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AbstractChanges in expression of protooncogenes and tumor suppressor genes play a key role in oncogenesis.
Dysfunction of their protein products leads to abnormal regulation of signaling pathways, which control the cell cycle,
apoptosis, genetic stability, cell differentiation, and morphogenetic reactions. Changes in these important physiological
processes are obviously responsible both for initial steps of neoplastic cell transformation and for determination of subsequent tumor progression resulting in the development of malignant tumors.
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Significant progress in understanding of mechanisms of carcinogenesis has arisen from the discovery of
oncogenes and protooncogenes and the subsequent discovery of tumor suppressors and mutator genes.
Oncogenes are cellular or viral (i.e., inserted into the cell
by a virus) genes; their expression can cause the development of a neoplasm. Protooncogenes are normal cellular genes; their conversion to oncogenes can occur via
several mechanisms such as amplification or modification. Tumor suppressors (anti-oncogenes, recessive tumor
genes) are cellular genes; their inactivation increases the
probability of tumor formation, whereas restoration of
their functioning may suppress the growth of tumor
cells. It should be noted that so-called mutator genes,
related to tumor suppressors cannot affect growth of
tumor cells. However, impairment in their functioning
increases the rate of mutations and/or other genetic
abnormalities. Inactivation of these genes increases the
probability of the appearance of various oncogenic
mutations so strongly that tumor formation inevitably
occurs sooner or later.
There are a few criteria by which oncogenes and
tumor suppressors are determined: a) appropriate
changes of structure and/or expression of a desired gene
in a certain or various tumor cells; b) appearance of certain tumors in juvenile or young individuals with inherited germinal mutations of a desired gene; c) sharp
increase of the tumor rate in transgenic animals which
either express an activated form of a desired gene (in the
case of oncogenes) or carry knock-out mutations of a

desired gene (in the case of tumor suppressors); d) ability
to cause morphological transformation and/or unlimited
growth (oncogenes) or suppression of cell growth and/or
manifestations of transformation (tumor suppressors) in
cultivated cells in vitro.
The last two decades are characterized by the discovery of numerous oncogenes and tumor suppressors.
Now about one hundred potential oncogenes (cellular
and viral) and twenty tumor suppressors have been recognized. Genetic events leading to activation of protooncogenes or inactivation of tumor suppressors have
also been described [1-6]. The mechanism of the effect of
viral oncogenes includes activation of cellular protooncogenes (retroviruses) or inactivation of tumor suppressors (DNA viruses) [7-11]. Changes in oncogenes
and tumor suppressors typical for certain forms of
human neoplasms have been recognized and some highly specific abnormalities are employed in diagnostics
(Tables 1 and 2) [3, 12].
However, for a long time our knowledge about each
oncogene or tumor suppressor genes remained discrete
and poorly related with each other. Only recently it has
been recognized that the overwhelming majority of
known oncogenes and tumor suppressors are components of a few common signaling pathways that control
the cell cycle, apoptosis, genome integrity, morphogenetic reactions, and cell differentiation. Finally,
changes in these signaling pathways cause the development of cancer. Here we consider the main targets of
oncogenes and tumor suppressor genes.
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Table 1. Some changes in protooncogenes typical for human tumors
Protooncogene

Function of protein

Changes

Tumors*

RET (GDNF-R)

receptor tyrosine kinase

a) point activating mutations;
b) recombinations that form
chimeric genes Ret/ptc encoding
permanently activated receptor

syndromes of multiple endocrine neoplasms (MEN2a,
MEN2b), medullar* and
papillary cancers of thyroid
gland

ERBB1 (EGF-R)

receptor tyrosine kinase

gene amplification and overexpression

glioblastomas and
neurogenic tumors

ERBB2 (HER2)

receptor tyrosine kinase

gene amplification and/or overexpression

breast cancer

PDGF-Rβ

receptor tyrosine kinase

chromosome translocations forming chimeric genes TEL/PDGFRβ, CVE6/PDGF-Rβ encoding
permanently activated receptors

chronic
myelomonocyte
leukemia, acute myeloblast
leukemia

SRC

non-receptor tyrosine kinase

mutations in codon 531 abolishing negative regulation of kinase
activity

later stages of some large
intestinal tumors

K-RAS, N-RAS, H-RAS

involved in mitogen signal
transduction and regulation
of morphogenetic reactions

mutations in codons 12, 13, 61
causing formation of permanently activated GTP-bound
form of Ras

60-80% of cases of pancreas
cancer; 25-30% of cases of
various solid tumors and
leukemias

PRAD1/cyclin D1

regulates cell cycle

gene amplification and/or overexpression

breast cancer and salivary
gland cancer

C-MYC

transcription factor, regulates
cell cycle and telomerase
activity

a) chromosome translocations
positioning gene under control
of regulatory elements of immunoglobulin genes;
b) gene amplification and/or
overexpression; mutations stabilizing protein

a) Burkitts lymphoma;

other

b) many forms of neoplasms

CTNNB1
(β-catenin)

a) transcription factor, regulates c-MYC and cyclin D1;
b) participates in formation
of adhesion contacts via binding to cadherin

mutations leading to increase in
E-cadherin-unbound β-catenin
which functions as transcription
factor

hereditary adenomatous polyposis of large intestine; various forms of sporadic
tumors

BCL2

inhibits apoptosis by regulating permeability of mitochondrial and nuclear membranes

chromosome translocations positioning gene under control of
regulatory elements of immunoglobulin genes

follicular lymphoma

ABL

regulates cell cycle and apoptosis

chromosome
translocations
leading to formation of chimeric
genes BCR/ABL; their products
stimulate cell proliferation and
inhibit apoptosis

all chronic myeloid leukemias, some acute lymphoblast leukemias

MDM2

inactivates tumor suppressors
p53 and pRb

gene amplification and/or overexpression

some osteosarcomas and
soft tissue sarcomas

* Hereditary forms of tumors that appear during mutations in sex cells are underlined. In other cases mutations occur in somatic cells in which
tumors are formed.
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Table 2. Forms of human tumors that appear during inactivation of some tumor suppressors and mutator genes
Gene

Protein function

Tumors*

p53

transcription factor; regulates cell cycle and
apoptosis, controls genome integrity

Li-Fraumeni syndrome and most forms of
sporadic tumors

INK4a /ARF

inhibition of Cdk4**, activation of p53**

hereditary melanomas and many sporadic
tumors

Rb

controls transition to S-phase by regulating
transcription factor E2F activity

hereditary retinoblastomas and many forms of
sporadic tumors

TbR-II

second type of cytokine TGF-β receptor

hereditary and sporadic large intestine cancers

SMAD2,
SMAD3

involved in signal transduction from activated
TGF-β receptor to Smad4

cancer of large intestine, lung, and pancreas

SMAD4/DPC4

transcription factor; realizes effect of TGF-β
leading to activation of inhibitors of Cdk
p21WAF1, p27KIP1, p15INK4b

juvenile hamartomatous polyposis of stomach
and intestine; various forms of sporadic
tumors

E-cadherin

involved in intercellular communications; initiates signal transduction activating p53, p27KIP1

hereditary stomach cancers and many forms of
sporadic tumors

APC

binds and destroys cytoplasmic β-catenin; prevents formation of transcription complexes βcatenin/Tcf

hereditary adenomatous polyposis and sporadic tumors of large intestine

VHL

suppresses expression of VEGF (vascular
endothelium growth factor) gene and hypoxiaactivated genes

von Hippel-Lindau syndrome (multiple
hemangiomas), clear-cell carcinoma

WT1

transcription factor; modulates expression of
p53-responsive genes by binding to p53

hereditary nephroblastomas (Wilmss tumor)

PTEN/MMAC1

phosphatase; stimulates apoptosis by inhibiting PI3K-PKB/Akt signaling pathway activity

Couden disease (multiple hamartomas); many
sporadic tumors

NF1
(neurofibromin)

protein of GAP family; converts active ras
oncogene into inactive form

neurofibromatosis of the first type

NF2(merlin)

involved in membranecytoskeleton interactions

neurofibromatosis of the second type; sporadic meningiomas, mesotheliomas, and other
tumors

BRCA1

increases activity of p53 and other transcription factors; is involved in recognition and/or
DNA repair by binding to RAD51

hereditary breast and ovary tumors; various
forms of sporadic tumors

BRCA2

transcription factor possessing histone acetyltransferase activity; is involved in DNA repair
by binding to RAD51

hereditary breast and ovary tumors; various
forms of sporadic tumors

MSH2, MLH1,
PMS1, PMS2

DNA mismatch repair

nonpolypous cancer of large intestine and
ovaries; many sporadic tumors

* Hereditary forms of tumors that appear during mutations in sex cells are underlined.
** Locus INK4a/ARF encodes two proteins: p16INK4a (inhibitor of cyclin-dependent kinases Cdk4,6) and p19ARF (product of Alternative
Reading Frame, ARF) that binds to p53 and Mdm2 thus blocking their interaction and preventing p53 degradation [13, 14]. Deletions and
many point mutations in locus INK4a/ARF simultaneously cause inactivation of suppressor activities of these both proteins [15].
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1. ONCOGENES AND TUMOR SUPPRESSOR
GENES IN REGULATION OF THE CELL CYCLE
Over-proliferation of certain cells is a basis for
tumor formation and therefore impairments of regulation of the cell cycle are inalienable and basic signs of
tumor cells. Activities of sequential cyclin-dependent
kinases are the motor of the cell cycle [16] (Fig. 1).
Each cyclin-dependent kinase (Cdk) is a catalytic subunit of the holoenzyme complex that requires the presence of the activating subunit, cyclin, for manifestation
of catalytic activity. Regulation of Cdk activity occurs
via directed changes of certain cyclins during cell cycle
phases. The activity of Cdk is also regulated by phosphorylation. In the active forms cyclinCdk complexes
phosphorylate regulatory proteins that control running
of a given phase.
Many oncogenes and tumor suppressor genes regulate one or another cyclinCdk complex. Their protein
products increase the activity of cyclin-dependent
kinases responsible for initial steps of the presynthetic
phase G1 (complexes of cyclins D1-D3 with Cdk4 or
Cdk6 depending on cell type) and transition of G1 into
S phase of DNA synthesis (cyclin ECdk2) (Fig. 1).
Some protooncogenes and tumor suppressors regulate
activity of complexes cyclin ACdk2 (required for DNA
replication) and cyclin BCdk1 (responsible for the
transition of G2 phase to mitosis; another name of
Cdk1 is Cdc2).
Tumor suppressor pRb and Rb-like proteins p105
and p130 are the main substrates for cyclin DCdk4
and cyclin DCdk6 complexes. In non-proliferating
cells and in cells at early G1 phase, pRb and its
homologs are dephosphorylated [17]. In this state they
bind and block transcription complexes E2FDP (E2F1, -2, -3, -4, -5 and DP-1, -2, -3) regulating the expression of some genes whose products are required for the
beginning and passage of S-phase. In particular
E2FDP regulate expression of genes of thymidine
kinase, dihydrofolate reductase, cyclin E, cyclin A,
PCNA (proliferating cell nuclear antigen), DNA-polymerase α, etc. [18]. Binding of proteins of the E2F family with pRb inhibits their transcription activity.
Mitogen signals by growth factors initiate pRb phosphorylation by the cyclin DCdk4 complex (or cyclin
DCdk6) in the middle G1 phase, and this causes
release of transcription factors E2FDP from complexes with pRb and their activation [17]. The latter results
in stimulation of transcription of the cyclin E gene and
activation of cyclin ECdk2 complexes that also phosphorylate pRb. Thus, a regulatory loop is formed. It
maintains the activity of transcription factors E2FDP
and their responsive genes that are involved in DNA
replication (Fig. 2). After termination of S phase, pRb
is dephosphorylated and in this state it blocks the activity of E2FDP. Initiation of the next S phase requires a
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new mitogenic stimulus that will activate complexes
cyclin DCdk4,6. Thus, tumor suppressor pRb plays a
key role in the regulation of the transition of the cell
into the S phase.
Products of many oncogenes are components of
signaling pathways responsible for activation of cyclin
DCdk4,6 and cyclin ECdk2 complexes by growth factors and/or cell adhesion to extracellular matrix proteins (Fig. 2). For example, growth factor receptor
binding induces dimerization and autophosphorylation
of these receptors (one dimer subunit phosphorylates
tyrosine residues of its counterpart). This links receptor
tyrosine kinases with many signaling proteins that contain SH2 domains and bind phosphotyrosine. For
example, activated receptors of platelet-derived growth
factor Rβ (PDGF-Rβ) interact with SH2 domains of
such proteins as phosphatidylinositol-3'-kinase (PI3K)
(see review by M. A. Krasilnikov in this issue), phospholipase C (PLC)-γ1, latent forms of STAT transcriptional factors and adapter protein Grb2 which is
involved in signal transduction to Ras proteins [19-21].
Binding of each of these proteins with receptor phosphotyrosines causes activation of intersectional signaling pathways, which terminates in the nucleus by activation of transcriptional factors and specific gene
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Fig. 1. Transition via the cell cycle is determined by sequential
activation of various cyclinCdk complexes. Most of them
are targets of the activating effect of oncogenes or inhibitory
effect of tumor suppressors.
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Fig. 2. Products of many protooncogenes and tumor suppressor genes regulate the activity of cyclin-dependent kinases phosphorylating
pRb. Phosphorylation of pRb and its binding to a number of viral oncoproteins induces release and activation of transcription complexes E2FDP. They increase expression of genes whose products are necessary for passage of the S phase.

expression (Fig. 2). In particular, Grb2-induced transition of Ras proteins into their activated (GTP-bound)
state leads to stimulation of a number of its effectors
including serinethreonine type kinases Raf* and
MEKK triggering MAP (mitogen activated protein)
kinase cascades [20, 22]. End product of these cascades,
ERK (MAPK), p38, and JNK (SAPK) are translocated
from the cytoplasm into the nucleus where they phosphorylate and activate many substrates including such
transcriptional factors as Elk1, Ets1*, Ets2*, Jun*,
ATF2, Tcf, etc. This causes activation of other transcription factors. For example, formation of complex
between Elk1 and SRF (serum response factor) initiates

transcription of genes containing in their promoter SRE
elements (e.g., transcription of FOS* gene)1.
Similar reactions are also observed on binding of
integrins (receptors mediating cell adhesion) with extracellular matrix proteins. Such interaction causes activation of autophosphorylation of FAK (focal adhesion
1

Here (see asterisks) and further in this paper modern conventional principles for denomination of protooncogenes
and their protein products have been employed. Genes are
printed in italics (human and animal genes are written in
capital and small letters, respectively) and their protein products are written in small standard letters with the first letter
capitalized.
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kinase). This results in the binding of FAK to the SH2
domain of the Src protooncoprotein followed by recruiting of adapter Grb2 protein, and activation of Ras and
MAP kinase cascades (Fig. 2) (see also review by A. G.
Tatosyan and O. A. Mizenina in this issue).
Increase of cyclin D1 gene expression (probably
mediated by proteins Jun, Ets1, Ets2 [21]) is the major
consequence induced by MAP kinase-activated transcriptional factors. Mitogenic signals increase Myc
expression that also results in an increase in the activity
of cyclin-dependent kinases operating in G1 phase
(cyclin DCdk4 and cyclin ECdk2). This is realized by
the following mechanisms: 1) Myc transactivates the
Cdc25a-phosphatase gene and this abolishes the
inhibitory phosphorylation of Cdk2 and Cdk4 at Thr-14
and Tyr-15; 2) Myc decreases expression of Cdk2
inhibitor, p27KIP1 [23-26]. Mechanisms of Myc activation by growth factors are poorly understood. It is suggested that this activation may be realized via Ras-independent signaling pathways activated by Src oncoprotein and via RasRafMAP kinase cascades inducing
activation of Ets1 and/or E2F (the promoter of the
MYC gene contains responsive elements for these transcriptional factors [22, 26]).
Many components of signaling pathways realizing
activation of cyclin-dependent kinases (and consequently stimulation of cell division) in response to effects of
growth factors are protooncogenes. Changes in their
structure (mutations) leading to a loss of control by negative regulatory factors and/or permanent increase in
expression convert these protooncogenes into oncogenes
[1, 3, 5]. Products of identified oncogenes represent all
hierarchical levels of mitogenic signal regulation [5]: 1)
growth factorsPDGF-β (Sis), FGF1, etc.; 2) receptor
tyrosine kinasesEGF-R (ErbB), HGF-R (Met), Ret,
etc.; 3) proteins of the Ras familyK-Ras, H-Ras, and
N-Ras; 4) Ras effectorsserine-threonine kinases Raf
and Mos; 5) transcriptional factorsJun, Ets1, Myc,
etc.; 6) cyclin D1 (Prad1). It seems that detailed analysis
of each neoplasm reveals changes of at least one of the
signaling pathway components (protooncogenes) causing permanent stimulation of cyclin-dependent kinases
and initiation of cell division irrespectively to the effect
of growth factors.
Interestingly, the CdkRbE2F signaling pathway is
controlled not only by pRb, but also by many other suppressor proteins (Fig. 2). Some of them are inhibitory subunits of Cdk (CKIs, Cdk inhibitors) realizing arrest of the
cell cycle in response to various extra- and intracellular signals [16]. Two CKIs families, Ink4 and Cip/Kip, have been
recognized. The former consists of four members including tumor suppressors p15INK4b and p16INK4a. Ink4 proteins possess relatively narrow specificity and bind Cdk4
and Cdk6; this prevents complex formation between
Cdk4,6 and D cyclins [16, 27]. The Cip/Kip family consists
of three members: p21WAF1/CIP1, p27KIP1, and p57KIP2. These
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proteins bind to (and inhibit) completely formed complexes cyclin DCdk4,6, cyclin ECdk2, and cyclin ACdk2.
Protein p21WAF1/CIP1 can also block the complex cyclin
BCdc2 responsible for proceeding of the G2-phase and
entrance into mitosis [16, 27]. Proteins p21WAF1/CIP1 and
p27KIP1 also realize effects of other suppressor proteins.
Protein p21WAF1/CIP1 is one of the main targets for the
transactivating effect of p53 and, consequently, for suppressors involved in regulation of stability/activity of p53
(p19ARF, ATM, WT1) ([13, 14, 28, 29], see also paper by P.
M. Chumakov in this issue) or its transcriptional activity
(BRCA1 and p33ING1 [30-32]). BRCA1 and WT1 can also
activate p21WAF1/CIP1 via unknown p53-independent mechanisms [31, 33].
Protein p27KIP1 (as well as p15INK4b) is a key component of inhibitory signal transduction induced by TGFβ binding to its receptors (Fig. 2). Recently, activated
TGF-β receptors have been shown to phosphorylate
specific signaling effectors, proteins Smad2 and Smad3,
and this causes their binding with tumor suppressor
Smad4. The forming complexes are translocated from
the cytoplasm into the nucleus where they regulate transcription of specific genes, in particular genes of Cdk
inhibitors. This results in activation of both p21WAF1/CIP1
and p15INK4b [34-37]. The latter displaces p27KIP1 from its
complexes with Cdk4,6 and inhibits formation of their
complexes with D cyclins required for the proceeding of
the G1 phase (Fig. 1). Released p27KIP1 in its turn binds
and inhibits cyclin ECdk2 complexes responsible for
the beginning of the S phase. Increase of p21WAF1/CIP1
expression also results in inhibition of the activity of
cyclin DCdk4,6 and cyclin ECdk2 complexes. This
results in arrest of the cell cycle at the G0/G1 phase, and
the S phase does not begin (Fig. 3).
Overexpression of MYC or MDM2 oncogenes
overcomes the inhibitory effect of TGF-β [38]. If the
effect of Myc is related to activation of various Cdk via
the increase of Cdc25A expression [23] and stimulation
of p27KIP1 degradation [24], protein Mdm2 besides p53
degradation [13, 14] also causes pRb inactivation [39]
releasing active transcriptional complexes E2FDP.
Thus, overexpression of MYC or MDM2 protooncogenes and inactivating mutations in tumor suppressors
Smad4, p15INK4b, and pRb have one common consequence: cells rescue from the inhibitory effect of TGF-β
that is very important for development of epithelial
tumors, in particular cancers of the intestine and pancreas [40, 41].
Identification of another important signaling pathway which probably regulates the cell cycle in dependence on the conditions of the membrane and submembranous structures and which is frequently altered in
various human tumors [42] is one of brightest achievements of the two last years (Fig. 4). It was found that Ecadherin-unbound β-catenin can function as a transcription factor. In the cytoplasm it binds to another tran-
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Fig. 3. TGF-β binding to its receptor initiates formation of transcriptional complexes Smad4Smad2,3 which are translocated from the
cytoplasm into the nucleus. This results in activation of such targets as inhibitors of cyclin-dependent kinases p21WAF1/CIP1, p15INK4b, and
p27KIP1 that inhibits Cdk4,6 and Cdk2 responsible for the proceeding of the G1 phase and entrance into the S phase (see explanations in
the text).

scriptional factor, Tcf4, and β-cateninTcf4 complexes
are translocated into the nucleus and activate genes possessing special responsive elements. Genes of cyclin D1
[43] and MYC [44] are main targets for the transactivating effect of the β-cateninTcf4 complex. Tumor suppressor APC (its mutations cause the development of
adenomatous polyposis of the intestine) binds free cytoplasmic β-catenin; this is accompanied by β-catenin
degradation [45, 46]. Thus, APC inactivation stimulating formation of β-cateninTcf4 complexes increases
transcription of genes of cyclin D1 and MYC; this
results in activation of cyclin-dependent kinases responsible for the proceeding of the G1 phase and entrance
into the S phase (Fig. 4). Mutations of β-catenin increasing its stability in the cytoplasm result in the same con-

sequences (such mutations were recognized in patients
with familial polyposis without mutations of APC [43,
47]; most mutations were found in β-catenin sites phosphorylated by glycogen synthase kinase-3β, GSK-3β). A
similar situation was also observed during activation of
WNT1 (Wingless/INT1) protooncogene (Fig. 4).
Binding of its product Wnt1 (a member of a family of
cysteine-rich glycosylated signaling proteins) with receptor (Frizzled) induces translocation of cytoplasmic Dsh
protein to the membrane where it inhibits GSK-3β
kinase activity; the latter phosphorylates β-catenin and
APC and stimulates their binding and β-catenin degradation. Thus, Wnt1-induced inhibition of GSK-3β activity is accompanied by stabilization and increase of the
intracellular concentration of cytoplasmic β-catenin;
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text).

this increases the probability of formation of active transcriptional complexes of β-catenin with factors of the
Tcf/Lef1 family [48]. It is possible that mutations in the
E-cadherin gene can be responsible for stimulation of
signaling pathways realized by transcriptional activities
of β-catenin.
In conclusion we should note that most known protooncogenes and tumor suppressors somehow regulate
activity of cyclin-dependent kinases responsible for
entrance to the S phase of the cell cycle. Products of
some cellular (Mdm2) or viral oncogenes (e.g., T-antigen of SV40 virus, E1A adenovirus, E7 HPV, etc.) bind
and inactivate the main substrate of such CdkpRb.
Apparently, impairments in signaling pathways →
Cdk2,4,6 → pRb → E2F/DP are necessary precondition
for the appearance of constantly proliferating neoplastic
cells.
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IN REGULATION OF APOPTOSIS
Involvement in control of apoptosis (programmed
cell death) is another important point for regulatory
activities of oncogenes and tumor suppressors.
Apoptosis can be induced by various signals such as
receptor binding of specific killer ligands, a deficit of
growth/rescue factors, damage to DNA and cytoskeleton, hypoxia, and other unfavorable conditions (see
reviews [49-52]). Two main phases have been recognized
in apoptosis: induction and execution. The latter is realized via activation of caspases, a family of cysteine proteases that cleave their substrates at aspartate residues.
The so-called effector or executing caspases 3, 6, 7
catalyze degradation of key substrates such as
DFF45/ICAD, nuclease DFF40/CAD inhibitor (caspase
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3 substrate), lamins, nuclear cytoskeleton proteins (caspase 6 substrates), etc. and this results in DNA fragmentation and cell destruction [52]. Caspases exist in the
cytoplasm as proenzymes; their activation into functional proteases occurs via proenzyme cleavage into small
and large subunits and their subsequent cleavage of Nterminal domains. Mature subunits form tetramers with
two active sites [49, 52]. Various proteases including
other caspases are involved in proteolytic activation of
procaspases.
Activation of caspases 3, 6, 7 is thought to be realized via at least two completely different signaling pathways [49, 52] (Fig. 5). The first is initiated by specific
receptor binding of killer molecules (Fas-ligand, TNF-α,
etc.) that results in recruiting of adapter proteins and
procaspases, in particular procaspase 8. Aggregation of
procaspase 8 molecules can initiate their autoprocessing
(self-cleavage) and formation of active caspase 8 that in
turn processes executing caspases. An alternative
mechanism of cleavage of caspases 3, 6, 7 involves caspase 9 that is activated during release of AIF (apoptosis
inducing factor) protease and/or cytochrome c from
mitochondria. Cytochrome c stimulates procaspase
binding to Apaf1 protein (a homolog of CED-4 protein
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in C. elegans) and consequent formation of procaspase 9
aggregates and their autoprocessing to the active forms.
Proteins of the Bcl2 family regulate the permeability of
the mitochondrial membrane for AIF and cytochrome c.
This family of structurally related proteins consists of
more than twenty members including bcl2 and bcl-x protooncogene products that can block apoptosis and
tumor suppressor Bax that on the contrary can induce
apoptosis [53-55]. Antiapoptogenic molecules Bcl2 and
Bcl-x are suggested to be localized on mitochondrial
membranes and block channels responsible for the
release of cytochrome c and/or AIF from mitochondria.
Apoptogenic signals initiate translocation of Bax from
cytoplasmic compartments to mitochondrial membranes, where it interacts with integral protein of the
outer mitochondrial membrane, VDAC. This stimulates
opening of a channel secreting cytochrome c. Bax also
forms complexes with proteins Bcl2 and Bcl-x, and this
probably opens the closed channels [54, 55]. Other
proapoptotic proteins of the Bcl2 family (Bak, Bad, Bid,
etc.) possibly exert similar effects [53, 55].
If Bcl2, Bcl-x, and Bax directly control release of
apoptogenic molecules from mitochondria, other protooncogenes and tumor suppressors regulate activity of
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Fig. 5. Involvement of oncogenes and tumor suppressors in regulation of apoptosis (see explanations in the text).
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these and other proteins of Bcl2 (Fig. 5). Tumor suppressor p53 is one of the most potent regulators. Being
activated in response to various unfavorable treatments
(DNA damage, hypoxia, loss of cell contacts with substrate, permanent uncontrolled stimulation of mitogenic
signal and many others [13, 14, 56-58]) (see also paper by
P. M. Chumakov in this issue), p53 simultaneously activates BAX gene expression and BCL2 gene repression at
the transcriptional level [57, 59]. p53 also increases
expression of the PIG genes; their products induce
oxidative stress that can cause impairment in permeability of mitochondrial and nuclear membranes [60]. p53
can transactivate some killer receptors, in particular Fas
and KILLER/DR5 [57, 61, 62]. Thus, p53 activation
provides a potent apoptogenic signal and various mechanisms of induction of executive caspases are involved
in its realization. It is important to emphasize that p53dependent apoptosis eliminates from the organism no
only damaged cells, but also cells with uncontrolled
stimulation of proliferation induced, for example, by
constitutive activation of the MYC oncogene and/or
transcriptional factor E2F. Stabilization of p53 during
oncogene activation is related to E2F-induced increase
in transcription of the p19ARF gene and its protein product prevents Mdm2-dependent degradation of p53 [13,
14] (see also paper by P. M. Chumakov in this issue). It
is clear that inactivating mutations of p53 or p19ARF that
impair operation of this protective mechanism will
increase the probability of appearance of constantly
proliferating cell clones and, therefore, the probability
of subsequent development of tumors.
Constitutive expression of Ras oncogenes simultaneously initiates apoptogenic and antiapoptogenic signals. The former are due to the activation of the
RasRafMAPKE2Fp19ARFp53 signaling pathway
[63]. The latter are related to the action of Ras effectors:
Raf protein (which phosphorylates and inactivates the
proapoptotic protein Bad, a member of Bcl2 family) and
PI3K (phosphoinositol-3-kinase) [21, 51, 63, 64] (see
also review by M. A. Krasilnikov in this issue).
Antiapoptotic effects of PI3K are due to its activation of
serinethreonine protein kinase PKB/Akt (which was
originally identified as an oncogene of retrovirus AKT8
inducing T-cell lymphomas in AKR mice). This kinase
blocks apoptosis via several mechanisms [65] (Fig. 5). A
PKB/Akt like Raf protein can phosphorylate and inactivate Bad protein. By suppressing the function of DAF16 protein, a transcriptional factor of the Forkhead family, PKB/Akt can inhibit production of certain killer
molecules (e.g., Fas-ligand). PKB/Akt has recently been
shown to activate transcriptional factors of the Rel/NFκB family [65] that can inhibit apoptosis via several
pathways (Fig. 5). (These factors are homologs of viral
v-Rel oncoprotein; amplifications and rearrangements
of their genes are typical for many human tumors [66]).
In particular PKB/Akt transactivated gene encoding
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A1/Bfl1 protein (a member of Bcl2 protein family) that
inhibits release of cytochrome c and/or AIF from mitochondria [67]. NF-κB also increases expression of
inhibitors of apoptosis, IAP1 and IAP2, which are members of the IAP (inhibitors of apoptosis) family of proteins blocking functions of caspases 3, 6, 7, 8, 9 [66]. This
clarifies one of the protective functions of the PTEN
tumor suppressor (its inactivation has been recognized
in gliomas, breast and prostate cancers, and inborn
mutations cause the development of syndrome of multiples hamartomas [68], Table 2): PTEN protein possessing tyrosine phosphatase activity suppresses the antiapoptogenic effects of the PI3KPKB/Akt signal [69].
Neoplastic cells are characterized by impairments in
functioning of other tumor suppressors that exert positive regulation on apoptosis. For example, the development of chronic myeloid leukemia is caused by chromosome translocation t(9; 22) that results in formation of
the chimeric BCR/ABL gene. Such rearrangement simultaneously results in two important consequences: 1) a
sharp increase in tyrosine kinase activity of Abl protein
leading to stimulation of mitogenic and anti-apoptotic
signals realized via Ras-signaling pathways [70, 71] and
an increase in integrin synthesis providing better cell
adhesion to the extracellular matrix [72]; 2) inactivation
of apoptogenic activities of Abl [73-75] apparently due
to its involvement in positive regulation of JNK kinase
(another name SAPK, stress activated protein kinase)
which can suppress activity of Blc2 and activate p53
(Fig. 5). There are some indications that protein Abl can
directly bind p53 and modify its proapoptotic function
[57, 65, 75].
Chromosome translocation t(15; 17) observed in
most cases of acute promyelocytic leukemia results in
connection of the gene of the retinoic acid receptor
(RAR-α) with the tumor suppressor PML gene [3, 12,
76] (its product forms specific matrix-associated bodies
in the nucleus). The chimeric protein product of the
PML/RAR-α gene is suggested to inactivate apoptogenic functions of normal PML protein via a dominant
negative mechanism by forming heterodimers with it.
The mechanisms of induction of apoptosis during PML
overexpression are not completely understood. PML is
involved in the activation of caspases 1, 3 and in recruiting of protein Bax at apoptosis induced by TNF-α,
interferons 1 and 2, Fas activation, and also by DNA
damage [77, 78]. Besides regulation of apoptosis, PML
also controls proliferation and differentiation of
myeloid precursors. Activation of p21WAF1/CIP1 responsible for retinoic acid-induced arrest of the cell cycle was
shown to be realized by PML [79]. Thus, expression of
the chimeric protein PML/RAR-α induces inactivation
of normal functioning of PML protein and like
rearrangement of the BCR/ABL gene it simultaneously
results in changes in cell cycle control and in partial
blockade of induction of apoptosis. However, it should
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be noted that in contrast to BCR/ABL, rearrangement
of PML/RAR-α also blocks differentiation (see section
8). Multidirectional effects of hybrid molecules result in
the appearance of cells with increased proliferative
potential and resistance to negative regulatory signals
and/or unfavorable environmental conditions. Such
changes are suggested to be sufficient for the development of some forms of hemoblastoses. Actually,
rearrangements BCR/ABL or PML/RAR-α are the only
genetic changes that are frequently recognized in chronic myeloid and acute promyelocytic leukemias, respectively [3, 12].
However, development of malignant solid tumors
(cancers, sarcomas, etc.) also requires other changes
which first of include: impaired interactions with adjacent cells and extracellular matrix, loss of contact inhibition of reproduction, increased locomotor activity
responsible for invasion into the surrounding and other
tissues, tumor neovascularization promoting its nutrition. Thus, it is not surprising that a number of mutations and other genetic abnormalities recognized in solid
tumor cells are usually higher than in leukemic cells. The
number of genetic reorganizations may reach a few tens.
It is clear that the usual rate of mutations cannot
account for appearance of numerous mutations within
one cell. So, before we start to analyze the role of protooncogenes and tumor suppressors in the regulation of
morphogenetic reactions of a cell and neoangiogenesis,
let us consider mechanisms underlying the appearance
of genetic instability, another important characteristic
feature of the neoplastic cell.
3. PROTOONCOGENES
AND TUMOR SUPPRESSORS IN CONTROL
OF GENETIC STABILITY
Suppression of induction of apoptosis (observed in
neoplastic cells) increases viability of cells exposed to
DNA-damaging treatments and therefore increases the
probability of preservation of new genetic defects.
However, more specialized systems of control of genome
integrity exist in the cell, and impairments in their operation are also typical for tumor cells.
Systems controlling genome integrity can be subdivided into two groups: 1) repair systems which recognize
and correct errors leading to changes in nucleotide
sequence in DNA; 2) systems of cell cycle control which
prevent subsequent proliferation in cells in which
changes in structure or number of chromosomes occur.
Changes in repair systems are obviously typical for
a relatively small proportion of tumors. However, they
can play decisive role in the development of certain
tumors. For example, inborn defects of genes whose
products are responsible for excision repair of DNA
cause pigment xeroderma, a syndrome characterized by

the development of multiple tumors of skin exposed to
solar irradiation [80]. In spite of involvement of excision
repair in correction of defects induced not only by UV
irradiation but also by various mutagens/carcinogens
[81, 82], the frequency of appearance of other tumors
remains almost unchanged. Transgenic mice with the
same defects of excision repair system are characterized
by an increased rate of tumor induction in internal
organs by various chemical carcinogens [82]. Preferential appearance of skin tumors in patients with pigment
xeroderma may indicate an insignificant role of environmental chemical contaminants in the development of
human tumors [83].
Inborn defects of another repair system involved in
mismatch repair during DNA replication cause Lynch
syndrome. The development of large intestine tumors
(so-called hereditary non-polypous colonorectal cancer)
and/or ovarian tumors is a characteristic feature of this
syndrome [83-86]. (Preferential development of these
particular intestinal tumors with defects in this repair
system is probably related to extremely high proliferative potential of cells at the bottom of the intestinal
crypts, which is inevitably accompanied by increased
rate of replication mistakes.) Four genes, MSH2,
MLH1, PMS1, and PMS2, in which inactivating mutations cause this syndrome have been identified [84-86].
Easily detectable instability of micro-satellite DNA
sequences is a marker of inactivation of any of them [83,
87]. Impairments in mismatch repair system are also typical for some forms of sporadic (non-hereditary) tumors:
they are recognized in 13-15% of large intestine tumors
and cancers of the stomach and endometrium; in other
tumors they are found in only <2% [83].
Impairments in double-strand break repair, which
are due to homologous recombinations, are suggested to
result in the development of certain tumors as well. Data
showing that germinal mutations of suppressor proteins
BRCA1 and BRCA2 are responsible for hereditary
forms of breast and ovary cancer support this idea [85,
86, 88]. Normal proteins BRCA1 and BRCA2 can form
complexes with protein RAD51, a homolog of bacterial
protein RecA responsible for homologous recombination, whereas inactivation (knockout) of BRCA1 and
BRCA2 genes causes a sharp increase of sensitivity to γirradiation [89-91]. However, it is still unclear whether
carcinogenesis is actually due to impairment of these particular functions of BRCA1 and BRCA2 and not by
some other activities of these proteins. It should be noted
that repair of double-strand DNA breaks occurs at certain periods of the cell cycle, and arrest at these periods
sharply increases the efficiency of the repair process. It is
possible that the ability of protein BRCA1 to increase
expression of p21WAF1/CIP1 via p53-dependent and p53independent mechanisms [30, 31] and to suppress the
transactivation effect of Myc protein [92] is directed
toward the arrest of the cell cycle in damaged cells.
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If impairments of repair systems and related
nucleotide instability are involved in the development
of a relatively small number of certain tumors, chromosome instability resulting in impairments of normal
regulation is typical for the overwhelming majority of
solid tumors. The existence of so-called checkpoints has
been postulated in the cell cycle; their passing is possible
only in the case of normal completion of previous stages
and lack of breakage. At least four such points have
been distinguished: in G1, S, G2, and also a spindle
assembly checkpoint in mitosis [27, 93-95].
Checkpoint at G1. The intactness of DNA is a main
requirement for the cell to enter the S phase because
replication of damaged DNA will lead to transmission of
genetic abnormalities to offspring. So a cell exposed to
mutagenic treatments inducing DNA breaks (UV and γirradiation) stop in G1 and do not enter S phase [95, 96].
Arrest at G1 is observed not only after DNA damaging
treatments but also under other conditions accompanied
by changes in chromosome number in the uncompleted
previous cell cycle if it did not end by mitosis (chromosome disjunction) [97]. Arrest at G1 is also observed on
incorrect chromosome segregation during mitosis which
results in micronuclei formation [98] and also on microtubule destruction which may induce subsequent impairments in mitosis [99]. Arrest at G1 may be irreversible (as
in the case of γ-irradiation [100]) or reversible, which terminates with termination of the effect of the stop-inducing factor: on restoration of the normal nucleotide pool
[56, 101] or microtubule system [98].
Checkpoint at S phase. This checkpoint monitors
the correctness of DNA replication. In particular, arrest
at a certain period of the S phase is observed at
nucleotide deficit in cells that did not stop for some reason at G1 [102].
Checkpoint at G2. DNA damage and other impairments induce arrest of cells not only at G1 and S, but
also at G2 phase of the cell cycle. This allows revealing
damages that were either missed during passage through
previous checkpoints or acquired during previous stages
of the cell cycle. Arrest at G2 phase also allows detection
of the completeness of DNA replication, and cells in
which DNA are under-replicated do not enter mitosis
[103].
Spindle assembly checkpoint. To avoid incorrect
chromosome distribution, cells stop at metaphase until
all kinetochores are attached to microtubules.
Disruption of unattached kinetochores by laser pencil
initiates the beginning of anaphase [104] when delay of
chromosomes that are not attached to the spindle occurs
and micronuclei are formed from them. Changes of
interactions between kinetochore associated proteins,
BUB1, BUBR1, MAD1, and MAD2 play a certain role
in induction of this stop in metaphase [105, 106].
Tumor cells are characterized by changes in the cell
cycle checkpoints that are either sensors of changes or
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effectors realizing cell cycle arrest. For example, inactivation of spindle-assembly checkpoint due to impaired
functions of MAD1 or MAD2 is observed in some cases
of breast cancer and T-cell leukemias induced by HTLV1 virus (MAD1 is the direct target of viral oncoprotein
Tax). Mutations of genes BUB1 and BUBR1 have been
recognized in some cases of large intestine cancers [83,
105]. However, dysfunction of some tumor suppressors
and protooncogenes, in particular p53, pRb, Myc, and
Ras, has greater importance for inactivation of cell cycle
checkpoints (Fig. 6).
p53 is a key component for some checkpoints. As
indicated above (see section 2), it is activated in response
to various unfavorable treatments that result in genetic
abnormalities: DNA breaks [28, 59], deficit of
nucleotide pool [56], disruption of microtubules [98],
lack of chromosome segregation at mitosis [97] or its
incorrect terminations resulting in micronuclei formation [98]. DNA protein kinase and/or protein ATM
(ataxia-telangiectasia mutated) are sensors of DNA
damages. They can recognize free DNA ends and also
phosphorylate p53 at Ser-15; the latter prevents binding
of p53 to Mdm2 and its transport from the nucleus and
degradation [14, 28]. Sensors of other abnormalities and
pathways for their signaling to p53 are not clear.
Activation of p53 has a few consequences: change
in expression of BAX, BCL2, and other genes controlling apoptosis (see previous section) and expression of
p21WAF1 and GADD45 (growth arrest and DNA damageinduced) which stop the cell cycle [56, 57, 59]. This will
promote elimination of cells with genetic defects by
induction of apoptosis or arrest at G1, G2, or sometimes
at S phase of the cell cycle. The choice between these two
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Fig. 6. Cell cycle checkpoints and involvement of some tumor
suppressors and oncogenes in their regulation (see explanations in text).
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possible reactions of the cell on p53 activation (apoptosis or cell cycle arrest) is determined by many factors:
histogenetic type of cell (cell cycle arrest is more typical
for normal fibroblasts, whereas apoptosis dominates in
lymphocytes), degree of p53 activation (increase of its
expression increases probability of apoptosis), functional activity of p21WAF1pRbE2F signaling pathway
responsible for arrest at G1 (apoptosis is observed in
fibroblasts with inactivated p21WAF1 or pRb), etc. [56,
57, 59]. A point of cell cycle arrest is determined by a
phase of the cell cycle in which increased expression of
p53 occurred in a given cell [107] and a factor provoking
this activation [56]. Impaired functions of p53 typical for
most human tumors significantly attenuate controlling
functions of the cell cycle checkpoints and simultaneously inhibit induction of apoptosis [106, 108]. Together
with some other consequences of p53 dysfunction (loss
of mechanism limiting formation of additional centrosomes [109]) these impairments sharply increase the
probability of appearance of proliferating cells with
spontaneous or induced genetic abnormalities: changes
of chromosome number [110-112], breaks and recombination of chromosomes [110, 112, 113], amplification of
certain genes [112, 114-116]. Restoration of normal
functioning of p53 in cells with its insufficiency reduces
the rate of appearance of genetic abnormalities [111].
Genome destabilization is also observed during dysfunction of other tumor suppressors, in particular pRb.
However, in this case the rate of appearance of genetic
changes and their spectrum in proliferating cells are significantly lower than in cells with p53 dysfunction
because pRb inactivation attenuates only the operation of
the checkpoint at G1 (Fig. 6) and insignificantly influences the checkpoint at G2. Inactivation of pRb also does
not block p53-dependent apoptosis in abnormal cells.
Activation of some protooncogenes may also attenuate the operation of the cell cycle checkpoints (Fig. 6)
and consequently increase genetic instability. For example, Myc overexpression allows overcoming the inhibiting effect of p21WAF1 on the cyclin DCdK4 and cyclin
ECdk2 complexes, thus abolishing arrest at G1 induced
by p53 activation. Ras hyperfunction can also attenuate
operation checkpoints at G1 and G2 and induced genetic instability. However such effects are realized only in
cells characterized by certain abnormalities in p53-regulated signaling pathways [117].
Thus, changes of tumor suppressors (inactivation of
p53, pRb, and, possibly, p16INK4a-p19ARF) and/or protooncogenes (activation of Myc, Ras, and others), which
are often observed in human tumors to result in dysfunction of the cell cycle checkpoints and genome instability. Tumor cells are also characterized by changes in
some other genes responsible for maintenance of
genome integrity. Moreover, inborn inactivating mutations not only of p53 or pRb but also some other genes
of repair systems always result in the development of

certain tumors. This suggests an important role of genetic instability in the genesis of tumors and/or their subsequent progression. Although increased genome instability is not ultimately required for oncogenesis, it is ultimately required for the appearance of a sufficient number of mutations in one cell that determine malignant
growth of solid tumors. Creating heterogeneity of the
cellular population of genetic instability constantly provides material for selection of more and more
autonomous and aggressive cells.
4. ONCOGENES, TUMOR SUPPRESSORS
AND IMPAIRMENTS OF MORPHOGENETIC
REACTIONS OF CELLS
Asocial behavior is a characteristic feature of
neoplastic cells. First of all this is related to dysfunction
of normal morphogenetic reactions: loss of contact inhibition of reproduction, acquisition of proliferative ability irrespectively to substrate adhesion, changes of adhesive interactions, shape and motility of cells, etc. These
impairments together with other properties (ability to
secrete proteolytic enzymes and angiogenic factors) predetermine the invasive character of growth (penetration
into surrounding normal tissues) and subsequent metastasizing (formation of secondary foci of tumor growth)
[118]. Changes in protooncogene and/or tumor suppressor functioning play a primary role in impairments of
these morphogenetic reactions (Figs. 7 and 8).
Contact inhibition of proliferation (establishment of
contacts with adjacent cells halts proliferation), a property of normal cells, is related to an increase in expression of tumor suppressors p16INK4a and p27KIP1 [37, 119,
120] and subsequent pRb dephosphorylation and blockade of entrance to S phase [17] (see section 1). Signal
transduction pathways from plasma membrane to
inhibitors of cyclin-dependent kinases are not clear. It is
known that the increase in E-cadherin expression in
epithelial cells induced by transduction of its gene is
accompanied by accumulation of p27KIP1 and growth
arrest [121]. Recently the existence of another pathway
of blockade of the cell cycle in response to formation of
intercellular contacts has been demonstrated.
Formation of an epithelial layer induces accumulation
of p53, whereas mutations of E-cadherin and/or uncoupling of intercellular contacts have the opposite effect:
they cause destabilization of p53 followed by abolishing
inhibitory effects of p21WAF1 on cyclinCdk complexes.
It is possible that the oncogenic potential of E-cadherin
mutations responsible for the development of hereditary
forms of stomach cancer and other tumors [122] is at
least partially due to changes of the cell cycle, apoptosis,
and genetic stability control [123].
Besides inactivation of tumor suppressors (E-cadherin, p53, p27KIP1, pRb) caused by mutations or bindBIOCHEMISTRY (Moscow) Vol. 65 No. 1
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Fig. 7. Changes in activity of suppressor proteins and protooncogene-regulated signaling pathways determining the dependence of cells
on substrate adhesion and contact inhibition of proliferation (see explanation in text).

ing to viral oncoproteins (pRb with E1A, E7, T-SV40;
p53 with E1B, E6, T-SV40; p27KIP1 with E1A, etc. [7, 10,
124]), hyperfunction of protooncogenes modifying the
activity of the CdkpRbE2F signaling pathway can
also result in the loss of contact inhibition of reproduction. This may be caused by increased Myc expression or
Ras protooncogene activation (the former induces
degradation of p27KIP1 and transactivation of Cdc25a,
the latter causes the degradation of p27KIP1 and increase
of cyclin D1 expression, see section 1).
Anchorage independence. Survival and proliferation
of most types of normal cells require anchorage to extracellular matrix. In detached cells growth factors cannot
activate cyclin ECdk2 complexes responsible for
entrance to the S phase [125]. Lack of adhesion interactions induces apoptosis in most cell types (this type of
apoptosis has a special term, anoikis) [126]. Suppression
of proliferation and induction of apoptosis in detached
cells may be related to p53 activation induced by lack of
both cell anchoring to substrate and signals from integrin receptors [58, 127]. Besides activation of
p53p21WAF1 pathway, the accumulation of p27KIP1
observed during lack of cell contacts with matrix [127,
128] is also responsible for blockade of cell entrance to S
phase. However, besides triggering of mechanisms of
negative proliferation control (blockade of entrance to S
phase and induction of apoptosis) in response to cell
detachment from matrix, independent mechanisms of
BIOCHEMISTRY (Moscow) Vol. 65 No. 1

2000

Activation of growth factor/motogen
receptors (Met, ErbB2, etc.)

Ras
RalGDS
Cdc42

PI3K

Raf

Mos

Rac
Por1 ?

PAK

MEK

MEKK
JNK

ERK

Transcription factors
(Jun, Fos, SRF, etc.)

Morphologic transformation and
stimulation of locomotion

Fig. 8. Oncogene-regulated signaling pathways responsible
for changes in morphology and locomotor phenotype of neoplastic cells (see explanations in text).

16

KOPNIN

positive regulation and cell proliferation also exist. They
are initiated by integrin binding to extracellular matrix
proteins and subsequent activation of non-receptor
FAK tyrosine kinase (focal adhesion kinase is a key
component of signal transduction from integrin receptors which physically interacts with the cytoplasmic
domain of the β-subunit of integrin [118, 126]). Integrin
binding to matrix and FAK activation are necessary for
mitogenic signal transduction from growth factor (EGF,
PDGF) receptors to terminal MAP kinases, ERK1/2.
(In detached cell growth factor signals are blocked at the
intermediary MAP kinase, MEK1, and by some
unknown reasons the latter does not phosphorylate its
targets, ERK1/2 [64]). The integrin receptors not only
transduce mitogenic signal (by Ras activation via
adapter protein Shc) but also suppress anoikis (apoptosis) via activation of the RasPI3KPKB/Akt signaling
pathway [126] (see section 2). The existence of a few
mechanisms determining the dependence of viability
and/or cell proliferation on binding to matrix may well
explain why acquisition of independence from adhesion
interactions typical for tumor cells requires several
events. Such events would allow overcoming suppressor
effects of p53 (mutations/deletions of this gene, MDM2
oncogene overexpression, etc.) and/or p27KIP1 (mutations/deletions of this gene, RAS and MYC oncogene
overexpression resulting in degradation of this protein)
and bypass inhibition of mitogenic signal at MEK1
kinase (for example, due to activation of proteins Src or
Myc, which induce activation of cyclin ECdk2 complexes) and also block anoikis via RasPI3KPKB/Akt.
Changes of form and motility of cells. Changes in cell
morphology are a typical property of tumor cells that is
used for microscopic diagnostics of malignant transformation. They are due to interrelated changes of
cytoskeleton and cellcell and cellextracellular matrix
interactions. They are expressed as impairments in formations of focal contacts, impaired attachment of cells
to matrix, disorganization of actin-microfilament system. This results in changes in the activity of pseudopodia and cell motility. The whole scenario is reminiscent
of changes that appear in normal cells during the action
of motogenic cytokines, factors stimulating cell motility.
However, so-called locomotor phenotype of neoplastic
cells is usually so exaggerated that it allows distinguishing tumor cell morphology and a normal moving cell.
Molecular mechanisms underlying the appearance of
locomotor phenotype both in normal cells under mitogenic stimuli and in neoplastic transformation are not
clear. Only some key points in cross-linking connections
of signal transduction pathways responsible for the
appearance of these changes have been recognized. Many
cytokines (e.g., HGF/SF, EGF, FGF, PDGF, IGF-1,
etc.) are mitogens and motogens simultaneously [118].
For example, HGF/SF (hepatocyte growth factor/scatter
factor) is a potent mitogen for hepatocytes and a motogen

for various epithelial cells (mammary gland cells,
endotheliocytes, etc.). The motogenic effect of HGF/SF is
determined by HGF/SF-induced stimulation of
RasRafMAPK signaling pathways; inhibition of
MEK1 functioning and blockade of signal transduction
to ERK1/2 abolishes the motogenic effect [129-131].
However, besides Raf activation, disconnection of E-cadherin intercellular contacts in epithelial cells and stimulation of their locomotion also requires simultaneous PI3K
activation, which can be induced via Ras-dependent and
Ras-independent pathways [130, 132]. Effectors of PI3K
responsible for realization of the motogenic effect remain
unknown. Although a basal level of Rac activity is necessary for cytoskeleton reorganization and disconnection of
intercellular contacts required for locomotion [132], neither PKB/Akt nor Rac can cause the motogenic effect
[130]. Decrease of fibronectin gene expression is one of
the most important effects induced by HGF/SF in soft tissue sarcoma cells; this can alter adhesion interactions with
matrix and locomotion [133]. Mutations in HGF/SF
receptor gene (protooncogene Met) leading to permanent
stimulation of its tyrosine kinase activity are oncogenic:
they can induced morphologic transformation of cultivated cells in vitro [134]. These mutations are also responsible for the development of hereditary papillar kidney cancer and some other human tumors (Table 1). Molecular
mechanisms of motogenic effects of other cytokines are
less studied; however, as in the case of HGF/SF they are
suggested to be related to stimulation of RasPI3K and
RasMAPK signaling pathways [135-139].
Constitutive expression of activated Ras oncogenes
in fibroblasts and epithelial cells induces a sharp
increase of locomotion activity and stable morphological changes typical for neoplastic cells [140, 141]. (It
should be noted that these were recognized only in cells
with abnormalities in p53- and/or p16INK4a-regulated signaling pathways; in other cases apoptosis or arrest at G1
reducing manifestations of Ras-induced morphological
changes [117, 142] can be induced in response to permanent Ras overexpression (see also paper by P. M.
Chumakov in this issue)). Several Ras effectors, first of
all Raf and GTPases of the Rho family (Rac, Cdc42,
Rho), are suggested to be responsible for manifestation
of morphological transformation and stimulation of
locomotion activity of neoplastic cells [20, 143] (Fig. 8).
As in the case of cytokine motogenic effects activation of
two signaling cascades, RasPI3KRac and
RasRafERK probably play a key role [20, 143-145].
Constitutive activation of either pathway can induce
fibroblast transformation. In fact, transduction of activated Rac1, Raf, Mos (which exerts Ras-like stimulation
of MEK1) or MEK1 can induce morphological transformation of rodent fibroblasts [146-150]. Blockade of
MEK1 or Rac functioning in Ras-transformed cells
results in partial reversion of morphological changes but
does not prevent transformation [148, 151]. However, in
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epithelial cells which are well transformed by Ras oncogene the activation of RafERK cascades is not sufficient for induction of morphologic transformation [149].
Expression of activated Rac acquires some signs of the
transformed phenotype to epithelial cells (formation of
lamellopodia and membrane ruffling [143, 152]); however, strong morphological transformation is apparently
achieved only during simultaneous activation of Racdependent and RafERK signaling pathways [144, 153].
Limited information about molecular events
responsible for morphological transformation during
activation of Rac and RafERK signaling pathways is
now available. Stimulation of MAP kinases ERK1/2
results in the activation of some transcriptional factors,
such as Elk1, Fos, and SRF. The stimulation of another
MAP kinase cascade (Fig. 8) resulting in activation of
transcriptional factors Jun and ATF2 by its end product
JNK is one of the most important consequences of Rac
hyperfunction. Thus, the RafERK and RacJNK signaling pathways regulate activity of transcriptional
complexes AP-1 (they consist of homodimers Jun/Jun or
heterodimers Jun/Fos) that are important for induction
of morphological changes. Oncogene Jun can induce cell
transformation [154, 155], whereas suppression of Jun
functioning is accompanied by reversion of transformed
phenotype [156, 157]. It is possible that the transforming
potential of Jun (AP-1) is related not to direct effect on
targets regulating adhesion interactions, organization of
cytoskeleton, and locomotion but to formation of an
autocrine loop due to stimulation of production of
growth factors/motogens (EGF, etc.) which activate Ras
and its effectors, in particular, Rac and other GTPases
of the Rho family (Cdc42, RhoA) responsible for morphological changes [155, 157] (Fig. 8). For example, it is
suggested that Rac provides formation of lamellopodia
and ruffling, and Cdc42 is involved in formation of
filopodia, whereas RhoA participates in formation of
focal contacts and stress fibers [143, 152].
The existing models consider formation of lamellopodia as a consequence of Rac-induced increase in
activity of Por1 protein [126, 152] and the appearance of
stress fibers as the result of Rho kinase-induced activation of myosin phosphatase. Focal contact formation is
considered to be the result of actin binding with
cytoskeleton proteins, prophylin and gelsolin, which is
stimulated by phosphatidylinositol bisphosphate (one of
the targets of Rho) [126, 152]. However, its remains
unclear whether all these reactions are due to signal
transduction solely among cytoplasmic proteins, or
whether changes in the activity of numerous transcriptional factors also contribute to these processes.
Thus, protooncogenes play the major role in morphological transformation and acquisition of locomotor
phenotype. Changes in their activity result in activation
of proteins of the Ras family and/or its effectors, PI3K,
Raf, and, perhaps, RalGDS. Apparently, only the comBIOCHEMISTRY (Moscow) Vol. 65 No. 1
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bination of protooncogene-induced changes in the regulation of activity of pseudopodia and assembly/disassembly of cytoskeleton and focal contacts with simultaneous change in activity of many transcriptional factors
finally provides acquisition of so-called completely
transformed phenotype causing aggressive cell proliferation. Manifestation of these changes also requires inactivation of tumor suppressors (p53, p19ARF, and/or
p16INK4a) protecting the organism against the appearance of cell clones with constantly activated RasMAP
kinase signaling pathways. Increased expression of some
other tumor suppressors, E-cadherin [118] and pRb
[158], also reduces manifestation of morphological
transformation and locomotion ability. Moreover, two
other most important signs of the neoplastic cell, attenuation of contact inhibition of proliferation and acquisition of substrate-independence depends on inactivation
of certain tumor suppressors: p53, p27KIP, Rb, and Ecadherin. So, it is clear that the appearance of changes of
morphogenetic reactions typical for tumor cells requires
a few genetic events (mutations) involving both tumor
suppressors and protooncogenes.
5. ONCOGENES AND TUMOR SUPPRESSORS
IN NEOANGIOGENESIS
Neoangiogenesis, capillary network formation
from endothelial cells lining small venules, is a necessary
precondition for subsequent growth of the tumor nidus
to 2-4 mm in diameter [118, 159]. The ability of neoplastic cells to stimulate proliferation and migration of
endothelial cells is apparently related to two main
events, termination of secretion of angiogenesis inhibiting factors (thrombospondins, etc.) and increase in
cytokine production. Cytokines are growth factors and
motogens for endotheliocytes (VEGF and also FGF,
EGF, TGF-α); their production is accompanied by an
increase in secretion and/or activity of proteases providing proteolysis of extracellular matrix and endotheliocyte invasion to the neoplastic tissue.
Inactivation of tumor suppressor p53 controlling
expression of some inhibitors and stimulators of angiogenesis plays a key role in formation of angiogenic phenotype of neoplastic cells. For example, genes of thrombospondins 1 and 2 are targets for the transactivating
effect of p53 [160, 161]; the latter also suppresses gene
transcription of VEGF [162, 163]. Together with p53
activation in response to hypoxia [164], this represents
the mechanism by which normal p53 functioning protects the organism against tumor growth. The development of hypoxia in the center of the neoplastic nidus
induces p53 and as a consequence apoptosis or cell cycle
arrest. This is accompanied by increased secretion of
thrombospondins and decreased VEGF expression that
must prevent nidus neovascularization. Thus, p53 inac-
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tivation may be an important step in acquisition of
angiogenesis stimulating activity. In fact, analyzing the
mechanisms of appearance of angiogenic phenotype in
human fibroblasts, it was found that in most cases p53
inactivation was the initiating event [165].
Expression of oncogenes may result in subsequent
increase in angiogenesis stimulation. In particular,
expression of the RAS oncogene family induces activation
of transcriptional complex AP-1 and increase in VEGF
secretion; the gene of the latter contains AP-1-responsive
elements [165-169]. Activation of AP-1 transcriptional
complex also causes production of matrix metalloproteases (MMP-9/collagenase IV, MMP-1, etc.) [169-171].
Their genes are also regulated by AP-1 [172, 173] and
other Ras-inducible transcriptional factors [172, 173].
Another sequence of events resulting in the development of angiogenic phenotype is also possible. The
appearance of angiogenic phenotype in fibrosarcomas of
transgenic mice was associated with increased expression of JunB and c-Jun components of AP-1 complex
accompanied by subsequent FGF-β secretion from
tumor cells rather than with mutations of p53 [174].
Some evidence exists that other oncogenes and tumor
suppressors are also involved in regulation of angiogenesis. For example, Myc suppresses transcription of
thrombospondin 1 [26]. Mutations of tumor suppressor
VHL causes von HippelLindau syndrome (the development of multiple hemangiomas) and kidney carcinoma
[175] (Table 2); tumor suppressor VHL is involved in
negative regulation of VEGF gene expression in stromal
cells of hemangioma [176] and in kidney epithelial cells
[177]. Thus, there is evidence that changes in the activity
of certain tumor suppressors and oncogenes play decisive roles in stimulation of angiogenesis.
6. THE ROLE OF ONCOGENES
AND TUMOR SUPPRESSORS IN ACQUISITION
OF METASTASIZING ABILITY
Metastasizing, the formation of secondary nidi of
tumor growth, is the most dangerous manifestation of
tumor progression. It is the main reason for the deaths of
oncological patients. For metastasizing the cell must
acquire a number of properties. It must penetrate deep
inside normal surrounding tissues (including blood or
lymphatic vessels), survive in vessels and then penetrate
through the vascular wall and proliferate in unusual (for
the given cell type) microenvironments giving a new
nidus of tumor growth [118]. Thus, metastasizing ability
represents a complex of simpler signs: acquisition of
locomotor phenotype, increase in proteolytic activity,
and the ability to stimulate angiogenesis. They are
responsible for tumor cell evacuation from the primary
nidus and appearance of substrate-independence and
inhibition of apoptosis (these were considered in the pre-

vious sections). Manifestation of either sign increases the
probability of increase in metastasizing potential.
However, such proteins (and genes which encode them)
as p53, Ras, and Src are of the major importance because
changes in their activity cause simultaneous appearance
of a few components of metastatic phenotype and genetic instability that promotes the appearance of additional
signs required for metastasis. Abnormalities of p53 functioning significantly increase metastasizing ability of
model cellular systems in vivo [58, 178, 179].
Transcription of a recently recognized gene of transmembrane protein KAI1 that forms complexes with Ecadherin is directly activated by p53. Loss of protein
KAI1 expression due to various reasons including p53
inactivation [180] was recognized in later stages of various human tumors (60-90% of cases of cancers of the
prostate, pancreas, mammary glands, small cell type lung
cancer, hepatocellular cancer, etc.) [181-185] whereas
restoration of its expression causes inhibition of the
metastasizing process [186-188]. Overexpression of calcium binding protein S100A4/MTS1/CAPL (metastasin)
occurs at later stages of human tumors [189], and this
increases the invading and metastasizing potential of the
cells [190-192]. Expression of this protein also exerts
pleiotropic effects: inhibition of E-cadherin content
[193], suppression of metalloprotease inhibitor, TIMP-1
[194], changes in the regulation of cytoskeleton reorganization (as the result of inhibition of myosin heavy chains
phosphorylation) [195], and possibly to sequestration
and functional inactivation of p53 [189].
Of course, all of these changes do not exhaust the
list of signs controlled by tumor suppressors and/or protooncogenes that may play a significant role in the
acquisition of metastasizing ability. For example, G. I.
Deichman described so-called H2O2CA + PGES phenotype which consists of an increase in antioxidant activity, prostaglandin E2 secretion that increases tolerance to
factors of natural resistance and acquired immunity
[196, 197]. This phenotype was induced in vitro in cultivated cells via transduction of certain isoforms of v-src
oncogene but not other studied genes (activated H-ras,
myc, bcl2, mutant p53, E1A, LT SV40). It may also
appear during tumor growth in vivo, and metastasizing
ability of cells correlate with the appearance of this phenotype (see review by G. I. Deichman in this issue). In
the near future we can expect important new discoveries
that will clarify metastasizing mechanisms and the role
of tumor suppressors and oncogenes in these processes.
7. ROLE OF ONCOGENES
AND TUMOR SUPPRESSORS
IN NEOPLASTIC CELL IMMORTALIZATION
Tumor formation from a single precursor cell and
subsequent metastasizing requires a large number of cell
BIOCHEMISTRY (Moscow) Vol. 65 No. 1
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divisions. However, the number of division of most normal cells (with the exception of stem cells) is limited. For
example, cultivated in vitro fibroblasts and human
epithelial cells irreversibly halt after 50-60 divisions (the
so-called Hayflick number) at G1 or G2 phases of the
cell cycle [198]. This phenomenon has been called
replicative aging (see reviews [199-202]). Such a limiting mechanism is due to progressive shortening of the
telomere which results from incomplete replication of
chromosome ends during each mitotic cycle [203-205].
According to modern concepts, the arrest of the cell
cycle is due to formation of chromosome sticky ends and
their subsequent sticking triggers reactions that are similar to those observed during effects of DNA damaging
agents [200]. However, the presence of active telomerase,
an enzyme responsible for de novo elongation of DNA
telomere repeats, or activation of so-called alternative
mechanisms of telomere elongation (for example,
based on non-reciprocal recombination of their sites
[206, 207]) may result in cell immortalization, which
means cancellation of the limitation of cell division
number [201, 202, 208, 209]. The following data support
this concept: 1) in contrast to normal human cells,
tumor cells as well as stem cells contain active telomerase [201, 208-210]; 2) transduction of vectors expressing the catalytic subunit of telomerase (TERT) increases
life span of some normal human cell lines by at least 20
divisions [211, 212].
Recently it has been shown that telomerase activity
is controlled by Myc oncoprotein, which increases transcription of the gene encoding the TERT subunit [212];
the level of its expression determines telomerase activity
in normal cells [211, 212]. Other cellular and viral oncoproteins (activated Ras, Mdm2, cyclin D1, Cdc25A, E7
HPV) do not activate telomerase [212], whereas E6
HPV16 does activate it [213]. The latter effect is realized
via Myc expression [212]. It is possible that telomerase
activation in mitogen-stimulated lymphocytes and in
proliferative zones of hair follicles and intestinal crypts
(see review [209]) is also due to expression of Myc protein in them [212]. (It should be noted that in cells of
proliferating normal cells, telomerase is usually inactive
[201, 210].)
However, the activation of mechanisms preventing
telomere shortening is not the only precondition for
immortalization of cells. For example, transduction of
TERT or E6 abolishing limitation of a number of cell
divisions in some cell lines did not result in immortalization of IMR-90 fibroblasts [212], keratinocytes, and
mammary gland epithelial cells [214] in spite of telomerase activation and telomere elongation in them.
Immortalization of such cells requires additional inactivation of certain tumor suppressors [201]. Different cell
types require inactivation of different suppressors [208].
For example, immortalization of human keratinocytes
and mammary gland epitheliocytes was observed during
BIOCHEMISTRY (Moscow) Vol. 65 No. 1

2000

19

TERT transduction and simultaneous inactivation of
either pRb or p16INK4a, whereas elimination of p53 or
p19ARF did not cause such effect [214]. In contrast to
human cells, mouse cells contain constitutively activated
telomerase [215] and as a rule the inactivation of p53 or
p19ARF results in immortalization (see for review [13]).
However, premature aging of the mouse cells (as well as
human ones) can be induced by increasing the activity of
either of the above-mentioned tumor suppressors, p53,
p19ARF, p16INK4a, pRb, and also p21WAF1 [216-219].
Constitutive telomerase activation in many types of
normal mouse cells and long initial length of their telomeres (20 kb, whereas in human cells telomere length
varies from 5 to 15 kb) may well explain the increased
ability of mouse cells for immortalization and transformation in response to the effect of various carcinogens.
This may also explain why proliferating stem cells (characterized by constitutive telomerase activation) are more
susceptible to neoplastic transformation than differentiated cells.
The possible use of potential telomerase inhibitors
for tumor therapy has recently been discussed in the literature. However, studies on transgenic mice with gene
knockout of the RNA-subunit of telomerase gave unexpected results that question such therapeutic treatment
(see review [219]). Two phases, called early crisis and
genetic catastrophe, exist in replicative aging. The former is related to either activation of p53 and/or Cdk
inhibitors in response to telomere shortening to some
critical size or some other signals. The latter (genetic
catastrophe) is obviously due to total telomere dysfunction and chromosome sticking. It was found that
during p53 inactivation (typical for most tumors) early
crisis was not observed in spite of telomerase knockout
and telomere shortening. Moreover, telomerase blockade in such cells even increases genetic instability. In
these cells (at least in mouse cells) genetic catastrophe
was not observed, possibly due to triggering of alternative mechanisms of telomere elongation. Thus, inactivation of the telomerase gene in mice (with or without
additional knockout of p53 gene) does not prevent the
formation of tumors; moreover it actually increases the
rate of their appearance [219]. However, knockout of
tumor suppressor Ink4a with additional knockout of the
telomerase gene reduced the rate of tumor formation in
mice. In this connection it is possible that telomerase
blockade may exert a therapeutic effect with respect of
some tumors that preserve functional p53 [219].
8. ONCOGENES, TUMOR SUPPRESSORS,
AND ABNORMALITIES
OF CELL DIFFERENTIATION
Abnormalities of cell differentiation are a characteristic feature of tumor cells that is widely used in diag-
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nostics. They are especially demonstrative in hemoblastoses when cell clones are fixed (frozen) at a certain
stage of maturation. According to a conventional concept, lower maturation of leukemic cells reflects their
origin from immature cells (with blocked processes of
subsequent differentiation) rather than de-differentiation of mature cells that underwent neoplastic transformation (Fig. 9) (see also paper by G. I. Abelev in this
issue). This concept has strong experimental support:
transduction of chimeric gene PML/RAR-α (its formation is responsible for the development of acute promyelocytic leukemia, Table 1) and some other oncogenes
(MYC, MYB, v-erbA) is accompanied by a loss of differentiation of immature cell recipients which is normally induced by retinoic acid, specific cytokines, and other
maturation inducers [76, 220-222]. Expression of
PML/RAR-α protein prevents not only myeloid but also

megakaryocyte differentiation induced in corresponding
precursor cells by thrombopoietin [222].
It should be noted that arrest of differentiation is
not sufficient for the development of leukemia. For
example, binding of v-erbA oncogene (which encodes
reconstructed nuclear thyroid hormone receptor possessing a dominant negative effect) to specific responsive
elements of some genes completely blocks erythrocyte
formation from erythroblasts but does not cause the
development of erythroblastosis. This disease appears
only in the case of simultaneous stimulation of erythroblast proliferation induced by additional expression
of oncogenes that trigger RasRafMAP kinase cascades and/or activation of transcription AP-1 complexes
[220].
Moreover, blockade of cell differentiation is not an
obligatory precondition for tumor growth even in the

Stem cell

Amplifying or committed
immature cells
Apoptosis
Terminally differentiated cells
Normal differentiation

?

Apoptosis

Apoptosis
Most leukemias, certain solid tumors
Chronic myeloid leukemia, dermoid
cancer and other solid tumors

Fig. 9. Models explaining neoplastic origin from immature cells of a certain differentiation stage with preserved or blocked mechanisms
responsible for subsequent maturation (see explanation in text).
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case of leukemias. For example, chromosome translocation in immature non-committed cell results in chronic
myeloid leukemia. This translocation causes the expression of chimeric protein p210BCR/ABL that stimulates proliferation and inhibits apoptosis (see section 2) accompanied by a significant increase in quite mature myeloid
cells. Besides myeloid cells, other mature committed
cells, lymphocytes and histiocytes, may be descendants
of the progenitor leukemic cell [223, 224]. It should be
noted that the course of chronic myeloid leukemia is
more or less non-malignant and it becomes malignant
only during so-called blast crisis when a cell clone with
blocked differentiation appears as a result of additional
genetic changes.
Maintenance of differentiation ability is also
observed in many solid tumors, but in contrast to
leukemias, cell maturation does not prevent acquisition
of malignant phenotype. Dermoid horn cancers and
highly differentiated colon adenocarcinomas originating
from either amplifying cells (stem cell descendants that
divide several times and then differentiate) or from committed immature cells [225]. The origin from immature
cells does not contradict the de-differentiation concept
that in the course of progression the tumor cells can
undergo certain de-differentiation and loose differentiation markers; their lack provides some selective advantages to cells (receptors of steroid hormones in breast
cancers, etc.). As Abelev and Sell indicate [226], complete loss of tissue specificity was never observed in
tumors; this may be explained by the tissue specificity of
expression of some oncogenes or other genes required
for maintenance of neoplastic transformation.
If oncogene expression can block the differentiation
processes, the activation of tumor suppressors, on the
contrary, can induce cell maturation. For example, the
intensity of B-cell, erythroid, enterocyte, epidermal,
muscular differentiations depend on the activity of p53
[227-230], p21WAF1 [231-234], and pRb [235]. The stimulation of cell differentiation by the suppressor proteins is
suggested to be related to cell cycle arrest at G0/G1 that
is the necessary precondition for maturation of many
cell types [236]. Involvement of some other additional
mechanisms is also possible. For example, p53 acting as
a transcriptional factor may stimulate expression those
genes whose products are involved in some special differentiation.
Although it is reasonable to suggest that the influence of oncogenes on cell differentiation is mainly related to changes in the regulation of proliferation, the actual effects of oncogenes are more complex. First of all
they strongly depend on the tissue specificity of cells.
For example, activated Ras and Myc stimulate proliferation of many cell types. However, their expression in
monoblasts blocks proliferation and transition into
monocytes [237]. In transgenic animals constitutive Myc
expression stimulates terminal keratinocyte differentiaBIOCHEMISTRY (Moscow) Vol. 65 No. 1
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tion by stimulating division and transition of stem cells
into amplifying ones [225].
Second, mechanisms of oncogene effects on cell differentiation are obviously not limited by their influence
on proliferation. For example, Spi1 (PU.1), a member of
the Ets transcription factor family, belongs to a category of so-called differentiation master genes which regulate the activity of a large number of genes that determine committing and subsequent cell maturation in one
or another direction. Spi1 activity, also responsible for
activation of proliferation suppressor p21WAF1 during
the action of various differentiation stimuli [238], predetermines myeloid cell differentiation. Perverted functioning of this protein in non-committed hemopoietic
cells results in the development of erythroleukemias [76].
Leukosogenic effect of Myb oncoproteins blocking differentiation of immature myeloid cells is probably related to the uncoupling of regulatory mechanisms of cell
proliferation and expression of proteins involved in their
differentiation. The product of the MYB protooncogene
is a transcriptional factor which directly activates transcription of genes for myeloperoxidase, neutrophil elastase, CD34, CD13, etc. [76, 221]. However, its oncogenic
derivatives that looses this function during reorganizations preserve antiapoptotic activities (protein c-Myb
transactivates BCL2) and the ability to promote
entrance into S phase [221].
In concluding this section it should be noted that
mechanisms of regulation of cell differentiation are the
less studied aspects of the action of oncogenes and
tumor suppressors. In the recent future this problem will
certainly attract the attention of researchers.
Thus, carcinogenesis is a multistage process of
accumulation of mutations and other genetic changes
leading to abnormalities of cells, apoptosis, differentiation, morphogenetic reactions, and also to non-effective
functioning of factors determining specific and nonspecific anti-tumor immunity. Only the sum of such
changes acquired as a result of relatively long evolution
of neoplastic clones (resulting in selection cells with
required signs) can provide the development of tumor
formation. The probability of the appearance of a few
genetic changes in one cell is sharply increased during
impairments in systems controlling genome integrity.
So, mutations leading to genetic instability are also an
inalienable stage of tumor progression. Moreover, some
inborn abnormalities of genetic control systems predetermine the inevitable appearance of neoplasms. They
increase the probability of the appearance of various
oncogenic mutations in each cell so strongly that during
selection pressure the whole complex of changes
required for tumor formation will be accumulated in
some cell(s) of a proliferating clone sooner or later, and
a tumor appears.
Abnormal functioning of tumor suppressors and
protooncogenes play a key role in the appearance of the
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above-mentioned properties of neoplastic cell. Recent
studies have identified signaling pathways that are under
control of most of these genes. Most of them regulate
the activity of the same pathways at different levels of
signal transduction. Some of these signaling pathways
are simultaneously involved in the regulation of several
of the most important physiological processes. For
example, activation of the RafMAP kinase cascade not
only stimulates the entrance into S phase, but also causes changes in the shape and motility of cells; in some
cells it inhibits apoptosis. Products of some tumor suppressors and protooncogenes are the key points in crosslinking connections of various signaling pathways. For
example, p53 activated in response to various damaging,
stressor, or normal regulatory effects interacts with various targets and controls apoptosis, cell cycle passage,
genome stability, morphogenetic reactions, and cell differentiation. Ras proteins play a key role in the regulation of division, survival, and differentiation of cells and
their interaction with extracellular matrix and locomotion; these effects being realized via the activation of
Raf, PI3K, and RalGDS. This explains high incidents of
changes in RAS and p53 genes recognized in various
tumors; mutations in these genes allow overcoming several important stages on the pathway of tumor progression and acquire a few required properties for the neoplastic cell.
Some neoplasms (especially leukemias) are characterized by specific genetic changes typical only for this
disease. These are chromosome translocations resulting
in the transposition of protooncogenes and/or tumor
suppressors in the genome. Specificity of such changes
can be explained by the following reasons. 1) Certain cell
types are characterized by increased probability of some
genetic reorganizations. For example, during B-cell differentiation a programmed reorganization of immunoglobulin genes occur. Chromosome translocations
connecting immunoglobulin genes with MYC protooncogene are the typical error of such reorganizations;
MYC protooncogene contains specific signal sequences
that are recognized by recombinases exerting immunoglobulin gene reorganizations. It is reasonable to suggest that in B-lymphocyte progenitors such translocations impairing normal regulation of Myc protein occur
more often than the other mutations leading to similar
biological consequences. 2) Expression or effects of certain oncogenes/tumor suppressors may be tissue specific. 3) Various cell types require different sets of biological properties for acquisition of malignant phenotype.
For example, in the case of hemopoietic cells the acquisition of such signs as loss of contact inhibition and
locomotor phenotype are less important compared with
other cells. Stimulation of proliferation and inhibition of
apoptosis and blockade of specific differentiation are
decisive features that determine malignant transformation of hemopoietic cells. So, PML/RAR-α type reor-

ganizations that are able to acquire these three properties for certain cell types have special selection value during the development of hemoblastoses.
In spite of recent significant progress in our understanding of basic mechanisms of carcinogenesis, many
questions still remain unanswered. Mechanisms of tissue
specific effects of oncogenes and tumor suppressors are
among them, and the study of this problems will
undoubtedly become one of the most rapidly developing
areas of oncology.
Author is grateful to Yu. A. Rovensky and G. I.
Abelev for constructive criticism and stimulating discussion.
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