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Abstract

A normal evolution of the cell-cycle phases consists of multiple consecutive
events, which makes it a highly complex process. Its preservation is regulated by
Cyclin-Cdks (cyclin-dependent kinases) interactions and protein degradation, which
is often controlled by the ubiquitin-mediated proteolysis.

The goal of this review is to emphasize the most important features of the
regulation of the cell-cycle involved in cancerogenesis, by presenting the involvement of
E3 ubiquitin ligases SCF (Skp1-Cull-F-box protein) and APC/C (Anaphase-promoting
complex/cyclosome) in human malignancies. Also, we discuss the importance of the
ubiquitin proteasome pathway blockade in cancer treatment. We know that a better
understanding of the regulatory biology of the cell cycle can lead to the development

of new target therapies for cancer.
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Introduction

The progression of the cellular cycle in eukariots
is controlled by the interaction of cyclines and kinase-
dependent cyclines (Cdks) [1]. The formation of an active
heterodimer through the interaction of Cdks with cyclines
is extremely necessary, because cyclines do not have their
own catalytic activity, and Cdks are inactive without a
cyclin partner [2,3]. The proteic level of cyclines varies
within the phases of the cellular cycle. The type D cyclines
activate Cdk4 and Cdk6 in order to regulate the events in
the G1 phase [1]. Type E and A cyclines activate Cdk2 and
Cdk1 with effects on the events of the S phase [1,4]. Type
A and B cyclines activate Cdk1 with a direct and regulatory
action of the events in the mitosis [5]. The cyclineE-Cdk2
is activated in the late G1 phase, so as to promote the
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entry into the S phase and thereafter the DNA replication
[1,4]. CyclinA-Cdk2 and cyclinA-Cdk1 are involved in the
progression of the S phase and the G2/M transition, while
cyclinB-Cdk1 is activated in order to promote the entry into
the mitosis [1]. The activity of Cyclin/Cdks complexes is
negatively regulated by the Cdk inhibitors [2,5]. The Cdk
inhibitors belong to 2 families: Ink4 and Cip/Kip (kinase
inhibitor protein). The Ink family includes pl5, p16, p18
and p20 [1,4]. The Cip/Kip family includes p21, p27 and
p57 [6]. The Ink4 family inhibits the activity of Cdk 4 and
Cdké6. The Cip/Kip family inhibits mainly the activity of
Cdk2, binding to the CyclinE-Cdk2 and CyclinA-Cdk2
complexes [4]. P27 negatively regulates Cdk2-Cyclin
A/E and can positively regulate CyclinD-Cdk4 [7]. In
normal conditions, the proliferation signals determinate
the synthesis of cyclinD. CycD attaches to Cdk4/6 and
initiates the phosphorilation (therefore the inactivation)
of the retinoblastoma protein (Rb), with the release of the
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transcriptional factor E2F [8,9]. This allows the activation
and transcription of responsive E2F genes, which are
necessary for the transition of G1/S (cyclinE) and initiation
of DNA replication (cyclinA) [10,11]. Another function of
CycD-Cdk4/6 is to maintain CycE-Cdk2 in an active form
by a competitive coupling of the free p27. This blocks
the formation of p27/CycE-Cdk2, which determines an
additional release of E2F [12]. The high level of free E2F
promotes the CycE synthesis in the middle and late G1-
phase and by this it facilitates the association of CycE with
Cdk2, resulting in supplementary CycE-Cdk2 complexes.
This results in a greater release of E2F, which accomplishes
a positive-feedback between E2F and CycE. High levels of
E2F and CycE-Cdk2 allow the cells to cross the transition
G1/S and determine the entry into the S phase [11]. The
degradation of CycD starts in the middle of the G1 phase,
which allows the release of p27, bound to the CycD-
Cdk4/6 complex [8]. Moreover, p27 binds to CycE-Cdk2
and CycA-Cdk2. Even if p27 can inhibit their activity, a
high level of CycE-Cdk2 can initiate p27 degradation
through a phosphorylation mechanism at the Thr'® [13].
Likewise, the accumulation of Skp2, a negative regulator
of p27, starts in the late G1-phase, thanks to the decrease in
activity of APC/C® [8]. Altogether, these events in the G1
phase determine a significant degradation of p27 at the end
of it, which determines the intracellular accumulation of
CycE-Cdk2 and therefore the progression of the cell cycle.

The resulting signals of the detection of DNA lesions
induce the release of p53 by its inhibitor Mdm?2, with the
activation of p53 as a transcriptional factor for several
genes involved in DNA-repairing and the cell cycle arrest
[9,14,15]. Among these there is also the Cdk inhibitor p21,
which negatively regulates CycE-Cdk2 and CycA-Cdk2
[9,16]. This leads to the decrease in E2F releasing, and
thereby the decrease of the synthesis of CycE and CycA,
which finally results in blocking the progression of the cell
cycle [16].

Ubiquitin proteasomic system — a proteolytic
machinery

The proteic level of these regulators is controlled
by the ubiquitin proteasomic system (UPS) [2,17]. The
degradation mediated by this proteolytic-complex is an
irreversible mechanism which ensures the unidirectional
way of the cellular cycle [2].

UPS is composed of 3 types of enzymes: an
ubiquitin-activating enzyme (E1), an ubiquitin-conjugating
enzyme (E2) and an ubiquitin-ligase (E3). These enzymes
compose a cascade of enzymatic reactions, which results
in UPS functioning [2,18]. The first step is ATP-dependent
and presumes the binding of ubiquitin to the E1. Ubiquitin,
a 76 aminoacid- protein, after its activation, is subsequently
transferred to the E2 enzyme [18,19]. Furthermore,
ubiquitin, linked to E2, interacts with a specific partner, E3,
and transfers the ubiquitin molecules on the proteic substrate

leading to the formation of mono- and polyubiquitylations
[6]. After this, the polyubiquitylated protein suffers proteic
degradation by the 26S proteasome in an ATP-dependent
manner [2,6]. The human proteome contains two ubiquitin
El enzymes, about 50 E2s and 600 E3s [20]. Generally,
the specificity of the target-protein depends on E3, which
is the reason why the disorder of E3-ligase often leads to
cancerous growth [9,18].

The ubiquitin ligases were divided in 3 main classes,
based on specific structural reasons, namely: Cullin-based
E3s [which contains SCF, APC/C and VBC (von Hippel
Landau tumor suppressor/Elongin BC complex)], HECT-
based E3s (which contains E6-AP), and RING-finger based
E3s (which contains Mdm?2 and Cbl) [14].

Two important types of E3 enzyme are considered to
have a significant role in regulating the progression of the
cell cycle: the anaphase-promoting complex or cyclosome
(APC/C) and the SCF complex. SCF is active throughout
the entire cellular cycle, and the activity of APC/C takes
place between the metaphase and the end of the next G1-
phase [2]. APC/C is essential for separating the chromatin-
sisters in the anaphase and for the crossing of the cells from
the M phase to the G1. These events are mediated by the
ubiquitylation of the inhibitors of the anaphase, known as
securins (Pdsl or Cut2) [2,8]. The SCF complex mainly
regulates the progression of G1 to S-phase [21]. Disorders
of the proteolytic system can lead to cellular proliferation,
genomic instability and cancer [1,2,18].

Skp1-Cullin1-F-box E3 ubiquitin-ligase

The SCF complex consists of 4 components: 3
constant subunits Skp1l, Rbx1 and Cullinl, and a variable
subunit, the F-box-protein [2,6]. Cul 1 is the cornerstone
on which the subunits Rbx1 and Skp1 are assembled. Rbx1
binds to E2 and Skpl binds to the proteic subunit F-box
[22,23]. Each F-box protein binds to a specific subset
of substrate proteins, promoting their degradation [24].
To date, 70 types of F-box proteins have been identified
[18,21].

Each F-box protein has a protein-protein interaction
domain, important for the attachment and recognition
of the substrate [19]. There are 3 classes: WD40 repeat-
containing F-box proteins (FBXWs), such as B-TRCP
and FBW7; leucine-rich repeats (LRRs)-containing F-box
proteins (FBXLs), including Skp2 and F-box proteins
containing other diverse domains (FBXOs), including
other types of proteins with several types of domains in the
terminal C-region [17,25].

Skp2 is an F-box protein that recognizes the
phosphorylated p27 in the p27/Cdk2-cyclinE complex [17].
The SCFS¥¢ks! complex binds to p27 at two sites, one at the
Thr'® level through Cksl, and the other at the Glu'® level
through the interface offered by the Skp2/Cksl complex
[7]. In the absence of p27, Cdk2-cyclin E and Cks]1 raise the
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phosphorylation of Skp2. This phosphorylation determines
the auto-ubiquitination and subsequent degradation of
Skp2 [7]. The over-expression of Skp2 or the expression in
several phases when it should be low (for example in the
G1-phase) gives an advantage to the cellular growth due to
p27 degradation [19].

B-TrCP has a dual role in controlling the activity
of Cdkl. In the S-phase and the mitosis, B-TrCP decreases
the activity of Cdkl by inducing Cdc25A and EMII
degradation [19]. Meanwhile, it raises its activity in G2-M
phase by inducing claspin and WEE1 degradation. It also
stabilizes EMI1, an inhibitor of APC/C [21]. For these
reasons it is considered that B-TrCP possess both oncogenic
and tumor suppressive characteristics [19].

FBW?7 works as a tumor suppressor [2]. Its role
as an oncosupressor protein is outlined by the analysis
of its substrates, which work as cell-cycle activators with
oncogenic properties: cyclin E, Notch1, Notch4, presenilin,
c-Myc and c-Jun [2,21]. The genetic inactivation of Fbw7 in
cancer cells offers a characteristic phenotype distinguished
by the presence of micronuclei and chromosomal instability
[21].

APC/C is a multifunctional E3 ligase

APC/C regulates important cellular events,
including mitotic progression, DNA replication, cellular
differentiation, genomic integrity and signaling transduction
[1]. Pathological and epigenetic studies demonstrate that the
dysfunction of certain APC/C components, such as APC6,
APCS8 and Cdhl or Cdc20, correlates to certain types of
cancer, including colorectal cancer [26], B-cell lymphoma,
gastric and lung cancer [27,28]. The activation of APC/C is
dependent on co-activator proteins WD40: Cdc20 and Cdhl
[1,8]. APC/C2 initiates the anaphase and leads the exit of
the mitosis by inactivating Cdk1, while APC/C®! ensures
a stable G1-phase maintaining a low activity of Cdk [2,29].
The statement that APC/C is involved in cancerogenesis
is sustained by the fact that certain substrates such as
Aurora-A, Skp2, Cdc25A, Cdc25B, Cyclin A and Cyclin
B are frequently over-expressed in different types of cancer
[1]. The Cdc25A phosphatase promotes the entrance into
the S-phase and the mitosis by dephosphorylation and
activation of Cdkl1/ 2 [1,8]. Aurora A and B are important
mitotic-kinases, and are involved in the maturation of the
centrosome and the separation of the chromosome [1,8].
The APC/C complex regulates the expression of these
substrates according to the cell cycle phases [8]. Moreover,
inactivatory mutations of APC4, APC6/Cdcl6 and APCS8/
Cdc23 have been discovered in colon cancer cells [1,30].
The high expression of APC/C inhibitors is as well
frequently observed in cancer, including Mad2, BubRl1,
Bubl and Emil [1]. Emi 1 inhibits Cdc20 and Cdhl in S-
and G2-phases, thus promoting the entrance in the S-phase
and the mitosis [29,31].

Certain studies have showed that DNA lesion can

lead to an activation of APC/CC!  causing cell-cycle arrest
in the G1 phase by decreasing the activity of cyclin-Cdk
[32]. DNA-Iesion in the G1 phase activates p53, which
inactivates Cdk2 through p21 activity [29].

E3-ligase interaction regulates cell-cycle

The interaction between SCF and APC/C in leading
the development of the cell cycle is at best reflected in the
regulation of the cellular level of Skp2 by APC/C [7,33].
mRNA Skp2 is present throughout the cellular cycle, with
minor fluctuations [34]. Skp2 protein, on the other hand, is
absent in GO and G1, it accumulates in the G1-S transition
and persists throughout the S-phase to the mitosis [30]. The
discrepancy between the proteic level from GO/G1 and the
S-phase is due to the differentiation in the protein stability
[30,35]. Skp2 is highly unstable in GO/G1, but after its entry
in the S-phase its stability grows significantly [30,35]. The
mechanism which controls Skp2 expression and protein
stability is not completely understood, there being several
known regulators (see Tab. I). In addition, some studies
prove that Skp2 degradation in GO/G1 is mediated by APC/
CCd! ybiquitin ligase [30,33]. It has been noticed that the
over-expression of Cdhl in the cells leads to a considerable
destabilization of Skp2 [30]. Some control mechanisms
ensure the activity of APC/C® only in the late M phases
and GO/G1 [7,33]. The complex is activated by binding
dephosphorylated Cdhl to APC/C in the late M phase [7].
The absence of activity of Cdk1 and Cdk?2 kinases preserves
APC/CCM and keeps it functional throughout G1 and
GO. At the GI1-S transition, the functioning of APC/C“!
is blocked by the interaction of Cdhl with the inhibitory
protein Emil, as well as by the Cdhl- phosphorylation
Cdk-mediated [29]. The inactivation of APC/CC! allows
the accumulation of Skp2 and Cksl, forming an active
SCFS>Ckst which prepares p21 and p27 for the ubiquitin-
mediated degradation. The over-expression of Skp2 in
different types of cancer can be a consequence of Cdhl
inactivation or low-expression [30].

Table I. Upstream regulators of Skp2.

Pathway Regulation Cancer type References
PI3K/Akt Up-regulates  colon/prostate/breast  36,37/18/38
PTEN Down-regulates colon/prostate 39,40/38
APC/CC®!  Down-regulates colon 1,27
RECK Down-regulates colon 41,42
Androgen Up-regulates prostate 18,43
mTOR Up-regulates breast 38,44

Retinoblastoma protein regulates the transcription
of Skp2 gene and the proteic stability of Skp2, functioning
as a scaffold between Skp2 and its ubiquitin ligase, APC/
CChl 145]. This mediation of the interaction, which is
facilitated by Rb, determines Skp2 degradation and
contributes to its post-transcriptional regulation [46]. In
the early GO and Gl-phase, a part of the Rb molecules
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can suppress the expression of Skp2, keeping the contact
of Skp2 with APC/CC®! Other Rb molecules sequester
the E2F activator, which prevents genetic transcription of
Skp2 [46]. Both mechanisms maintain a low level of Skp2
and determine p27 stability, and inhibit cyclin E-Cdk2,
Rb phosphorylation and E2F release [46]. In the late G1
phase the Rb phosphorylation starts with the E2F release,
which determines the induction of Skp2 gene [9,46]. The
contact between APC/CC®! and Skp2 is as well lost with
the decrease of the degradation’s efficacy. Moreover, the
E2F-dependent induction of Emil inhibits the APC/C!
activity [47]. These data suggest that Skp2 over-expression
in cancer can be a consequence of Rb pathway disorder,
which is frequently seen in cancer [46].

In order to outline the involvement of APC/C®! in
cancerogenesis by degradation of Skp2, the axis of APC/
CCdl_Skp2-p27 involved in colorectal cancerogenesis
was analyzed. The percentage of Cdhl and p27 positive
samples in tumoral tissue was significantly lower compared
to adjacent normal tissue [27]. In reverse, the percentage of
Skp2-positive samples in tumoral tissue was significantly
higher compared to normal tissue [27]. High expression
of Cdhl in colon cancer cells was associated with a low
tumoral histological degree. Moreover, the depletion of
Cdhl trough RNA interference in colon cells determines a
growth of cellular proliferation, with a significant raise in
numbers of the cells in the S-phase [27]. Over-expression
of Cdhl in colon cancer cells determines the reduction of
Skp2 with a significant raise in p27, decreasing the cell
growth and cancerous cell numbers in the S-phase [27].

The 26S proteasome - a key role in proteolytic
degradation

The proteasome is a multiproteic cellular
complex, discovered by Hershko, Ciechanover and Rose
— distinguished with the Nobel Prize for Chemistry in
2004 [48]. The proteasome directly or indirectly regulates
several important cellular processes: proliferation,
apoptosis, angiogenesis and metastasis [49]. The 26S
proteasome is a non-lisosomal proteolitic complex, found
as well in the cytoplasm as in the nuclei of eukariots, and
plays a crucial role in normal cellular functioning [50]. The
26S proteasomic complex is involved in p27 degradation,
therefore promoting cell cycle progression with effects
on the cellular proliferation, uncontrolled cellular growth
and cancerous cells development [48,50]. Cyclines are as
well regulated by the 26S proteasome, their degradation is
possible after a prior ubiquitination of the APC/C complex
[51]. Therefore, the proteasome has become an attractive
target for anti-cancer treatments. Some proteasome
inhibitors which act on proteolytically-active sites of the
26S proteasomic complex have demonstrated anti-tumor
effects by inducing apoptosis in different tumor types [50].
Moreover, proteasomic inhibitors induce cell cycle arrest,
inhibit angiogenesis, cellular adhesion and migration,

immune and inflammatory response and the reparatory
response of the DNA [50]. Proteasomic inhibitors raise
the level of p27 and p21, inhibiting Cdks with an effect on
cellular growth and cell cycle course [48]. The antitumor
effects of proteasomic inhibitors have been noticed in
several cancer cell lines and animal-cancer models,
including: lymphomas, leukemias, melanomas, pancreatic,
prostate, breast or colon cancer [50,52]. These studies
have shown that cancerous cells are much more sensitive
to proteasomic inhibitors and that complete blocking of
proteasome is not necessary to obtain anti-tumoral effect
[50]. That is why the inhibition of proteasome has become
an attractive target for treating cancer. The proteasomic
inhibitors have a large spectrum of antiproliferative and
proapoptotic effects, but with a low potency [50,52]. Among
the inhibitors, Bortezomib (Velcade) is the distinguished
one, and is used in treating multiple myeloma and mantle-
cell lymphoma. Bortezomib binds to the catalytic core
subunit of the proteasome [53]. Several clinical studies
have established Bortezomibs effects in non-small cell lung
cancer, pancreatic and prostate cancer [54,55,56]. There
are various proteasomic inhibitors, with great potential,
analyzed in some clinical trials, such as: carfilzomib,
ONX0912, marizomib, CEP-18770 and MLN9708 [8].
Carfilzomib has a great selectivity for 26S proteasome and
a better tolerability than Bortezomib, in vitro as well as in
vivo. Carfilzomib was FDA- approved for treating patients
with relapses and refractory multiple myeloma, proving its
high potency and its better therapeutic index [8].

Conclusions and perspectives

Therapy directed towards individual components
of E3-ligases or ligase-families known to be involved in
human cancers could be more efficient than proteasomic
inhibitors. The inhibiton of a single E3-ligase could be the
best therapeutic approach, taking into account that it would
affect only a limited number of proteins, and would have
a better therapeutic response, with less adverse effects [8].
Regarding the SCF complexes- inhibiting F-box-substrate
interaction or F-box- SCF binding, these are attractive
therapeutic targets. The inhibitory molecule CpdA prevents
Skp2 binding to the SCF ligase complex, inducing G1/S
arrest and apoptosis, consequently stabilizing p27 and
p21. Much more, CpdA sensitizes multiple myeloma
cells to cytostatic agents and Bortezomib, being active as
well on lymphoblasts and myeloid leukemia blasts [57].
There are many E3-ligase inhibitors in clinical trials,
against Mdm2, Plkl, Met30, with promising results [8].
Their pharmacological modulation might offer specific
therapies in a variety of cancers. The success depends
on the pharmacological progress, on developing potent
inhibitors of the F-box protein and furthermore, on the
better understanding of implied mechanisms.
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