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Proteasomes (prosomes, MCP-particles) are macro-
molecular complexes with multicatalytic proteinase activity
that is aimed on catabolism of ubiquinated proteins (re-
viewed in [23]). Proteasome particles consist of an ATPase
complex of 19S and a core particle of 20S. Sedimentation
coefficient of the whole particle is 26S. The core particle
looks like a 15 · 10 nm cylinder formed by four rings each
composed of 7 proteins. The complex is very stable, re-
sistant to action of salts and detergents. Formation of the
26S proteasome is regulated by a specific 11 S REG (PA 28)
regulatory complex. Proteasome core particle proteins can
be classified in two super families (alpha and beta) subdi-
vided in 14 families using the phylogenic approach. The
outer rings in the proteasome are formed from alpha pro-
teins, the inner are composed from beta proteins. Degra-
dation of a protein via the ubiquitin-proteasome pathway
involves two successive steps: covalent attachment of
multiple ubiquitin molecules to the substrate and degrada-
tion of the ubiquinated protein by the 26S proteasome and
recycling of the ubiquitin by isopeptidases. Conjugation of
the ubiquitin proceeds via a three-step mechanism, it is
performed by several enzymes. Initially, the ubiquitin-acti-
vating enzyme E1 activates the C-terminal glycine in ubi-
quitin. One of the E2 enzymes (ubiquitin-carrier proteins)
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transfers the activated ubiquitin to the substrate, in some
cases there is an intermediate with E3 group enzymes
(ubiquitin-ligases), that facilitate covalent attachment of
ubiquitin to the substrate. The ubiquitinated enzyme is
bound and unfolded by the 19 S regulatory proteasome
subunit, ATPases of the 19 S particle protrude the sub-
strate into the core particle cavity where the proteolysis is
performed. Active centers of proteases are situated in beta
rings. Involvement of ubiquitin-proteasome mechanism in
degradation of transcription factors, oncogene products,
muscle fibers and enzymes (reviewed in [23]; presented in
Figure) determines their role in carcinogenesis and tumor
progression. In the present review we will summarize the
recent data on involvement of proteasomes and other en-
zymes performing the ubiquitin-mediated proteolysis in
cancer biology and treatment.

Cell proliferation. Both negative and positive cell cy-
cle regulators are prone to proteasomal degradation [49].
Between negative regulators, degraded by proteasomes
one can mention p21Cip1/WAF1 regulating G1-S phase tran-
sitions and p21Kip1, that regulates both G1-S and G0-S tran-
sitions. Proteasomal degradation of both proteins is neces-
sary for the above transitions. The levels of p19INK4d oscil-
late periodically during the cell cycle, peaking at S and G2/M
phases. The protein binds to cyclin D and inhibits its action.
Quantity of the protein is regulated via the proteasomal
degradation. Geminin is expressed in S-, G2- and M phas-
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es, during transition to anaphase it is rapidly degraded by
proteasomes. Several positive proliferation regulators, that
mainly ensure entry in S-phase are also degraded by pro-
teasomes. These are cyclin A, cyclin D, cyclin E , E2F1
and Cdc6 proteins (reviewed in [15, 49]).

Susceptibility to physical and chemical carcino-
gens. In several cases the altered activity of the ubi-
quitin-proteasome pathway determines the increased
susceptibility to tumor development observed in some
hereditary syndromes. For example, the damaged –
DNA binding protein 2 (DDB2) mutated in Xeroderma
pigmentosum group E acquires a capability to bind
cullin, a protein involved in the ubiquitin-proteasome
pathway as ubiquitin-ligase (E3). Rapid DDB2 diges-
tion by the proteasomes can be the cause of the DNA
repair defect observed in this pathology [47]. Decreased
proteasomal degradation of proteins is characteristic
of other hereditary syndromes. Degradation of the RNA
polymerase III required for the onset of the ultraviolet
light-induced transcription coupled repair is performed
by proteasomes. The enzyme can be degraded only
after interaction with CS-A and CS-B proteins. Muta-
tions in the genes encoding for these proteins cause
development of the Cockayne’s syndrome [42]. De-
velopment of colon tumors caused by deoxycholic acid
happens due to increased degradation of p53 by pro-
teasomes, this blocks the normal cell response to DNA
damage [56]. Induction of p53 by polycylic aromatic
hydrocarbons is neutralized by increased ubiquitina-
tion of p21, one of the p53 action effectors, decreasing
the efficiency of tumor suppression response [48].

Viral carcinogenesis. Targeting of the tumor sup-
pressor protein p53 for degradation by the human pa-
pilloma virus oncoproteins E6 and E7 and the ubiquitin
ligase E6-AP is implicated in the pathogenesis of hu-
man uterine cervical carcinoma [33]. E7 protein inter-
acts with 26S proteasomes [4]. The Epstein Barr Nu-
clear Antigen 1 detected in malignancies caused by
the Epstein—Barr virus is protected from the ubiqui-
tin-mediated degradation and subsequent antigen pre-
sentation by a long terminal Gly-Ala repeat [39, 62].

Proteasomal degradation of oncogene products
and tumor suppressors. Altered degradation rates of
oncoproteins and tumor suppressors can be the cause
of malignant transformation. For example, in tuberous
sclerosis, a disease characterized by insufficient stabil-
ity of the mutated protein tuberin that forms a complex
with another protein hamartin, the complex possesses
tumor suppressor activity. Mutations in tuberin facilitate
its ubiquitination followed by rapid degradation. This re-
sults in tumor development [3]. The von Hippel—Lindau
(VHL) tumor suppressor gene is the E3 ubiquitin ligase
itself [54]. Altered activity of this ligase due to mutations
leads to deregulation of DNA repair and apoptosis pro-
cesses and consequent development of multiple tumors
characteristic of the von Hippel—Lindau syndrome [60].
VHL is also involved in targeting of hypoxia-inducible
transcription factor HIF-1α [36].

Proteasomes degrade the tumor suppressor BRCA1
protein, the product of the breast and ovarian cancer sus-

ceptibility gene [13]. Specific activation of the ubiquitin
system is the cause of low level of the negative growth
regulator p27 in colorectal, breast and prostate carcino-
mas [67], but the tumor suppressor effect of the rat pro-
tein tyrosine phosphatase eta (rPTPeta) is based on pre-
vention of proteasomal degradation pf p27 [65]. Beta-
catenin plays an important role in signal transduction and
differentiation of colorectal epithelium. Aberrations in ubi-
quitin-mediated regulation of its levels are supposed to
be important in development of colorectal tumors [46].
Beta-catenin interacts with the tumor suppressor APC
protein that regulates its intracellular level. Aberrations of
degradation of beta-catenin lead to its stabilization, ac-
cumulation and oncogenic activation. Mutations in E3
recognition domains of beta-catenin have been described
in several colorectal carcinomas [57]. Probably APC acts
as a deubiquitination enzyme [55].

Oncogenic mutation in some cellular oncogenes
makes their products resistant to proteasomal degra-
dation. This is the case of c-Myc protein in Burkitt’s lym-
phoma [2, 26]. As a compensation mechanism aimed
on prevention of an excess accumulation of c-Myc, that
triggers apoptosis, the Burkitt’s lymphoma cells up-reg-
ulate the deubiquinating enzymes [22]. Similarly the
mutated c-Myb protein in monocytic leukemias is more
resistant to proteasomal degradation as compared to
the wild-type protein [8]. Cellular protein c-Jun, but not
its transforming counterpart v-Jun can be multiply
ubiquinated and rapidly degraded in the cells [66]. C-Rel
oncoprotein that belongs to the Rel/NF-kappaB tran-
scription factor family induces proteasomal degradation
of its inhibitor, IkappaB factor. On its turn Rel is also reg-
ulated by the proteasomes [11]. Oncoprotein c-Cbl at-
tenuates cell proliferation is a E3 for tyrosine kinase re-
ceptors [34]. The human oncogene tre-2 encodes a
deubiquinating enzyme that disassembles multiubiquit-
in chains from peptides bound to proteasomes [52].

In many cases oncoproteins induce the proteasomal
degradation of tumor suppressors and vice versa. Onco-
genic forms of Abl and Src tyrosine kinases trigger the
destruction of the Abi proteins, loss of these proteins is
considered to be a step in the Bcr-Abl positive leukemia
progression [17]. Src itself is also degraded by protea-
somes [28]. Rb tumor suppressor protein is also prone to
this degradation pathway [69]. In hepatocellular carcino-
mas an oncoprotein gankyrin binds the tumor suppressor
Rb and accelerates its degradation by proteasomes [30].
The MDM2 (HDM2) oncoprotein turned out to be an ubiq-
uitin-ligase itself, the protein negatively regulates the p53
level [20, 32, 70]. p73 protein, a member of the p53 family
is also regulated by proteasome degradation. A specific
regulatory domain situated in the C-terminal region of this
protein determines its susceptibility to degradation [38].
ras oncogene induces proteasomal degradation of the
Smad4 tumor suppressor [58].

On other hand induction of differentiation or cell-cycle
arrest is followed by proteasomal degradation of the cel-
lular oncoproteins. Retinoic acoid induces proteasomal
degradation of the PML-RARalpha complex in promy-
elocytic leukemia cells [19]. Retinoblastoma protein sta-



Experimental Oncology 24, 243-248, 2002 (December) 245

bilizes the E2F-1, a protein involved in the cell-cycle
progression, by preventing its proteasomal degradation
of the latter. This enables an efficient regulation of the
G1/S transition [31]. However lack of LMP2 gene, a pro-
teasomal protein gene encoded in the major histocom-
patibility complex, does not alter significantly the inci-
dence of spontaneous tumors [35].

Tumor biology. The prosome number is more im-
portant in proliferating cells as compared to quiescent
cells [6]. This fact reflects the need of proliferating cell
for rapid degradation of proteins involved in the cell cycle
regulation. The proteasome number is increased in
blast-transformed lymphocytes; on the contrary it is
rapidly diminished after induction of differentiation of
leukemia cells with retinoic acid or dimethylsulfoxide
[9, 10]. However the “immune proteasomes” involved
in the antigen processing and containing the specific
proteasomal proteins LMP2 and LMP7 are down-regu-
lated in the B16 melanoma cells [61]. Proteasomes are
already used as tumor markers. Proteasome number
is increased in blood serum of patients with several
malignant tumors [68]. Proteasome number and com-
position is drastically changed in breast cancer tissues,
especially in Parsi women [5–7]. The deubiquitinating
factor PGP9.5 is also increased in some tumors, non-
small–cell lung cancer, for example, it is even proposed
to use it as a tumor marker [29]. Comparison of the
expression of interferon gamma-regulated subunits and
the enzymatic activity of proteasomes purified from tu-
mor-derived and normal B lymphocytes representing
different stages of B-cell activation/differentiation per-
formed by [21] revealed that the catalytic beta subunits
(LMP2 and LMP7) and the regulatory subunits
(PA28alpha and PA28beta) were expressed at equally
high levels in Epstein—Barr virus-transformed lympho-
blastoid cell lines, freshly isolated B-chronic lympho-
cytic leukemia cells and normal CD23(–) B lympho-
cytes. LMP2 and LMP7 were selectively down-regu-
lated in germinal center cell-derived Burkitt’s lymphoma
and Hodgkin’s lymphoma cell lines. There was a direct
correlation between the expression of LMP2/7 and the
chymotrypsin and trypsin-like activities in proteasomes
purified from lymphoblastoid cell lines, Burkitt’s lym-
phoma and chronic lymphocytic leukemia cells, where-
as 5 Hodgkin’s lymphoma cell lines expressing B or
T-cell markers exhibited a variable pattern of subunit
expression and enzymatic activity. The enzymatic ac-
tivity of proteasomes from normal CD23(–) “resting” B
lymphocytes resembled that of Burkitt’s lymphoma cells
in spite of high LMP2/7 expression. This pattern was
not reversed by treatment with the B-cell mitogen, li-
popolysaccharide. These results suggest that different
stages of B-cell activation/differentiation are associa-
ted with distinct profiles of interferon-gamma-regulat-
ed subunit composition and enzymatic activity of the
proteasome. This may have important implications for
the analysis and manipulation of tumor-specific im-
mune responses [21]. Proteasomes participate in the
retinoic receptor breakdown in breast cancer cells thus
interfering with regulation of cell differentiation [64].

Several recent findings have indicated that the promy-
elocytic leukemia gene product (PML) oncogenic do-
mains are involved in proteasome-mediated degra-
dation of ubiquitinated proteins [45].

Cancer cachexia is largely due to the increased pro-
teasomal activity, tumors release proteolysis-inducing
factor that activates activity of proteasomes [41]. Pen-
toxyfilline, an inhibitor of ubiquitin expression, is an ef-
fective drug for prevention of cachexia [16]. It is sug-
gested that proteolysis by proteasomes may play roles
in the stress response of solid tumor cells bearing glu-
cose starvation and hypoxia. It was reported that pro-
teasomes accumulate in the nucleus of tumor cells in
stress conditions, probably the cell cycle arrest in such
cells is achieved by proteolysis of some transcription
factors or oncogene products [50].

Apoptosis. Many apoptosis factors are substrates
for proteasomal degradation. Proteasomes degrade
caspase 3, one of the major executors of apoptosis
and the anti-apoptotic Bcl-2 protein. Tumor necrosis
factor alpha is also degraded by the proteasomes [49].
Involvement of proteasomes in apoptosis process has
enabled to develop anti-tumor drugs out of the pro-
teasome inhibitors formerly used for research [25].

Cancer treatment. Proteasome inhibitors are per-
spective drugs for cancer treatment. Several peptides
with modified aminoacids, lactones or natural products
are able to inhibit the proteasome proteolytic activity
[1]. In some cells inhibition of proteasome activity trig-
gers accumulation of nitric oxide, the above free radi-
cal kills the cells [18, 27]. In parallel, proteasome in-
hibitors block the apoptotic process preventing the tran-
scription factor NF-kappa B activation, as it is activated
by proteasomes. Moreover, action of some proteasome
inhibitors is synergistic to action of the tumor necrosis
factor [24]. Proteasomes can modulate apoptosis of
leukemic lymphocytes by affecting the half-life of bcl-2
family members, Bik in particular [44]. Inhibitors of pro-
teasome activity trigger the nuclear accumulation of p53,
a tumor suppressor [12]. On other hand, proteasome
inhibitors protect quiescent cells from apoptosis [1].

Other antitumor drugs also act via proteasomal
pathway. For example adriamycin, an anthracycline
anticancer agent, shows high binding affinity to the cy-
toplasmic proteasomes of L1210 mouse leukemia cells
and that taken up adriamycin by the cells selectively
binds to proteasomes. It was also shown that the pro-
teasome is a specific translocator of adriamycin from
the cytoplasm to the nucleus and that 20S proteasome
components are the dominant adriamycin-binding sites.
These nuclear transport of adriamycin — proteasome
complex is regulated by an ATP-dependent nuclear
pore-mediated mechanism [37]. Poly(ADP)ribose poly-
merase is also involved in the response [14]. Protea-
somes degrade the topoisomerase II cleavable com-
plexes formed after action of topoisomerase II inhibitors
[43]. Tumor susceptibility to topoisomerase I inhibitor
camptothecin is largely due to activity of the ubiquitin-
proteasome pathway [43]. Vinblastin directly inhibits the
proteasome activity [53]. Besides the chemotherapy
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proteasomes are involved in the irradiation treatment
of the tumors: ionizing radiation inhibits the proteasome
function [51], but chemical inhibition of proteasomes
increases the radiosensivity [58].

Conclusions and perspectives. The above data
clearly indicate multiple sites of the ubiquitin-proteasome
pathway involvement in etiology and pathogenesis of
cancer. In carcinogenesis the role of proteasomes is
determined by their role in degradation of oncogene
products and tumor suppressors. Some examples are
given in Figure. In many tumors the proteasome quan-
tity is increased, but protein composition is altered, these
can be used as tumor markers. Abundant data on the
involvement of proteasomes in carcinogenesis and tu-
mor progression are in striking contrast with a moderate
number of studies on proteasome gene polymorphism
in the human population and complete absence of pub-
lications on polymorphism linkage studies to cancer. To
our opinion, identification of the polymorphism of all the
genes performing the protein degradation via the ubiq-
uitin-proteasome pathway should be performed in the
nearest future. The published data on high frequency of
one of LMP2 gene promoter alleles in human tumors
are really encouraging [61]. The following studies of its
linkage to tumor development and susceptibility of tu-
mors to chemotherapy and radiotherapy will cast a new
light on tumor development and cancer treatment. The
recent characterization of a polymorphic site in the pro-
teasomal PSMA 6 gene [63] has enabled us to perform
preliminary study on its allele distribution in breast can-
cer patients and the overall population. Differences in
allele frequency suggest that the above point of view is
correct.
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