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Abstract
Prostate cancer is the most frequently diagnosed tumor in men and the second most common cause
of cancer-related death for males in the United States. It has been shown that multiple signaling
pathways are involved in the pathogenesis of prostate cancer, such as androgen receptor (AR),
Akt, Wnt, Hedgehog (Hh) and Notch. Recently, burgeoning amounts of evidence have implicated
that the F-box protein Skp2 (S-phase kinase associated protein 2), a well-characterized
oncoprotein, also plays a critical role in the development and progression of prostate cancer.
Therefore, this review discusses the recent literature regarding the function and regulation of Skp2
in the pathogenesis of prostate cancer. Furthermore, we highlight that Skp2 may represent an
attractive therapeutic target, thus warrants further development of agents to target Skp2, which
could have significant therapeutic impact on prostate cancer.
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Introduction
Prostate cancer is one of the most frequent non-cutaneous male malignancies, and the
second leading cause of cancer-related death for men in the United States with an estimated
240,890 new cases and 33,720 deaths expected in 2011 [1]. The high mortality rate
associated with patients diagnosed with prostate cancer could be partly due to the lack of
effective therapies. Currently, prostate cancer is treated with surgery, chemotherapy,
radiation therapy or hormonal ablation therapy [2]. Androgen deprivation is often used to
shrink the cancer volume because prostate cancer is mostly characterized as an endocrine-
related cancer that is driven by androgens [3]. However, most patients with advanced
prostate cancer eventually develop resistance to androgen deprivation therapy which
subsequently leads to the development of metastatic castrate-resistant prostate cancer
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(mCRPC), a clinical stage for which there is no curative therapy [4]. Due to the development
of mCRPC, prostate cancer cause high morbidity and mortality with overall poor survival
[1]. Taken together, although androgen ablation used in combination with other therapies are
the leading treatment in clinical practice, there are many limitations associated with these
types of treatment that retard the clinical expectation for curing prostate cancer. For
example, many patients have poor response to androgen deprivation therapy, and patients
develop tumor metastasis later on, leading to limited curative therapeutic options [5]. This
disappointing outcome strongly suggests that understanding the molecular mechanism(s) by
which prostate cancer arises is essential for the development of newer therapies to improve
the treatment of prostate cancer.

In recent years, studies have shown that multiple cellular signaling cascades including those
regulated by the AR (androgen receptor) [3], Akt [6], ER (estrogen receptor; ER) [7], EGFR
(epidermal growth factor receptor) [8], PTEN (phosphatase and tensin homolog on
chromosome 10) [9], mTOR (mammalian target of rapamycin) [10], NF-κB (nuclear factor-
κB) [11], Wnt [12], Shh (sonic hedgehog) [13], PDGF (platelet-derived growth factor) [14],
and Notch [15] have been investigated and these pathways are believed to play critical roles
in the aggressive pathological progression of prostate cancer. The alterations in these
pathways occur at different stages of prostate cancer from early stage such as high PIN
(prostatic intraepithelial neoplasia) grades of malignancy to advanced disease [16]. It is
important to note that the exact mechanisms by which prostate cancer develops and
progresses still remain poorly understood. However, robust evidence has recently been
accumulated to suggest that S-phase kinase associated protein 2 (Skp2) plays an important
role in the development of prostate cancer [17–20]. Therefore, in this review article, we will
focus our discussion on the role of Skp2 in the development and progression of prostate
cancer and summarize approaches by which Skp2 could be inhibited.

2. SCFSkp2 is an E3 ubiquitin ligase
The Skp2 F-box protein is the substrate recruiting component of the SCF (Skp1-Cullin 1-F-
box) type of E3 ubiqutin-ligase complexes. This family of E3 ligase belongs to the
ubiquitin-proteasome system (UPS) that controls the stability of various key cell fate
regulators [21]. There are three types of enzymes in the UPS: the ubiquitin-activating
enzyme (E1), the ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3). These three
enzymes compose of a cascade of enzymatic reactions to exert UPS function [21]. The
initial step is adenosine triphosphate (ATP)-dependent and involves the linkage of the
ubiquitin to the E1. Ubiquitin, an evolutionarily conserved 76-amino acid protein, is then
activated in an ATP-dependent manner by a thiol ester bond and subsequently transferred to
the E2 enzyme [21]. The ubiquitin-charged E2 then interacts with a specific E3 partner and
transfers the ubiquitin molecule onto the substrate by linking the COOH-terminus of
ubiquitin to a lysine ε-amino residue on the protein substrate, leading to formation of a
mono-ubiquitination or polyubiquitin chain due to the consecutive addition of ubiquitin
moieties to target proteins [21]. In general, target protein specificity is defined by the E3,
resulting in protein degradation in an ATP-dependent manner by the 26S proteasome [22].
This feature could be one of the reasons why deregulation of E3 ligase often leads to cancer
development, while the involvement of E1 and E2 in cancer has not been widely reported
except few published reports [23].

E3 ubiquitin ligases are classified into several groups based on the special domains they
contain, such as RING (really interesting new gene)-domain, HECT (homologous to the E6-
AP carboxyl terminus)-domain, U-box-domain, and PHD-domain [24]. Among them,
RING-type E3 ligases contain the most members, which include the SCF type of E3 ligase
complex. The SCF complex consists of four components: the invariable component Skp1,
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Rbx1 and Cullin1, and the interchangeable F-box protein that functions as a receptor for
target proteins [24]. To date, there are more than 70 putative F-box proteins encoded in the
human genome [24]. Among the many F-box proteins identified, Skp2 is one of the best
characterized and has been shown to be involved in carcinogenesis by regulating the
abundance of multiple tumor suppressor proteins associated with cancers [21].

3. Skp2 is a bona fide proto-oncoprotein
Skp2; a crucial component of the SCF complex, is the specificity factor of an E3 ligase
involved in cell cycle progression through degradation of its ubiquitination targets [21]. It is
worth mentioning that in most cases, Skp2 recognizes targeted substrates for ubiquitination
after the phosphorylation of a consensus sequence within the target protein [21]. Recent
research efforts have determined that the specific substrates of Skp2 include p21 [25], p27
[26], p57 [27], p130 [28], Tob1 (transducer of ERBB2) [29], FOXO1 [30], and others [31–
33] (Figure 1). Without a doubt, Skp2 plays a critical role in regulating many cellular
processes such as cell cycle regulation, cell proliferation, apoptosis, differentiation, and
survival, all of which are closely related to cancer development through degradation of its
substrates [21]. Since most of these substrates are tumor suppressor proteins, Skp2 is often
believed to function as an oncogene.

Consistent with this notion, Skp2 over-expression has been detected in various types of
cancers, including lymphomas [34], prostate cancer [20], melanoma [35], nasopharyngeal
carcinoma [36], pancreatic cancer [37], and breast carcinomas [38, 39]. In addition, gene
amplifications of the Skp2 have been reported in human gastric cancer [40]. Several mouse
models also confirm the oncogenic role of Skp2 in tumorigenesis. For example, xenografts
of breast cancer cell lines expressing high Skp2 grow much faster than xenografts
expressing low levels of Skp2 [38]. In agreement with a critical role for Skp2 in tumor
progression, Skp2 knock out mice are resistant to tumor development induced by loss of
either p19ARF or the PTEN tumor suppressor protein [17]. Furthermore, a correlation
between Skp2 over-expression and elevated Akt activity has also been reported in many
carcinomas [41]. Further, consistent with this model, we and others have demonstrated that
Akt1 phosphorylates Skp2 at Ser72, protecting Skp2 from Cdh1-mediated degradation and
localizing a pool of Skp2 to the cytoplasm [42, 43]. Recently, it has been reported that Skp2
expression correlated significantly with histological grade and tumor size in human
hepatocellular carcinoma [44]. Moreover, a correlation between elevated Skp2 protein
expression and tumor metastasis has been noted in multiple tumors, including melanoma
[35], oral squamous cell carcinomas [45], pancreatic cancer [46], and breast carcinoma [47].
Furthermore, Skp2 expression has been discovered to predict for poor prognosis in breast
cancer [47], melanoma [35], and nasopharyngeal carcinoma [36]. Importantly, a recent study
demonstrated that Skp2 confers upon a subset of pancreatic cancer cell lines resistance
towards TRAIL (tumor factor-related apoptosis-inducing ligand) [37]. Taken together, these
finding suggest that Skp2 serves as a proto-oncoprotein. In the next portion of this review,
we will mainly focus on the role of Skp2 in prostate cancer progression.

4. The role of Skp2 in the development and progression of prostate cancer
Emerging evidence suggests that Skp2 plays important roles in prostate tumorigenesis. For
example, prostate tissue-specific over-expression of Skp2 promoted marked over-
proliferation, leading to hyperplasia, dysplasia, and low-grade carcinoma in the prostate
gland [48]. A growing body of literature also strongly suggests that increased expression of
Skp2 is detected in prostate cancer cells and tissues. Moreover, Skp2 protein expression was
correlated with tumor stage, histological grade, and recurrence in prostate cancer [49–51],
suggesting that Skp2 could be useful as a prognostic biomarker. Furthermore, Lin et al.
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reported that Skp2 deficiency restricts prostate cancer development by triggering cellular
senescence through up-regulation of p21, p27 and ATF4 in vivo [17]. It is noteworthy that
the molecular mechanism(s) by which Skp2 induces prostate tumor growth has not been
fully elucidated. However, multiple signaling pathways, such as phosphatidylinositol 3-
kinase (PI3K)/Akt [52], AR [53], PTEN [20], p27 [18], and BRCA2 [54] signaling have
been reported to cross-talk with Skp2 in the prostate cancer, and thus it is believed that the
cross-talk between Skp2 and these signaling pathways may play critical roles in prostate
tumorigenesis. Here, we will discuss the recent advances in our understanding of the role of
Skp2 in prostate tumor progression. Therefore, in the following paragraphs, we will
summarize the results of emerging studies on Skp2, including the upstream regulators and
downstream effectors of this protein, as well as its implication in human prostate cancer.

4.1 Upstream regulators of Skp2 in prostate cancer
In recent years, studies on Skp2 and its oncogenic roles have burst onto the scene; however,
the upstream regulators of Skp2 in human cancer progression are largely unknown. Several
groups have found that multiple genes can regulate Skp2 expression. For example, MYC can
directly regulate Skp2 expression and MYC-mediated Skp2 induction leads to the reduction
of p27 levels in human leukemia cells [55]. Skp2 was also revealed as a novel target for E2F
regulation that is disrupted in several human tumor cell lines [56]. Additionally, over-
expression of PPARγ (peroxisome proliferators activated receptor gamma) can down-
regulate Skp2 expression in breast tumor cells [57]. BCR-ABL (breakpoint cluster region-
abelson leukemia gene) controls Skp2 gene transcription via the PI3K/AKT/Sp1 pathway in
leukemia cells [58]. Moreover, Tang et al. reported that WIF1 (Wnt inhibitory factor-1)
induced cell cycle G1 arrest through down-regulation of Skp2, leading to p27 accumulation
in bladder cancer cells [59]. Furthermore, Hu et al. found that thrombin, a trypsin-like serine
protease, induces tumor cell cycle activation and promotes cell growth by the up-regulation
of Skp2 as well as down-regulation of p27 in prostate cancer [60]. More recently, it has been
found that PI3K/Akt, PTEN and the AR can regulate the expression of Skp2 through
different mechanisms in prostate cancer [20, 52, 53]. The mechanisms by which these
upstream genes regulate Skp2 are discussed in the following paragraphs.

4.1.1 PI3K/Akt regulates Skp2 in prostate cancer—The PI3Ks are enzymes that
mediate cellular signal transduction. Both receptor tyrosine kinases (RTKs) and non-RTKs
can activate PI3K, which subsequently converts membrane-bound phosphatidylinositol
(4,5)-bisphosphoate (PIP2) to phosphatidylinositol (3,4,5)-triphosphoate (PIP3), leading to
the activation of Akt by phosphorylation [61]. Akt, also namely protein kinase B (PKB), is
one of the major regulators that control cell growth and apoptosis. It has been documented
that there are three isoforms of Akt known as Akt 1, Akt 2 and Akt 3, which are encoded by
PKBα, PKBβ and PKBγ in mammals, respectively. Akt is activated by 3-phosphoinositide-
dependent protein kinase, which transmits signals through cytokines, growth factors, and
oncoproteins to multiple targets [61]. Activated Akt could promote cell proliferation and
survival by inhibiting apoptosis through regulation of multiple signaling pathways such as
Bcl-xL/Bcl-2-Associated Death (BAD), IKK (Inhibitor of nuclear factor Kappa B Kinase),
GSK3 (Glycogen synthase kinase 3), Forkhead-related transcription factor 1 (FKHR1),
caspase-9 and mTOR [61]. The PI3K/Akt pathway has also been implicated in prostate
carcinogenesis, although its precise function remains to be fully elucidated [6].

Recently, we have found that the function of Akt at regulating Skp2 levels is primarily
through the regulation of Skp2 protein stability by Cdh1 [41]. It has also been reported that
activation of Akt promotes the binding of E2F-1 to the proximal Skp2 promoter in
pancreatic cancer [62]. Therefore, Skp2 up-regulation in most human cancers might be due
to a synergistic action of up-regulated Skp2 mRNA levels with a concomitant evasion of
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Cdh1-mediated degradation. Similarly, one study showed that PI3K/Akt signaling regulates
Skp2 expression as blocking PI3K/Akt signaling in prostate cancer cells resulted in
decreased Skp2 protein expression and increased p27 abundance [52]. However, further
research toward exploration of the molecular mechanisms by which PI3K/Akt regulates
Skp2 requires in-depth investigations.

4.1.2 PTEN regulates Skp2 in prostate cancer—It has been well documented that
PTEN functions as a tumor suppressor by negatively regulating the PI3K/Akt signaling
pathway. PTEN is among the most frequently inactivated or deleted tumor suppressor genes
in many cancers including prostate tumorigenesis. Interestingly, mutation of the PTEN gene
is rare in primary prostate cancer [63]. It has been shown that re-expression of PTEN in
prostate-cancer cell lines causes morphological changes associated with apoptosis [63].
Similarly, deletion of PTEN in tentative prostate stem cells causes development of prostate
cancer in mice, which recapitulates the disease progression seen in humans [64]. Restoration
of functional PTEN activity can inhibit the growth of PTEN−/−prostate cancer xenografts in
mice and restore sensitivity to chemotherapy [65]. Moreover, PI3K/Akt signaling is up-
regulated in 30–50% of prostate cancer cases, often due to the loss of PTEN function [10].
Together, it is well characterized that PTEN serves as a tumor suppressor in prostate cancer
without a doubt.

Recently, PTEN has been found to regulate the oncogenic functions of Skp2 in prostate
cancer. Down-regulation of PTEN in prostate cancer DU145 cells showed PTEN/Akt-
dependent regulation of Skp2 and p27 [52]. Moreover, an inverse correlation between the
PTEN tumor suppressor protein and expression of Skp2 as well as its target p27 in the
prostate cancer has been observed, implicating that PTEN may regulate Skp2 expression in
vivo [20]. These data indicate that the PI3K/PTEN/Akt could modulate p27 through Skp2 in
prostate cancer. This regulatory role for PTEN towards Skp2 might be partly attributed to
the ability of PTEN to activate the E3 ligase activity of APC/Cdh1 through a direct physical
interaction [66]. Thus, in PTEN−/−cells, impaired APC/Cdh1 E3 ligase activity might cause
elevated Skp2 abundance, allowing Skp2 to exert its oncogenic functions in facilitating
prostate cancer development. Nonetheless, further research towards exploration of the
molecular mechanisms by which PTEN regulates Skp2 should require immediate attention.

4.1.3 Androgen and AR regulate Skp2 in prostate cancer—AR, a ligand-activated
transcription factor, has been well documented to play a critical role in the pathological
progression of prostate cancer. AR without binding to its ligand androgen is sequestered in
the cytoplasm and bound to HSPs (heat shock proteins) [67]. After binding to androgen, AR
undergoes a dramatic conformational change, resulting in its dissociation from HSPs and its
subsequent phosphorylation. These change allow AR to localize to the nuclear and form
homodimer. facilitating its interaction with DNA [67]. The activated AR then initiates gene
transcription by binding to specific androgen response elements in the promoter regions of
its target genes such as PSA (prostate specific antigen), leading to promoting cell growth. It
has been reported that androgens and AR are involved in all stages of prostate
carcinogenesis including initiation, progression, and treatment resistance, suggesting that
AR signaling could be a critical target for prostate cancer prevention and treatment.
Importantly, it has been found that Akt is an important activator of the AR, which is
required for androgen-independent survival and growth of prostate cancer cells [68].

Emerging evidence has shown that androgen and the AR are involved in the regulation of
Skp2. Pernicova and his co-workers found that androgen depletion decreased prostate cancer
cell proliferation partly through down-regulation of Skp2 [69]. Recent studies have also
shown that the AR is a robust upstream regulator of Skp2 through blocking its D-box-
dependent degradation in prostate cancer cells [19]. Interestingly, Skp2, in turn, serves as an
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essential downstream effector of the AR in promoting proliferation independent of the
differentiation-promoting function of the AR [19]. Very interestingly, it has been
demonstrated that expression of Skp2 is inhibited by androgen in an AR-dependent manner
[70]. Specifically, androgen represses Skp2 expression via both p107-dependent and p107-
independent pathways in prostate cancer cells [71]. Similarly, one study led by Chuu et al.
reported that androgen suppresses cell growth in prostate cancer by inducing G1 cell cycle
arrest via reduction of Skp2 and c-Myc as well as induction of p27 [53]. This evidence
suggests that there is a direct link between Skp2 and AR-mediated cell signaling; however,
the molecular mechanism of this feedback signaling loop is still not yet clear. Thus, a better
understanding of the precise role of Skp2 and its interrelationship with AR requires further
in-depth investigation.

4.2 Downstream effectors of Skp2 in prostate cancer
Recent studies have clearly demonstrated that behaving as a proto-oncoprotein, Skp2
regulates a variety of cellular processes including cell cycle progression, cell proliferation,
apoptosis, differentiation, migration, invasion, and survival, all of which are related to
cancer development and progression. This is mainly achieved through directly promoting
the degradation of Skp2 downstream substrates. However, it has also been shown that Skp2
affects the expression of proteins other than its substrates. For example, Skp2 over-
expression increases the expression of MMP-2 as well as MMP-9 and invasion of lung
cancer cells [72], which might be indirectly through regulating Skp2 substrates such as
FOXO1 [30] or c-Myc [32, 33]. Although the exact molecular mechanisms still remain
elusive, it expands the understanding of the oncogenic role of Skp2 and articulates the
significant contribution of Skp2 during the tumorigenesis process via affecting a wide
spectrum of signaling cascades. Here, we mainly focus on discussing the recent advances in
the understanding of the role of Skp2 in prostate tumor progression.

4.2.1 Skp2 regulates p27 in prostate cancer—Cell proliferation is tightly regulated
by expression and activation of cell cycle-dependent cyclins, cyclin-dependent kinases
(Cdks) and cyclin-dependent kinase inhibitors (CdkIs) [73]. There are two classes of CdkIs
that regulate different Cdks, namely the INK4 family and the KIP/CIP family. Members of
the INK4 family include p15INK4A, p16INK4B, p18INK4C, and p19INK4D, while the KIP
(kinase inhibitor protein)/CIP family contains p21CIP, p27KIP1, and p57KIP2 [73]. It is well
established that p27, an inhibitor of cyclin-dependent kinases, is a negative cell cycle
regulator that functions as a tumor suppressor [74]. Low or absent p27 expression has been
frequently observed in many human cancers including prostate cancer [74]. Furthermore,
down-regulation of p27 correlates with aggressive tumor grade and poor prognosis in
prostate cancer [75, 76]. However, the mechanism of p27 down-regulation in prostate cancer
is not fully understood.

It has been reported that Skp2, which targets p27 for degradation, is highly expressed in
prostate cancer [20]. This raises the question of whether the low levels of p27 in prostate
cancer may be due to increased expression of Skp2. Indeed, several studies by different
groups have shown that Skp2 acts as an oncoprotein probably through its degradation of
p27. First of all, Skp2 expression was inversely correlated with p27 expression in prostate
cancer [49]. Consistent with this notion, over-expression of Skp2 in transgenic mice caused
significant down-regulation of p27 in prostate glands [48]. Moreover, up-regulation of Skp2
led to ectopic down-regulation of p27 in prostate cancer cells [18]. However, it is recognized
that more thorough studies are required to fully understand how Skp2 regulates p27 in
human prostate cancer.
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4.2.2 Skp2 regulates BRCA2 in prostate cancer—BRCA2 (Breast cancer 2),
originally identified in familial breast cancer patients, was found to be involved in prostate
cancer as a tumor suppressor [77]. Studies have shown that men with mutations in BRCA2
will be more likely to develop prostate cancer, indicating that there is a genetic link between
BRCA2 mutations and the overall risk for prostate cancer [78]. Moreover, BRCA2 mutation
carriers are typically diganosed with more aggressive prostate cancer phenotype, such as
shorter survival [78], suggesting that BRCA2 mutation is a prognostic factor for prostate
cancer outcome.

Recently, it has been demonstrated that Skp2 controls the proteolytic degradation of BRCA2
in a PI3K-dependent manner in prostate cancer cells [79], indicating that the interaction
between BRCA2 and Skp2 may play a critical role in prostate tumorigenesis. Specifically,
inhibition of Skp2 expression prevented BRCA2 depletion and inhibited prostate cancer cell
growth [79]. More recently, Arbini et al. reported that decreased BRCA2 was inversely
correlated with Skp2 expression in prostate cancer [54]. This group also found that Skp2
over-expression reduced BRCA2 protein and promoted prostate cell growth and migration,
suggesting that the loss of BRCA2 expression is correlated with prostate cancer growth and
migratory behavior due to over-expression of Skp2 [54].

4.2.3 Skp2 regulates the expression of other targets in prostate cancer—
Recently, Lin et al. reported that Skp2 depletion markedly reduced tumor weight and
invasive prostate cancer after complete PTEN inactivation [17]. Moreover, this group
showed that Skp2 deficiency restricts prostate cancer development by triggering cellular
senescence through p27, p21 and ATF4 induction [17], suggesting that Skp2 could regulate
these gene expressions in prostate cancer. It is important to note that Skp2 deficiency did not
elicit cellular senescence on its own, but it triggers a senescence response after oncogenic
stress [17]. Therefore, Skp2 maybe regulating other gene expressions that have not yet been
discovered which might contribute to the development of prostate cancer. Additionally, it
has been found that c-Myc is overexpressed in prostate cancer and been linked to prostate
cancer tumorigenesis [80, 81], while Skp2 participates in c-Myc proteosomal degradation
and also induces c-Myc-responsive genes, [32, 33], suggesting that Skp2 may promote
prostate carcinogenesis partly through regulation of c-Myc. More recently, Chan et al.
demonstrated that Skp2 cooperates with Myc to induce RhoA transcription by recruiting
Miz1 and p300 to the RhoA promoter independently of the SCFSkp2 E3 ligase activity [82].
In addition, the Myc–Skp2–Miz1 complex is overexpressed and correlated with the elevated
RhoA expression in metastatic prostate cancer [82], indicating a novel SCFSkp2 E3-ligase-
independent function accounting for the oncogenic activity of Skp2 in prostate cancer.
Clearly, further in-depth studies are still needed to ascertain more downstream targets that
could be regulated by Skp2, either in an E3-ligase-dependent or an E3-ligase-independent
fashion, which will help to elucidate the underlying molecular mechanisms by which Skp2
governs the tumorigenesis in the prostate cancer setting.

5 Skp2 is a potential target for prostate cancer therapy
Given the importance of Skp2 in tumor cell cycle regulation, cell growth, apoptosis,
migration, and metastasis and its cross-talk with many signaling pathways in human cancers
including prostate cancer (Figure 2), Skp2 has emerged as an attractive pharmacological
target for the development of novel cancer therapy in the past decade. While proteasome
inhibitors have been developed such as bortezomib (Velcade TM Millennium
Pharmaceuticals, Inc), the first proteasome inhibitor approved by the FDA for treating
multiple myeloma [83], agents inhibiting Skp2 may represent more directly targeted drugs
with the promise of enhanced efficacy and reduced toxicity. For example, MG-132, a
proteasome inhibitor, suppresses cell proliferation and induces apoptosis by down-regulation

Wang et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of Skp2 and accumulation of p27 in lymphoma cell lines [84]. However, patients receiving
proteasome inhibition therapy have numerous undesirable side effects such as nausea,
diarrhea, fever, anemia, neutropenia, and neuropathy [85]. These adverse effects could be
due to inhibition of the wide-ranging functions of the UPS, indicating that targeting specific
components of the UPS, such as Skp2 might overcome these problems. Therefore, the
development of small molecule inhibitors against Skp2 with a higher level of specificity and
selectivity without unwanted side effects would be more likely to have a significant impact
on cancer therapy.

Several small molecule inhibitors that block the Skp2 have been developed through a high-
throughput screening [86, 87]. Recently, a small molecule inhibitor CpdA (Compound A),
which blocks the recruitment of Skp2 to the SCF ligase complex, inhibited cell growth via
cell cycle arrest and induced apoptosis in multiple myeloma cells [86]. Moreover, CpdA
overcame resistance to chemotherapeutic agents such as dexamethasone, doxorubicin, and
melphalan, as well as to proteasome inhibitor bortezomib in multiple myeloma [86].
Furthermore, one chemical compound known as SMIP0004 was reported to down-regulate
Skp2 in prostate cancer cells, leading to p27 stabilization [87]. Interestingly, the PPARγ
agonist troglitazone and its analogs mediated the proteasomal degradation of β-catenin by
up-regulating β-TRCP (beta transducin repeat containing protein) as well as by down-
regulation of Skp2 in prostate cancer cells [88].

Using chemical compounds to inhibit Skp2 has limitations for the treatment of human
cancer because of the lack of appropriate in vivo delivery systems. To overcome such
limitations, researchers recently considered “natural agents” to target Skp2. Indeed, it has
been shown that natural agents including curcumin, quercetin, lycopene, silibinin,
epigallocatechin-3-gallate, Vitamin D3, and others could induce cell cycle arrest through
down-regulation of Skp2 expression in human cancers [89–92]. For example, Roy et al.
found that silibinin inhibited Skp2 expression and reduced its binding with p27, leading to
accumulation of p27, subsequently causing cell cycle arrest in prostate cancer cells [89].
Yang et al. observed that 1,25-(OH)2 vitamin D3 exerts anti-proliferative effects via cell
cycle regulation by reduction of Skp2 and accumulation of p27 in prostate cancer cells [90].
Considering the relatively non-toxic nature of “natural agents”, targeting Skp2 by these
agents combined with conventional chemotherapeutics could be a novel and safer approach
for achieving better treatment outcome. However, further in-depth preclinical and clinical
studies are warranted in order to appreciate the value of “natural agents” for the prevention
and treatment of prostate cancer.

6. Conclusions and perspectives
In conclusion, Skp2 plays an important role in the development and progression of human
cancers including prostate cancer mainly through regulation of its substrates such as p27,
p21 and FOXO1. Therefore, development of inhibitors that target Skp2 could be a novel
strategy for the treatment of prostate cancer. One alternative strategy may be to target
several signaling pathways that control Skp2 expression, such as PI3K, Akt, and the AR.
Furthermore, we summarize that several chemical compounds as Skp2 inhibitors caused cell
cycle arrest in prostate cancer, suggesting that targeting Skp2 could represent a novel
therapeutic strategy. Interestingly, natural agents were also found to target Skp2 expression
in prostate cancer. Due to their non-toxic features, targeting Skp2 by natural agents
combined with conventional chemotherapeutics could be an attractive and safer approach for
anti-prostate cancer therapy. We believe that this review article would draw significant
attention and ignite further work to investigate the molecular mechanism(s) by which Skp2
could be targeted, and will aid in further design of novel approaches by single agent or by

Wang et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



using a combination to achieve more effective treatment outcome of prostate cancer patients
especially those who are diagnosed with mCRPC.
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Figure 1. Illustrated pathways of Skp2-mediated degradation of its major downstream targets
The SCF (Skp1-Cullin 1-F-box) complex consists of four components: the invariable
component Skp1 (adaptor protein), Rbx1 (RING finger protein) and Cullin1 (Scaffold
protein), and the interchangeable F-box protein that functions as a receptor for target
proteins. Skp2 recognizes the targeted substrates, which are presented closely to the E2
enzyme to ensure consequent conjugation of ubiquitin. The addition of polyubiquitin targets
proteins to the 26S-proteasome for degradation. The specific substrates of Skp2 include p21,
p27, p57, p103, Tob1, FOXO1, and c-Myc.
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Figure 2. Diagram of Skp2 cross-talks with other pathways in prostate cancer
PI3K/Akt, PTEN and AR regulate the expression of Skp2 in prostate cancer. Skp2 regulates
the abundance of its substrates p27, p21 as well as the expression of ATF4 and BRCA2.
Skp2 inhibitors including natural agents such as silibinin could induce cell cycle arrest
through downregulation of Skp2 expression in prostate cancer. Skp2: S-phase kinase
associated protein 2; AR: androgen receptor; BRCA2: breast cancer 2; PI3K:
phosphatidylinositol 3-kinase; PTEN: phosphatase and tensin homolog on chromosome 10.
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