compound 13 was
reported to inhibit PI3Kα with an IC50 of 72 nM (52). It was
32-fold selective versus PI3Kβ (IC50 = 2663 nM) and
inhibited PI3Kγ and δ with respective IC50 values of 382
and 201 nM. Further optimization led to NVP-BEZ-235,
which has IC50 values of 4, 76, 7 and 5 nM, respectively,
versus PI3Kα, β, γ and δ (53). NVP-BEZ-235 is also a
nanomolar inhibitor of mTOR (54). NVP-BEZ-235 was

Yamanouchi/Piramed patent applications, the thienopy-
rimidines have good pharmaceutical properties (low
clearance, no efflux, weak cytochrome P-450 inhibition).
However, the 3-phenol thienopyrimidine 6 has a half-life
of < 10 min following i.p. dosing in mice (43).

Other groups have reported similar compounds as
well. Yaguchi and co-workers from Zenyaku Kogyo dis-
closed that the triazine ZSTK-474 (Fig. 6) inhibits PI3K
with an IC50 of 37 nM and shows strong antitumor effects
against human tumor xenografts (44). A molecular model
for PI3K suggests that ZSTK-474 forms three hydrogen
bonds to the active site of PI3K: the benzimidazole nitro-
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active in xenograft models of human cancer (PC-3 and 
U-87) upon oral dosing (52, 53) and entered clinical trials
in December 2006 (53). 

Related structures have been disclosed by Iconix
(e.g., structure 14) (55) and Bayer (56). Although the
Bayer patent does not give any quantitative data for inhi-
bition of PI3Kα, Knight et al. published detailed data on a
representative compound (compound 15) (4). They
reported that 15 is a potent, nonselective PI3K inhibitor
(IC50 = 11, 350, 18 and 58 nM, respectively, against
PI3Kα, β, γ and δ). A crystal structure of 15 bound to
PI3Kγ shows interactions between the Val-882 backbone
NH and the imidazolo nitrogen, as well as a hydrogen
bond between the side-chain NH of Lys-833 and the pyri-
dine nitrogen (4).

Thiazoles and related structures

Serono has reported several highly potent benzyl-
idenethiazolidinediones as inhibitors of PI3Kγ, with vary-
ing degrees of selectivity over PI3Kα (7.5-18-fold), PI3Kβ
(> 30-fold) and PI3Kδ (> 30-fold) (57). For example, 
AS-605240 (Fig. 9) had an IC50 of 8 nM for inhibition of
PI3Kγ. According to a patent (58), the same compound
inhibits PI3Kα with an IC50 of 64 nM and PI3Kγ with 
an IC50 of 8 nM. Crystallographic data revealed that 
AS-605240 binds in the ATP-binding pocket of PI3Kγ by
formation of a salt bridge between the thiazolidinedione
and the side-chain of Lys-833, while the amide nitrogen of
Val-882 forms a hydrogen bond with the nitrogen of the
quinoxaline ring (57).  Knight et al. reported that a related
compound (16) inhibited PI3Ks with IC50 values of 23 and
54 nM, respectively, for the α and γ subtypes (4).

Later papers by Serono investigators describe the dis-
covery and activity of AS-252424  (34, 59), which has
reported IC50 values of 12-33 nM for PI3Kγ and 6-30-fold
selectivity over PI3Kα. Co-crystallization of AS-252424
with PI3Kγ also revealed a salt bridge between the posi-
tively charged Lys-833 side-chain and the thiazolidine-
dione nitrogen (59). The 2-hydroxyphenyl group functions
as a hydrogen bond acceptor by interacting with the back-
bone NH of Val-882. Additional lipophilic interactions
between the phenyl and furan rings and several
hydrophobic residues in the active site complete the bind-
ing model. 
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Liphagal and derivatives

Marion et al. reported the discovery and identification
of liphagal, a novel natural product that inhibits PI3K (Fig.
12) (73). Liphagal was isolated from the marine sponge
Aka coralliphaga. Liphagal has an IC50 against PI3Kα of
~100 nM, with ~10-fold selectivity over PI3Kγ. Liphagal
inhibited the growth of human colon carcinoma LoVo,
human colon adenocarcinoma Caco-2 and human breast
adenocarcinoma MDA-MB-468 cell lines with IC50 values
of 600-1600 nM. The University of British Columbia and
Wyeth have disclosed several liphagal derivatives as
PI3K inhibitors (58).

Other structures

In addition to the compounds described in the pre-
ceding paragraphs, several other PI3K inhibitors have

The recent patent literature contains several addition-
al applications for benzylidenethiazolidinediones and
related compounds by Serono (60-62) and Pfizer (63-65),
including several single-digit nanomolar inhibitors of
PI3Kγ. Such compounds may be of interest as antitumor
agents, since potent inhibitors of PI3Kγ often also have
high affinity for PI3Kα (4).

Acylated 2-aminothiazolyls have been reported by
Novartis (66, 67). The patents describe several single-
digit nanomolar inhibitors of PI3Kγ. For example, com-
pound 17 (Fig. 10) has an IC50 of 5 nM and 18 has an IC50
of 2 nM (66). Compound 19 had IC50 values of 9, 12 and
28 nM, respectively, for PI3Kα, γ and δ (67). Knight et al.
have also tested 18 and found that this compound inhib-
ited PI3Kγ with an IC50 of 16 nM, while it inhibited PI3Kα
with an IC50 of 39 nM (4). A crystal structure of 18 bound
to PI3Kγ showed that binding to the ATP pocket involves
a hydrogen bond between the backbone amide of Val-
882 and the thiazole nitrogen, as well as hydrogen bonds
between the acetamide NH and the backbone carbonyl of
Val-882 and a third hydrogen bond between the sulfon-
amide and the side-chain of Asp-964 (4). 

AstraZeneca also described acylated aminothiazolyls
as inhibitors of PI3Kα (68). Compound 20 (Fig. 11) is a
nonselective inhibitor of PI3Ks (IC50 = 10, 3, 4 and 1 nM,
respectively, for α, β, γ and δ subtypes; IC50 mTOR = 10
nM). Reversal of the sulfonamide (to give compound 21)
had a small effect on the inhibitory activity against PI3Kα
(IC50 = 30 nM), while the activity against mTOR was sig-
nificantly decreased (IC50 = 700 nM). Compound 20 gave
20% tumor regression following a dose of 0.5 mg/kg p.o.
in nude mice bearing human prostate cancer PC-3
xenografts (69). 

The recent patent literature contains several other
applications for acylated aminothiazoles and related com-
pounds by Novartis (70, 71) and Serono (72).
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Conclusions

We have arrived at a crucial crossroads in the devel-
opment of PI3K inhibitors. The last several years have
witnessed an explosive increase in publications and
patents concerning inhibition of PI3K. Recently, the first
PI3K inhibitors entered clinical trials. Novartis started a
phase I trial with its anticancer pan-PI3K/mTOR inhibitor
NVP-BEZ-235 in December 2006. TargeGen’s short-act-
ing mixed inhibitor of PI3Kγ and δ, TG-100115 (86), is in
phase I/II trials for treatment of infarct following myocar-
dial ischemia-reperfusion injury (87). Several other com-
pounds are poised to enter the clinic. Semafore is plan-
ning two clinical trials with SF-1126 in 2007 for the
treatment of multiple myeloma and solid tumors. Exelixis
recently filed INDs for XL-147 (a selective pan-PI3K
inhibitor) and XL-765 (a mixed inhibitor of mTOR and
PI3K) as anticancer agents. Cerylid’s antithrombotic
PI3Kβ inhibitor CBL-1309 (KN-309) has completed pre-
clinical toxicology studies. ProlX, Wyeth, Novartis,
Piramed/Yamanouchi, AstraZeneca, Serono, Pfizer,
ICOS, Boehringer Ingelheim and several others also have
preclinical programs. 

The Semafore study and the Exelixis XL-147 study
should provide important information regarding clinical
efficacy of pan-PI3K inhibitors for the treatment of cancer,
while the Novartis study and the Exelixis XL-765 study
should clarify whether inhibition of mTOR in addition to
PI3K translates into an additional clinical benefit. On the
other hand, the more specific inhibitors currently being
developed by TargeGen and Cerylid should furnish data

appeared in recent literature. Of particular interest are the
benzo[b]thiophene-2-carboxylic acid (2H-tetrazol-5-
yl)amides described by Warner-Lambert/Pfizer (e.g.,
structure 22, Fig. 13) (74-79). Several single-digit
nanomolar inhibitors of PI3Kγ are reported. As mentioned
before, compounds with affinity for PI3Kγ often also inhib-
it PI3Kα and may be useful leads for the design of anti-
cancer compounds. Boehringer Ingelheim also disclosed
PI3K inhibitors (80, 81). Thus, compounds of general
structure 23 are claimed to be antiinflammatory, whereas
compounds like 24 are reported to have anticancer prop-
erties.  Finally, additional PI3K inhibitors were disclosed
by Iconix (structure 25) (82), Echelon (compounds 26 and
27) (83, 84) and Xinxiang Medical College (structure 28)
(85), although no specific data are provided regarding the
anticancer properties of these inhibitors.
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3-kinase p110beta: A new target for antithrombotic therapy. Nat
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Therapeutic morpholino-substituted compounds. WO 0153266.

25. Jackson, S.P., Robertson, A.D., Kenche, V. et al. (Kinacia
Pty., Ltd.). Inhibition of phosphoinositide 3-kinase beta. WO
2004016607.

26. Knight, Z.A., Chiang, G.G., Alaimo, P.J. et al. Isoform-specif-
ic phosphoinositide 3-kinase inhibitors from an arylmorpholine
scaffold. Bioorg Med Chem 2004, 12: 4749-59.

27. Willmore, E., de Caux, S., Sunter, N.J. et al. A novel DNA-
dependent protein kinase inhibitor, NU7026, potentiates the
cytotoxicity of topoisomerase II poisons used in the treatment of
leukemia. Blood 2004, 103: 4659-65.

28. Griffin, R.J., Fontana, G., Golding, B.T. et al. Selective ben-
zopyranone and pyrimido[2,1-a]isoquinolin-4-one inhibitors of
DNA-dependent protein kinase: Synthesis, structure-activity
studies, and radiosensitization of a human tumor cell line in vitro.
J Med Chem 2005, 48: 569-85.

29. Veuger, S.J., Curtin, N.J., Richardson, C.J., Smith, G.C.,
Durkacz, B.W. Radiosensitization and DNA repair inhibition by
the combined use of novel inhibitors of DNA-dependent protein
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63: 6008-15.

30. Sadhu, C., Dick, K., Treiberg, J., Sowell, C.G., Kesicki, E.A.,
Oliver, A. (ICOS Corp.). Inhibitors of human phosphatidyl-inosi-
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on the relative contributions of the β, γ and δ isoforms to
the side effect profile of PI3K inhibitors. A real break-
through in our understanding of the clinical biology of
PI3K inhibition can be expected when additional com-
pounds move through the pipeline. As inhibitors with var-
ious isoform specificity profiles enter the clinic in the near
future, our insight into the relative contributions of the var-
ious PI3K isoforms to clinical efficacy and side effects
should expand exponentially.

References

1. Cantley, L.C. The phosphoinositide 3-kinase pathway.
Science 2002, 296: 1655-7.

2. Engelman, J.A., Luo, J., Cantley, L.C. The evolution of phos-
phatidylinositol 3-kinases as regulators of growth and metabo-
lism. Nat Rev Genet 2006, 7: 606-19.

3. Powis, G., Ihle, N., Kirkpatrick, D.L. Practicalities of drugging
the phosphatidylinositol-3-kinase/Akt cell survival signaling path-
way. Clin Cancer Res 2006, 12: 2964-6.

4. Knight, Z.A., Gonzalez, B., Feldman, M.E. et al. A pharmaco-
logical map of the PI3-K family defines a role for p110alpha in
insulin signaling. Cell 2006, 125: 733-47.

5. Rueckle, T., Schwarz, M.K., Rommel, C. PI3Kgamma inhibi-
tion: Towards an ‘aspirin of the 21st century’? Nat Rev Drug
Discov 2006, 5: 903-18.

6. Finan, P.M., Thomas, M.J. PI 3-kinase inhibition: A therapeu-
tic target for respiratory disease. Biochem Soc Trans 2004, 32:
378-82.

7. Wetzker, R., Rommel, C. Phosphoinositide 3-kinases as tar-
gets for therapeutic intervention. Curr Pharm Des 2004, 10:
1915-22.

8. Ward, S., Sotsios, Y., Dowden, J., Bruce, I., Finan, P.
Therapeutic potential of phosphoinositide 3-kinase inhibitors.
Chem Biol 2003, 10: 207-13.

9. Ihle, N.T., Paine-Murrieta, G., Berggren, M.I. et al. The phos-
phatidylinositol-3-kinase inhibitor PX-866 overcomes resistance
to the epidermal growth factor receptor inhibitor gefitinib in A-549
human non-small cell lung cancer xenografts. Mol Cancer Ther
2005, 4: 1349-57.

10. Kang, S., Denley, A., Vanhaesebroeck, B., Vogt, P.K.
Oncogenic transformation induced by the p110beta, -gamma,
and -delta isoforms of class I phosphoinositide 3-kinase. Proc
Natl Acad Sci USA 2006, 103: 1289-94.

11. Geng, L., Tan, J., Himmelfarb, E. et al. A specific antagonist
of the p110delta catalytic component of phosphatidylinositol 3’-
kinase, IC486068, enhances radiation-induced tumor vascular
destruction. Cancer Res 2004, 64: 4893-9.

12. Fan, Q.-W., Knight, Z.A., Goldenberg, D.D. et al. A dual PI3
kinase/mTOR inhibitor reveals emergent efficacy in glioma.
Cancer Cell 2006, 9: 341-9.

13. Garber, K. The second wave in kinase cancer drugs. Nat
Biotechnol 2006, 24: 127-30.

14. Walker, E.H., Pacold, M.E., Perisic, O. et al. Structural deter-
minants of phosphoinositide 3-kinase inhibition by wortmannin,
LY294002, quercetin, myricetin, and staurosporine. Mol Cell
2000, 6: 909-19.

Drugs Fut 2007, 32(6) 545



48. Nuss, J.M., Pecchi, S., Renhowe, P.A. (Chiron Corp.). 2,4,6-
Trisubstituted pyrimidines as phosphatidylinositol (PI) 3-kinase
inhibitors and their use in the treatment of cancer. WO
2004048365.

49. Connolly, M.K., Gogliotti, R.D., Plummer, M.S., Visnick, M.
(Warner Lambert Co.). Pyrimidines as inhibitors of phospho-
inositide-3-kinases (PI3K). WO 2005042519.

50. Hayakawa, M., Kaizawa, H., Kawaguchi, K.-I. et al.
(Yamanouchi Pharm. Co., Ltd.; Ludwig Inst. Cancer Res.;
Imperial Cancer Res. Technol., Ltd.). Imidazopyridine deriva-
tives. WO 0183481.

51. Garcia-Echeverria, C., Stauffer, F., Furet, P. (Novartis AG;
Novartis Pharma GmbH). Imidazoquinolines as lipid kinase
inhibitors. WO 2006122806.

52. Garcia-Echeverria, C. Blocking the PI3K/PKB signaling path-
way in tumor cells: A challenging and arduous drug discovery
enterprise. Keystone Symp PI3-Kinase Signaling Pathways Dis
(Feb 15-20, Santa Fe) 2007, Abst 26.

53. Stauffer, F., Garcia-Echeverria, C., Furet, P. et al.
Biochemical, cellular and in vivo profiling of a new PI3K inhibitor
from the imidazoquinoline series. Proc Am Assoc Cancer Res
(AACR) (April 14-18, Los Angeles) 2007, Abst 269.

54. Stauffer, F., Garcia-Echeverria, C., Furet, P., Capraro, H.-G.,
Holzer, P., Maira, M. Medicinal chemistry efforts towards the
identification and development of inhibitors of phosphatidylinosi-
tol 3-kinases (PI3Ks) and related protein kinases for cancer
treatment Proc Am Assoc Cancer Res (AACR) (April 14-18, Los
Angeles) 2007, Abst 3953.

55. Melese, T., Perkins, E.L., Nguyen, A.T.Q., Sun, D. (Iconix
Pharmaceuticals, Inc.). Modulators of phosphoinositide 3-kinase.
WO 03034997.

56. Shimada, M., Murata, T., Fuchikami, K. et al. (Bayer
Healthcare AG). Fused azole-pyrimidine derivatives. WO
2004029055.

57. Camps, M., Rueckle, T., Ji, H. et al. Blockade of PI3Kgamma
suppresses joint inflammation and damage in mouse models of
rheumatoid arthritis. Nat Med 2005, 11: 936-4.

58. Andersen, R., Hollander, I., Roll, D.M. et al. (Univ. British
Columbia; Wyeth Corp.). Meroterpenoid inhibitors of phospho-
inositide 3 kinase (PI3K). WO 2006081659.

59. Pomel, V., Klicic, J., Covini, D. et al. Furan-2-ylmethylene thi-
azolidinediones as novel, potent, and selective inhibitors of phos-
phoinositide 3-kinase gamma. J Med Chem 2006, 49: 3857-71.

60. Rueckle, T., Shaw, J., Church, D., Covini, D. (Applied
Research Systems). 2-Imino-4-(thio)oxo-5-polycyclovinylazo-
lines for use as PI3 kinase inhibitors. WO 2005011686.

61. Rueckle, T., Jiang, X., Gaillard, P., Church, D., Vallotton, T.
(Applied Research Systems). Azolidinone-vinyl fused-benzene
derivatives. WO 2004007491.

62. Rueckle, T., Quattropani, A., Pomel, V., Dorbais, J., Covini,
D., Bischoff, A. (Applied Research Systems). Pyridine methylene
azolidinones and use thereof as phosphoinositide inhibitors. WO
2006024666.

63. Barvian, N.C., Kolz, C.N., Para, K.S., Patt, W.C., Visnick, M.
(Warner Lambert Co.). Benzoxazin-3-ones and derivatives
thereof as inhibitors of PI3K. WO 2004052373.

31. Fowler, K.W., Huang, D., Kesicki, E.A. et al. (ICOS Corp.).
Quinazolinones as inhibitors of human phosphatidylinositol 3-
kinase delta. WO 2005113556.

32. Sadhu, C., Masinovsky, B., Dick, K., Sowell, C.G., Staunton,
D.E. Essential role of phosphoinositide 3-kinase delta in neu-
trophil directional movement. J Immunol 2003, 170: 2647-54.

33. Sadhu, C., Dick, K., Tino, W.T., Staunton, D.E. Selective role
of PI3Kdelta in neutrophil inflammatory responses. Biochem
Biophys Res Commun 2003, 308: 764-9.

34. Condliffe, A.M., Davidson, K., Anderson, K.E. et al.
Sequential activation of class IB and class IA PI3K is important
for the primed respiratory burst of human but not murine neu-
trophils. Blood 2005, 106: 1432-40.

35. Hayakawa, M., Kaizawa, H., Moritomo, H. et al. (Yamanouchi
Pharm. Co., Ltd.; Ludwig Inst. Cancer Res.; Imperial Cancer
Res. Technol., Ltd.). Condensed heteroaryl derivatives. WO
0183456.

36. Hayakawa, M., Kaizawa, H., Moritomo, H., et al. Synthesis
and biological evaluation of pyrido[3’,2’:4,5]furo[3,2-d]pyrimidine
derivatives as novel PI3 kinase p110alpha inhibitors. Bioorg Med
Chem Lett 2007, 17: 2438-42.

37. Workman, P. New cancer drugs on the horizon. Fut Oncol
2005, 1: 315-8.

38. Workman, P. Development of PI3 kinase inhibitors for cancer
treatment. Proc Amer Assoc Cancer Res (AACR) 2005, 46:
Symposium.

39. Hayakawa, M., Kaizawa, H., Moritomo, H. et al. Synthesis
and biological evaluation of 4-morpholino-2-phenylquinazolines
and related derivatives as novel PI3 kinase p110alpha inhibitors.
Bioorg Med Chem 2006, 14: 6847-58.

40. Shuttleworth, S.J., Folkes, A.J., Chuckowree, I.S. et al.
(Piramed, Ltd.). Pharmaceutical compounds. WO 2006046040.

41. Shuttleworth, S.J., Folkes, A.J., Chuckowree, I.S. et al.
(Piramed, Ltd.). Pharmaceutical compounds. WO 2006046035.

42. Shuttleworth, S.J., Folkes, A.J., Chuckowree, I.S. et al.
(Piramed, Ltd.). Pharmaceutical compounds. WO 2006046031.

43. Hayakawa, M., Kaizawa, H., Kawaguchi, K.-I. et al. Synthesis
and biological evaluation of imidazo[1,2-a]pyridine derivatives as
novel PI3 kinase p110alpha inhibitors. Bioorg Med Chem 2007,
15: 403-12.

44. Yaguchi, S., Fukui, Y., Koshimizu, I. et al. Antitumor activity
of ZSTK474, a new phosphatidylinositol 3-kinase inhibitor. J Natl
Cancer Inst 2006, 98: 545-56.

45. Bailey, J.P., Giles, M.B., Pass, M. (AstraZeneca AB;
AstraZeneca, Ltd.). 2,4,6-Trisubstituted pyrimidines as phospho-
tidylinositol (PI) 3 kinase inhibitors and their use in the treatment
of cancer. WO 2006005914.

46. Pass, M. (AstraZeneca AB; AstraZeneca, Ltd.). 2,4,6-
Trisubstituted pyrimidines as phosphatidylinositol (PI) 3-kinase
inhibitors and their use in the treatment of cancer. WO
2006005915.

47. Pass, M. (AstraZeneca AB; AstraZeneca, Ltd.). 2,4,6-
Trisubstituted pyrimidines as phosphatidylinositol (PI) 3-kinase
inhibitors and their use in the treatment of cancer. WO
2006005918.

546 Phosphatidylinositol 3-kinase (PI3K) inhibitors as anticancer drugs



76. Connolly, M., Gogliotti, R.D., Lee, H.T., Plummer, M.S.,
Sexton, K.E., Visnick, M. (Warner Lambert Co.). Cycloalkyl and
heterocycloalkyl substituted benzothiophenes as therapeutic
agents. WO 2004108713.

77. Gogliotti, R.D., Lee, H.T., Sexton, K.E., Visnick, M. (Warner
Lambert Co.). Cycloalkylsulfanyl substituted benzo[b]thiophenes
as therapeutic agents. WO 2004108714.

78. Bruendl, M.M., Connolly, M.K., Goodman, A.P. et al. (Warner
Lambert Co.). 3-Aryloxy and 3-heteroaryloxy substituted
benzo[b]thiophenes as therapeutic agents with PI3K activity. WO
2004108715.

79. Gogliotti, R.D., Lee, H.T., Sexton, K.E., Visnick, M. (Warner
Lambert Co.). 3-Arylsulfanyl and 3-heteroarylsulfanyl substituted
benzo[b]thiophenes as therapeutic agents. WO 2004108716.

80. Breitfelder, S., Maier, U., Brandl, T. et al. (Boehringer
Ingelheim Int.; Boehringer Ingelheim Pharma). PI3 kinases. WO
2006040279.

81. Betzemeier, B., Brandl, T., Breitfelder, S. et al. (Boehringer
Ingelhem Int.; Boehringer Ingelheim Pharma). Thiazolyl-dihydro
indazoles. WO 2006040281.

82. Melese, T., Perkins, E.L., Nguyen, A.T.Q., Sun, D. (Iconix
Pharmaceuticals, Inc.). Modulators of phosphoinositide 3-kinase.
WO 03035618.

83. Drees, B.E., Chakravarty, L., Prestwich, G.D. et al. (Echelon
Biosciences, Inc.; ComGenex RT). Compounds having inhibitive
activity of phosphatidylinositol 3-kinase and methods of use
thereof. WO 2005002514.

84. Drees, B.E., Chakravarty, L., Prestwich, G.D. et al. (Echelon
Biosciences, Inc.; ComGenex RT). Compounds having inhibitive
activity of phosphatidylinositol 3-kinase and methods of use
thereof. WO 2005016245.

85. Chang, J., Xie, W., Wang, L. (Xinxiang Coll. Med. Sci.).
Preparation of naphthoquinone derivatives as PI3 kinase
inhibitors for treatment of cancer. CN 1587255.

86. Wrasidlo, W., Doukas, J., Royston, I. et al. (TargeGen, Inc.).
Vasculostatic agents and methods of use thereof. WO
2004030635.

87. Doukas, J., Wrasidlo, W., Noronha, G. et al.
Phosphoinositide 3-kinase gamma/delta inhibition limits infarct
size after myocardial ischemia/reperfusion injury. Proc Natl Acad
Sci USA 2006, 103: 19866-71.

64. Gogliotti, R.D., Muccioli, K.L., Para, K.S., Visnick, M. (Warner
Lambert Co.). Benzoxazines and derivatives thereof as inhibitors
of PI3Ks. WO 2004056820.

65. Lanni, T.B., Jr., Greene, K.L., Kolz, C.N. et al. Design and
synthesis of phenethyl benzo[1,4]oxazine-3-ones as potent
inhibitors of PI3Kinasegamma. Bioorg Med Chem Lett 2007, 17:
756-60.

66. Bruce, I., Finan, P., Leblanc, C. et al. (Novartis AG; Novartis
Pharma GmbH). 5-Phenylthiazole derivatives and use as PI3
kinase inhibitors. WO 03072557.

67. Bloomfield, G.C., Bruce, I., Hayler, J.F., Leblanc, C., Le
Grand, D.M., McCarthy, C. (Novartis AG; Novartis Pharma
GmbH). Organic compounds. WO 2005021519.

68. Bengtsson, M., Larsson, J., Nikitidis, G. et al. (AstraZeneca
AB; AstraZeneca UK, Ltd.). 5-Heteroaryl thiazoles and their use
as PI3K inhibitors. WO 2006051270.

69. Cosulich, S.C., Griffen, E.J. New thiazole pyridine sulfon-
amides as orally bioavailable highly potent PI3 kinase inhibitors.
Keystone Symp PI3-Kinase Signaling Pathways Dis (Feb 15-20,
Santa Fe) 2007, Abst 115.

70. Bloomfield, G.C., Bruce, I., Leblanc, C., Oza, M.S.,
Whitehead, L. (Novartis AG; Novartis Pharma GmbH). 5-
Phenylthiazole derivatives and their use as PI3 kinase inhibitors.
WO 2004078754.

71. Bruce, I., Cuenoud, B., Keller, T.H. et al. (Novartis AG;
Novartis Pharma GmbH). Inhibitors of phosphatidylinositol 3-
kinase. WO 2004096797.

72. Quattropani, A., Rueckle, T., Schwarz, M. et al. (Applied
Research Systems). Thiazole derivatives and use thereof. WO
2005068444.

73. Marion, F., Williams, D.E., Patrick, B.O. et al. Liphagal, a
selective inhibitor of PI3 kinase alpha isolated from the sponge
akacoralliphaga: Structure elucidation and biomimetic synthesis.
Org Lett 2006, 8: 321-4.

74. Para, K.S., Stankovic, C.J., Visnick, M. (Warner Lambert
Co.). 3-Substituted indoles and derivatives thereof as therapeu-
tic agents. WO 2004108708.

75. Gogliotti, R.D., Lee, H.T., Sexton, K.E., Visnick, M. (Warner
Lambert Co.). Tetrazolyl benzofurancarboxamides with PI3K
activity as therapeutic agents. WO 2004108709.

Drugs Fut 2007, 32(6) 547


