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ABSTRACT

The ubiquitin-proteasome system (UPS) controls the activity, subcellular localization, and stability of many cellular
proteins that affect cellular homeostasis by regulating multiple signaling cascades. The activity of this system is
associated with the emergence and progression of oral squamous cell carcinoma, since specific proteolysis of most
intracellular proteins involved in the pathogenesis of cancer is implemented by this system.

The review article presents data on the characteristics of proteasomes and the process of substrate protein
ubiquitination. The role of the ubiquitin-proteasome system in the pathogenesis of oral squamous cell carcinoma is
shown, and the prospects of its use in precancerous diseases are described. The literature search was carried out in
the search engines Medline, eLIBRARY, Scopus, The Cochrane Library, and RSCI.
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PE3IOME

VOUKBUTHH-TIPOTEACOMHASI CUCTEMA KOHTPOIHPYET aKTUBHOCTh, CYOKIETOUHYIO JIOKAU3ALHUI0 U CTAOUIBHOCTD
MHOJKECTBA KJIETOYHBIX OEIKOB, KOTOPHIE BIHMSAIOT HA KIETOUHBIH FOMEOCTa3 OCPEICTBOM PETyIISIIUHN CUTHATIBHBIX
KacKaJ0B. AKTMBHOCTb JaHHOW CHCTEMBI CBA3aHA C BOSHUKHOBEHHEM U MPOrPECCHPOBAHHEM IJIOCKOKJIETOYHOTO
paka IOJOCTH pTa, TaK Kak CcHeHu(pHUYECKUid NpOTeonu3 OONBIIMHCTBA BHYTPUKICTOYHBIX IPOTEHHOB,
Y4YacTBYIOIUX B ITATOr€He3€ paKa, IPOUCXOJUT C MOMOIIBIO BHILIEYTIOMSIHYTOH CUCTEMBI.

B 0630pHO# cTaThe MpeaCTaBIeHbl JaHHBIE O XapPaKTEPUCTHKE IPOTEACOM H MPOLiecce YOUKBHHTHPOBAHHS OEITKOB-
cybcrparos. [Tokazana posib yOHKBUTHH-IIPOTEACOMHOM CUCTEMBI B MATOTEHE3€ TNIOCKOKIETOYHOTO paKa MOJIOCTH
pTa, IPUBE/ICHBI CBEICHHMS O TIEPCIIEKTHBAX UCIIOIB30BaAHUS €€ IPH Tpepake. [[OMCK TuTepaTypbl OCYIIECTBISIICS
B IOMCKOBBIX cuctemax Medline, Elibrary, Scopus, The Cochrane Library, PUHII.

KuroueBrblie cioBa: y6I/IKBI/ITI/IH-HpOTeaCOMHaH cucrema, TJTIOCKOKJICTOYHBIH paxk noJjioCTu pra, rnporeacoma, mna-
TOI'CHE3.

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNueil HaCTOSIIEeH CTaThH.

Hcrounuk q)ﬂHal—lcnpOBaHﬂﬂ. ABTOpLI 3asIBJISIIOT 00 OTCYTCTBUU q)HHaHCI/IpOBaHI/ISI Ipy MPOBCACHUUN UCCIIEN0-
BaHUA.

[ nutupoBanus: Muxanes JI.E., baiinuk O./1., Kongakosa U.B., Cunenxo E.A., Myxamenos M.P., Cricons-
TuH [L.I. Porb yOMKBUTHH-IPOTEACOMHOM CHCTEMBI B Pa3BUTHH IUIOCKOKIETOYHOTO paka MOJOCTH pra. broine-

mens cubupckou meouyunwl. 2021; 20 (2): 160-167. https://doi.org/10.20538/1682-0363-2021-2-160-167.

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is charac-
terized by high mortality, early metastases, relapses,
and a delay in seeking medical care in specialized in-
stitutions. The leading causes of death in patients with
OSCC are metastases to the regional cervical lymph
nodes and disease relapses. Doctors usually look at the
prevalence of the tumor process to predict the course
of the disease and choose an approach to treatment,
however, the relationship between the prevalence of
the tumor and the outcome of the disease and the treat-
ment effectiveness is not always traced [1].

In some cases, clinical and morphological criteria
are not very informative. According to statistics, about
25% of patients have latent metastases to regional
lymph nodes at initial stages of the malignant process.
The search for informative and reliable markers of
squamous cell carcinoma is important for improving
the prognosis and treatment of OSCC patients. [2].
Currently, the scientific literature describes many pro-
teins that are involved in the pathogenesis of OSCC
and control induction of angiogenesis, apoptosis, and
metastasis. The ubiquitin-proteasome system (UBS)
carries out specific proteolysis of most of these pep-
tides [3].

CHARACTERISTICS OF THE
UBIQUITIN-PROTEASOME SYSTEM

The ubiquitin-proteasome system (UPS) generates
regulatory peptides, activates precursor proteins, pro-
vides intracellular protein hydrolysis, and is involved
in preparing peptides for the class I major histocom-
patibility complex (MHC-1) [4]. The main compo-
nents of UPS are proteasomes, ubiquitin molecules,
and enzymes that activate and transport ubiquitin. The
functional unit of this system is the proteasome.

Proteasomes are the main non-lysosomal
multi-subunit proteases of eukaryotes; they hydrolyze
up to 90% of cellular proteins. Proteasomes are multi-
catalytic complexes containing a cylinder-shaped 20S
core particle, which consists of four heteroheptameric
rings [5]. The two inner B-rings contain six proteoly-
tic centers where substrates are cleaved; each ring has
caspase-like (B1), trypsin-like (B2), and chymotryp-
sin-like (B5) activity [6].

The B-subunits (B1, 2, and B5) of the 20S protea-
some particle can be completely or partially replaced
by the immunosubunits LMP7 (B51), LMP2 (B1i), and
MECL1 (B2i), resulting in the immunoproteasome
formation [7]. The main role of the immunoprotea-
some is to process antigens for presentation on MHC-
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1 molecules. The immunoproteasome has higher
chymotrypsin and trypsin activity and lower caspase
activity than the standard 20S proteasome, which
leads to alternative protein cleavage [8].

The two outer rings are composed of a-subunits
that act as gatekeepers, controlling the access of sub-
strates to the catalytically active B-chamber.

Proteasomes are not static complexes, and their
activity can be modulated by binding of various pro-
teasome activators (PAs), such as 19S, PA28, and
PA200.

These proteasome regulators can symmetrically
and asymmetrically bind to the a-rings of the 20S
nucleus, forming proteasomes with a single or dou-
ble cap. The binding of a-rings to regulatory parti-
cles leads to an increase in the proteasome activity by
many times. Nevertheless, the free 20S proteasome
unit remains a very common conformation in cells
[9-12].

There are two types of proteasomes: 26S and 20S.
The main hydrolyzing 26S proteasome consists of two
subcomplexes: a catalytic 20S core particle and one or
two 19S regulatory particles, which act as proteasome
activators with a molecular weight of approximately
700 kDa (PA700). The 19S subcomplex recognizes
ubiquitinated proteins, unfolds them, and moves in-
side the 20S core particle [13—15]. The immune forms
of the 26S proteasome perform an important function:
they produce immunogenic proteins for their further
presentation by MHC-1 [15]. Regulatory particles im-
plement specific substrate degradation. For example,
if the PA28 protein complex acts as a regulatory par-
ticle, then the activated 20S proteasome will expose
abnormal, small, and short-lived proteins to proteo-
lysis [14].

UBIQUITINATION

The entry into the 20S core particle is usually
closed by a regulatory particle acting as a gatekee-
per. For penetration into the proteasome, the substrate
protein must undergo polyubiquitination — attach-
ment of a polyubiquitin chain (polyUb), which con-
tains at least four monomers of ubiquitin (Ub). Then
ATP-dependent activation of ubiquitin by a ubiqui-
tin-activating enzyme (E1) and transfer of activated
ubiquitin to a ubiquitin-conjugating enzyme (E2) take
place, followed by formation of a peptide bond bet-
ween ubiquitin and a substrate protein, catalyzed by a
ubiquitin ligase (E3). The process is repeated several
times in order to create a polyubiquitin chain through
inter-ubiquitin bonds. During several cycles of protein

ubiquitination, a build-up of a ubiquitin tag occurs,
which is recognized by the 26S proteasome.

The substrate recognition by 26S proteasomes and
their transfer to the proteolytic chamber occur due to
the multi-subunit structure of the PA700 activator.
After binding to the proteasome PA700 regulator, the
ubiquitin chain is cleaved from the ubiquitinated sub-
strate protein, the protein is unfolded and then trans-
ferred to the central chamber of the 20S proteasome,
where it is degraded to short peptides, which then exit
at the opposite pole of the proteasome.

When the proteolysis of the tagged molecule is
complete, ubiquitin is released and tags another target.
The proteasome is able to regulate both the amount
and function of proteins: in some cases, the protein
undergoes limited proteolysis (processing), which
contributes to a significant change in the protein func-
tion (Fig. 1). Kinases, phosphatases, transcription
and translation factors, cyclins, and inhibitors of cy-
clin-dependent kinases are processed or eliminated by
the proteasome. This essential biological role of the
UPS suggests that it is involved in the pathophysiolo-
gy of inflammatory, viral, neurodegenerative, autoim-
mune, and oncological diseases [6].
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Fig. 1. Ubiquitination of proteins

CIRCULATING PROTEASOMES

Currently, circulating proteasomes are being ac-
tively investigated: the pathogenetic and prognostic
value of these proteasomes, their biological signifi-
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cance, and routes of exit into the extracellular space
are being discussed.

Using the enzyme-linked immunosorbent assay
(ELISA), 20S proteasomes were found in human se-
rum. These proteasomes are now called circulating
proteasomes or c-proteasomes. It was established
that c-proteasomes are detected in the extracellu-
lar fluid of healthy people and patients with patho-
logy [16].

According to the findings of quantitative iTRAQ-
based proteomic analyses, it was revealed that the
composition of the extracellular proteasome popula-
tion included 19S regulatory particles and 20S core
particles [17]. In addition, c-proteasomes obtained
from blood plasma of healthy patients were similar in
size, shape, subunit composition, and proteolytic ac-
tivity to intracellular 20S proteasomes isolated from
erythrocytes [18, 19]. Electron microscopy showed
that purified c-proteasomes are intact 20S proteasome
particles that are capable of hydrolyzing fluorogenic
peptides [18, 20].

Taking into account the important role of the
proteasome system in the pathogenesis of malignant
neoplasms, it can be assumed that during tumor pro-
cesses, proteasomes are capable of being secreted by
cancer cells into the extracellular space or released
into the circulation during breakdown of tumor
cells [21].

Moreover, c-proteasomes can appear when the
microparticles formed as a result of membrane bleb-
bing are destroyed. This process is characterized by
transfer of the contents of the plasma membrane to the
membrane protrusions and subsequent formation of
vesicles from the activated cells, which are micropar-
ticles of heterogeneous size (0.1-1 pm) with the cor-
responding content. The above-described structures,
transporting various molecules, can act as messengers
between cells [22, 23].

C-proteasomes can exist in a free, non-vesicu-
lar form. They are able to exist in the extracellular
space, leaving exosomes. Exosomes are microscopic
extracellular vesicles with a diameter of 30—100 nm,
secreted by various cells and capable of carrying ge-
netic information and protein markers, thus, being
involved in intercellular communication [24]. It is
believed that exosomes are involved in antigen pre-
sentation, non-classical secretion of proteins, and the
pathogenesis of diseases associated with metabolic
disorders, facilitate the immune response, and play
a fundamental role in development of malignant tu-
mors [25-27].

THE ROLE OF THE UPS IN THE MOLECULAR
PATHOGENESIS OF OSCC

The 26S proteasomes play a significant role in the
pathogenesis of malignant tumors, in particular, in the
regulation of proliferation. Cyclins regulate progres-
sion of the cell through the cell cycle by sequential
activation of cyclin-dependent kinases (CDK). These
intracellular proteins are very unstable and exist for
a short time. The number and presence of cyclins in
the cell are regulated by proteasome-dependent deg-
radation and transcription factors. UPS is involved in
regulation of the stability of CDK inhibitors, as well
as in hydrolysis of cyclins and their complexes [28].

The general scheme of interaction between cyclin
and the 26S proteasome is the following: cyclin is
polyubiquitinated and hydrolyzed by the proteasome
after implementing its function, due to which the cor-
responding CDK becomes inactive, and the next cell
cycle phase begins. For example, proteasome destruc-
tion of cyclin B leads to exit from mitosis [29]. When
the cell passes through the restriction point located
between the G1 phase and the S phase, proteasome-me-
diated destruction of cyclin A occurs. The anaphase
stimulation complex (APC), which is a E3 ubiquitin
ligase, ubiquitinates this cyclin [30]. The Skp1-Cull-
F-box(SCF)-containing and APC complexes are the
key factors in cyclin degradation. At the same time,
the SCF complex itself is regulated by APC through
ubiquitination of the adapter protein Skp2, which sup-
presses SCF activity before the transition from the G1
phase to the S phase [31].

Studies reported that cyclin D1 is overexpressed in
some primary human cancers, which confirms its role
as an oncogene. In many tumors, genetic changes re-
lated to the cyclin DI gene often result in overexpres-
sion of the cyclin D1 protein. It was found that cyclin
D1 also acts as a transcription modulator and regu-
lates the activity of several transcription factors and
histone deacetylase. The cyclin D1 protein is unstable
with a short half-life of about 24 minutes. It is cleaved
mainly by the 26S proteasome following the ubiqui-
tin-dependent pathway. At the same time, cyclin D1 is
an important proto-oncogene. Overexpression of cy-
clin D1 leads to shortening of the G1 phase and lower
dependence on exogenous mitogens, which leads to
abnormal cell proliferation, which, in turn, may con-
tribute to additional genetic damage [32].

UPS plays an important role in maintaining the
functional activity of cells, namely, in the regulation
of the signaling systems, which are activated by inter-
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action of growth factors with the corresponding recep-
tors [33]. It was shown that proteasomes regulate the
level of the transcription factor NF-kB, which is im-
portant for activation of gene expression in innate and
adaptive immunity, inflammation, and stress respon-
ses. In cancer cells, NF-kB is involved in expression
of the anti-apoptotic /4P gene family, as well as the
pro-survival BCL-2 genes [34]. Studies showed that
proteasome activity in patients with head and neck
cancers was higher than in the surrounding, relatively
healthy tissue.

There is evidence that in patients with squamous
cell carcinoma of the head and neck, the involve-
ment of regional lymph nodes was accompanied by
increased intracellular proteolysis. An increase in the
total activity of proteasomes occurred along with an
increase in the stage of cancer; however, a decrease in
the expression of the LMP-2 proteasome subunit was
observed. Changes in the expression of the transcrip-
tion factor NFkappaBp50 and regression dependencies
of the expression of the nuclear factor NF-kappaBp65
on the total activity of proteasomes were found [35].

The mechanisms of UPS involvement in the car-
cinogenesis include inhibition of vascular endothelial
growth factor (VEGF)- and platelet-derived growth
factor (PDGF)-mediated angiogenesis through deg-
radation of platelet-derived growth factor receptor
(PDGFR) and ubiquitination of vascular endothelial
growth factor receptor (VEGFR) signaling pathway
components, as well as proteasomal destruction of
the a-subunit of the transcription factor HIF-1, which
is impaired under hypoxic conditions. It subsequent-
ly leads to accumulation of HIF-1 in tumor cells
and activation of transcription of genes involved in
the angiogenesis [36, 37]. There are studies proving
that proteasomes are involved in the post-transla-
tional modification of the p105 polypeptide, which
is the precursor of NF-kappaBp50, which results in
emergence of active forms of the transcription fac-
tor NF-kappaB. Moreover, a relationship between the
level of HIF-1 production and the content of the tran-
scription factor NF-kappaB was demonstrated. Most
likely, it provides indirect involvement of NF-kap-
paBp50 in regulation of the VEGF level and neoan-
giogenesis in the tissue in head and neck squamous
cell carcinomas [35]. This study showed that protea-
some degradation of HEF-1 with the participation of
PP-2A led to disruption of adhesive contacts with the
extracellular matrix in vitro [37].

The UPS can play an important role in acquisition
of immunity to antigrowth signals by transformed

cells, degrading, along with caspases, the retinoblas-
toma (pRb) protein with the participation of a mouse
double minute 2 (Mdm2) E3 ubiquitin ligase and
destroying many components of the signaling path-
way mediated by TGF-p [38]. In addition, the UPS
is involved in regulation of apoptosis. Many nuclear
proteins that implement programmed cell death are
substrates for proteasomes: p53 tumor suppressor,
transcription factors (c-Fos, c-Myc, AP-1), NFkB /
IkB inhibitor, cell cycle regulators, caspase activity
regulators (inhibitors of apoptosis (IAPs)), and pro-
teins of the Bcl-2 family involved in proapoptotic sig-
nal transduction (cFLIP) [39].

UBIQUITIN-PROTEASOME SYSTEM IN OSCC

The accumulated data confirm that the UPS plays
a key role in metabolism of proteins involved in regu-
lation of many biological processes, such as cell cycle
control, proliferation, apoptosis, neoangiogenesis, tu-
mor progression, and metastasis [40].

Analysis of systematic literature reviews on
PubMed (Ovid), EMBASE (Ovid), EBM (Ovid), and
Web of Science (ISI) platforms by A. Villa et al. in
2018, aimed at identifying predictive biomarkers for
stratification and long-term follow-up of progression
of oral leukoplakia as an obligate precancer of OSCC,
showed a correlation between the increased expres-
sion of genes associated with the proteasome system
and a high risk of developing OSCC [41].

A study by J. Li et al. indicated that overexpres-
sion of the proteasome activator PA28y was associat-
ed with a poor prognosis in patients with OSCC and
promoted tumor progression. In addition, as a result of
a study on a mouse xenograft model, it was found that
the absence of PA28y expression dramatically inhibi-
ted the growth and proliferation of cells in OSCC and
slowed down tumor growth [42].

A proteomic study conducted by Z. Wang et al.
to identify potential pathways for malignant trans-
formation of oral leukoplakia into OSCC showed an
increase in the expression of proteasome activators
PA28a and PA28b, which confirms the clinical signi-
ficance of proteasomes as a marker of early malignan-
cy. This study demonstrated the role of proteasome
degradation of proteins in the processing of intracellu-
lar antigens into peptides, which subsequently bound
to MHC-1 molecules [43].

PA28y-mediated mechanisms are of great impor-
tance for cancer therapy, especially in light of pro-
foundly elevated levels of PA28y in the tumor tissue.
A significant increase in the level of PA28y was ob-
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served mainly in breast tumors, especially with a poor
prognosis [44, 45], colorectal cancer [46], hepatocel-
lular carcinoma [47], and OSCC [48].

The results of the studies by X. Feng et al. in 2016
showed that the activity of the proteasome activator
PA28a was significantly higher in OSCC tissues com-
pared to its activity in the healthy tissue. This study
demonstrated that in immunohistochemistry, PA28a
expression increased with the progression of dysplasia
in the epithelium of the oral mucosa. It was found that
after surgical treatment of moderately differentiated
squamous cell carcinoma, no relapses occurred in the
first two years. However, after radical treatment of a
well-differentiated tumor, metastases to the cervical
lymph nodes were diagnosed after two years, and the
survival rate was four years.

The authors used reverse genetic approaches,
which revealed that in oral squamous cells, along with
a decrease in the PA28a expression, a consistent and
statistically significant decrease in the ability to in-
vade and migrate was observed. Invasion was reduced
to 52% and migration — to 44%. Suppression of the
PA28a expression led to a decrease in tumor growth
of oral squamous cells in vivo. The volume of tumors
decreased by 56% compared to tumors from the con-
trol group, while angiogenesis and apoptosis were not
affected [49].

CONCLUSION

The UPS plays a key role in the pathogenesis of
OSCC at the stages of malignancy onset and subse-
quent tumor progression. Recent studies on protea-
some functioning in OSCC have demonstrated their
key role in the molecular mechanisms of this disease.
Further study of the proteasome system in the patho-
genesis of OSCC will make it possible to find reliable
markers for predicting the development of oral cancer
from a precancer pathology and to assess the course
of the disease.
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