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The phosphatidylinositol-3-kinases (PtdIns-3-kinase) are a family of enzymes
involved in the control of cell replication. One member of the family, the mammalian
p110/p85 PtdIns-3-kinase, is a potential target for anticancer drug development
because of its role as a component of growth factor and oncogene activated signalling
pathways. There are a number of inhibitors of this PtdIns-3-kinase, the most potent
being wortmannin (ICs04 nM). Wortmannin inhibits cancer cell growth and has shown
activity against mouse and human tumor xenografts in mice. Other inhibitors of the
PtdIns-3-kinase are halogenated quinones which also inhibit cancer cell growth and
have some in vivo antitumor activity. Some D-3-deoxy-3-substituted mye-inositol
analogues and their corresponding PtdIns analogues have been synthesized. They
may act as myo-inositol antimetabolites in the PtdIns-3-kinase pathway and they can

inhibit cancer cell growth.

Cancer can be considered a disease of de-
ranged intracellular signalling. A major func-
tion of oncogenes is to code for components of
intracellular signalling pathways that mediate
the effects of growth factors on cell prolifera-
tion [1, 2]. When an oncogene is overexpressed
or constitutively activated through mutation,

the cell is provided with a continuous signal to
grow. The combination of a number of on-
cogene-activated signalling pathways, and the
loss of tumor suppressor genes that normally
provide a restraint on cell proliferation, leads to
the transformation of a normal cell into a cancer
cell. The intracellular signalling pathways that
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Abbreviations: AT, Ataxia telangiectasia; GPI, glycosylphosphatidylinositol; mTOR, mammalian target of
rapamycin; PDGF, platelet-derived growth factor; PLC, phospholipase C; PtdIns-3-kinase, phosphatidyl-

inositol-3-kinase.
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regulate cell growth and differentiation pro-
vide novel targets for the development of new
types of cancer chemotherapeutic and chemo-
preventive drugs.

Using this approach it is not necessary to tar-
get the protein product of the oncogene itself,
rather a component of the pathway that is acti-
vated by the oncogene can be employed as a
surrogate target. Targets that occur early in a
signalling pathway are more likely to be spe-
cific for the pathway than a target that lies
downstream and that is, maybe, common to
other pathways. Therapeutic selectivity for the
cancer cell is possible because of the degener-
acy of growth factor signalling. The results of a
large number of animal gene knockout studies
suggest that degeneracy is a general feature of
growth factor signalling and that the animals
can survive the complete inhibition of a signall-
ing pathway because other signalling path-
ways take over some, or all of the normal
functions of the inhibited pathway [3, 4]. Thus,
inhibiting an oncogene-activated signalling
pathway with a drug should leave intact other
pathways that are necessary for normal cell
function. As examples of antisignalling cancer
drugs in preclinical development we will here
focus on inhibitors of phosphatidylinositol-3-
kinase (PtdIns-3-kinase), a phospholipid sig-
nalling enzyme that is a surrogate target for a
number of human oncogenes.

THE PtdIns-3-KINASE FAMILY

The PtdIns-3-kinases are a family of proteins
found in yeast and mammalian cells (Fig. 1).

The signature amino-acid sequence of the fam-
ily is (VJLG(DGDRH-15-D(F)G. The original
member of the family identified as a PtdIns-3-
kinase was mammalian p110/p85 PtdIns-3-ki-
nase [5]. The p110 catalytic subunit of human
PtdIns-3-kinase consists of a 1070 amino-acid
peptide [6] which exhibits considerable se-
quence similarity (> 57%) to a PtdIns-3-kinase
in yeast, Vps34, that is involved in the sorting
of vacuolar proteins [7]. There is also sequence
similarity to mTOR, a mammalian protein re-
lated to yeast proteins required for cell cycle
progression [8], as well as to the cell eycle check
point MEC1 gene product of budding yeast [9].
Recently a partial cDNA clone derived from the
human gene for Ataxia telangiectasia (AT) has
been found to encode a putative protein that is
a new member of the PtdIns-3-kinase family
[10]. AT is an autosomal recessive disorder,
affecting 1in 40 000 to 1 in 100 000 of the popu-
lation. The homozygous condition is charac-
terized by growth retardation, neuromotor
deterioration, deficiencies of the humoral and
cellular immune response, increased incidence
of certain forms of cancer, acute sensitivity to
ionizing radiation, and premature aging and
death during the second or early third decade
of life [11]. Approximately 0.5% to 1.4% of the
population have one defective AT gene and
manifest an increased risk of developing cancer
as well as having mild radiation sensitivity [12].
Epidemiological studies suggest that female
carriers with one copy of the defective AT gene
have a four to five-fold increased risk of breast
cancer compared to noncarriers, and it could
account for up to 13% of all breast cancer [12,
13]. This would make AT mutation the most
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common single cause of hereditary breast
cancer. More controversially, it has been sug-
gested that radiation received during mammo-
graphy may be a contributing factor to breast
cancer in women heterozygous for the AT mu-
tation [13]. In addition to its similarity to p110
PtdIns-3-kinase the AT protein also has weak
similarity to a portion of the rad3 gene product
of the fission yeast Schizosaccharomyces
pombe. Rad3 monitors the completion of DNA
damage repair and is essential for the correct
coupling of mitosis to DNA synthesis [14]. In-
terestingly, mutation of the rad3 protein in S.
pombe [14] and of MEC1 in budding yeast {9]
results in radiation sensitivity. Thus, it appears
that the AT gene product is a member of a
family of proteins with potentially PtdIns-3-ki-
nase activity and DNA repair activity. Whether
the AT gene product and the other family mem-
bers all have PtdIns-3-kinase activity and just
how this activity is related to DNA repair is
presently unknown. The apparent involvement
of PtdIns-3-kinases in DNA repair provides a
new mechanism for the action of this family of
enzymes.

Recently other PtdIns-3-kinase activities have
been described in mammalian cells. These in-
clude a guanine nucleotide binding (G) pro-
tein-dependent PtdIns-3-kinase activity that is
inactive in the absence of added Ggy subunits
[15].

p110/p85 Ptdins-3-KINASE

Mammalian p110/p85 PtdIns-3-kinase (here-
after referred to just as PtdIns-3-kinase) is
found in cellular complexes with ligand acti-
vated growth factor receptor and oncogene
protein tyrosine kinases [16]. The enzyme con-
sists of two subunits, an 85 kDa regulatory
subunit and a 110 kDa catalytic subunit [17].
The 85 kDa regulatory subunit acts as an adap-
tor protein that allows the 110 kDa catalytic
subunit of PtdIns-3-kinase to interact with
growth factor receptors and tyrosine phospho-
rylated proteins [18]. The p85 subunit contains
two SH2 domains, one SH3 domain, and a do-
main homologous to the carboxy terminus of
the breakpoint cluster region (ber) gene product
[19]. The p110 subunit is widely expressed and
is known to exist in distinct isoforms [20]. In
addition to its PtdIns-3-kinase activity, the p110

subunit also possesses a protein serine kinase
act1v1% which specifically phosphorylates
serine™® of the P85 subunit, resulting in down-
regulation of PtdIns-3-kinase activity in vitro
[21]. Downstream targets regulated by p110/
/p85 PtdIns-3-kinase are the protoonco ene
serine/threonine kinase Akt [22], pp70 ki-
nase [23], and protein kinase C{ (PKC{) [24].

PtdIns-KINASE AS A DRUG TARGET

Evidence that PtdIns-3-kinase plays a role in
mitogenesis and cell transformation comes
from situations where mutated tyrosine ki-
nases fail to associate with and activate PtdIns-
3-kinase. Polyoma middle T mutants that
associate with and activate pp60°™® tyrosine
kinase but that fail to activate PtdIns-3-kinase
are nontransforming [25]. The levels of cellular
Ptdins-3-phosphates are elevated by transfor-
ming mutants of polyoma middle T but not by
transformation-defective mutants [26]. Trans-
formation defective pp60" " with mutations in
the SH3 domain, show decreased association
with PtdIns-3-kinase [27]. Cells transfected
with mutant PDGF (platelet-derived growth
factor) receptors that retain protein tyrosine
kinase activity but that do not associate with or
activate PtdIns-3-kinase fail to show a mi-
togenic response to PDGF, unlike cells trans-
fected with the wild-type PDGF receptor [28].
Specific mutation restoration of PtdIns-3-ki-
nase binding to a tyrosine mutated PDGF re-
ceptor is sufficient to restore a mitogenic
response to PDGF [29]. A transforming
Her2/Neu oncoprotein is found constitutively
coupled to PtdIns-3-kinase while nontransfor-
ming kinase-defective or carboxyl-terminal
deleted versions show no constitutive associ-
ation with PtdIns-3-kinase [30].

The mechanism by which the products of
PtdIns-3-kinase, the PtdIns-3-phosphates, af-
fect cell growth and transformation is not
known. It has been variously suggested that
this may occur through PtdIns-(3,4,5)-trisphos-
phate binding causing modulation of actin as-
sembly, thus, affecting cytoskeleton function
[31], alteration in the activity of PKC{ [24],
effects on protein trafficking [6] and as inter-
mediates in the synthesis of glycosylphosphati-
dylinositol (GPI) membrane protein anchors
[32] (see following).
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INHIBITORS OF PtdIns-3-KINASE

Quercetin and its analogues are relatively
weak inhibitors of PtdIns-3-kinase [33].
Quercetin is also an inhibitor of other signalling
enzymes, including protein tyrosine kinases
and topoisomerase Il [34, 35]. One quercetin
analogue, 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one, has been found to produce
a complete and specific inhibition of PtdIns-3-
kinase activity (ICsg 1.4 uM) without inhibiting
protein tyrosine and lipid kinases or PtdIns-4-
kinase [36]. Lovostatin inhibits the insulin and
PDGEF-stimulated formation of PtdIns-3-phos-
phates in NIH 3T3 cells (IC5 10 pM), although
whether this is a direct effect on PtdIns-3-kinase
is not known [37]. The ether lipid analogues,
such as ET-18-OCHj are weak inhibitors of
PtdIns-3-kinase (IC5 36 M) and inhibit PDGF-
stimulated PtdIns-3-phosphate formation in
intact v-sis transformed NIH 3T3 cells [38].
Benzoyolstaurosporine (CGP-41,251}), an in-
hibitor of protein kinase C [39], is also an inhibi-
tor of PtdIns-3-kinase (ICs 9 uM) [38]. We have
found that the anticancer drug suramin is an
inhibitor of Ptdins-3-kinase (ICgy 8 pM). We
have also recently identified some more potent
inhibitors of PtdIns-3-kinase, namely: asperu-
loside (IC5p 2 pM); utronin A (1Csp 1 pM); and
hypericin, (ICsq 0.2 pM) [40].
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WORTMANNIN

We and others have identified the fungal me-
tabolite wortmannin (Fig. 2, I} as a potent and
specific inhibitor of p110 PtdIns-3-kinase with
an ICrq of about 4 nM {41, 42]. Interestingly, the
yeast Vps34 protein PtdIns-3-kinase is not in-
hibited by wortmannin [42]. Inhibition of
Ptdins-3-kinase by wortmannin is irreversible
and PtdIns-4-kinase activity is unaffected [41].
We have found thatin MCEF-7 breast cancer cells
less than 30% of the total PtdIns-3-kinase activ-
ity is inhibited by 10 nM wortmannin sugges-
ting that there are other wortmannin insen-
sitive PtdIns-3-kinases (unpublished observa-
tions). We have examined the cytotoxic activity
of wortmannin against several human tumor
cell lines [43]. The most sensitive lines were
GC3 colon carcinoma, IGROV1 ovarian carci-
noma and CCRF-CEM leukemia with ICggs for
wortmannin ranging from 0.3 to 0.9 pg/ml
Two human breast cancer cell lines with
Her2/neu amplification were insensitive to
wortmannin (ICsg > 20 pg/ml). The optimal
schedule of wortmannin showing in vivo
antitumor activity against the C3H mammary
carcinoma was p.o. at 2.5 mg/kg on days 1, 3,
5, 7, which gave 80% inhibition of tumor
growth [43]. The human BxPC3 pancreatic car-
cinoma xenograft showed 66% inhibition of
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Fig. 2. Structures of some inhibitors of PtdIns-3-kinase.
I, Wortmannin; II, halogenated naphthoquinone; III, halogenated quinoline quinone; IV, D-3-deoxy-3-fluoro-ntyo-inosi-

tol; and VI, n-3-deoxy-3-fluoro-PidIns.
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tumor growth. Wortmannin did not have signi-
ficant activity against other human carcinoma
xenografts including HC1, GC3, VRC5 and CX1
colon carcinomas, MX1 mammary carcinoma
and LX1 lung carcinoma.

INHIBITION OF GPI-ANCHOR FORMA-
TION BY WORTMANNIN

GP! anchors provide a method of attaching
membrane proteins to the lipid bilayer. Instead
of a polypeptide chain containing hydrophobic
domains, as is found in transmembrane-span-
ning anchored proteins, GPI anchored proteins
utilize a glycosylated phosphatidylinositol
lipid structure covalently bound to the C-ter-
minus of the protein [44]. GPl-anchored pro-
teins are found in many eukaryotic cell types
and a variety of proteins are anchored in this
way. Examples range from protozoal coat sur-
face proteins to mammalian neural cell adhe-
sion molecules. Despite the wide variety of
proteins and species utilizing this anchoring
method the structure of the GPI core is highly

100

B8O

60

GPl-anchored alkaline phosphatase (% control)

conserved [45]. During synthesis, GPI precur-
sors are acylated on the phosphatidylinositol
ring rendering them resistant to cleavage by
phospholipase C (PLC) [46]. Following com-
pletion of synthesis and presentation on the cell
surface, many GPI anchored proteins remove
this palmitoyl tail, thus, allowing for PLC
cleavage and protein release. Other GPI an-
chored proteins retain the palmitoyl tail and,
thus, their resistance to cleavage.

The fact that PtdIns-3-phosphates are not sub-
strates for PLC suggested to us that PtdIns-3-
kinase might be involved in the synthesis of
GPl-precursors for acylation. This was rein-
forced by some initial observations with D-3-
deoxy-3-substituted-myo-inositol analogues
(see later), which caused SAQS-2 osteosarcoma
cells to detach from the culture surface, poss-
ibly due to the loss of GPl-anchored adhesion
factors, without affecting cellular viability.
Further studies showed that wortmannin pro-
duced dose-dependent and time-dependent
decreases in GPl-anchored surface alkaline
phosphatase on SAOS-2 cells and also MT-1, a
human mammary tumor cell line (Fig. 3).
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Fig. 3. Time and dose dependent loss of GPl-anchored alkaline phosphatase on SAOS-2 cells exposed to

wortmannin and corresponding inhibition of cellular PtdIns-3-kinase activity.

Left panel: cells were exposed to 0.1 pug/ml (D), 1 pg/ml (@) or 10 pg/ml (V) wortmannin and incubated for varying
time periods. Following incubation, GPI-anchors were cleaved by treatment withbacterial phospholipase C and released
levels of alkaline phosphatase determined using a diagnostic spectrophotometric-based assay kit (Sigma, St. Louis, MO).
Right panel: cell lysates from cells treated with 1 ug wortmannin/ml were incubated with sonicated PtdIns substrates
and }P—[BZP]ATP as described [47]. Cellular PtdIns-3-kinase activity was then measured by thin-layer chromatography
and quantification of radiolabelfed PtdIns-3-phosphate quantified by phosphorimager analysis.
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These decreases, in turn, correlated with the
inhibition of cellular PtdIns-3-kinase activity
by wortmannin exposure suggesting a role for
PtdIns-3-kinase in GPl-anchor synthesis, al-
though the exact nature of this role is still to be
elucidated.

HALOGENATED NAPHTHOQUINONES

We have found that halogenated quinones
related to methyljuglone (Fig. 2, Il and III) in-
hibit PtdIns-3-kinase at micromolar concentra-
tions [48]. PtdIns-3-kinase inhibition was time
dependent and could be prevented by added
thiols. The compounds were only weak inhibi-
tors of PtdIns-4-kinase. Some of the com-
pounds also inhibited PKC, but c-Src protein
tyrosine kinase was notinhibited. Inintact cells,
PtdIns-3-kinase was only partly inhibited by
concentrations of the halogenated quinones
that inhibited cell growth. Some of the haloge-
nated quinones were found to have in vivo
antitumor activity. The most sensitive tumor
was C3H mammary carcinoma, which showed
up to 63% growth inhibition, and B16 melano-
ma. In the same in vivo systems methyljuglone
was without antitumor activity. Thus, it is
possible that inhibition of PtdIns-3-kinase con-
tributes to the cytotoxic and antitumor effects
of the halogenated quinones.

D-3-DEOXY-mye-INOSITOL ANALOGUES

We have investigated D-3-deoxy-3-substitu-
ted ;nyo-inositol analogues (Fig. 2, V) as poten-
tial antimetabolites of myo-inositol in the
PtdIns-3-kinase signalling pathway. The com-
pounds show cell growth inhibitory activity
that is selective for v-sis transformed NIH 3T3
cells compared to wild-type NIH 3T3 cells. The
most potent analogues we found were D-3-
deoxy-3-chloro-myo-inositol, ICsq for v-sis NIH
3T3 cells 0.39 mM, and D-3-deoxy-3-azido-myo-
inositol, ICs; 0.04 mM [49]. The growth inhibi-
tory activity of the analogues was, as expected
for myo-inositol antimetabolites, antagonized
by myo-inositol, but this antagonism occurred
even at physiological concentrations (40 uM) of
myo-inositol. Thus, the analogues themselves
are unlikely to be useful in wvive antitumor
agents. In order to circumvent the antagonism

of the myo-inositol analogues by myo-inositol
we are investigating synthetic PtdIns contain-
ing D-3-deoxy-3-substituted myo-inositol, that
should bypass the uptake and synthesis into
PtdIns, where we believe the competition by
myo-inosito! occurs [50]. The first such PtdIns’s
we have studied, D-3-deoxy-PtdIns and D-3-
deoxy-3-fluoro-PtdIns (Fig. 2, VI), exhibited
growth inhibitory activity against both wild-
type NIH 3T3 and v-sis transformed NIH 3T3
cells with IC5ps of 100 pM, and against HT-29
colon carcinosarcoma cells with ICsq of around
35 uM [47, 51]. myo-Inositol in the medium has
no effect on growth inhibition by the com-
pounds. D-3-Deoxy-PtdIns did not inhibit
PtdIns-3-kinase but D-3-deoxy-3-fluoro-PtdIns
was an inhibitor. The mechanism of inhibition
of cell growth by the compounds remains to be
established.

CONCLUSIONS

To adequately test the hypothesis that growth
factor and oncogene signalling pathways such
as the PtdIns-3-kinase pathway offer target
sites for anticancer drug development the
drugs will have to be tested in patients. This
process can take several years. There are, how-
ever, compounds in clinical development as
cancer preventive and therapeutic agents that
may act by inhibiting growth factor signalling
pathways. In most cases the activity of the com-
pounds on intracellular signalling pathways
was discovered after their identification as anti-
cancer agents. In contrast, PtdIns-3-kinase in-
hibitors have been specifically developed as
inhibitors of growth factor signalling, although
their selectivity for tumor cells compared to
normal tissue remains to be investigated fully
in animal tumor models, Clearly there are sev-
eral challenges to developing antisignalling
anticancer drugs. The drugs need to be tested
in appropriate animal tumor models before
they can be given to human subjects. This
means that the animal tumor should be shown
to express the oncogene or signalling pathway
that is to be inhibited. Ultimately, it may be
more appropriate for the antisignalling drugs
to classify human tumors by their complement
of oncogenes and tumor suppressor genes,
rather than by their histopathological type. It is
also possible that a single antisignalling drug
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by itself may not have the power to completely
inhibit tumor growth and a combination of
drugs may be needed. It may also take a com-
bination of drugs to prevent the emergence of
resistance.

The excellent secretarial assistance of Made-
lon Cook is gratefully acknowledged.
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