Biochemistry (Moscow), Vol. 65, No. 1, 2000, pp. 59-67. Translated from Biokhimiya, Vol. 65, No. 1, 2000, pp. 68-78.
Original Russian Text Copyright © 2000 by Krasilnikov.

REVIEW

Phosphatidylinositol-3 Kinase Dependent Pathways:
the Role in Control of Cell Growth, Survival,
and Malignant Transformation
M. A. Krasilnikov
Institute of Carcinogenesis, Blokhin Cancer Research Center, Russian Academy of Medical Sciences,
Kashirskoe Shosse 24, Moscow, 115478 Russia; fax: (095) 324-1205; E-mail: mkras@mail.cnt.ru
Received September 17, 1999
AbstractPhosphatidylinositol-3 kinase (PI3K) is one of the most important regulatory proteins that is involved in different signaling pathways and controlling of key functions of the cell. The double-enzymatic activity of PI3K (lipid kinase
and protein kinase) as well as the ability of this enzyme to activate a number of signal proteins including some oncoproteins determines its fundamental significance in regulation of cell functions such as growth and survival, aging, and malignant transformation. Among the main effectors of PI3K are the mitogen-transducing signal proteins (protein kinase C,
phosphoinositide-dependent kinases, small G-proteins, MAP (mitogen activated protein) kinases), which are activated
either via their interaction with lipid products of PI3K or through PI3K-dependent phosphorylation of proteins. The antiapoptotic effect of PI3K is realized by activation of proteins from another signaling pathwayprotein kinase B (PKB)
and/or PKB-dependent enzymes (GSK-3, ILK). PI3K plays a critical role in malignant transformation. PI3K itself possesses oncogenic activity and also forms complexes with some viral or cellular oncoproteins (src, ras, rac, alb, T-antigen),
whose transforming activities are realized only in presence of PI3K. The transforming effect of PI3K is supposed to occur
on the basis of complex alterations in cellular signaling pathways: appearance of constitutively generated PI3K-dependent
mitogen signal and activation of some protooncogenes (src, ras, rac, etc.), PI3K/PKB-pathway stimulation resulting in
delay of apoptosis and increase of cell survival, and actin cytoskeleton reorganization.
Key words: phosphatidylinositol-3 kinase, phosphoinositides, MAP kinases, protein kinase B, proliferation, apoptosis,
oncogenic transformation, aging

Membrane phospholipids including phosphatidylinositol are key substances mediating the control of cell
division. It was supposed for many years that phosphatidylinositol (PtdIns) and its phosphorylated derivatives (PtdIns(3)P, PtdIns(3,4)P2, and PtdIns(3,4,5)P3)
took part in the transduction of mitogen signals only
through their hydrolysis by phospholipase C to well
known cell division mediators such as diacylglycerol and
inositol phosphates. During the recent years these suggestions have been significantly changed, first of all due
to the discovery and broad investigation of phosphatidylinositol-3 kinase (PI3K), the enzyme phosphorylating PtdIns in the 3-OH position of the inositol ring.
Initially PI3K was the subject of interest because of
its known ability to form complexes with some viral
oncoproteins such as v-src and v-ros [1, 2] and also
because of involvement of intracellular PI3K in the viral
transformation process [3]. Later, in 1997, the possibility of malignant transformation of cells as the result of
transfection with DNA containing a fragment of a viral

or cellular PI3K gene was shown [4]. Parallel investigations of biochemical properties of PI3K led to rather
unexpected results. The two-subunit (regulatory p85 and
catalytic p110) molecule of PI3K appears to possess
both lipid kinase and protein kinase activity [5, 6].
Activation of the dimeric p85/p110 PI3K molecule
occurs through phosphorylation of a tyrosine residue by
either receptor (platelet, insulin-like, or epidermal
growth factor receptors) or non-receptor (p60-src) tyrosine kinases [7-9]. Experiments with the use of some specific inhibitors of PI3K and/or cell transfection with different PI3K gene variants reveal PI3K being a mediator
in the control of at least two very important cell functions, namely, cell division (as a necessary component of
the signaling pathway initiated by growth factors) and
apoptosis (the progress of which is inhibited by PI3K)
[3, 10-12].
Recently, clear progress in the investigation of the
mechanism of PI3K action has revealed the main mediators of its action. For instance, the event cascade lead-
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ing to the delay of apoptosis is initiated by complex formation between PtdIns-phosphate products of the
PI3K-catalyzed reaction and protein kinase B (PKB,
also named Akt or Akt/PKB) [13, 14]. The latter enzyme
plays an important role in the regulation of the activity
of many genes controlling, directly or indirectly, the
apoptotic process [15-17]. PI3K-mediated transduction
of mitogen signal is realized in another way. In spite of
the traditional view of PtdIns and its derivatives as the
main components of mitogen signal, the role of PI3K in
the regulation of cell division appears not to be restricted to synthesis of these compounds. Not so long ago it
was shown that PI3K may directly control the activities
of individual components of the RAS/RAF/ERK-mitogenic pathway by complex formation with some signal
proteins; the enzyme acts in this case as a serinethreonine protein kinase [5, 6, 18].
Among the other important PI3K functions
involved directly or indirectly in mitogen signal transduction, the involvement of PI3K in receptor down-regulation (endocytosis and degradation of activated
growth factor receptors), in control of lysosomal enzyme
synthesis [19, 20], and in reorganization of actin
cytoskeleton during the course of malignant transformation process and/or mitogen stimulation of cells should
also be emphasized [21].
In general, PI3K is now considered as one of the
most important regulatory proteins, being involved in a
number of diverse signaling pathways and controlling
the main functions of the cell. PI3K activation in malignant cells after exposure to radiation or other stress [9,
22] and also the above-mentioned anti-apoptotic effect
of PI3K indicate the important role of this enzyme in the
control of both malignant cell resistance to damaging
agents and the sensitivity of malignant tumors to chemoor radiotherapy.
PI3K: GENERAL PROPERTIES
Phosphatidylinositol-3 kinase is a heterodimer of
two subunits, catalytic and regulatory, with molecular
weights of 110 kD (p110) and 85 kD (p85), respectively
[9, 22]. Cloning experiments with the use of PI3K cDNA
have revealed at least five isoforms of each subunit [2327]. The regulatory p85 subunit consists of several
domains including the SH3 domain, two proline rich
fragments, and two SH2 domains separated by the iSH2
(inter SH2) sequence (Fig. 1). The iSH2 domain provides the interaction between the p85 and p110 subunits,
and the two SH2 domains are responsible for binding of
the p85/p110 heterodimer with receptor tyrosine kinases
[9, 28]. It is supposed that due to the ability of the regulatory p85 subunit to interact with both the catalytic
p110 subunit and receptor tyrosine kinases directed
membrane targeting of p110 occurs, initiating complex

formation between the enzyme and its phospholipid
substrate [9, 24].
The catalytic p110 subunit of PI3K is homologous
to protein kinases and possesses both serinethreonine
protein kinase and phosphoinositide kinase activities [5,
6, 22, 29, 30]. Phosphorylation of PtdIns and phosphoinositides PtdIns(4)P and PtdIns(4,5)P2 occurs in the D3position of the inositol ring leading to formation of
PtdIns(3)P, PtdIns(3,4)P2, and PtdIns(3,4,5)P3, respectively. Three classes of the PI3K protein superfamily are
now known. All of these possess the protein kinase
activity, the difference is preferentially in the substrate
specificity of the phosphoinositide kinase site. Thus, the
first class includes p85/p110 heterodimers reacting with
all phosphoinositides, PtdIns, PtdIns(4)P, and
PtdIns(4,5)P2. These are now often referred to as phosphoinositide-3 kinases; the term reflects their substrate
specificity more correctly than the traditional name,
phosphatidylinositol-3 kinases. The second class
involves enzymes phosphorylating preferably PtdIns
and PtdIns(4)P. Finally, the third class includes PI3K
that possesses additionally a specific protein transfer
function and has a structural and functional resemblance with the yeast analog of PI3K, vps34p (vacuolar
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Fig. 1. Schematic structure of the p85/p110-heterodimer. The
regulatory p85 subunit consists of (from the N-terminus)
SH3-domain, two PRDs (proline rich domain), separated by
BCR-homologous domain (BCR, breakpoint cluster region),
and two SH2-domains, separated by the iSH2 (inter SH2)sequence, which is responsible for binding with the p110 subunit. Arrows show the binding sites of heterodimer to the
main PI3K activators: phosphotyrosine proteins (P) and
small G-proteins (G).
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protein sorting). Unlike the enzymes from the first and
the second classes, this one uses only PtdIns as a substrate [31-33].
Two main processes lead to PI3K activation:
p85/p110 heterodimer assembly and interaction of the
heterodimer with activator proteins. As mentioned
above, the binding of the catalytic and regulatory subunits occurs via the iSH2 domain of the latter. The
p85/p110 heterodimer assembly does not result itself in
marked enzyme activation. Moreover, some investigators reported the activity of the catalytic subunit being
decreased when the p85/p110 complex is formed in vitro
[28]. An additional interaction with specific activator
proteins is required for the subsequent activation of the
heterodimer [34-36]. The main activator proteins have
tyrosine-phosphorylated amino acid sequences including both some receptor (receptors of platelet, epidermal,
or insulin-like growth factors), and non-receptor (p60src) tyrosine kinases [7-9]. The binding of phosphotyrosine sites of activator proteins with SH2 domains of the
PI3K regulatory subunit causes a conformational
change of the heterodimer leading to enzyme activation
(Fig. 1) [28]. There are, however, other mechanisms of
PI3K activation. An extra activation of the heterodimer
may occur while direct interaction between the PI3K
catalytic subunit and one of several cellular proteins
takes place. A good example is the complex formation
between p21-ras and p110 resulting in activation of
PI3K [37-39]. The diversity of ways for PI3K activation
to occur and also the multi-substrate specificity and
double-enzymatic activity (lipid kinase and protein
kinase) of the enzyme likely determine its key role in the
control of cell growth and survival.
CELL GROWTH CONTROL.
POSITION OF PI3K AMONG
GENERAL SIGNALING PATHWAYS
Investigations of recent years have shown the
involvement of PI3K in the control of cell division being
realized through at least two possible mechanisms: the
first includes phosphoinositide production (PI3K lipid
kinase activity), the second includes direct interaction of
PI3K with some cellular signal proteins, when the protein kinase activity of PI3K may play a critical role [5, 6,
22, 29, 30].
Traditional opinions concerning the role of phosphoinositides in cell growth control were based on their
role as substrates of phospholipase C, the enzyme which
is activated by receptor tyrosine kinases during cell division. When accumulated in the cells due to phospholipase C action, the hydrolysis products of phosphoinositides (diacylglycerol and inositol phosphates) activate
protein kinase C, thus stimulating one of the most
important signaling pathways of the cell [40-43].
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However, as was shown later, the phosphoinositides
may have an independent significance in mitogen signal
transduction, because of their ability for direct interaction with some signal proteins. The role of phosphoinositides in activation of protein kinase B (PKB), which
is involved preferentially in the control of cell apoptosis,
will be considered below. As for the protein mediators of
cell division, protein kinase C (PKC) should be distinguished first of all. The PKC activation appears to occur
not only via binding with diacylglycerol formed by
hydrolysis of phospholipids, but also via the interaction
with PI3K lipid products [44]. Great progress in the
study of the control mechanisms of PI3K was achieved
following the discovery of a new family of serinethreonine protein kinases, phosphoinositide-dependent kinases (PDK) [45, 46]. These are activated by the lipid products of PI3K, 3OH-phosphoinositides (hence the name
of the family), and responsible for the phosphorylation
and activation of a number of signaling protein kinases,
including both PKB and PKC [45-47]. Thus, two steps
of PI3K-dependent activation of protein kinase C may
be distinguished: PKC interaction with diacylglycerol,
the phosphoinositide hydrolysis product, and phosphorylation of PKC by PDK family enzymes (Fig. 2). Also,
the data obtained from the studies on binding of phosphoinositides with SH2-containing proteins should be
taken into account. These indicate one of the PI3K
products, PtdIns(3,4,5)P3, interacts with SH2-domains
of proteins competing with phosphotyrosine peptides
[48]. The same effect may exist for an additional pathway of activation of SH2-containing signaling proteins
which is independent from receptor tyrosine kinases.
The subject of particular interest is the involving of
PI3K in receptor down-stream processes, including
endocytosis and degradation of activated growth factor
receptors. As known, binding of ligand with growth factor receptor and activation of its phosphotyrosine
kinase domain is followed by internalization of the
receptor into intracellular vesicles and its consequent
degradation in lysosomes [49-51]. The whole process
and, in particular, the activated receptor transfer into
lysosomes appear to be under PI3K control [19, 52, 53].
For instance, the studies on the down-stream handling
of platelet growth factor receptor have revealed that
some mutations in the phosphotyrosine site of the receptor molecule responsible for PI3K binding may cause an
almost total blockage of the receptor transfer into lysosomes [19]. The same effect is caused by wortmannin, a
specific PI3K inhibitor [52, 53]. However, PI3K possesses an ability to direct control of lysosomal enzyme activity by stimulation of the transfer of de novo synthesized
hydrolases into lysosomes [20].
The ability of PI3K to direct binding with some cellular proteins and also the fact that the enzyme possesses
not only lipid kinase, but also protein kinase activity
opened new opportunities for studying its role in intra-
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Fig. 2. Scheme displaying the involvement of PI3K in the control of intracellular signaling pathways. PI3K is activated via interaction
with receptor (growth factor receptors) or non-receptor (p60-src) tyrosine kinases. Among the main down-stream effectors of PI3K
are: PKB, responsible for anti-apoptotic signal transduction; RAS/ERK, the main mitogen-conducting pathway; RAC/JNKK/JNK,
pathway partially controlling the mitogen signal transduction but involved mainly in control of other cell functions, such as stress reaction or actin cytoskeleton reorganization.

cellular signaling pathways. The p85/p110 heterodimer in
vivo forms complexes with a broad spectrum of cellular
molecules including tyrosine kinases, Grb2, p21-ras, rac,
Cdc42, tubulin, etc. [38, 39, 54-58]. The subject of principal significance for understanding the role of PI3K in the
control of RAS/RAF/ERK signaling pathway is complex
formation between the catalytic subunit of PI3K and
p21-ras (Fig. 2). PI3K binds only with the GTP-form of
ras resulting in PI3K activation observed both in vitro
and in vivo [38, 39]. The same PI3K activation effect
occurs when the heterodimer p85/p110 binds some other
G-proteins, for instance, rac or Cdc42 [54-58]. And, on
the other hand, complex formation between PI3K and

p21-ras is accompanied by an increased amount of activated (GTP-bound) form of ras [59]. Moreover, the presence of PI3K appears to be necessary both for stimulation of the RAS/RAF/ERK pathway and for induced
transformation of cells, and, in addition, in some cases
PI3K activity inhibition may cause total blockage of
transformation [21]. It should be mentioned that the
mutual control between PI3K and p21-ras is rather complex and does not corresponded to a linear model of
mitogen signal transfer. PI3K is supposed to activate
p21-ras (possibly via membrane targeting of SOS-proteins) and is activated simultaneously via its binding with
the GTP-form of ras or other G-proteins [44].
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However, the significance of PI3K for the
RAS/RAF/ERK signaling pathway is not limited by its
influence on p21-ras. Recently, the important role of serinethreonine protein kinase activity of PI3K in the control of cellular MAP-kinases was demonstrated.
Experiments using different classes of PI3K whose lipid
and protein kinase activity components differ revealed
that only the protein kinase activity of PI3K causes the
activation of cellular MAP-kinases [18]. The level of the
synthesis of phosphoinositides (lipid products of PI3K)
did not influence markedly the MAP-kinase activities
[18]. Thus, the general scheme of PI3K-dependent control of cellular mitogen-transduction signaling pathways
consists of several stages, the main being: PI3K activation via the binding of p85/p110 heterodimer with tyrosine-phosphorylated proteins and/or small G-proteins
(p21-ras, rac, Cdc42); the synthesis of 3-OH phosphoinositides which are the sources of both diacylglycerol
and inositol phosphates and activators of some protein
kinases (PKB, PKC, PDK) they can directly interact
with; serinethreonine phosphorylation of secondary
PI3K messengers and the activation of MAP-kinases
(Fig. 2). Also, the scheme of PI3K involvement in cellular metabolism should be supplemented with PI3Kdependent control of stress-activated signaling pathways.
PI3K IN THE CONTROL OF APOPTOSIS
Among other cellular protein targets of PI3K, a
particular role belongs to these which are involved in the
cell response to stress. Moreover, although in the control of cell division PI3K plays a rather secondary role,
its role in the control of cell survival and resistance to
stress is a key one. This conclusion was made on the
basis of the discovery and investigation of a PI3K/PKBdependent signaling pathway [13-17, 60].
The mitogenic activity of growth factors and
cytokines does not always correlate with their ability to
prevent cell death. The platelet and insulin-like growth
factors are good examples of compounds possessing
anti-apoptotic activity. However, the fibroblast growth
factor or the epidermal growth factor possessing high
mitogenic activity have a negligible influence on cell
survival [61-63]. A partial explanation of these facts was
obtained from comparative studies on signaling pathways activated by growth factors in target cells. A stimulation of the traditional RAS/RAF/ERK-pathway
usually does not result in significant anti-apoptotic
effect [64, 65]. The ability to prevent apoptosis was
detected in serinethreonine protein kinase B (PKB),
which is activated by some growth factors [63, 64].
Studies on PKB activation pathways have shown that
PI3K is a mediator of an activator signal for PKB [1517, 64, 66].
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PI3K is now considered as one of the main intracellular factors responsible for the transmission of antiapoptotic signal and controlling the survival of cells. For
instance, overexpression of PI3K in cells is accompanied
by a strongly marked anti-apoptotic effect and causes a
significant increase in cell survival under the influence of
radiation [15-17, 65, 67]. On the contrary, PI3K specific
inhibitors cause increased apoptosis and decreased cell
survival [11, 12, 65, 67]. The data obtained from many
experiments indicate the PKB activation by complex
formation between this enzyme and lipid products of
PI3K is a key event in the realization of the anti-apoptotic effect of PI3K [13-17]. There are two main stages of
PKB activation: the binding of PH (pleckstrin homology)-domain of PKB with PtdIns(3)P and/or
PtdIns(3,4)P2, the main products of lipid kinase reaction
catalyzed by PI3K [13, 14, 66], and the phosphorylation
in Thr-308 position by PDK-1 kinase (phosphoinositidedependent kinase-1) (Fig. 2) [45, 46]. PI3K-dependent
activation of PKB occurs independently from the influence of PI3K on the RAS/RAF/ERK pathway: in the
first case, the binding of PKB with lipid products of
PI3K is sufficient, but in the second one, as mentioned
above, the involvement of the protein kinase component
of PI3K in the effect of PI3K on MAP kinases is strongly necessary [18].
What is the further route of the signal from PKB
and what is the nature of signaling pathways leading
from PKB and controlling the survival of cells? Several
mechanisms independently activated via PKB which can
lead to the block of apoptosis are known at present (Fig.
2). First, it should be mentioned that no basic proteins
belonging to the Bcl family of the most widely distributed negative apoptosis regulators are known among the
direct targets of PKB [65]. The only exception known is
Bad, which being phosphorylated by PKB is prevented
from its binding to Bcl-2 [68, 69]. Proteases of the caspase family are known to be PKB mediators, which are
activated during apoptosis. PKB inhibits their activities;
this property may serve as a basis of its anti-apoptotic
effect [65]. Another possible effector of PKB is p70 S6
kinase, which possesses a distinct anti-apoptotic property and, being phosphorylated directly by PKB kinase,
displays increased activity [46, 64]. Finally, data
obtained from recent investigations have revealed an
important role of GSK-3 (glycogen synthetase kinase-3)
in the induction of programmed cell death. The direct
phosphorylation of GSK-3 by PKB kinase leading to a
drastic decrease in GSK-3 activity is one of its regulatory mechanisms [70, 71].
Undoubtedly, the scheme of signal transduction
pathways initiated by PI3K and PKB presented here is
rather incomplete. Knowledge on the nature of secondary messengers involved in signal promotion from PI3K
and PKB is expanding from day to day; new data on the
role of these substances in the control of cell response to
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stress are appearing. For instance, new data were
obtained on the involvement of integrin-associated protein kinases (ILK, integrin-linked kinase) in realization
of the anti-apoptotic effect of PI3K [71]. The problem
on the role of stress-activated kinases (JNK family) in
the control of apoptosis and signal transduction from
PI3K and PKB is under comprehensive study [72, 73].
PI3K AND CELL AGING
The ability of PI3K to control key functions of the
cell such as proliferation or apoptosis became the stimulus for studying the role of PI3K in the control of cell
aging, another key function of the cell. The cell aging
phenomenon is known to develop after the cell achieves
the Hayflick limit, i.e., after the cell has passed through a
definite number of divisions to the resting stage [74]. The
passage of cells to resting stage ahead of time and initiation of cell aging is appreciated by some researchers as
one of the programs of defense resembling programmed
cell death (apoptosis) and is activated under the influence
of damaging agents [75]. The fact that some substances
such as ceramide involved in mitogen signal transduction
and possessing apoptotic activity may (unlike traditional
mitogens) effectively influence on the rate of cell aging is
indirect evidence for that assumption [76].
Now several experimental proofs have been
obtained that indicate that PI3K is involved in the control of aging. First of all, experiments with Caenorhabditis elegans reveal a homology between Age1, one of the
genes of aging, and the gene encoding the PI3K catalytic subunit in mammals and demonstrate the involvement
of Age1 in the control of development of C. elegans [77].
Convincing evidence for the involvement of PI3K in the
control of cell aging have been obtained from the experiments on normal fibroblasts in vitro. Comparative
analysis of the effects of PI3K inhibitor LY2940002 and
MEK-1 (kinase phosphorylating ERK1/ERK2)
inhibitor PD58029 on fibroblasts has shown that both
substances inhibit cell proliferation. However, only in
the first case (when the PI3K inhibitor acts) cell growth
retardation was accompanied by a complex of specific
phenotypic alterations which are normally typical for
aging fibroblasts: galactosidase activation, overexpression of collagenase gene, and decreased expression of
EPC-1 gene (early population doubling level cDNA 1)
which is a specific marker of proliferating fibroblasts
[78]. This suggests that under PI3K-dependent control
of cell aging the components of the anti-apoptotic signaling pathway controlled by PI3K and independent of
the RAS/RAF/ERK cascade have the most important
significance. Apparently, it is the activation of the antiapoptotic pathway and especially PKB that mainly
determines the involvement of PI3K in the control of cell
aging.

PI3K IN MALIGNANT
TRANSFORMATION OF CELLS
As mentioned above, initial interest in PI3K was
due mostly to the involvement of PI3K in malignant
transformation of cells. Some viral oncoproteins such as
src, abl, T-antigen form complexes with PI3K, and the
presence of PI3K in a cell is required for realization of
their transforming potential. Experiments with mutant
forms of those proteins have shown that the loss of their
ability to form complexes with PI3K results in a dramatic decrease in the transforming activity of the oncoproteins [8, 79-82]. As a result of complex formation
between oncoproteins and PI3K, the enzyme becomes
activated and the level of PtdIns(3,4)P2/PtdIns(3,4,5)P3
increases; also, the transforming efficiency decreases in
accordance with the decrease in intracellular concentration of phosphoinositides [3, 81, 83].
The question on the independent oncogenic activity
of PI3K remained without answer for a long time, but in
1997 the viral analog of a gene encoding the PI3K catalytic subunit p110 was found in the genome of ASV 16
(avian sarcoma virus 16) [4]. Studies on the transforming
potential of the gene encoding the catalytic subunit p110
named p3k have shown that both viral and cellular variants of this gene cause morphologic transformation in
chicken embryo fibroblasts in vitro [4]. What components of the PI3K-induced signaling pathway take a
direct part in malignant transformation of cells? Now,
with no doubt, these are the lipid products of PI3K and
protein kinases they activate, such as the above-mentioned protein kinase B (PKB) encoded by the Akt protooncogene. The transformation of cells by the p3k gene
is shown to be accompanied by a drastic increase in both
the PKB activity and the rate of phosphorylation of
endogenous substrates [4]. An important role in the
process of PI3K-dependent transformation belongs to
the stimulation of the RAS/RAF/ERK-kinase cascade
and the increase in AP-1 transcription factor activity
[84]. The complex changes in cellular signaling pathways, namely, the appearance of constantly generated
PI3K-dependent mitogen signal and the activation of
some protooncogenes (src, ras, rac, etc.), and also PKBdependent pathway stimulation, which leads to partial
blockage of apoptosis and increased survival of cells, are
possibly the basis for the transforming effect of PI3K
(Fig. 2).
Studies on the role of PI3K in the formation of the
actin cytoskeleton deserve separate attention. It is well
known that both the induction of cell proliferation and
the malignant transformation of cells are accompanied
by reorganization of the actin cytoskeleton [21, 85-87].
Data from recent studies indicate that one of the key elements in the control of this process is PI3K. It has been
shown that PI3K activation appears to be an essential
condition for reorganization of actin filaments in a cell.
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Oncoprotein rac, which belongs to the small G-protein
group and is involved in signal transduction via the
stress-activated kinases of JNK family, is considered as
a possible effector of PI3K (Fig. 2) [54-58, 88-90]. The
other possible pathway for PI3K to control actin assembly is based on the lipid kinase activity of PI3K. The
main role in this pathway belongs to one of the PI3K
substrates, PtdIns(4,5)P2, which interacts with actin
binding proteins, thus stimulating the actin polymerization process [55, 87, 91-94]. Intracellular activation of
PtdIns(4,5)P2 metabolizing enzymes (phospholipase C
and PI3K), in particular, under the influence of mitogenic/oncogenic factors, leads to a decreased amount of
PtdIns(4,5)P2 bound with actin and, as a result, to actin
depolymerization [95, 96].
The discovered oncogenic activity of PI3K is evidence for an important role of the enzyme in carcinogenesis and tumor growth. In fact, some data indicate
changes in phosphoinositide level during malignant
tumor progression [97]. Our study on PI3K expression
in breast cancer tumors has revealed in 79% of cases a
significant activation of PI3K compared to adjacent
normal tissue [98]. It was recently shown that the effect
of some tumor growth suppressor genes are activated via
PI3K inhibition. One of these is a product of suppressor
gene product PTEN/MMCA1, a phosphatase which
dephosphorylates PtdIns(3,4,5)P3 [99]. Specific
inhibitors of PI3K (wortmannin, LY 294002) cause a
significant retardation of cell growth in culture and prevent the cells from being malignantly transformed in
vitro [84, 100, 101]. However, the problem concerning
the anti-tumor activity of PI3K antagonists or inhibitors
and, on the whole, their usage in cancer therapy is far
from completely resolved. Further investigations are
required.
In general, the progress achieved in recent years in
studying PI3K allows us to place this enzyme among the
main signaling proteins of the cell. The diversity of ways
for PI3K activation and also its unique biochemical
properties (multisubstrate specificity and both lipid and
protein kinase activity) determine its critical role in the
control of key functions in the cell: growth and survival,
aging, malignant transformation. The main PI3K effectors are mitogen-transducing signaling proteins (protein
kinase C, phosphoinositide-dependent kinases, small Gproteins, MAP-kinases) which are activated either via
interaction with lipid products of PI3K or through PI3Kdependent phosphorylation of proteins [38, 39, 45-47, 54,
58]. The anti-apoptotic effect of PI3K is realized through
the activation of proteins from another regulatory pathway, the protein kinase B (PKB) and PKB-dependent
enzymes (GSK-3, ILK) (Fig. 2) [13-17, 70, 71].
Nevertheless, the mechanism of some PI3K effects,
such as PI3K-dependent control of malignant transformation, remain unclear. PI3K possesses a direct oncogenic activity and also potentiates the effects of other
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oncogenes activating and increasing the transforming
activity of many of the known oncoproteins (ras, rac,
Akt, src) [8, 79-83]. A number of cell damaging factors
cause a drastic increase in PI3K activity [9, 15-17, 22].
That activation of PI3K leads to delay of apoptosis in
cells with damaged DNA structure and also causes an
extra activation of cellular oncoproteins and stimulates
uncontrolled cell growth and, hence, may have perhaps
great significance in carcinogenesis.
The problem of malignant transformation is closely
related to another PI3K function, the control of cell
aging. A decrease in PI3K activity causes an increase in
aging rate in normal cells [78], but the mechanism of
PI3K-dependent control of cell aging and the role of
individual effectors of PI3K are still unknown. It may be
that, as in the case of PI3K-induced malignant transformation, the activation of mitogen-dependent proteins
and (as appears to be the most important) the anti-apoptotic signal constantly generated by PI3K play an important role in the control of aging. However, studies in this
field are just beginning, and it is unclear whether the
PI3K activity changes during cell aging and the overexpression of PI3K leads to significant delay in the aging
process. Undoubtedly, in the near future studies will
answer these and other questions on the mechanism of
the effect of PI3K in normal and malignant cells.
It should be noted in conclusion that PI3K, when
being identified as one of the key signaling proteins, lets
us tie together many events which occur in cells under
the action of mitogenic or oncogenic factors and also
stress, and, at first glance, seem to be independent.
Every year new data appear concerning the description
of novel PI3K effectors or revealing a correlation
between known cell proteins and PI3K-dependent signaling pathways. We are on the way to understanding
the basic principles of coordinated control of biochemical signaling pathways and their significance for fundamental cell properties: growth, aging, transformation.
This study was supported by the Russian
Foundation for Basic Research (grant No. 98-04-48200).
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