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Abstract

Strictly regulated protein degradation by ubiquitin-proteasome system (UPS) is essential for 

various cellular processes whose dysregulation is linked to serious diseases including cancer. 

Skp2, a well characterized component of Skp2-SCF E3 ligase complex, is able to conjugate both 

K48-linked ubiquitin chains and K63-linked ubiquitin chains on its diverse substrates, inducing 

proteasome mediated proteolysis or modulating the function of tagged substrates respectively. 

Overexpression of Skp2 is observed in various human cancers associated with poor survival and 

adverse therapeutic outcomes, which in turn suggests that Skp2 engages in tumorigenic activity. 

To that end, the oncogenic properties of Skp2 are demonstrated by various genetic mouse models, 

highlighting the potential of Skp2 as a target for tackling cancer. In this article, we will describe 

the downstream substrates of Skp2 as well as upstream regulators for Skp2-SCF complex activity. 
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We will further summarize the comprehensive oncogenic functions of Skp2 while describing 

diverse strategies and therapeutic platforms currently available for developing Skp2 inhibitors.
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1. Introduction

1.1. Ubiquitin-Proteasome System (UPS)

Protein degradation, as a necessary component of protein turnover, is essential for cells to 

rapidly recycle amino acids in response to various extracellular stimuli. UPS serves as the 

most critical posttranslational modification machinery that governs protein degradation [1]. 

Functional UPS mediated proteolysis is responsible for maintaining protein homeostasis by 

eliminating misfolded protein, which is important for regulating various cellular processes 

such as apoptosis [2] and cell cycle progression [3]. Moreover, recent studies have suggested 

that the non-proteasomal ubiquitin signals are also significantly involved in processes such 

as metabolic regulation [4], DNA repair [5], autophagy [6], signal transduction [7] and 

immune response [8]. Importantly, dysfunction of UPS may result in serious diseases such 

as cancer [9], Parkinson disease [10] and Alzheimer's disease [11].

In essence, protein degradation is tightly regulated by two sequential processes: the 

conjugation of ubiquitin moieties to targeted substrates, followed by proteolysis of ubiquitin 

tagged protein in the 26S proteasome. The covalent link of ubiquitin moieties to its targets 

requires several critical components, including ubiquitin, ATP, the ubiquitin-activating 

enzyme (E1), the ubiquitin-conjugating enzyme (E2) and the ubiquitin-protein ligase (E3) 

[12]. Mechanistically, three reaction steps are involved in the E1-E2-E3 catalyzing cascade. 

First, the cysteine residue on E1 forms a linkage with the carboxyl group of Glycine 

residue on ubiquitin through a thioester bond, thus activating ubiquitin in an ATP-consuming 

manner. Then, activated ubiquitin is transiently transferred to Cysteine residue of E2 through 

a thioester linkage. Finally, E3 covalently attaches ubiquitin to the amino group of Lysine 

residue on targeted substrates [13] (Fig. 1). Repetitions of these sequential reactions lead to 

the consecutive incorporation of ubiquitin moieties onto targeted protein, which is termed 

polyubiquitination.

1.2. Ubiquitin linkage type

Ubiquitin is a 76 amino-acid protein which is highly conserved among various species and 

ubiquitously expressed in all types of cells. Notably, seven Lysine residues (K6, K11, K27, 

K29, K33, K48 and K63) or Methionine residue (M1) on ubiquitin molecules could serve 

as a receptor to conjugate other ubiquitin resulting in diverse linkages of polyubiquitination 

to exert different cellular functions [14,15]. Generally, K48-linked polyubiquitin chains 

often induce 26S proteasome mediated proteolysis of tagged substrates [16]. However, 

rather than mediating protein degradation, K63-linked polyubiquitin chains regulate protein-

protein interaction, protein activity or intracellular protein trafficking involved in numerous 

biological processes such as immune regulation [17], DNA repair [18], cell proliferation 
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and survival [19,20], stress response [21] and autophagy [22]. In addition to K48- and 

K63-linked ubiquitin chains, which are referred to as canonical ubiquitin linkage types, 

other atypical linkage types have begun emerging in recent years [23]. Similar to K48-

linked ubiquitination, K11-linked polyubiquitin chains are also recognized by proteasomal 

receptor for protein degradation, which plays a critical role in cell division [24]. Meanwhile, 

K27-linked polyubiquitination on histone 2A (H2A), representing the major ubiquitin 

linkage type on chromatin upon DNA damage, does not trigger protein degradation, but 

is crucial for the recruitment of DNA repair machinery [25]. Smurf1 mediated K29-linked 

polyubiquitination on Axin results in its dissociation with Wnt co-receptors LRP5/6, thus 

leading to the suppression of Wnt/β-Catenin signal [26]. Interestingly, M1-linked linear 

ubiquitination on NEMO modified by LUBAC is essential for the activation of IKK 

complex, which serves as a key regulator in NF-κB signal [27]. With the advancement 

of innovative technologies in proteomics and structural biology, the physiological relevance 

of these non-canonical ubiquitin linkages will be further delineated.

1.3. Classification of E3 ligases

Among E1-E2-E3 catalyzing cascades, only two E1s (UBA1 and UBA6 [28]) have been 

well defined so far. However, around 40 E2s and more than 600 E3s encoded by the human 

genome [29] are identified. Compared with E1 and E2 enzymes, E3 ligases receive greater 

attention, since the high variability of E3 ligases plays a critical role in determining the 

specificity of substrates and targeting E3 could enhance drug efficacy by minimizing the 

off-target effects.

Based on the characteristic domain as well as the mechanism of how ubiquitin is 

transferred to substrate protein, E3 ligases can be classified into three major families: HECT 

(homologous to E6-associated protein C terminus) E3s, RBR (RING-in-between-RING) 

E3s and RING (Really Interesting New Gene) E3s [30]. A summary of the differences 

among these three families is illustrated in Fig. 1. In mammals, around 30 HECT E3 

ligases have been identified. HECT E3 family members share a conserved HECT domain 

at C terminus, which is featured by a bi-lobar structure: N-terminal lobe, responsible 

for ubiquitin-charged E2 binding and substrate recognition and C-terminal lobe with the 

catalytic Cysteine for receiving and transferring ubiquitin. Two lobes are tethered by a 

flexible hinge, which ensures the free rotation of these two lobes during ubiquitin transfer 

[31]. Two sequential steps are required for HECT E3s to catalyze substrate ubiquitination: 

ubiquitin is first transferred from E2s to the catalytic Cysteine of C-lobe and then it is 

passed from E3 to the Lysine residue of the substrate whose specificity is determined by 

N-lobe [32]. Intramolecular interactions critically regulate the catalytic activity of HECT 

E3s by autoinhibition, which is released upon various stimuli. Three subfamilies of HECT 

E3s have been further categorized based on the characteristic domain on N-terminal: (1) 

Nedd4 subfamily including 9 members such as Nedd4, Itch and Smurf1, which contain two 

to four Tryptophan-Tryptophan (WW) domains, (2) HERC (HECT and RCC1-like domain) 

subfamily including 6 members as HERC1 ~6, which contain one or more chromosome 

condensation 1 (RCC1)-like domains (RLDs), (3) Other HECT E3s such as E6AP, which 

contain diverse domains [33].
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In recent years, RBR E3s have been gradually identified. This enigmatic subfamily is 

composed of 14 members, including PARKIN, whose dysregulation is related to the 

pathogenesis of early-onset Parkinson's disease [10]. As indicated by its name, RBR E3s 

harbor two RING domains which are separated by an in-between-RING domain (IBR). 

In general, RING1 is responsible for ubiquitin charged E2 recruitment, while RING2 

with a catalytic cysteine residue is involved in receiving ubiquitin from RING1 through 

a trans-thioesterification reaction [34]. Similar to HECT E3s, RBR E3s catalyze substrate 

ubiquitination in a two-step manner: ubiquitin is first transferred to the Cysteine residue of 

E3 from E2 and then passed to a substrate. Other than RBR domains, these E3s also contain 

additional functional domains, based on which, several subfamilies are further classified: the 

Ariadne family members harbor featured Ariadne domains including TRIAD1, PARC and 

others, while the rest contain various other domains including PARKIN, HOIP and others 

[35].

The remaining large numbers of E3s (more than 600) belong to the RING family. They 

are characterized by the existence of a zinc-binding RING domain or a U-box domain, 

which shares a similar RING fold albeit without zinc-binding [36]. Notably, unlike HECT 

E3s and RBR E3s, RING E3s catalyze a direct transfer of ubiquitin from E2 to targeted 

substrates [29]. Both RING domain and U-box domain can work as monomers (c-CBL, 

E4B), homodimers (RNF4, Prp19), or heterodimers (BRCA1-BARD1). Other RING E3s 

consist of multiple subunits, such as the Cullin-RING ligases (CRLs) and the APC 

(Anaphase promoting complex), which are well documented and characterized. Importantly, 

Cullin-RING E3s, representing the largest family of E3 ubiquitin ligases, account for 

the ubiquitination of approximately 20% of cellular proteins degraded through UPS [37]. 

These Cullin-RING ligases are featured by the common Cullin scaffold protein and can be 

further divided into several categories: Skp1/Cullin 1/F-box protein complex (SCF), Cullin 

2-Elongin B/C-VHL or SOCS proteins (CRL2), Cullin 3-BTBs (CRL3s), Cullin 4-DDB1-

DCAFs (CRL4), Cullin 5-ElonginB/C-SOCS proteins (CRL5) and Cullin 7/FBXW8 (CRL7) 

[37,38].

The SCF complex consists of Skp1 (S-phase kinase-associated protein 1), Cullin 1, Rbx1 

(Ring box protein 1)/Roc1 (Regulator of Cullin 1) and diverse F-box proteins [39]. Two key 

functional domains are presented in each of the identified F-box proteins: the C-terminal 

domain responsible for substrate recognition and the F-box motif connecting to other 

components of SCF complex through Skp1. In the human genome, 69 F-box proteins have 

been documented. These F-box proteins can be further divided into three categories based on 

the characterized domain beyond F-box: FBXWs with WD40 repeats, including 10 members 

such as β-TrCP, FBXLs with Leucine-rich repeats (LRR), including 21 members such as 

Skp2 and FBXOs with other various domains, including the remaining 38 members such as 

FBXO4.

Although most F-box proteins have been documented for many years, only a few of them 

have been well studied, among which Skp2 is the best characterized mammalian F-box 

protein with various proposed substrates. Because of its pro-oncogenic properties, which are 

involved in the pathogenesis of multiple cancers, Skp2 has become a promising target for 

cancer therapy [40]. Thus, in the following discussion, we will focus on the role of Skp2 in 
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the development of cancer as well as the regulation of Skp2 activity during tumorigenesis, 

with a particular emphasis on its implication in cancer therapy and prevention.

2. Downstream targets of Skp2

As an F-box protein, Skp2 exerts its function mainly through its E3 ligase activity, although 

the involvement of Skp2 in transcriptional regulation is also defined, which is independent 

of its E3 ligase activity [41]. Two categories of substrates by Skp2 have been identified 

based on the ubiquitin linkage types, which are summarized in Fig. 2. Skp2 is initially found 

capable of inducing K48-linked ubiquitination, leading to proteasome mediated proteolysis 

of tagged substrates including p27 [42], Foxo [43] and mH2A1 [44]. However, more recent 

studies also indicate the nonproteolytic function of Skp2 through conjugating K63-linked 

polyubiquitin chains to targeted proteins, such as Akt [45], LKB1 [46], NBS1 [5], YAP [47], 

Rag A [48], Bcr-Abl [49], MTH1 [50] and Aurora B [51], opening up a new direction for 

studying Skp2 in signaling and cancer regulation.

2.1. Proteolytic substrates by Skp2 mediated K48-linked ubiquitination

2.1.1. p27—In the mammalian cell cycle, the transition from G0/G1 phase to S phase 

is tightly controlled by p27. Generally, p27 is elevated in the G0/G1 phase and undergoes 

rapid degradation after mitogenic stimulation, thus releasing the inhibitory status of Cyclin 

E/Cdk2 and allowing for cell cycle progression [52]. Reduction of p27 abolishes the proper 

control over the transition from G1 to S phase of the cell cycle, resulting in the uncontrolled 

cellular growth and proliferation, which is linked to the pathogenesis of multiple cancer 

types including breast, prostate, colon and lung [53–56]. Posttranslational modification, 

in particular by UPS mediated proteolysis, predominantly regulates the abundance of p27 

during normal cell cycles as well as in pathological conditions.

Numerous studies have demonstrated that Skp2 is a bona fide E3 ligase for p27. 

Overexpression of Skp2 induces K48-linked polyubiquitination of p27, followed by 

proteasome mediated degradation, while Skp2 deficiency stabilizes p27 [57–59]. It is 

important to note that Cyclin E/Cdk2 induced p27 phosphorylation at T187 residue is critical 

for Skp2 mediated degradation of p27. T187A mutant of p27 cannot be targeted by Skp2, 

leading to enhanced p27 protein level and G1 arrest even upon Cyclin E overexpression 

[60,61]. Interestingly, the adaptor protein Cks1 is indispensable for the interaction and 

recognition of p27 by Skp2, as Cks1 depletion prevents Skp2 binding to p27, resulting in 

p27 accumulation [62–64]. Moreover, mouse embryonic fibroblasts (MEFs) derived from 

Cks1−/− and Skp2−/− mice consistently display impaired p27 ubiquitination and enhanced 

p27 stability, accompanied by compromised cell proliferation ability [57,65], further proving 

the Cks1-dependent recognition of p27 by Skp2. Of note, enhanced Skp2 expression level, 

correlated with p27 downregulation, is presented in diverse human tumor samples and 

predicts poor prognosis [66–69]. These studies all indicate that p27 is a major substrate for 

Skp2 under physiological and pathological conditions.

2.1.2. FOXO1—FOXO1, working as a transcription factor, belongs to the evolutionally 

conserved FOXO (Forkhead box-containing, O subfamily) family. FOXO proteins are 

widely believed to possess tumor suppressor properties through their transcriptional 
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regulation of genes that are involved in apoptosis, cell cycle arrest, oxidative stress 

resistance and DNA repair [70]. The cellular abundance of FOXO1 is largely regulated 

by UPS. In many cell models, Skp2 is found to specifically bind to FOXO1 and induce 

polyubiquitination and degradation [43,71]. Importantly, Akt-mediated phosphorylation of 

FOXO1 at Serine 256 serves as a prerequisite for Skp2 mediated ubiquitination and 

proteasome mediated degradation [43,72]. Thus, a phosphodegron motif may be needed 

for Skp2 binding and recognition. This hypothesis is based on the observation that 

phosphorylation at Serine 256 by Akt and Theronine 187 by Cyclin E/Cdk2 is indispensable 

for Skp2-induced ubiquitination on FOXO1 and p27 respectively. Interestingly, ectopic 

expression of Skp2 abolishes apoptotic effects induced by WT FOXO1 but not degradation-

resistant mutant of FOXO1, suggesting Skp2 is capable of antagonizing apoptosis partially 

through promoting degradation of FOXO1. Furthermore, FOXO1 accumulation is observed 

in malignant T cells upon Skp2 deficiency in a mouse lymphoma model, supporting the 

inverse correlation between Skp2 and FOXO1 in vivo.

2.1.3. CARM1—Autophagy is critical for cells to maintain homeostasis and survive 

in response to diverse stimuli such as starvation [73]. CARM1, as a histone arginine 

methyltransferase, acts as a novel regulator for starvation induced autophagy through 

elevating histone H3 R17 methylation, followed by enhanced transcription of autophagy 

and lysosomal-related genes [74,75]. Surprisingly, as a newly identified substrate of Skp2, 

CARM1 undergoes ubiquitination and proteasomal degradation by Skp2 under nutrition-rich 

conditions. After glucose deprivation, the expression level of Skp2 is compromised due to its 

transcriptional repression, in turn resulting in CARM1 stabilization and enhanced autophagy 

[74,76], suggesting the critical involvement of Skp2 in the regulation of autophagy process 

through modulating CARM1 ubiquitination and degradation. Downregulation of autophagy 

is related to many aging-related diseases such as cardiomyocyte dysfunction [77]. Notably, 

excessive degradation of CARM1 mediated by increased expression of Skp2 largely 

accounts for the dysfunction of autophagy in aged hearts [78]. Moreover, inverse correlation 

between Skp2 and CARM1 is also displayed in hepatocellular carcinoma tissues [79]. 

However, it is still unclear whether downregulation of CARM1 indeed contributes to Skp2 

oncogenic function.

Apart from the substrates mentioned above, Skp2 also induces K48-linked ubiquitination 

and proteasome mediated degradation of many other substrates. Many of these proteins, 

including p21 [80,81], p57 [82], E2F-1 [83], MEF [84], p130 [85,86], Tob1 [87], Cyclin 

D [81], Cyclin E [88], Myc [89,90], B-Myb [91], RASSF1A [92], RhoE [93] and Cygb 

[94] are responsible for cell cycle regulation. In particular, apoptosis regulators such as Myc 

[89,90] and PDCD4 [95] are also targeted by Skp2. Moreover, other Skp2 substrates are 

involved in diverse cellular processes including DNA replication factors Orc1p [96] and 

Cdt1 [97,98], DNA repair factors RAG2 [99] and Brca2 [100], transcriptional elongation 

factor Cdk9 [101] and viral oncogenesis proteins HPV18 E2 [102] and HPV-E7 [103], as 

well as multiple signal transducers such as MKP1 involved in ERK signaling [104], UBP43 

in Interferon signaling [105] and Smad4 in TGFβ signaling [106]. Additional efforts are 

needed to determine the physiological significance or clinical relevance of these substrates 

for Skp2 functions.
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2.2. Nonproteolytic substrates by Skp2 mediated K63-linked ubiquitination

2.2.1. Akt—Akt signaling is a central pathway regulating metabolism, proliferation, 

cell survival and angiogenesis in response to various extracellular cues. The aberrant 

Akt network accounts for various pathogenesis such as developmental and overgrowth 

syndromes, cancer, cardiovascular disease, insulin resistance and type-2 diabetes, 

inflammatory and autoimmune disorders and neurological disorders [107]. Posttranslational 

modification of Akt is essential for its activation. So far, Akt has been identified as substrate 

of phosphorylation [108], methylation [109,110], ubiquitination [7,45], hydroxylation 

[111], SUMOylation [112] and acetylation [113], among which K63-linked nonproteolytic 

ubiquitination is well characterized for its critical role in Akt activation. TRAF6 is the 

first E3 ligase identified to induce K63-linked ubiquitination and activation of Akt in 

response to IGF-1 stimulation [7]. Interestingly, Skp2-SCF complex is another pivotal E3 

ligase specific for ErbB-receptor-mediated Akt ubiquitination upon EGF treatment [45]. Of 

note, Skp2-mediated Akt K63-linked ubiquitination facilitates Akt membrane recruitment, 

allowing Akt to be phosphorylated at T308 by PDK1 and S473 by mTORC2. Depletion of 

Skp2 largely abolishes Akt ubiquitination, thus compromising Akt membrane translocation 

and activation under EGF stimulation. Moreover, in Her2-positive breast cancer patients, 

enhanced Skp2 expression is positively correlated with Akt activation, which predicts 

poor prognosis [45]. Of note, SETDB1-mediated methylation on Akt at Lysine 64 is 

indispensable for the recruitment of Skp2 to elicit K63-linked ubiquitination upon growth 

factor EGF stimulation [110]. Elimination of Akt methylation by either SETDB1 depletion 

or introducing methylation dead mutant of Akt (K64R) into the cells largely abrogates 

the interaction between Akt and Skp2, thus preventing Akt ubiquitination and activation 

[110]. In addition to regulating membrane recruitment, Skp2-mediated Akt K63-linked 

ubiquitination also contributes to Akt mitochondria localization [114]. However, it is still 

unclear how K63-linked ubiquitination of Akt regulates different subcellular localization of 

Akt.

2.2.2. YAP—The Hippo/YAP pathway is essential for organ size control and tissue 

homeostasis. Under high cell density conditions, YAP, as the downstream of Hippo signal, 

is phosphorylated by MST1/2-LATS1/2 cascade, resulting in cytoplasmic retention and 

β-TRCP-mediated K48-linked ubiquitination, then leading to YAP degradation [115]. Under 

low cell density conditions, dephosphorylated YAP will translocate to the nucleus and 

bind to transcription factors such as TEAD to activate proliferation and growth-related 

gene transcription [115]. Importantly, dysregulation of YAP localization and activity is 

associated with the pathological conditions such as cancer. Apart from its phosphorylation, 

YAP is also subjected to K63-linked ubiquitination, which is induced by Skp2. This 

nonproteolytic ubiquitination does not impact YAP phosphorylation, but instead facilitates 

the interaction between YAP and its nuclear binding partner TEAD, thus enhancing YAP’s 

nuclear localization, transcriptional activity and growth-promoting function. Interestingly, 

elimination of YAP ubiquitination by either Skp2 depletion or introducing ubiquitination 

dead mutant of YAP into the cells retains YAP in the cytoplasm and impairs its activity, 

which is independent of Hippo pathway mediated YAP phosphorylation [47]. Although 

this study sheds light on additional layer of regulation on YAP, whether Skp2 mediated 
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K63-linked ubiquitination of YAP is responsible for YAP-induced organ growth and 

tumorigenesis in vivo warrants further investigation.

2.2.3. NBS1—The Mre11-Rad50-Nbs1 (MRN) complex is critically involved in the 

recruitment of ATM to DNA foci to initiate the DNA repair process in response to DNA 

double strand breaks (DSBs) [116]. However, how the MRN complex regulates ATM 

recruitment and activation remains elusive until recently. NBS1, as a key component of 

MRN complex, is found to be a bona fide substrate of Skp2 and undergo K63-linked 

polyubiquitination by Skp2 upon DSBs [5]. Ubiquitinated NBS1 creates the docking site 

for ATM with the ubiquitin binding property, thereby facilitating the recruitment of ATM to 

DNA foci for activation. Importantly, depletion of Ubc13, a major E2 responsible for K63-

linked ubiquitination, recapitulates the phenotypes caused by Skp2 deficiency with impaired 

NBS1 ubiquitination and reduced ATM activation due to the compromised interaction 

between NBS1 and ATM. Expectedly, both Ubc13 and Skp2 deficiency cells display defects 

in homologous recombination (HR) repair upon genotoxic stress [5]. These data collectively 

suggest that Skp2 mediated K63-linked ubiquitination of NBS1 serves as a key event for 

ATM activation. Thus, Skp2 targeting may be a promising strategy to improve the efficacy 

of radiotherapy and chemotherapy in cancer treatment.

2.2.4. LKB1—LKB1 exerts its function through directly phosphorylating its substrates 

such as AMPK and is thereby responsible for various cellular events including energy 

metabolism, proliferation, apoptosis and cell polarity [117,118]. The maintenance of LKB1 

activity relies on the integrity of the heterotrimeric complex composed of LKB1, STRAD 

and MO25 [119]. Recently, LKB1 is uncovered as a substrate of Skp2. K63-linked LKB1 

polyubiquitination by Skp2 is essential for LKB1 activation by maintaining LKB1-STRAD-

MO25 complex integrity [46,120]. Loss of Skp2 abrogates LKB1 ubiquitination, resulting 

in the impairment of LKB1 activity due to compromised interaction between LKB1 and 

MO25. Notably, Ras hyperactivation facilitates the integrity of Skp2-SCF complex, thereby 

resulting in elevated K63-linked polyubiquitination of LKB1 and subsequent activation 

of LKB1/ AMPK signaling. Further, Skp2-mediated ubiquitination of LKB1 is critically 

involved in the pro-survival function of Ras under metabolic stress, since ablation of Skp2 

or LKB1 abolishes Ras-mediated protective effects on cell survival under glucose starvation 

[46,120]. Thus, targeting Skp2 or LKB1 may serve as a novel therapeutic strategy for 

tackling Ras-driven cancer.

2.2.5. RagA—mTOR is the key regulator coupling amino acid availability to cell growth 

and autophagy, whose activation is mediated through an amino acid sensing cascade 

involving RAGs complex, a heterodimer of GTP binding proteins RagA or RagB with 

RagC or RagD [121,122]. Importantly, upon amino acid stimulation, GTP charged RagA/

RagB recruits mTORC1 to the lysosomal membrane for activation [123]. In contrast, 

the GATOR1 complex, as a negative regulator, displays GTPase activation protein (GAP) 

activity to switch RagA/B-bound GTP to GDP, resulting in the inactivation of mTOR signal 

in response to amino acid deprivation [124]. Interestingly, Skp2 E3 ligase is capable of 

catalyzing K63-linked ubiquitination of RagA, which enhances the recruitment of GATOR1 

to RagA followed by RagA(GTP) hydrolysis, thereby providing a negative feedback loop 
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to compromise mTORC1 lysosomal recruitment and prevent mTORC1 hyperactivation 

in response to sustained amino acid exposure [48]. Moreover, Skp2-mediated RagA 

ubiquitination and mTORC1 inhibition are responsible for autophagy activation, but cell size 

and cilia growth inhibition, suggesting the physiological relevance of Skp2/RagA/mTOR 

axis.

2.2.6. Twist—Twist transcription factor is a key regulator for epithelial-mesenchymal 

transition (EMT) process, which is believed to be responsible for tumor metastasis, acquired 

cancer stemness and drug resistance of advanced cancer [125]. In a recent report, Skp2 

is found to interact with Twist and trigger K63-linked polyubiquitin chains on Twist, thus 

enhancing the stabilization of Twist by antagonizing β-Trcp mediated proteolysis [126]. 

Notably, Skp2/Twist axis facilitates the EMT process and cancer stem cell acquisition, 

contributing to the progression of castration-resistant prostate cancer (CRPC) [126]. 

Chemotherapy resistance is the key challenge for current CRPC treatment. Importantly, 

inactivation of Skp2 by genetic ablation or pharmacological inhibition confers CRPC cells 

re-sensitive to chemotherapy treatment, providing the proof of the principle that targeting the 

Skp2/Twist cascade is a promising strategy to combat CRPC.

As the second most abundant type of ubiquitination in cells, K63-linked polyubiquitination 

is generally believed to serve as a protein–-protein interaction motif allowing for inducible 

recruitment of interacting partners with ubiquitin-binding domain (UBD). In addition to the 

substrates mentioned above, Skp2 also catalyzes K63-linked ubiquitination of Bcr-Abl [49], 

MTH1 [50], Aurora B [51] and other substrates. However, the detail mechanism for how 

Skp2-mediated ubiquitinations modulate the function of these substrates and whether they 

are involved in the oncogenic function of Skp2 remain to be determined.

2.3. Other targets independent on Skp2 E3 ligase activity

Beyond conjugating polyubiquitin chains on its substrates, Skp2 exerts its functions, such as 

transcription regulation and signal pathway regulation, irrespective of its E3 ligase activity.

2.3.1. RhoA—As a well-known member of the Rho family of GTPases, RhoA is 

involved in various biological functions and linked to cancer metastasis [127]. However, the 

transcription machinery responsible for RhoA gene expression remains not well understood. 

Surprisingly, Skp2 is found to function as a co-transcription factor that binds to Myc 

and recruits Miz1 and p300 to the RhoA promoter region and this Myc-Skp2-Miz1-p300 

transcriptional complex plays an essential role in RhoA transcription. As a result, deficiency 

of this complex abolishes RhoA expression leading to the impairment of cell migration, 

invasion and breast cancer metastasis. Of note, Skp2-LRR mutant, which loses the capability 

of forming Skp2-SCF complex and E3 ligase activity towards promoting ubiquitination of 

p27 due to lack the N-terminal and F-box domain, also synergizes with Myc to activate 

RhoA transcription as efficiently as WT Skp2 does, indicative of E3 ligase-independent role 

of Skp2 in RhoA transcription [41]. Apart from RhoA regulation, Skp2 is also critically 

involved in the transcription process of other Myc target genes such as AHCY, CAD, 
CDC2, ODC, Rcl and Cyclin D2. However, in these cases Skp2 E3 ligase activity is indeed 

required, since Skp2-LRR mutant or Skp2 ΔF mutant (lacking F box domain) fails to 
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cooperate with Myc to induce the transcription of these genes [89,90]. While Skp2 acts 

as a cofactor for Myc-mediated gene transcription, it also elicits Myc ubiquitination and 

degradation [89,90,128]. However, the interplay between these two events under diverse 

cellular contexts remains a mystery. Collectively, these studies underscore the important role 

of Skp2 in regulating Myc-mediated gene transcription.

2.3.2. p300—p53 is a tumor suppressor that induces cell cycle arrest and apoptosis 

in response to genotoxic and oncogenic stress. p300 mediated acetylation of p53 is 

indispensable for the transcriptional activity as well as stability of p53 [129]. Notably, Skp2 

is reported to form a complex with p300 through the CH1 and the CH3 domains of p300. 

These two domains are also critically involved in the interaction between p300 and p53. 

Ectopic expression of Skp2 sequesters p300 away from its interaction with p53, resulting 

in impaired acetylation and compromised transcriptional ability of p53 [130]. As a result, 

Skp2 overexpression renders cancer cells more resistant to DNA damage-induced apoptosis 

by suppressing the transactivation function of p53, likely accounting for the oncogenic 

property of Skp2 [130]. Thus, it is worthwhile to determine whether the clinical outcome of 

radiotherapy will be improved upon simultaneous Skp2 inhibition.

3. Regulation of Skp2 expression and its E3 ligase activity

Aberrant Skp2 expression and dysregulation of its activity are associated with many 

human cancers [131]. The expression level of Skp2 as well as its E3 ligase activity are 

tightly regulated under multiple layers including transcription, protein stability and post-

translational modifications, as illustrated in Fig. 3.

3.1. Regulation of Skp2 gene transcription

Through analyzing Skp2 promoter region, several transcription factors have been identified 

and are responsible for Skp2 gene transcription including E2F1 [132], NF-kB [133], CBF1 

[134], FoxM1 [135], GABP (GA-binding protein) [136], SP1, Elk1 [137] and MYCN [138]. 

Activation of the Notch pathway induces Skp2 gene transcription through CBF1, resulting 

in the degradation of p27 and p21 followed by premature entry into S phase [134]. Notably, 

similar to Skp2−/− MEFs, FoxM1 deficient cells display cell cycle arrest and polyploidy, 

indicating FoxM1 may induce the expression of Skp2, thereby promoting cell progression 

and maintaining the genomic stability [135]. Interestingly, unlike the other components 

of the Skp2-SCF complex such as Rbx1/Roc1, Cul1 and Skp1 which are constitutively 

expressed, Skp2 is almost undetectable in resting T cells and is transcriptionally induced 

upon CD3/CD28 stimulation. Enhancement of Skp2 gene transcription through SP1 and 

Elk-1 transcription factor in turn induces p27 degradation and allows primary T lymphocytes 

to enter into S phase for proliferation and activation [137].

Several oncogenic pathways, such as PI3K/Akt signaling, are known to regulate Skp2 gene 

expression, although the detailed mechanisms have not been fully characterized. Abrogation 

of PI3K/Akt signaling by either LY294002 treatment or Akt depletion reduces Skp2 mRNA 

levels [139,140], suggesting the critical involvement of PI3K/Akt signaling in the regulation 

of Skp2 gene transcription. E2F is suggested to be responsible for Akt mediated Skp2 

expression as evidenced by the fact that inhibition of PI3K/Akt signaling impairs the 

Cai et al. Page 10

Semin Cancer Biol. Author manuscript; available in PMC 2022 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



capability of E2F to bind to the promoter of Skp2 [141]. Additionally, other oncogenic 

signals deregulated in human cancers, such as BCR-ABL and Her2/Neu, are also found to 

promote transcriptional activation of Skp2 through the PI3K/Akt pathway [45,142].

Although several transcription factors have been identified to facilitate Skp2 gene 

transcription, the transcription repressors are less understood thus far. Foxp3 (Forkhead 

box p3), exhibiting tumor suppressor property in breast and prostate cancer [143], is 

considered as the transcription repressor of Skp2. The supporting evidence from the earlier 

study reveals that ectopic expression of Foxp3 in mouse breast cancer cells abolishes Skp2 

expression, resulting in the accumulation of p27 and polyploidy [144]. Of note, enhanced 

expression of Skp2 in breast cancer tissues is correlated with downregulation of Foxp3. 

Intriguingly, PD-1—a potent T cell inhibitor—also serves as a negative regulator for Skp2 

transcription, which in turn leads to p27 stability, thus blocking cell cycle progression in 

the G1 phase in T lymphocytes [145]. It will be interesting to explore the role of Skp2/p27 

cascades in PD-1-mediated immune checkpoints and tumor immune escape.

3.2. Regulation of Skp2 protein stability

Skp2 is originally defined as S-phase kinase-associated protein 2 whose expression level 

alters periodically with cell cycle progression. Surprisingly, in all phases of the cell cycle, 

Skp2 mRNA is stably expressed with only minor fluctuations [146]. Skp2 protein is usually 

undetectable in G0 and G1 phases, but gradually accumulates during G1-S transition and 

lasts through S phase to mitosis [147]. It is generally believed that different protein stability 

of Skp2 in G0/G1 phase and S phase accounts for the discrepancy of its expression. 

To fulfill the rapid turnover of Skp2 protein during cell cycle transition, UPS-mediated 

proteolysis is critically involved in governing Skp2 protein stability and degradation. APC 

(anaphase promoting complex)/Cdh1 complex serves as a key E3 ligase responsible for Skp2 

ubiquitination and degradation in early G1 phase [148,149], thus preventing unscheduled 

DNA replication. Cdh1 depletion induces accumulation of Skp2 proteins and unscheduled 

degradation of p21 and p27, in turn promoting premature S-phase transition. Cdh1 targets 

Skp2 through recognizing the N-terminal D-box motif of Skp2, while Skp2 with deletion 

of this motif displays resistance to Cdh1-mediated ubiquitination and degradation [148,149]. 

In line with the periodical expression of Skp2, the activation of APC/Cdh1 is restricted to 

the late M and G0/G1 phases [150]. During G1-S transition, the activity of APC/Cdh1 is 

compromised due to the interaction between Cdh1 and its inhibitory factor Emi1 (Early 

mitotic inhibitor 1) as well as CDKs mediated phosphorylation on Cdh1 [150–152], leading 

to the stabilization of Skp2 and cell cycle progression. It is thus conceivable that enhanced 

expression of Skp2 in aggressive tumors may result from dysregulation of APC/Cdh1 

complex. Alternatively, mutations on the N-terminal D-box motif of Skp2 may also prevent 

its interaction with Cdh1, rendering Skp2 refractory to ubiquitination and degradation by the 

APC/Cdh1 complex.

It is interesting to note that another F box protein, FBXW2, has also been reported to 

directly induce ubiquitination and degradation of Skp2. The expression level of FBXW2 

is regulated by β-Trcp [153], as a result, β-Trcp could act through FBXW2-Skp2 axis to 

govern cell cycle progression, proliferation and survival of lung cancer cells [153].
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3.3. Regulation of Skp2 function by post-translational modifications

A variety of post-translational modifications on Skp2 have been identified, including 

phosphorylation and acetylation. These modifications play important roles in regulating 

protein turnover, cellular localization of Skp2 and the integrity and E3 ligase activity of the 

Skp2-SCF complex.

3.3.1. Phossphorylation—Phosphorylation is the most abundant modification on Skp2, 

which occurs on multiple sites catalyzed by different kinases. CDK2 is reported to induce 

phosphorylation of Skp2 on Ser 64 in the G1 phase [154]. This modification does not impact 

on the integrity of the Skp2-SCF complex and its E3 ligase activity, but largely protects 

Skp2 from APC/Cdh1 mediated degradation, resulting in Skp2 stabilization and S phase 

entry. Since Ser 64 is located close to D-Box motif within Skp2, which is recognized by 

Cdh1 for its interaction, Ser 64 phosphorylation on Skp2 indeed counteracts the association 

of Cdh1 due to the space steric effect. Consistently, Skp2 S64A mutant displays enhanced 

interaction with Cdh1 and compromised protein stability [154]. On the other hand, as a 

phosphatase, Cdc14B specifically dephosphorylates Skp2 on Ser64 during M-G1 transition 

and renders it more susceptible to APC/Cdh1 mediated degradation. Of note, Cdc14B 

depletion significantly accelerates S phase entry, which is completely reversed by further 

knockdown Skp2 in Cdc14B deficient cells, suggesting Skp2 is a bona fide substrate of 

Cdc14B to exert its regulation on the cell cycle [154]. Collectively, CDK2 (Kinase) and 

Cdc14B (Phosphatase) are responsible for the periodic expression of Skp2 during the cell 

cycle through orchestrating Ser 64 phosphorylation of Skp2, which negatively governs Skp2 

degradation by APC/Cdh1.

Akt1, but not Akt2, is another kinase reported to induce Skp2 phosphorylation on Ser 72 by 

two independent studies [155,156]. Mechanistically, Akt mediated Ser 72 phosphorylation 

of Skp2 not only stabilizes Skp2 through disrupting the association between APC/Cdh1 

and Skp2 [155], but also maintains functional E3 ligase activity through facilitating SCF 

complex formation [156]. Interestingly, in normal cells Skp2 is mainly localized in the 

nucleus, while during cancer progression, Skp2 is found to translocate to the cytoplasm 

[67,68], although its implication in cancer development still remains elusive. Remarkably, 

both studies suggest that Ser 72 phosphorylation by Akt disrupts the putative NLS (Nuclear 

Localization Sequence) of Skp2 and promotes its cytoplasmic translocation [155,156]. In 

contrast, inhibition of Akt activation by LY294002 or Wortmannin restrains Skp2 in the 

nucleus and phosphorylation dead mutant of Skp2 (S72A) is restricted to the nuclear 

compartment even upon Akt activation.

Interestingly, two different mechanisms are proposed respectively by these two studies: 

First, Ser 72 phosphorylation creates a binding site that can be recognized by the 14-3-3 

proteins. Thus Akt activation profoundly induces the recruitment of 14-3-3β to Skp2, which 

in turn masks the NLS of Skp2 and facilitates its relocalization from the nucleus to the 

cytoplasm [156]. Second, importin proteins are responsible for importing proteins containing 

the NLS into the nucleus. Phosphorylation of Serine or Threonine residues within the NLS 

could abrogate the association between the importin complex and the NLS [157]. Importin 

α5 and importin α7 are found to interact with Skp2, in charge of Skp2 nuclear import. Akt 
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mediated Ser 72 phosphorylation on Skp2 impairs the interaction of Skp2 with importin α5 

and importin α7, thus resulting in Skp2 cytosolic retention by preventing its nuclear import 

[155]. It is possible that both of these mechanisms account for Skp2 cytosolic translocation 

driven by Akt mediated Ser 72 phosphorylation on Skp2.

Although Skp2 cytosolic localization, correlated with Pten loss and Akt hyperactivation, 

is well documented in prostate and colon cancer [156], little is known about the potential 

function of Skp2 in the cytoplasm. Interestingly, restoration of Skp2-NES construct, which 

enforces cytosolic translocation of Skp2 by fusing NES (nucleus export signal) to the 

C-terminal of Skp2, fully rescues the impaired cell migration ability upon Skp2 knockout 

[156], implying the potential function of cytosolic Skp2 in promoting cell migration and 

cancer metastasis. In agreement with this, cytosolic Skp2 is indeed linked to high lymph 

node metastasis rate in colon cancers [156]. Surprisingly, the cell migration promoting effect 

trigged by Skp2 cytoplasm relocalization is independent of its canonical ability to promote 

p27 degradation, since Skp2-NES fails to form SCF complex with Cul1 or Skp1 and induce 

p27 degradation [156]. As a result, identification of novel substrates as well as physiological 

function of cytosolic Skp2 warrants further investigation.

Interestingly, a mutual regulation mode has been revealed when investigating the current 

knowledge of Skp2 and Akt. On one hand, Akt regulates Skp2 expression and function 

in many aspects including inducing Skp2 mRNA transcription, protecting Skp2 from APC/

Cdh1 mediated proteolysis, facilitating Skp2-SCF complex formation and promoting Skp2 

cytoplasm translocation. On the other hand, Skp2 in turn regulates Akt activation through 

conjugating K63-linked polyubiquitination. Taken together, the interplay between growth 

factor pathway (PI3K/Akt signaling) and Skp2 mediated ubiquitination pathway likely 

provides a novel paradigm for cancer therapy.

Recently, the stress sensor AMPK has been demonstrated to induce Skp2 phosphorylation 

on Ser 256 under various stimuli such as EGF, hypoxia, glucose deprivation and H2O2 

treatment [158]. This phosphorylation of Skp2 by AMPK is crucial for maintaining the 

integrity of Skp2-SCF complex and promoting its E3 ligase activity, leading to the K63-

linked polyubiquitination and activation of Akt. Moreover, AMPK/Skp2/Akt cascade is 

responsible for various oncogenic events including protecting cancer cells from metabolic 

stress or hypoxia-induced cell death, facilitating vascularization through promoting VEGF 

expression and enhancing EGF-stimulated glucose metabolism and cancer cell migration. 

These pro-tumor properties are impaired in AMPK deficient cells due to compromised 

Skp2 S256 phosphorylation and subsequent attenuated Akt activity, which are rescued by 

re-introduction of either phospho-mimic Skp2 mutant (Skp2 S256D) or constitutively active 

form of Akt (Myr-Akt) [158]. The expression levels of pAMPK, pSkp2 (S256) and pAkt 

are highly upregulated and correlated in late-stage breast cancer, predicting worse breast 

cancer disease-free survival and metastasis-free survival. Because Akt phosphorylation and 

activation is linked to acquired drug resistance in many cancer types [159], depletion of 

AMPK or Skp2 impairs Akt activation and renders Gefitinib-resistant H1975 cells sensitive 

to Gefitinib treatment [158]. Thus, AMPK/Skp2 axis serves as a novel therapeutic target for 

tackling acquired resistance to EGFR targeting therapy.

Cai et al. Page 13

Semin Cancer Biol. Author manuscript; available in PMC 2022 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3.2. Acetylation—Acetylation of Skp2 is mediated by p300 at Lys 68 and 71 and 

is neutralized by the SIRT3 deacetylase [160]. These modifications stabilize Skp2 through 

compromising its interaction with Cdh1, thus rendering Skp2 more resistance to APC/

Cdh1-mediated degradation. The removal of Skp2 acetylation, either by p300 deficiency 

or SIRT3 coexpression, restores the association between Cdh1 and Skp2, leading to 

pronounced reduction in Skp2 abundance [160]. Interestingly, acetylation of Skp2 on Lys 

68 and 71 within NLS also promotes Skp2 cytosolic relocalization through disrupting the 

interaction of importin proteins with Skp2 [161]. However, this phenomenon is independent 

of previously reported Akt-mediated Skp2 phosphorylation on Ser 72, since Skp2 S72A 

mutant also displays cytosolic translocation upon p300 ectopic expression but not response 

to Akt activation [160]. Importantly, overexpression of the acetylation-mimic mutant of 

Skp2 significantly promotes in vitro cell migration as well as in vivo tumorigenesis [161], 

although more efforts are needed to investigate whether acetylation of Skp2 indeed affects in 
vivo tumor metastasis.

Additionally, it is reported by a recent study that p300 mediated Skp2 acetylation followed 

by cytosolic retention is induced upon YAP activation, resulting in polyploid cell growth as 

well as earlier onset of liver tumors [162]. This is mainly achieved by hyper-accumulation 

of p27 in nucleus, leading to mitotic arrest and subsequently cell polyploidy, as well as 

excessive degradation of pro-apoptotic factors FoxO1/3, resulting in polyploid cell division, 

genomic instability and oncogenesis, all of which rely on the sequestration of acetylated 

Skp2 in cytoplasm [162]. Thus targeting cytosolic Skp2 may be a promising therapeutic 

strategy to treat liver tumorigenesis resulting from Hippo signaling defects. Although both 

Akt and p300 govern Skp2 cytosolic translocation through inducing phosphorylation and 

acetylation of Skp2 respectively, how these two events orchestrate the oncogenic function of 

Skp2 still needs to be addressed.

3.3.3. Modifications on other components of Skp2-SCF—The Skp2-SCF 

complex is composed of multiple components other than Skp2, including Skp1, Cullin 

1 (Cul-1) and Roc1/Rbx1. Cul-1 acts as a scaffold protein with the N-terminal domain 

for its interaction with the Skp1 adaptor protein and the C-terminal domain for the 

binding with Roc1/Rbx1. Nedd8 mediated neddylation of Cul-1, which is promoted by 

the Skp2/Skp1 complex, is proposed to stabilize Skp2-SCF complex for its functional E3 

ligase activity by preventing the interaction of Cul-1 with Cand1, a negative regulator 

for the Skp2 SCF complex [163]. In contrast, deneddylation of Cul-1 is catalyzed by 

COP9/signalosome (CSN) complex through cleaving Cul-1-Nedd8 conjugates, which is 

inhibited by Skp1/Skp2/substrates complex [164]. Cand1, as termed from cullin-associated 

nedd8-dissociated protein 1, preferentially associates with unneddylated Cul-1 and forms 

a ternary complex with Cul-1 and Roc1 irrespective of Skp1 and Skp2, thus sequestrating 

the scaffold protein Cul-1 from Skp2-SCF complex and leading to the deconstruction of 

Skp2-SCF complex as well as impaired E3 ligase activity [165]. Surprisingly, although 

Cand1 competes the interaction of Cul-1 with Skp1 and Skp2, the disruption of Cand1 

and Cul-1 interaction paradoxically impairs Skp2-SCF E3 ligase activity as revealed by 

genetic studies in Arabidopsis [166], suggesting that Cand1 is required for optimal SCF E3 

ligase activation. It is likely that Cand1 steadily binds to Cul-1/Rbx1 when SCF complex 
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dissembles. As Skp2 and its substrates gradually accumulate during G1-S transition or in 

response to other stimuli, enhanced Skp1/Skp2/substrate complex induces neddylation of 

Cul-1 through facilitating Nedd8 conjugation as well as inhibiting CSN complex, resulting 

in the dissociation of Cand1 from Cul-1 and functional SCF complex assembly. Once the 

substrates are consumed or Skp2 level decreases, deneddylated Cul-1 by the CSN complex 

is bound by Cand1, waiting for the next run of the SCF complex assembly. Thus Cand1 is 

essential for the recycling of Cul-1, whose mechanism is likely to allow various Skp1/F-box 

protein (Skp2)/substrate subcomplexes to be utilized by the same Cul-1/Rbx1 core in rapid 

response to diverse cellular events, although in vivo evidence is still needed to fully prove 

this notion.

4. Evidence of tumor promoting function of Skp2

In 1995, Skp2, together with Skp1, was initially defined as a critical component of cyclin A-

CDK2 kinase complex and deemed to be required for the S-phase entry in many transformed 

cells [167]. This was the first piece of evidence of the oncogenic property of Skp2. In the 

last 20 years, studies from diverse genetic mouse models, as well as human clinical tumor 

samples, have further confirmed the pro-tumor activity of Skp2.

4.1. Oncogenic function of Skp2 evidenced by genetic mouse models

Skp2−/− mice are viable but have smaller body size. Other defects of Skp2−/− mice include 

reduced quiescence of hematopoietic stem cells (HSCs) [168], impaired fertility of female 

mice due to severely compromised ovary development [169] as well as decreased fat pad 

mass and adipocyte number [170]. Of note, most abnormalities of Skp2−/− mice can be 

rescued by the simultaneous depletion of p27 [169,170], suggesting that p27 is a major 

physiological target of Skp2-SCF complex and accumulation of p27 accounts for these 

physiological defects upon Skp2 loss. At the cellular level, cells derived from multiple 

organs of Skp2−/− mice, including liver, lung, kidney and testis, as well as Skp2−/− MEFs, 

display enlarged nuclei with polyploidy and centrosome overduplication [57]. Moreover, 

Skp2−/− MEFs show growth retardation and enhanced apoptosis rate accompanied with p27 

and Cyclin E accumulation, which can similarly be rescued by simultaneous deletion of p27 
[59,171].

To further evaluate the role of Skp2 during tumor development, Skp2−/− mice are crossed 

with multiple mouse tumor models. Intriguingly, genetic ablation of Skp2 impairs the 

incidence of sarcoma/lymphoma formation and extends the lifespan of Arf−/− mice. 

Identically, Skp2 depletion also renders prostate-specific Pten deletion mice more resistant 

to prostate tumorigenesis [172]. In both models, Skp2 deficiency leads to robust cellular 

senescence in response to inactivation of tumor suppressors (Arf or Pten), which depends 

on Atf4, p21 and p27 induction rather than the canonical p19(Arf)-p53 pathway [172], 

thus preventing malignant transformation. Similarly, in TRAMP (transgenic adenocarcinoma 

mouse prostate) mice, which develop spontaneous prostate cancer, largely mimicking the 

disease progression in humans, from prostatic intraepithelial neoplasia (PIN) to metastatic 

castration-resistant prostate cancer (CRPC), Skp2 deletion restricts prostate cancer 

formation as well as prevents distal metastasis, resulting in prolonged overall survival of 
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mice [126]. Additionally, genetic inactivation of Skp2 also abrogates MMTV-Neu-induced 

breast cancer progression and metastasis [45], BCR-ABL-induced leukemogenesis [173] 

as well as Rb (retinoblastoma protein) heterozygosity elicited spontaneous tumorigenesis 

[174]. However, Skp2 depletion in mice has no profound effects on Myc-driven proliferation 

and lymphomagenesis [175], suggesting the different response of Skp2 under various 

oncogenic contexts. On the other hand, prostate-specific Skp2 transgenic mice display 

hyperplasia, dysplasia and low-grade carcinoma in the prostate gland accompanied by 

excessive degradation of p27 [176]. Furthermore, T-lymphoid lineage-specific Skp2 knock-

in cooperates with activated Nras transgene to elicit T cell lymphomas with shorter latency 

and higher penetrance, leading to significant impairment of mice survival [177]. All these 

results from both Skp2 knockout mice and transgenic mice extensively reveal the causal 

linkage between Skp2 and tumorigenesis.

4.2. Prevalence of Skp2 in different types of cancer

4.2.1. Breast cancer—High expression level of Skp2 and low expression level of p27 

are displayed in estrogen receptor (ER) and Her2/neu negative tumors, which predicts high 

tumor grade, poor survival and resistance to antiestrogen treatment [178]. In another study 

including 212 breast cancer tissues, Skp2 overexpression correlated with Akt activation 

serves as a marker for poor prognosis, short metastasis-free survival and resistance to 

Herceptin treatment in Her2-positive patients [45]. Of note, cytoplasmic expression of Skp2 

is highly detected in patients with invasive ductal carcinomas of the breast, associated 

with larger tumor size, more advanced histological grade and poor disease-free and overall 

survival [179].

4.2.2. Prostate cancer—From a tissue microarray study including 622 radical 

prostatectomy specimens, elevated expressions of Skp2 are only presented in prostate cancer 

tissues but not in normal prostate tissues, which are positively correlated with preoperative 

serum prostate-specific antigen (PSA) level, tumor Gleason score as well as shorter 

biochemical recurrence-free survival time after radical prostatectomy [180]. Remarkably, the 

reverse correlation of Skp2 with its physiological target p27 and with its putative negative 

regulator PTEN is also noted in tumor samples [180]. High levels of Skp2 also predict 

prostate cancer metastasis reported in another study [66].

4.2.3. Lung cancer—Using a comparative genomic hybridization method, amplification 

of DNA at 5p13, the region where Skp2, CDH6 and PC4 are located, is frequently observed 

in both small cell lung cancers (SCLCs) and non-small cell lung cancers (NSCLCs). The 

DNA copy number aberration accounts for the elevated expression of Skp2 in 83% SCLC 

samples and 44% NSCLC samples [181,182]. For NSCLC patients with KRas mutation, 

enhanced Skp2 expression serves as an independent diagnosis marker for poor survival 

[183]. Notably, a six-gene signature based genomic copy number alteration including Skp2, 
Eno1, Fhit, Hyal2, p16 and 14-3-3zeta is identified for sputum-based early detection of 

NSCLCs with 86.7% sensitivity and 93.9% specificity in distinguishing stage I NSCLC 

patients from the noncancer individuals [184].
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Additionally, high expressions of Skp2 are widely observed in various solid tumors or 

hematological malignancies including head and neck [185], liver [46,71,186], pancreas 

[187], esophageal [188], gastric [189], colorectal [190], thyroid [191], brain [192], ovary 

cancer [193], sarcoma [194,195], leukemia [196], lymphoma [197] and melanoma [198], 

correlated with disease progression and poor survival.

5. Oncogenic property of Skp2

As a putative oncoprotein, Skp2 governs tumor formation and progression in many aspects 

such as promoting cell cycle, preventing cellular senescence and apoptosis, orchestrating 

cancer metabolism, maintaining cancer cell stemness, facilitating tumor metastasis, inducing 

drug resistance and other effects, as summarized in Fig. 4.

5.1. Cell cycle enhancement

Tight regulation of the cell cycle is essential for the prevention of cancer, which is achieved 

by orchestrating activation or inactivation of CDKs (Cyclin-dependent Kinases) through 

different phases of the cell cycle. Aberrant cell cycle progression is linked to malignant 

transformation. p27 and p21, as critical CKIs (CDK inhibitors), are capable of neutralizing 

the activation of CDKs and inducing cell cycle arrest, thus serving as critical brakes for 

improper cell cycle progression. In normal cells, Skp2-mediated periodical proteolysis of 

p27 is indispensable for releasing the inhibitory status of Cyclin A or Cyclin E/Cdk2 

complex by p27, allowing for the proper G1-S transition. Genetic ablation of p27 leads 

to the development of cancer evidenced by multiple p27−/− mouse studies [199]. Notably, 

ectopic expression of Skp2 in breast epithelial cells (MCF10A) or quiescent fibroblasts 

(Rat-1) promotes p27 degradation with subsequent CDK activation and profoundly enhances 

S-phase entry of these cells which would otherwise growth-arrest, suggesting that aberrant 

activation of Skp2 could result in a deregulated cell cycle [58,200]. Coexpression of a 

degradation-resistant p27 mutant (p27 T178A) abrogates Skp2-induced CDK activation and 

S-phase entry [58], suggesting excessive degradation of p27 followed by hyperactivation 

of CDKs largely accounts for the premature S-phase entry upon Skp2 overexpression. 

In contrast, Skp2 deficient cells display proliferation inhibition and cell cycle arrest, 

which could be rescued through co-suppression of p27 [59,171,200]. Interestingly, tumor 

suppressor Rb protein has been shown to interact with the N-terminal of Skp2 to dissociate 

Skp2-p27 interaction, thereby inhibiting p27 ubiquitination and resulting in G1 arrest 

[201]. In a recent study, Skp2 is also reported to facilitate G2/M transition through 

regulating mH2A1-CDK8 cascade, thus preventing polyploidy and promoting breast cancer 

progression [44]. Furthermore, other substrates degraded by Skp2 such as p57 [82], p21 

[80,81], p130 [85,86] and FOXO1 [43,71] also serve as negative regulators for cell cycle, 

suggesting Skp2 governs cell division process likely through comprehensive mechanisms.

5.2. Cellular senescence evasion

Cellular senescence serves as a critical barrier to prevent malignant transformation 

upon oncogenic induction or loss of tumor suppressor [202,203]. Senescence evasion is 

indispensable for the early-onset of carcinogenesis. Skp2 orchestrates with H-Ras(G12 V) to 

induce malignant transformation of primary rodent fibroblasts [204], while oncogenic Ras 
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alone mainly provokes cell senescence rather than malignant transformation in primary cells, 

suggesting the critical role of Skp2 in preventing cellular senescence [205]. Consistently, 

although genetic ablation of Skp2 alone does not impact on cellular senescence, Skp2 
inactivation combined with depletion of tumor suppressor Arf or Pten dramatically triggers 

senescence, leading to tumor regression [172]. These observations indicate enhanced 

expression of Skp2 largely protects cells from senescence, thus facilitating malignant 

transformation upon oncogenic activation or tumor suppressor defects. Although Arf/p53 

pathway is critically involved in cellular senescence, emerging evidence suggests that 

cellular senescence could also be induced in an Arf/p53 independent manner. Surprisingly, 

the senescence response induced by combined deficiency of Skp2 and Arf or Pten does not 

rely on p53 activation but instead depends on the accumulation of cell cycle inhibitors p21 

and p27 as well as endoplasmic reticulum stress protein ATF4 [172].

5.3. Cellular apoptosis prevention

Evasion from apoptosis is one of the hallmarks of cancer. Skp2 also regulates cell 

apoptosis process emphasized by the facts that cells upon Skp2 deficiency including 

Skp2 −/− MEFs display enhanced apoptosis [57,174,206]. p53 is a key nodule mediating 

cellular apoptotic response. Skp2 associates with p53 to compromise its acetylation and 

subsequent transcriptional activity through sequestering p300 from p53, thus preventing 

cellular apoptosis [130]. Of note, Skp2 deficiency potentiates DNA damage induced 

apoptosis only in p53 +/+ HCT116 cells, but not in p53 −/− HCT116 cells [130], 

indicating that Skp2 governs cellular apoptosis through its modulation on p53. p27, the 

notable substrate of Skp2, also functions in regulation of apoptosis in addition to cell 

cycle [207,208]. Indeed, activation of Skp2 mediated p27 degradation is indispensable for 

not only protecting aberrantly proliferating Rb1-deficient cells from apoptosis but also 

spontaneous tumorigenesis in Rb1+/− mice [174]. Remarkably, either depletion of Skp2 or 

ectopic expression of p27 T187A mutant (resistance to Skp2 mediated degradation) in both 

Rb1+/− mice and RB1-deficient human retinoblastoma cells induces apoptotic cell death and 

tumor regression [174], suggesting Rb loss renders cells dependent on Skp2 and sensitive 

to aberrantly expressed p27. As a result, p27 T187 phosphorylation-dependent function of 

Skp2 represents a promising target for the prevention and treatment of Rb-deficient tumors.

Furthermore, Skp2 is also found to promote the ubiquitination and degradation of pro-

apoptotic protein Foxo1, thus abolishing its transactivation and subsequent apoptotic 

response in prostate cancer cell model and mouse lymphoma model [43]. Collectively, 

multiple mechanisms have been unraveled to account for the anti-apoptosis function of Skp2 

under different cellular contexts, however, the crosstalk among these events to orchestrate 

Skp2 oncogenic function remains a mystery.

5.4. Cell migration and tumor metastasis promotion

Tumor metastasis accounts for the major cause of cancer related deaths. Significant 

correlation between Skp2 overexpression and cancer metastasis has been noted in multiple 

types of cancers [190,209,210], raising the possibility that Skp2 may also play an essential 

role in cell migration and tumor metastasis. In line with this, Skp2 deficiency dramatically 

compromises cell migration and in vivo metastasis, while ectopic expression of Skp2 
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displays reverse phenotype [126,156,211,212]. Mechanistically, Skp2 orchestrates with 

Myc, Miz1 and p300 to form a transcriptional complex, which is responsible for RhoA 

transcription [41]. Depletion of RhoA or deconstruction of the transcriptional complex 

restrains cell migration, invasion and breast cancer metastasis, while restoration of RhoA 

expression rescues cell invasion defects upon Skp2 knockdown [41], delineating the Skp2/

RhoA cascade in governing cell migration and tumor metastasis. Recently, Skp2 is reported 

to facilitate EMT (epithelial mesenchymal transition) process through stabilizing Twist 

[126], which also raises the possibility that Skp2/Twist/EMT axis acts as another arm to 

drive cell migration and cancer metastasis, although in vivo evidence is still required to 

address this possibility in the future.

5.5. Cancer metabolism modulation

Tumor progression and metastasis are usually accompanied with metabolic reprogramming 

to confer cancer cells adaptation to various hostile environments [213]. Cancer cells prefer 

the usage of glycolysis for energy production and biosynthesis even under sufficient oxygen 

condition, which is referred as Warburg effect [214]. Akt signaling is critically involved in 

the regulation of glycolysis through facilitating glucose uptake and glycolytic flux [215]. 

Importantly, both genetic depletion and pharmacological inactivation of Skp2 restrains 

Akt activation and subsequent Glut1 transcription, leading to impaired glucose uptake and 

glycolysis, some of which can be restored upon re-introduction of active form Akt in Skp2 

deficient cells [45,216]. Furthermore, Skp2 also protects cancer cells from metabolic stress 

and hypoxia-induced cell death in both hepatocellular carcinoma and breast cancer, which 

relies on Skp2 mediated ubiquitination and activation of LKB1 and Akt [46,158].

5.6. Drug resistance

Drug resistance represents the major obstacle for curing cancer [217]. The involvement 

of Skp2 overexpression in acquired drug resistance has been observed in multiple 

studies. It is noted that enhanced preoperative expression of Skp2 predicts resistance to 

cyclophosphamide/doxorubicin/5-fluorouracil therapy in 94% of breast cancer patients from 

a clinical retrospective study [218]. Similarly, in rectal cancer patients with neoadjuvant 

chemoradiotherapy followed by surgery, Skp2 overexpression serves as a molecular marker 

for poor therapeutic response and worse outcomes [219]. In line with these observations, 

Skp2 depletion renders Her2 positive breast cancer cells more vulnerable to Herceptin 

treatment, highlighting that Skp2 is an appealing therapeutic target to combine with 

Herceptin for tackling cancer [45]. Of note, Skp2 silencing or inactivation in the Gefitinib-

resistant NSCLC cells restores their sensitivity to Gefitinib treatment, raising the potential 

of Skp2 targeting to overcome Gefitinib resistance in NSCLS patients [158]. CRPC remains 

a major clinical challenge due to its resistance toward both hormone depletion and other 

forms of chemotherapy. Recent studies indicate that genetic ablation or pharmacological 

inactivation of Skp2 re-sensitizes CRPC cells toward chemotherapies such as paclitaxel 

or doxorubicin [126]. Although emerging evidence has demonstrated the involvement of 

Skp2 in drug resistance, the underlying mechanism still remains elusive. The existence 

of cancer stem cells is regarded as one of the key reasons accounting for acquired drug 

resistance during cancer treatment [220,221]. Indeed, inactivation of Skp2-SCF complex 

is found to restrict cancer stem cell traits by multiple independent studies [126,216,222]. 
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However, whether Skp2 mediated drug resistance relies on its regulation on cancer stem cell 

population warrants further investigation.

Additionally, Skp2 also serves to govern angiogenesis [158], DNA damage response 

and DNA repair [5], gene transcription [89,90] and epigenetic regulation [223,224]—all 

contributing to its oncogenic activity. Thus, Skp2-SCF complex acts as an attractive target 

for combating cancer.

6. Targeting Skp2 for cancer therapy

Giving the critical involvement in governing cancer progression, Skp2 has emerged as an 

appealing pharmacological target for both cancer prevention and cancer treatment. In the last 

several decades, multiple strategies have been proposed to limit either Skp2 expression or 

Skp2-SCF complex activity for cancer therapy, as summarized in Fig. 5.

6.1. Targeting Skp2 expression

PPARγ is a critical negative regulator for Skp2 expression, evidenced by the inverse 

correlation of PPARγ and Skp2 in human breast cancer specimen [225]. Impaired Skp2 

expression level is displayed upon PPARγ ectopic expression, resulting in compromised 

cell proliferation as well as spontaneous apoptosis [225]. Troglitazone, as a selective 

PPARγ agonist, is widely used for diabetes and inflammation treatment. Interestingly, Skp2 

expression restriction accompanied with p27 induction is observed in cells with Troglitazone 

treatment, leading to cell cycle arrest in both hepatocellular carcinoma and cervical cancer 

cell models [226–228]. These observations highlight the unexpected anti-neoplasm function 

of Troglitazone through targeting Skp2. Of note, using a high throughput platform, a total of 

7368 chemical compounds are screened to identify novel Skp2 inhibitors by monitoring p27 

level. Compound SMIP0004 has been unraveled to restrain Skp2 expression, thus protecting 

p27 from degradation followed by G1 arrest and apoptosis in prostate cancer model [229]. 

Additionally, other chemical compounds such as simvastatin [230], compound-7 g [231], 

anti-malarial compound quinacrine [232] and caffeic acid phenethyl ester [233] are also 

found to compromise Skp2 expression and display anti-tumor function, although the detail 

mechanism involved remains elusive.

Other than these chemical compounds, multiple nature compounds have also been identified 

to restrain Skp2 expression with the decades` efforts. Several phytochemicals including 

Sulforaphane, Pentagalloylglucose, Curcumin, Lycopene and Quercetin are reported to 

downregulate Skp2 expression in cancer cells, leading to p27 and Foxo1 accumulation 

and subsequent cell cycle arrest [234–236]. Interestingly, both Gallic acid and EGCG 

(Epigallocatechin-3-gallate), two essential extracts from tea leaf, inhibit Skp2 expression 

and display anti-tumor effects [237,238]. Similarly, in prostate cancer model, Silibinin 

and Vitamin D3 treatments induce significant reduction of Skp2 expression accompanied 

with p27 stabilization and cell proliferation inhibition [239,240]. All-trans retinoic acid 

(ATRA), an active metabolite of Vitamin A, is the first choice drug in the treatment 

of acute promyelocytic leukemia [241]. Surprisingly, ATRA promotes ubiquitination and 

degradation of Skp2, resulting in G1 arrest and growth inhibition. Forced expression of 

Skp2 confers cells resistance to ATRA by preventing p27 accumulation [242]. Given the 
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relatively low toxicity of these natural compounds, it is appealing to combine these agents 

with conventional chemotherapy to achieve safe treatment outcome.

6.2. Targeting Skp2-SCF complex

Although multiple chemical and natural compounds negatively regulate Skp2 function, the 

low specificity and unknown side effects prevent these compounds to be further investigated 

in clinical practice. In recent years, more specific inhibitors for Skp2 have been developed 

based the structure of Skp2-SCF complex. One strategy is to deconstruct Skp2-SCF 

complex by abrogating Skp2-Skp1 interaction. Through high-throughput in silico screening 

of chemical libraries containing 120,000 compounds, Compound 25 (also known as SZL-

P1–41) is identified to physically interact with F-box domain of Skp2, thus preventing 

Skp1 association and Skp2 SCF complex formation [216,243]. Importantly, this inhibitor 

specifically compromises the E3 ligase activity of Skp2-SCF complex, but not other 

F-box SCF complexes such as Fbw7 and β-Trcp. Strikingly, compound 25 phenocopies 

the effects upon Skp2 depletion and displays potent anti-tumor activities through Skp2 

targeting by abolishing Akt-mediated glycolysis and cell survival as well as enhancing 

cellular senescence [216]. Compound 25 thereby appears to be an appealing drug for cancer 

therapy, although more humanized cancer models such as PDX (Patient derived xenograft) 

or organoid are needed to further justify the efficacy of compound 25 for human cancer.

In another high-throughput screening using an in vitro reconstituted ubiquitination system, 

compound A (CdpA) is found to neutralize Skp2-mediated p27 ubiquitination [244], 

highlighting the potential inhibitory effect of CdpA on Skp2 E3 ligase activity. Interestingly, 

Skp2 is not presented in the Skp1 immunoprecipitation portion when treated with CdpA, 

suggesting this inhibitor is likely to diminish Skp2-Skp1 association to exclude Skp2 from 

SCF complex, although more rigorous evidence is needed to further support this notion. 

Treatment of CdpA induces G1 arrest and cell death. Moreover, CdpA is able to restore 

the chemotherapy sensitivity of myeloma cells and active against both the myeloma and 

leukemia cells [244].

6.3. Targeting Skp2-Cks1 interaction

p27 degradation is the most critical event linking to Skp2 oncogenic activity. Cks1 

is indispensable for Skp2 to recognize T187 phosphorylated p27 and subsequent 

ubiquitination. Cks1 −/− cells display proliferation inhibition due to elevated p27 [65]. 

Targeting the interaction between Skp2 and Cks1 thereby represents an appealing strategy 

to restore p27 level by abolishing Skp2-mediated p27 ubiquitination and degradation in 

cancer cells. A high-throughput screening (HTS) assay based on PerkinElmer AlphaScreen 

technology yields two compounds named NSC689857 and NSC681152 possessing 

inhibitory effects on p27 ubiquitination through interrupting Skp2 and Cks1 interaction 

[245]. Similarly, from HTS conducted by different groups, several other compounds such as 

22d [246], Skp2E3LIs (C2, C5, C20) [247], linichlorin A and gentian violet [248] are also 

identified as potential inhibitors for preventing Skp2 from binding with Cks1, leading to p27 

accumulation and cell growth retardation.
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Another strategy used for developing Skp2 inhibitors is to disrupt the interaction between 

Skp2 and its substrate, such as p27. Based on the published Skp2-Cks1-p27 crystal structure, 

Skp2 and Cks1 jointly form a pocket flanked by residues Skp2-R294, Skp2-Y346, Cks1-R44 

and Cks1-Q52, responsible for p27 binding and/or ubiquitination [63]. Inhibitors that fit into 

the molecular surface pocket at the Skp2-Cks1 interface are screened by an in silico Virtual 

Ligand Screening from 315,000 diverse compounds [249]. Four compounds (C1, C2, C20, 

or C16) have been identified to specifically disrupt Skp2-p27 interaction, resulting in p27 

induction and cell cycle arrest in multiple cancer cell models [249].

6.4. Targeting other components of SCF complex

Cul-1 functions as a scaffold protein responsible for the integrity of Skp2-SCF complex. 

Similar as Skp2, Cul-1 overexpression enhances cell proliferation through p27 degradation 

and enhanced Cul-1 expression is correlated with poor survival of cancer patients [250,251], 

highlighting the potential of targeting Cul-1 to inhibit Skp2-SCF activity. Previous studies 

indicate neddylation of Cul-1 is essential for the functional activity of Skp2-SCF complex 

[163]. MLN4924 specifically inhibits E1 enzyme (Nedd8-activating enzyme, NAE) required 

for Nedd8 conjugation and compromises Cul-1 neddylation, resulting in deconstruction and 

deactivation of Skp2-SCF complex as well as p27 accumulation associated cell death [252]. 

MLN4924 has been advanced into phase I clinical trials as a promising anticancer agent due 

to its profound anti-neoplasm activity and low toxicity. Since neddylation modification is 

universally required for the function of all Cullins (cullin 1, 2/5, 3, 4A/4B and 7), MLN4924 

is able to inactivate diverse Cullin-Ring ligases (CRLs) and induce the accumulation of 

various CRL substrates. Thus, whether Skp2-SCF complex is the main target of MLN4924 

responsible for its anti-tumor efficacy remains unclear.

7. Conclusion and perspective

Skp2, as an E3 ligase coupling with Skp1, Cul1 and Rbx1/Roc1 to form Skp2-SCF complex, 

conjugates both K48-linked and K63-linked ubiquitin chains on its substrates, leading to 

proteasome mediated degradation as well as nonproteolytic functional regulation of the 

substrates respectively. The expression of Skp2 is under tight regulation during cell cycle 

progression in normal cells, while Skp2 overexpression is observed in multiple types of 

cancer such as breast, prostate, lung and others, correlated with poor overall survival, tumor 

metastasis and drug resistance. Using genetic mouse models and in vitro cell models, 

the pro-tumor property of Skp2 has been comprehensively demonstrated including cell 

cycle promotion, cellular senescence and apoptosis prevention, cell migration enhancement, 

stemness maintenance and many others. So, Skp2appears to be an attractive target for the 

prevention and/or the treatment of cancer.

Multiple efforts have been made to develop novel inhibitors targeting the Skp2-SCF 

complex. Disruption of Skp1-Skp2 interaction is the most appealing strategy to restrain 

the Skp2-SCF complex E3 ligase activity, resulting in the abrogation of ubiquitination on 

multiple substrates of Skp2 such as p27 and Akt [216]. Moreover, other studies focus on 

the specific interruption of Skp2 mediated p27 ubiquitination either by blocking Skp2-Cks1 

interaction or by directly abrogating Skp2-p27 association [245,249]. In recent years, the 
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development of PROTAC (proteolysis targeting chimera) technology has opened a new 

area for inducing selective intracellular proteolysis of targeted protein, which serves as a 

novel anti-cancer strategy through specifically eliminating oncogenic proteins [253,254]. 

Thus PROTAC based technology could represent another strategy for developing the next 

generation of Skp2 inhibitors with more potent efficacy in the future.

The potent anti-tumor activities of these Skp2 inhibitors have been documented either in 

in vitro cell models or pre-clinical mouse models, highlighting the potential therapeutic 

application of Skp2 inhibitors towards human malignancy. Nevertheless, the potential 

linkage between Skp2 depletion and genomic instability raises some concerns for the 

long term benefits of exclusive Skp2 inhibition. First, Skp2 is also found functional in 

V(D)J (Variable [V], Diversity [D] and Joining [J] gene segments) recombination required 

for DNA rearrangement, which is indispensable for the maturation of T cell and B cell 

[255]. During G1/S transition, RAG1 and RAG2 activate V(D)J recombination through 

recognizing the recombination sequence signal and making double strand break, followed by 

non-homologous end joining machinery mediated DNA repair. Cell cycle coupled periodic 

destruction of RAG2 by Skp2 is essential for preventing the potential genomic instability 

that could otherwise result from excessive or unscheduled RAG-mediated DNA cleavage 

[99]. Mice with knock-in RAG2 T490A mutant, which is resistant to Skp2 mediated 

ubiquitination and degradation due to the defects on the prerequisite phosphorylation of 

T490 by cyclin A-Cdk2, show enhanced frequency of aberrant recombination and cellular 

apoptosis owing to uncoupled DNA cleavage from cell cycle, which is a similar phenotype 

observed upon Skp2 depletion [256]. Importantly, mice with combined RAG2 T490A 

mutation and p53-deficiency display induced lymphoid malignancies characterized by clonal 

chromosomal translocations [256]. Thus Skp2 mediated periodic RAG2 degradation is 

fundamental for genomic stability by preventing unscheduled DNA cleavage, representing 

the unexpected tumor suppressor arm of Skp2. Although RAG1 and RAG2 are exclusively 

expressed in lymphoid tissue for antigen receptor genes reassembly under physiological 

condition, aberrant expression of RAG1 and RAG2 is also revealed in cancer cells [257]. 

Therefore, long term use of Skp2 inhibitors may lead to abnormal accumulation of RAG2 

and subsequent genomic instability in both tumor tissues and lymphoid tissues. It is 

worthwhile to investigate the cellular genotoxicity upon chronic Skp2 inactivation in the 

future.

Additionally, although accumulation of both p27 and Cyclin E is observed in Skp2 

deficient cells [57], Cyclin E/CDK2-associated kinase activity remains unchanged in 

these cells probably because enhanced abundance of p27, a potent inhibitor of CDK2 

activity [258]. However, inhibition of Skp2 in cells with p27 deletion or mutation may 

induce unrestricted Cyclin E expression and subsequent Cyclin E/CDK2 activation [259]. 

Accumulated evidences prove the pro-tumor property of Cyclin E overexpression [260,261]. 

Thus, side effects resulted from enhanced Cyclin E expression upon Skp2 inhibition warrant 

further evaluation in the future, especially for those cancers with p27 deletion or mutation 

[262].

Immunotherapy has emerged as a promising strategy for combating cancer [263]. Although 

Skp2 targeting by Skp2 inhibitors has been proved to restrict cancer development mainly 
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using immune-deficient tumor models, the role of Skp2 targeting in immune regulation 

remains largely unexplored. Further investigation of the functions of Skp2 in T cell and NK 

cell activation, macrophage differentiation, as well as antigen recognition and presentation 

will not only delineate the underlying mechanisms of immune escape during tumorigenesis 

but also yield more comprehensive understanding of how Skp2 inhibitors work to suppress 

cancer development.

Conclusively, due to the comprehensive oncogenic function of Skp2, the development 

of Skp2 specific inhibitor is likely to benefit for cancer therapy. With the further 

investigation of Skp2, more and more substrates will be unraveled. Exploitation of substrate 

specific inhibitors for Skp2 would largely limit the potential side effects resulted from 

deubiquitination of multiple substrates by general Skp2 inhibitors. Moreover, more clinical 

relevant human tumor models, such as PDX and organoids and genetic mouse models with 

intact immunity should be included to evaluate the efficacy and potential side effects of 

Skp2 inhibitors. As multiple molecular signals for diverse biological processes regulated by 

Skp2 are also essential for the pathogenesis of diseases other than cancer, such as abnormal 

PI3K/Akt signaling in diabetes [107] and deregulated autophagy during viral infection 

[264], it will also be interesting to evaluate the efficacy of Skp2 inhibitors in the treatment 

of diabetes or viral infection. We believe that our review article would draw remarkable 

attention and ignite further studies to yield new strategies for Skp2 targeting in the treatment 

of cancer and other diseases.
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Fig. 1. 
Ubiquitin conjugation reaction and classification of E3 ligases.
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Fig. 2. 
Representative downstream targets of Skp2.
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Fig. 3. 
Regulation of Skp2 expression and Skp2-SCF E3 ligase activity.
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Fig. 4. 
Oncogenic property of Skp2.
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Fig. 5. 
Strategies for developing Skp2 inhibitors.
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