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ABSTRACT

S phase kinase-associated protein 2 (SKP2), the rate-limiting substrate receptor of the SKP1-Cullin1-F-box (SCF) E3 
ubiquitin ligase complex, is considered a canonical gatekeeper of cell cycle progression. However, accumulating 
evidence indicates that SKP2 functions as a multifaceted signaling hub that orchestrates metabolic reprogramming, 
the DNA damage response, stem cell maintenance, and synaptic plasticity. Dysregulation of these processes contributes 
to the pathogenesis of many types of human diseases, including cancer. This review provides a comprehensive 
overview of the diverse biological roles of SKP2, beginning with detailed insights into the assembly and substrate-
recognition mechanisms of the Cullin1-SKP2-CKS1 protein complex. Moreover, we explore the functional dichotomy 
of SKP2, expanding its classic role in K48-linked proteasomal degradation to include noncanonical roles in K63-
linked signaling activation. Furthermore, we elucidate the pathogenic implications of SKP2 in malignancies such as 
castration-resistant prostate cancer (CRPC) and triple-negative breast cancer (TNBC), as well as neurodegenerative 
conditions, including Alzheimer’s disease. More importantly, we evaluate therapeutic approaches targeting SKP2, 
highlighting the shift from first-generation protein-protein interaction (PPI) inhibitors to next-generation degraders, 
including the novel induced-proximity degrader SKPer1 and emerging PROTACs. Finally, to bridge the gap to clinical 
translation, we discuss the remaining druggability challenges and future directions for pharmacological optimization.
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1. INTRODUCTION

The precise coordination of cellular proliferation, 
metabolism, stress adaptation, and differentiation 
depends on a series of highly dynamic protein degrada- 
tion networks and signal transduction pathways [1, 2]. 
Among these, the ubiquitin-proteasome system (UPS) 
is foundational in governing cellular homeostasis [3]. 
Within the UPS, the SKP1–Cullin1–F-box (SCF) com-
plex has indispensable roles in cell fate determination 
and key cellular processes, including the cell cycle, cell 
migration, and cell death [4]. S-phase Kinase-associated 
Protein 2 (SKP2), the rate-limiting substrate receptor 
(SR) of the SCF–SKP2 E3 ligase complex, has historically 

been defined by its canonical role as the “gatekeeper” 
of the G1/S transition, by recognizing and targeting var-
ious cell cycle inhibitors, such as p27Kip1 and p21Cip1, for 
ubiquitination and subsequent proteasomal destruc-
tion [5, 6].

However, a growing body of evidence over the past 
decade has markedly expanded the biological reper-
toire of SKP2 to extend beyond its classic classifica-
tion in cell-cycle regulation. SKP2 has been redefined 
as a multifaceted signaling hub that governs diverse 
processes, including metabolic reprogramming [7, 8], 
the DNA damage response (DDR) [9], stem cell mainte-
nance [10, 11], and autophagy [12]. This shift in under-
standing was underpinned by the discovery of a dual 
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mechanism, wherein SKP2 mediates canonical protein 
turnover, largely via catalyzing K48-linked ubiquitin 
chains, and concurrently orchestrates non-proteolytic 
signal activation through K63-linked poly-ubiquitin 
chains, through which it directly engages the Akt and 
mTOR signaling pathways, and consequently influences 
tumorigenesis [7, 13, 14]. Furthermore, recent studies 
have indicated that SKP2 regulates autophagy by mod-
ulating CARM1 signaling [15, 16] and epigenetic reg-
ulation by promoting JARID1B degradation [17]. This 
“dual-track” capability enables SKP2 to integrate mul-
tidimensional biological signals that extend far beyond 
simple protein elimination.

The functional versatility of SKP2 is mirrored in its 
pathological importance. Its dysregulation, a common 
feature across a spectrum of solid and hematological 
malignancies, correlates with tumor aggressiveness, 
poor survival outcomes, and therapeutic resistance 
[18]. For example, in castration-resistant prostate can-
cer (CRPC), SKP2 stabilizes Twist via ubiquitination, 
thereby augmenting stemness and chemoresistance 
[19]. However, in triple-negative breast cancer (TNBC), 
it mediates Akt ubiquitination and rebound activation, 
thereby driving intrinsic resistance to PI3K inhibitors 
[20]. Beyond oncology, its physiological roles in neu-
rodegenerative conditions, such as Alzheimer’s disease 
(AD), are emerging, particularly regarding synaptic 
plasticity and neuronal metabolic homeostasis [21, 22]. 
These cross-system findings therefore establish SKP2 as a 
central node in disease pathogenesis. Concurrently, the 
development of SKP2-targeted therapeutics is rapidly 
advancing. Strategies have shifted from the first-gen-
eration protein-protein interaction (PPI) inhibitors— 
designed to sterically block the SKP2–p27, SKP1, or CKS1 
interface [23]—to next-generation proteolysis-targeting 
chimeras (PROTACs) [24] and the novel induced-proxim-
ity degrader SKPer1 [25], which recruits E3 ligases and 
subsequently induces specific destruction of the SKP2 
oncoprotein itself. Consequently, SKP2 is transitioning 
from a basic research focus to a frontline drug target for 
precision medicine.

This review systematically summarizes the molecu-
lar mechanics of SKP2, dissecting its hierarchical roles 
in cellular homeostasis and pathology. Moreover, we 
provide a comprehensive assessment of current thera-
peutic strategies and their translational potential. By 
integrating current advances, we aim to construct a 
comprehensive, forward-looking atlas of SKP2 biology, 
thereby laying the theoretical groundwork for future 
SKP2-directed interventions for various types of human 
disorders, including cancer.

2. THE UBIQUITIN-PROTEASOME SYSTEM

The maintenance of proteostasis is fundamental to 
eukaryotic viability [26]. Notably, protein turnover is 
governed primarily by two distinct machineries: the 
lysosomal-autophagy pathway [27] and the UPS [28]. 

Whereas autophagy primarily mediates bulk clearance 
of organelles and long-lived protein aggregates, the 
UPS precisely executes the spatiotemporal degrada-
tion of specific regulatory proteins marked for removal 
after induction of certain upstream physiological cues 
[26, 29]. The discovery of this ATP-dependent, non-lys-
osomal degradation pathway in the late 1970s earned 
Avram Hershko, Aaron Ciechanover, and Irwin Rose the 
Nobel Prize in Chemistry in 2004 [30]. Historically dis-
missed as the cell’s “waste disposal unit,” the UPS is now 
recognized as a sophisticated command center [31]. By 
selectively eliminating key regulators, such as cell cycle 
mediators and transcription factors, it orchestrates 
critical decisions regarding cell fate and function [18]. 
Consequently, aberrancy in this process often contrib-
utes to various human pathological conditions, includ-
ing cancer and neurodegenerative diseases [1, 32].

2.1 Biochemistry of the E1-E2-E3 enzymatic 
cascade
Ubiquitination is a tightly regulated enzymatic process 
that culminates in the covalent attachment of the evo-
lutionarily conserved 76-amino acid ubiquitin moiety 
to a lysine residue on a target protein [31]. This process 
proceeds through three sequential stages [33]. First, in 
the activation step (E1), through an ATP-dependent 
reaction, the ubiquitin-activating enzyme (E1) forms a 
high-energy thioester bond with the ubiquitin molecule. 
Second, in the conjugation step (E2), the activated ubiq-
uitin molecule is transferred to the active site cysteine 
of a ubiquitin-conjugating enzyme (E2). Finally, in the 
ligation step (E3), the ubiquitin ligase (E3) acts as a spe-
cific recognition module facilitating the formation of an 
isopeptide bond through transfer of ubiquitin from E2 
to the target protein [34]. Substrates marked with poly-
ubiquitin chains are trafficked to the 26S proteasome 
for destruction [35]. This approximately 2.5 MDa macro-
molecular machine comprises two functional sub-com-
plexes: the 19S regulatory particle (RP) and 20S core 
particle (CP). The RP, functioning as the “lid,” is respon-
sible for recognizing ubiquitinated substrates, deubiq-
uitinating them via intrinsic deubiquitinases (DUBs) such 
as Rpn11 [36], and harnessing ATP hydrolysis to unfold 
and translocate the protein into the core. The CP forms 
a central cylindrical chamber that houses the proteolytic 
active sites. Recent cryo-EM studies have provided atom-
ic-resolution insights into the gate-opening mechanisms 
that control substrate entry [37] (Figure 1).

2.2 Classification of E3 ligases
The >600 E3 ubiquitin ligases encoded in the human 
genome are the primary determinants of specificity 
within the UPS. They are further categorized into three 
major superfamilies, according to domain architecture 
and catalytic mechanisms: Really Interesting New Gene 
(RING), Homologous to E6-AP Carboxyl Terminus (HECT), 
and RING-Between-RING (RBR) [4].
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The RING superfamily constitutes the largest class of 
E3s, which function mechanistically as molecular scaf-
folds rather than direct catalysts [38]. As such, they 
do not form a covalent intermediate with the ubiqui-
tin molecule. Instead, they bridge the E2~Ub thioester 
complex and the downstream protein substrate, and 
allosterically activate the E2, thereby facilitating direct 
ubiquitin transfer to the protein substrate [39]. SKP2 
exemplifies this mechanism. As the substrate recogni-
tion subunit of the SCF E3 ligase complex, and a pro-
totypical Cullin-RING ligase (CRL) [40, 41], SKP2 relies 
on the RING domain of the associated RBX1 subunit to 
recruit the E2 enzyme, thereby mediating the polyubiq-
uitination of multiple downstream protein substrates, 
including p27 and p57 [42].

In contrast to the RING ligases, which have scaffolding 
roles, the HECT superfamily members directly catalyze 
ubiquitin transfer to the downstream protein substrate 
[43]. This mechanism involves an obligate intermediate 
step: ubiquitin is first transferred from the E2 to a con-
served cysteine residue within the HECT domain of the 
E3 ligase, thereby forming a covalent E3~Ub thioester 
bond [44]. Ubiquitin is subsequently handed over to the 
protein substrate in a “relay” fashion [44, 45]. Although 
SKP2 does not belong to this class, understanding the 

mechanistic action of HECT E3 ligase provides essential 
context for appreciating the functional diversity of the 
E3 ligase repertoire.

The third class, the RBR superfamily, uses a unique 
hybrid mechanism combining features of both RING 
and HECT enzymes. Structurally defined by a RING1-IBR-
RING2 motif, RBRs use the RING1 domain to recruit the 
E2~Ub complex, similarly to RING E3s [46]. They then 
transfer the ubiquitin molecule to a catalytic cysteine 
present in the RING2 domain, thus forming a thioester 
intermediate, as in HECT E3s, before delivery to the 
protein substrate [47]. The characterization of Parkin 
as a representative RBR ligase has markedly expanded 
understanding of the complexity inherent in the ubiq-
uitination machinery [48] and how misregulation of this 
process can lead to human pathological conditions such 
as Parkinson’s disease [47, 49] (Figure 1).

2.3 The ubiquitin code: linkage topology 
determines biological fate
Ubiquitination is not a monolithic signal but a sophis-
ticated molecular language. The ubiquitin moiety con-
tains seven internal lysine residues (K6, K11, K27, K29, 
K33, K48, and K63) alongside an N-terminal methionine 

Figure 1  |  The biochemistry, classification, and coding of the ubiquitin-proteasome system (UPS).
(1.1) Biochemistry of the E1-E2-E3 Cascade: Ubiquitin is sequentially activated and transferred to a substrate via an enzymatic cascade involving 
E1 (activating), E2 (conjugating), and E3 (ligase) enzymes. The resulting polyubiquitinated protein substrate is subsequently recognized and 
degraded into peptides by the 26S proteasome, comprising the 19S regulatory particle and the 20S core particle. (1.2) Classification of E3 
Ubiquitin Ligases: E3 ligases are categorized into three major classes according to their catalytic domains and transfer mechanisms: RING E3s 
(e.g., SCF-SKP2) function as scaffolds facilitating direct ubiquitin transfer from E2 to substrate; HECT E3s form an obligate E3~Ub thioester 
intermediate; and RBR E3s (e.g., Parkin) use a hybrid mechanism combining features of both. (1.3) The Ubiquitin Code (Linkage Topology): 
Distinct ubiquitin chain topologies dictate specific substrate fates. K48-linked chains mediate proteasomal degradation, whereas K63-linked 
chains regulate non-proteolytic signaling. K11-linked chains largely control mitotic progression, and linear (M1) chains are essential for NF-κB 
activation. Furthermore, heterotypic and branched chains provide additional layers of regulatory complexity. Figure created with BioRender.com.
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(M1), all of which can serve as acceptor sites for poly-
ubiquitin chain elongation [50]. The specific topology of 
these linkages dictates the ultimate destiny of the down-
stream protein substrate [50, 51] (Table 1, Figure 1).

2.3.1 Homotypic chains.  Homotypic ubiquitin chains 
form through specific lysine residues on ubiquitin and 
have distinct functions in regulating protein fate and 
signaling pathways. K48-linked chains are the canoni-
cal signal for proteasomal targeting. Substrates marked 
with K48 chains are recognized and degraded by the 
26S proteasome [52]. A classic example is the SKP2-
mediated turnover of p27Kip1, which relies primarily on 
the assembly of K48-linked polyubiquitin chains [5, 6]. In 
contrast, K63-linked chains generally mediate non-pro-
teolytic functions and serve as molecular scaffolds that 
assemble signal transduction complexes involved in 
DNA repair and protein trafficking [53, 54]. SKP2 uses 
this topology to regulate key cell-fate regulators such 
as Akt. By assembling K63-linked chains, SKP2 promotes 
recruitment of Akt to the plasma membrane, thereby 
triggering its activation and influencing tumorigenesis 
[7]. K11-linked chains are particularly critical for mitotic 
regulation; they are assembled predominantly by the 
APC/C E3 ligase complex and tag cell-cycle drivers, such 
as SKP2, Cyclin A, and PLK, for timely degradation [55]. 
M1 (linear) chains, synthesized exclusively by the LUBAC 
E3 ligase complex, are integral to the activation of the 
NF-κB inflammatory signaling pathway [56]. Atypical 
chains (K27, K29, and K33), although relatively less 
understood, are increasingly recognized for their key 
regulatory roles in innate immunity and epigenetic reg-
ulation [57]. For example, K27-linked polyubiquitination 
of PTEN has recently been reported to dampen its tumor 
suppressor function to contribute to prostate tumori-
genesis [58].

2.3.2 Heterotypic and branched chains.  Recent research 
has illuminated the existence of complex branched ubiq-
uitin chains. This current frontier in ubiquitin biology 
awaits in-depth investigation to understand the phys-
iological roles of these ubiquitin chains in governing 

various cellular processes [59]. K11/K48 branched chains, 
synthesized primarily by the APC/C complex during 
mitosis, function as “high-priority” degradation signals 
that result in markedly enhanced substrate recognition 
and degradation efficiency by the proteasome, in con-
trast to their homotypic K48 or K11 counterparts [60]. 
This mechanism ensures the rapid and irreversible clear-
ance of key regulatory proteins essential for cell cycle 
progression [61]. Moreover, K48/K63 branched chains, 
which substantially accumulate during NF-κB activation 
or under proteasome inhibition, might serve as molecu-
lar switches for signal transduction cascades or as excep-
tionally potent degradation signals [62, 63].

The versatility of the ubiquitin code is counterbal-
anced by DUBs, which cleave specific linkages and 
consequently reverse the signaling cascade. The approx-
imately 100 DUBs in the human genome, together with 
the approximately 600 E3 ligases, form the dynamic and 
reversible network of the ubiquitination coding system 
and govern various cellular processes [64]. For example, 
USP10 counteracts SKP2 auto-ubiquitination, thereby 
adding an additional layer of regulation [65].

2.4 Molecular determinants of substrate 
recruitment by SCF–SKP2
A detailed understanding of polyubiquitin chain link-
ages within the ubiquitin code is indispensable for 
decoding SKP2 biology. SKP2 has dual functions as an 
executioner via K48-linked chains and a signal activator 
via K63-linked chains [66]. This selectivity is likely to be 
influenced by context, depending on the availability of 
specific cofactors or the post-translational status of the 
substrate across different tissues or cell types.

As a RING-type E3 ubiquitin ligase, the SCF–SKP2 
complex does not itself catalyze ubiquitin transfer but 
instead functions primarily as a molecular scaffold that 
positions a charged E2 enzyme in proximity to the pro-
tein substrate [67]. In this system, the linkage topol-
ogy of the resulting polyubiquitin chain is determined 
principally by the recruited E2, because different E2s 
inherently favor distinct lysine linkages during ubiqui-
tin transfer [68]. For example, SCF complexes typically 

Table 1  |  Functional and structural diversity of ubiquitin linkage types that compose “the ubiquitin code” governing key 
cellular processes.

Linkage type Structural conformation Biological consequence Archetypal signaling axis

K48-linked Closed, compact Canonical proteasomal turnover Cell cycle (e.g., SCF-p27)

K63-linked Open, extended Non-proteolytic signaling DDR; NF-κB activation

K11-linked Compact Mitotic quality control; ER-associated degradation (ERAD) APC/C-mediated cyclins

M1-linked (linear) Head-to-tail Inflammatory signaling LUBAC-mediated TNFα

Mono-Ub Single Ub moiety Trafficking; epigenetics Receptor endocytosis; histone 
modification (e.g., H2B)

Branched (e.g., K11/K48) Heterotypic High-priority degradation Rapid clearance of aggregates
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engage CDC34 (also known as UBE2R1), an E2 with 
structural features that promote assembly of K48-linked 
polyubiquitin chains, the canonical signal for proteaso-
mal substrate degradation [4]. The CDC34–SCF partner-
ship is among the best characterized in directing degra-
dative ubiquitination.

Beyond degradative signaling, SCF–SKP2 participates 
in non-proteolytic ubiquitination by cooperating with 
linkage-specialized E2s. The heterodimeric E2 UBE2N 
(formerly UBC13) together with its non-catalytic partner 
UBE2V1, efficiently catalyzes formation of K63-linked 
chains, which are typically associated with regulatory 
outcomes such as protein trafficking or signal activation 
rather than degradation [69]. K63-linked ubiquitination 
mediated by SCF–SKP2 has been demonstrated for sub-
strates such as Akt, and found to enhance membrane 
localization and kinase activation without triggering 
proteasomal degradation [7].

Therefore, the functional diversity of SKP2-dependent 
ubiquitination, whether directing substrates toward 
degradation or alternative signaling fates, depends crit-
ically on which E2 enzyme is engaged by the SCF core 
complex. Consequently, E2 selection is important in 
determining the biological outcome of SKP2-mediated 
ubiquitination, thus expanding the conceptual frame-
work beyond a purely degradative E3 role to encompass 
regulatory ubiquitin signaling.

3. THE CULLIN-RING LIGASE SUPERFAMILY

3.1 Overview
Among eukaryotic E3 ubiquitin ligases, the CRL super-
family is the most extensive and structurally intricate, 
and it accounts for approximately 20% of all cellular 
ubiquitination events [4]. The hallmark of CRL biology 
is an elegant “modular” assembly strategy. By using the 
Cullin protein as a rigid architectural scaffold, these E3 
ligase complexes use specific adaptor proteins to recruit a 
vast library of SRs [39]. This combinatorial design endows 
CRLs with the plasticity to regulate biological processes as 
diverse as cell cycle progression, DDR, hypoxic responses, 
and signal transduction pathways [70].

3.2 Core architecture and classification
Regardless of their specific composition, all CRL com-
plexes adhere to a unified topological blueprint char-
acterized by four distinct modules [4]. At the core, the 
scaffold protein Cullin serves as the structural backbone 
for the E3 ligase complex. The N-terminal domain con-
sists of a repeating helical bundle, the Cullin repeat (CR), 
that dictates the curvature of the multi-subunit protein 
complex [71]. In contrast, the C-terminus docks the cat-
alytic core. The catalytic core comprises a RING domain 
protein (typically RBX1 or RBX2). This module recruits 
the E2 ubiquitin-conjugating enzyme. The RBX1-Cullin 
1 (CUL1) interface is critical for positioning the E2~Ub 
thioester for catalysis of the ubiquitin transfer [28]. In 

contrast, the adaptor protein acts as a physical bridge 
linking the rigid Cullin scaffold to the variable SR. 
Finally, the SR confers target specificity by recognizing 
and binding specific degron motifs on substrate pro-
teins. SKP2 is a well-characterized example of an SR 
within the CRL1 complex [28].

3.3 The Cullin-RING ligase superfamily: structural 
diversity and functional specialization
The structural modularity of the CRL superfamily repre-
sents a pinnacle of evolutionary engineering. By using 
distinct Cullin scaffolds as architectural backbones, cells 
generate a diverse library of E3 ubiquitin ligases, each 
tailored to specific cellular compartments and signaling 
contexts. Below, we dissect the molecular architecture 
and distinct regulatory roles of the major CRL subfami-
lies (Table 2, Figure 2).

3.3.1 CRL1 (SCF complex): the paradigm of phospho-de-
pendent ubiquitination.  The CRL1 subfamily, ubiq-
uitously known as the SCF complex, is the structural 
archetype for the entire superfamily [72] and is based on 
the CUL1 scaffold. The adaptor protein SKP1 binds the 
N-terminus of CUL1 and recruits one of approximately 
69 human F-box proteins [73], which are structurally cat-
egorized into FBXW (WD40), FBXL (leucine-rich repeat 
[LRR]), and FBXO (other) subfamilies, largely according 
to their substrate-binding domains [74]. F-box proteins 
function as the variable SRs. A defining feature of SCF 
ligases is their reliance on phosphodegrons: substrates 
must typically be phosphorylated to be recognized by 
the F-box protein (e.g., F-box domains WD40 or LRR) 
[75]. Functionally, F-box proteins play diverse roles: the 
SCF–SKP2 E3 ligase complex acts as the master regula-
tor of S-phase entry, partly via promoting p27 degrada-
tion [5, 6], whereas SCF–β-TrCP governs the NF-κB and 
Wnt signaling pathways by targeting IκBα and β-cat-
enin for ubiquitination and subsequent degradation, 
respectively [18]. Recent structural work has revealed 
how β-TrCP recognizes the diphosphorylated degron 
of β-catenin with high affinity [76]. In contrast, FBW7 
exerts its tumor suppressor role primarily by targeting 
various oncoproteins, including c-Myc, c-Jun, and MCL-
1, for ubiquitination-mediated proteasomal degrada-
tion [40, 77, 78].

3.3.2 CRL2: the oxygen-sensing machinery.  The CRL2 
subfamily is defined by its use of the CUL2 scaffold and is 
architecturally distinguished by the Elongin B/C complex 
as its adaptor module. This adaptor recruits SRs contain-
ing a VHL-box motif (a domain structurally homologous 
to the SOCS box) [79, 80]. The most prominent mem-
ber is CRL2VHL, wherein the Von Hippel-Lindau (VHL) 
tumor suppressor acts as the SR. This E3 ligase complex 
functions as a cellular oxygen sensor. Under normoxic 
conditions, it targets hydroxylated HIF-1α for proteaso-
mal degradation [81]. Loss of VHL leads to constitutive 
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HIF-1α accumulation, thus driving the angiogenic phe-
notype characteristic of clear cell renal cell carcinoma 
(ccRCC) [82].

3.3.3 CRL3: the “two-in-one” integrated system.  CRL3 
complexes, assembled on the CUL3 scaffold, exhibit a 
unique topological deviation from other CRLs. CRL3 

Table 2  |  Modular architecture and physiological roles of Cullin-RING ligase (CRL) subfamilies.

CRL subfamily Scaffold Adaptor module Substrate receptor (SR) 
motif

Archetypal complexes and physiological roles

CRL1 (SCF) CUL1 SKP1 F-box (~69 members) SCFSKP2: cell cycle progression
SCFβ-TrCP: NF-κB signaling

CRL2 CUL2 Elongin B/C VHL-box CRL2VHL: hypoxic response (HIF-1α degradation)

CRL3 CUL3 BTB domain acts as adaptor BTB (POZ) CRL3Keap1: oxidative stress response (Nrf2 
regulation)

CRL4A/B CUL4A/B DDB1 DCAF (e.g., WD40 repeats) CRL4CRBN: immunomodulation; primary target of 
thalidomide

CRL5 CUL5 Elongin B/C SOCS-box CRL5ASB9: antiviral defense; cytokine signaling 
regulation

CRL7 CUL7 SKP1 F-box (specifically Fbxw8) CRL7Fbxw8: placental development; Golgi apparatus 
maintenance

CRL9 CUL9 (PARC) Atypical/integrated (contains 
internal RING domain)

Direct binding (lacks 
canonical SR motif)

CRL9PARC: p53 regulation (cytoplasmic 
sequestration and turnover)

Figure 2  |  Structural diversity and modular assembly of Cullin-RING E3 ubiquitin ligases (CRLs).
Structural organization of the CRL superfamily. The schematic model highlights how different Cullin proteins (blue) act as scaffolds to 
build specific E3 ligase complexes. CRL1 and CRL7 (SKP1-F-box Module): CRL1 (also known as the SCF complex) is the family archetype, 
comprising the CUL1 scaffold, SKP1 adaptor, and an F-box substrate receptor (e.g., SKP2) that regulates the cell cycle. CRL7 is involved in Golgi 
maintenance and placental development. CRL2 and CRL5 (Elongin-SOCS/VHL Module): These complexes share Elongin B/C as adaptors. 
CRL2 typically uses VHL for oxygen sensing (via targeting HIF-1α), whereas CRL5 uses SOCS-box proteins to regulate cytokine signaling. CRL3 
(Integrated BTB Module): CUL3 uniquely uses BTB-domain proteins (e.g., Keap1), which function as both adaptors and substrate receptors, 
in mediating the Nrf2 oxidative stress response. CRL4 (DDB1-DCAF Module and Molecular Glues): Composed of CUL4 and DDB1. The dia-
gram highlights how immunomodulatory drugs (e.g., thalidomide) act as “molecular glues,” by altering the specificity of the substrate receptor 
CRBN to recruit and degrade neosubstrates (e.g., Ikaros). CRL9 (Atypical Structure): CUL9 (PARC), a massive cytoplasmic protein with an 
internal RING domain, primarily sequesters p53 in the cytoplasm. Figure created with BioRender.com.
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lacks a separate adaptor protein. Instead, it uses pro-
teins containing a Broad-Complex, Tramtrack, and Bric-
a-brac (BTB) domain [83]. The BTB domain has dual 
functions: it directly binds the CUL3 scaffold, and simul-
taneously serves as the dimerization interface and SR 
[84, 85]. The CRL3Keap1 complex is central to the oxida-
tive stress response. Keap1 (a BTB-Kelch protein) con-
stitutively targets the transcription factor Nrf2 for deg-
radation [86]. Notably, under oxidative stress, cysteine 
modification of Keap1 disrupts this interaction, thereby 
allowing Nrf2 to accumulate and facilitate transcription 
of antioxidant genes [87]. In contrast, CRL3SPOP targets 
various oncogenic substrates, including AR [88], ERG 
[89], and BRD4 [90], for protein degradation. Loss-of-
function mutations in SPOP are frequently observed in 
prostate cancer [91].

3.3.4 CRL4: genome stability and immunomodula-
tion.  The CRL4 subfamily comprises CRL4A and CRL4B, 
which use the highly homologous CUL4A and CUL4B 
scaffolds, respectively [92]. These complexes rely on the 
large adaptor protein Damage-Specific DNA Binding 
Protein 1 (DDB1). DDB1 recruits a large family of SRs 
known as DDB1- and CUL4-associated factors (DCAFs), 
which typically contain WD40 repeats [93]. The DDB1 
structure’s distinct triple-beta-propeller (BPA-BPC) 
architecture provides a large surface area for diverse 
protein interactions [94]. This family is critical for 
DNA repair and replication. Notably, CRL4CRBN, which 
incorporates the DCAF protein Cereblon (CRBN), has 
attracted considerable clinical attention as the pri-
mary target of immunomodulatory drugs such as tha-
lidomide and lenalidomide [95]. These drugs act as 
“molecular glues,” by altering the substrate specificity 
of CRBN to target neosubstrates (e.g., Ikaros or Aiolos) 
for degradation [96, 97]. Crystallographic data have 
demonstrated that thalidomide binds a hydropho-
bic pocket on the surface of CRBN, thereby creating 
a “neo-interface” that enables the recruitment of the 
transcription factor Ikaros (IKZF1), which does not nor-
mally bind CRBN [94, 98].

3.3.5 CRL5: cytokine signaling and viral defense.  Because 
CRL5 complexes use the CUL5 scaffold and share the 
Elongin B/C adaptor module with CRL2, structural sim-
ilarities exist between CRL2 and CRL5 E3 ligases [99]. 
The distinguishing feature of CRL5 is the recruitment 
of SRs containing a Suppressors of Cytokine Signaling 
(SOCS)-box motif [79]. This family is critical in the neg-
ative feedback regulation of cytokine signaling (e.g., 
JAK/STAT pathway) [100]. For example, CRL5ASB9 regu-
lates creatine kinase levels. Furthermore, CRL5 is a fre-
quent target for viral hijacking; the HIV-1 protein Vif 
hijacks CRL5, thus leading to degradation of the host 
antiviral factor APOBEC3G [101]. Structural analysis of 
the ASB9-CKB complex has revealed how the E3 ligase 
induces conformational strain and consequently pro-
motes ubiquitination [102]. Additionally, the HIV-1 Vif 

protein mimics the SOCS-box motif, thereby hijacking 
CRL5, in a prime example of “molecular mimicry” in 
pathogenesis [103].

3.3.6 CRL7: the gigantic scaffold.  CRL7 is assembled on 
CUL7, a massive scaffold protein (>185 kDa) that is sub-
stantially larger than other Cullins. Similarly to CRL1, 
CUL7 binds the adaptor SKP1 [104]. However, its SR 
repertoire appears to be highly restricted: FBW8 is the 
primary and obligatory partner essential for complex 
stability [105]. CUL7’s large size enables it to potentially 
scaffold multiple signaling components simultaneously, 
thereby functioning as a signaling hub rather than 
merely a degradation machine [106]. CRL7 is indispensa-
ble for placental development and the maintenance of 
Golgi apparatus morphology [106]. Mutations in CUL7 
are associated with 3M syndrome, a disorder character-
ized by severe pre- and post-natal growth retardation 
[107].

3.3.7 CRL9 (PARC): the atypical cytoplasmic anchor.  CRL9, 
also known as p53-associated Parkin-like cytoplasmic 
protein (PARC), is an atypical outlier within the super-
family [108]. Unlike canonical Cullins, CUL9 contains an 
intrinsic RING domain within its polypeptide chain and 
therefore does not strictly require a separate RBX subu-
nit for E2 recruitment. However, it lacks a canonical SR 
motif and binds substrates directly [109]. CUL9 functions 
primarily as a cytoplasmic anchor that retains the tumor 
suppressor p53 in its inactive form. By sequestering 
p53 in the cytoplasm and promoting its turnover, CUL9 
prevents unnecessary nuclear accumulation of p53 and 
apoptosis in the absence of stress signals [110]. CUL9/
PARC contains a C-terminal RING domain that is struc-
turally homologous to RBX1 but is fused directly to the 
Cullin stalk [111].

On the basis of the eight distinct Cullin proteins 
encoded by the human genome, the CRL superfamily 
is stratified into several major subfamilies, as described 
below.

3.4 Dynamic assembly and regulatory 
mechanisms of the SCF complex
As the archetype of the CRL superfamily, the SCF com-
plex is the most extensively characterized E3 ligase 
architecture. Its structural integrity relies on four dis-
tinct functional modules. CUL1 functions as a rigid, 
arc-shaped backbone that physically bridges the com-
plex’s opposing termini. The RING-finger protein RBX1 
docks at the C-terminus of CUL1 and recruits the ubiq-
uitin-loaded E2 conjugating enzyme. In contrast, SKP1 
binds the N-terminus of CUL1 and acts as an essential 
molecular bridge between the scaffold and the recep-
tor. Moreover, F-box proteins anchor to SKP1 via the 
conserved F-box motif and simultaneously use their var-
iable C-terminal domains (e.g., WD40 repeats or LRRs) to 
specifically entrap target substrates [71].
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This modular design confers remarkable plasticity 
upon the system. By using different F-box proteins, 
approximately 69 of which are encoded in the human 
genome, cells use a single conserved CUL1–RBX1 core 
to recognize and degrade diverse substrates [112]. 
Furthermore, the spatiotemporal activity of the SCF 
machinery is strictly governed by the neddylation 
cycle and the regulatory protein Cullin-Associated 
Neddylation Dissociated 1 (CAND1) [113]. The covalent 
attachment of Nedd8 to CUL1 induces a marked con-
formational rearrangement that liberates the catalytic 
potential of RBX1 [114]. A structural comparison of 
neddylated vs. un-neddylated CUL1 has revealed that 
Nedd8 acts as a wedge forcing the RBX1 RING domain 
into an active, extended conformation suitable for E2 
recruitment [115]. In contrast, CAND1 exclusively binds 
un-neddylated CUL1 and effectively sequesters the 
SKP1-binding interface. Cryo-EM structures of the CUL1–
CAND1 complex show that CAND1 wraps around the 
entire Cullin scaffold, thus physically blocking the SKP1 
binding site and preventing “futile” complex assembly 
[116]. This mechanism, known as receptor exchange, by 
driving the rapid recycling of F-box proteins, allows cells 
to swiftly remodel their E3 ligase repertoire in response 
to fluctuating environmental cues [117].

4. STRUCTURAL BIOLOGY DEEP DIVE: THE 
CULLIN1-SKP2-CKS1 INTERFACE

Elucidating the structural underpinnings of SKP2 is 
fundamental to decoding its functional mechanics and 
guiding rational drug design. SKP2, a member of the 
F-box protein FBXL subfamily, is structurally character-
ized by a domain rich in LRRs [71].

4.1 Insights from crystallography (PDB ID: 2AST)
The determination of the crystal structure of the SKP1–
SKP2–CKS1 ternary complex bound to a p27 peptide 
was a watershed moment in understanding SCF–SKP2-
mediated substrate recognition [118]. This work 
provided an atomic-level blueprint for understanding 
substrate recognition within the SCF–SKP2 complex.

4.2 The “obligate cofactor” recognition paradigm
In contrast to most F-box proteins, which directly 
engage their substrates, SKP2 exhibits an absolute 
dependency on the auxiliary protein Cyclin-dependent 
Kinase Regulatory Subunit 1 (CKS1) for the recognition 
of its canonical substrate, p27Kip1 [118, 119]. Moreover, 
structural analysis has revealed the existence of the 
CKS1-SKP2 interface, wherein CKS1 docks onto the 
concave surface of the SKP2 LRR domain. A network of 
hydrophobic interactions and hydrogen bonds forges a 
continuous composite surface essential for creating the 
substrate-binding pocket [118]. In contrast, the binding 
geometry of p27 indicates that the p27 peptide interca-
lates into a deep groove. According to thermodynamic 
studies, CKS1 binding to SKP2 increases the affinity 

for phosphorylated p27 by more than 100-fold [13]. 
Notably, phosphorylation of p27 at T187 engages a 
positively charged pocket on CKS1. This phosphate rec-
ognition is highly specific: substitution with a phospho-
mimetic glutamate markedly decreases binding affinity, 
thus underscoring the need for genuine phosphoryla-
tion [120]. More importantly, the side chain of Glu185 
on p27 directly inserts into the interface between SKP2 
and CKS1, and simultaneously contacts residues on 
both proteins. Hence, this “molecular sandwich” bind-
ing mode is likely to account for the requirement of 
CKS1 for p27 degradation [121]. This structural archi-
tecture not only clarifies the biochemical mechanism 
but also highlights a compelling therapeutic vulnera-
bility: the potential to pharmacologically disrupt the 
SKP2–CKS1 or SKP2–SKP1 interfaces and achieve precise 
substrate interference without dismantling the entire 
SCF machinery.

4.3 The SKP1–SKP2 interface
SKP1 engages the N-terminal F-box motif of SKP2 via 
its own C-terminal domain; this interaction physically 
anchors SKP2 to the CUL1 scaffold [122]. The F-box 
motif comprises approximately 40 amino acids folded 
into a compact helical bundle [123]. Disruption of this 
interface, such as with the small-molecule inhibitor SZL-
P1-41, prevents SKP2 integration into the SCF E3 ligase 
complex and leads to loss of ubiquitin ligase activity, 
thus providing a primary strategy for developing pan-
SKP2 inhibitors [13, 123].

5. THE MULTIDIMENSIONAL REGULATORY 
LANDSCAPE OF SKP2: FROM TRANSCRIPTION TO 
POST-TRANSLATIONAL CONTROL

SKP2 is not merely an orchestrator of cellular signaling 
but a participant in complex regulation itself. Its expres-
sion and activity substantially oscillate throughout the 
cell cycle, in a rhythm strictly governed by a convergence 
of transcriptional activation, post-transcriptional sup-
pression, and post-translational modifications (PTMs) 
(Table 3, Figure 3).

5.1 Transcriptional regulation
Transcriptional induction of the SKP2 gene occurs pre-
dominantly at the G1/S transition and is driven by a set 
of oncogenes and transcription factors [145, 146]. E2F1, 
a critical driver of S-phase entry, is a primary transcrip-
tional activator of SKP2 [145]. Concurrently, c-Myc binds 
E-box sequences within the SKP2 promoter and robustly 
upregulates its mRNA levels. This synergy elucidates why 
SKP2 is frequently overexpressed in Myc-driven malig-
nancies [124, 125]. Moreover, via the noncanonical NF-κB 
pathway, the IKKα kinase facilitates nuclear transloca-
tion of the p52/RelB complex, which subsequently acti-
vates SKP2 transcription [126]. In contrast, in T-cell acute 
lymphoblastic leukemia, Notch1 acts synergistically 
with IL-7 signaling in directly inducing SKP2 expression, 
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thereby fueling leukemic proliferation [127, 128]. 
Furthermore, the tumor suppressor FOXO3a directly 
binds the SKP2 promoter and represses its transcription 
[129]. SKP2 mediates the ubiquitination and degrada-
tion of FOXO3a (e.g., when FOXO3a is deacetylated by 
SIRT1/2 [130] or in the context of Aurora-A overexpres-
sion [131]), thereby decreasing FOXO3a protein levels. 
Because FOXO3a is also a transcriptional repressor of 
SKP2, loss of FOXO3a has been found to relieve repres-
sion and indirectly facilitate SKP2 upregulation in some 
contexts. However, a direct demonstration of this feed-
back loop under physiological or oncogenic conditions 
remains to be fully established.

5.2 Post-transcriptional and epigenetic regulation
Recent studies have indicated that microRNAs (miRNAs) 
play critical roles in fine-tuning SKP2 mRNA stability. In 
Kaposi’s sarcoma, miR-127-3p has been identified as a 
direct repressor of SKP2, and its downregulation after 
Kaposi’s Sarcoma-associated herpesvirus infection coin-
cides with a pathological increase in SKP2 levels [132]. 
Similarly, members of the miR-30 family have been 
reported to target the 3’ UTR of SKP2, whereas their 
loss or downregulation contributes to SKP2 overex-
pression in tumors such as gliomas [133]. Furthermore, 
miR-186 has been shown to repress SKP2 in lung cancer, 
although the precise physiological contribution of this 
regulation to the oncogenic role of SKP2 remains to be 
fully elucidated [134].

5.3 Post-translational modifications
The protein stability, subcellular localization, and enzy-
matic activity of SKP2 are modulated by a complex array 
of PTMs, including phosphorylation, ubiquitination, and 
acetylation events, among others.

5.3.1 Phosphorylation: the switch for localization and 
stability.  Akt-mediated phosphorylation of SKP2 at 

Ser72 provides a critical layer of regulation of the onco-
genic role of SKP2 [135, 136]. Mechanistically, phospho-
rylation of SKP2 at Ser72 by Akt disrupts its interaction 
with Importin, thus causing cytoplasmic sequestration. 
In the cytoplasm, SKP2 ceases to degrade nuclear p27 
and instead catalyzes K63-linked ubiquitination of Akt 
[136], thereby creating a “feed-forward vicious cycle” 
(Akt-SKP2-Akt) that amplifies glycolysis and cell migra-
tion [147].

Moreover, CDK2 and mTORC1-mediated phosphoryl-
ation of SKP2 at Ser64 protects SKP2 against recognition 
and degradation by APC/Cdh1, thereby stabilizing SKP2 
in G1/S and probably sustaining elevated SKP2 levels 
through S and G2 phases; this state might help maintain 
suppression of p27 and p21 [137, 138].

5.3.2 Ubiquitination: cyclic turnover.  SKP2 is itself a sub-
strate for ubiquitin-mediated degradation, a process 
essential for cell cycle resetting. Aberrancy in the timely 
destruction of SKP2 leads to the elevation of SKP2 onco-
genic functions, thereby facilitating tumorigenesis [139, 
140]. During G1 phase, cells require p27 accumulation 
to maintain cell-cycle arrest. To achieve this accumula-
tion, the APC/Cdh1 E3 ligase recognizes the N-terminal 
destruction box motif of SKP2, and triggers its polyubiq-
uitination and subsequent proteasomal clearance [140]. 
Notably, enzymes such as USP10 and USP13 cleave ubiq-
uitin chains from SKP2, thereby stabilizing the protein 
and counteracting APC/Cdh1-mediated degradation in 
various cancers [65, 141]. USP2 has been identified as 
a critical DUB that stabilizes SKP2 and prevents its cir-
cadian degradation in the liver [142], whereas CSN5 (a 
subunit of the COP9 signalosome) protects SKP2 against 
auto-ubiquitination [143].

5.3.3 Acetylation.  The acetyltransferase p300 acetylates 
SKP2, primarily at residues K68 and K71. This modifica-
tion serves a dual purpose: it not only enhances SKP2 
protein stability but also promotes its cytoplasmic 

Table 3  |  Multilayer regulation of SKP2 expression and protein stability.

Regulatory tier Key modulator Mechanistic action Biological consequence Refs.

Transcriptional c-Myc, E2F1 Transactivation; promoter 
binding

Upregulation of SKP2 mRNA driving 
proliferation

[124-128]

Transcriptional FOXO3a Recruitment of HDACs Transcriptional silencing leading to cell-
cycle arrest

[129-131]

Post-transcriptional miR-127-3p, miR-40, miR186 3’ UTR targeting; RNAi mRNA destabilization or translational 
repression

[132-134]

PTM (phosphorylation) Akt (Ser72) Subcellular relocalization Cytoplasmic export; glycolysis [135, 136]

PTM (phosphorylation) CDK2/mTORC1 (Ser64) Protein stabilization Evasion of APC/Cdh1 in S/G2 [137, 138]

PTM (ubiquitination) APC/Cdh1 Proteolytic targeting Proteasomal turnover; G1 p27 recovery [139, 140]

PTM (ubiquitination) USP10, USP2, CSN5 Deubiquitination Cleavage of Ub chains; increased half-life [65, 141-143]

PTM (acetylation) p300 (K68/K71) Lysine acetylation Stability enhancement; oncogenic gain [144]
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retention, thereby augmenting its oncogenic functions 
[144].

5.4 Splicing regulation of SKP2
Alternative splicing is an additional layer of regulation 
that expands the functional diversity of SKP2. The splice 
variant SKP2B bears a unique C-terminal domain pro-
duced through truncation of the distal LRR region at the 
C-terminus, owing to alternative exon usage at the 3′ 
end of the transcript [148]. This structural modification 
is associated with predominantly cytoplasmic localiza-
tion and confers altered substrate specificity. In contrast 
to full-length SKP2, which localizes primarily to the 
nucleus and promotes degradation of the CDK inhibi-
tor p27, SKP2B does not measurably affect p27 protein 
abundance [149, 150]. Instead, SKP2B interacts with and 
regulates distinct substrates, including the repressor of 
estrogen receptor activity [151] and prohibitin [152]. 
Notably, SKP2B-mediated degradation of prohibitin has 
been associated with attenuation of p53 transcriptional 
activity and diminished expression of the p53-respon-
sive gene PIG3, thereby decreasing apoptotic signaling, 

at least partly through p53-independent mechanisms 
[152]. Together, these observations support that SKP2B 
is a functionally distinct SKP2 isoform with non-redun-
dant regulatory roles.

6. THE CANONICAL ROLE OF SKP2: 
ORCHESTRATING THE CELL CYCLE

Originally identified as the S-phase kinase-associated 
protein, SKP2 is best known for its role in promoting the 
cell cycle transition from G1 to S phase [5]. This critical 
transition is orchestrated primarily through the timely 
recognition and elimination of Cyclin-dependent kinase 
inhibitors (CKIs) [2].

6.1 p27Kip1 degradation and the G1/S switch
p27Kip1 functions as the primary molecular brake on 
the cell cycle, by physically restraining the kinase activ-
ity of Cyclin E-CDK2 and Cyclin A-CDK2 complexes and 
consequently impeding DNA replication [153]. During 
G0/G1 quiescence, SKP2 levels are kept low via APC/
Cdh1-mediated turnover [154]. Consequently, p27 

Figure 3  |  The multidimensional regulatory network governing SKP2 expression and functions.
(Top) Transcriptional Regulation: In the nucleus, activators including E2F1, c-Myc, NF-κB (p52/RelB), and Notch1/IL-7 signaling drive SKP2 gene 
expression. In contrast, FOXO3a recruits HDACs, thereby repressing transcription. Notably, a reciprocal feedback loop exists, wherein SKP2 
promotes ubiquitin-mediated degradation of FOXO3a. (Middle) Post-Transcriptional Regulation: In the cytoplasm, specific miRNAs (e.g., miR-
127-3p or miR-21) bind the SKP2 3’ UTR, and subsequently trigger mRNA degradation or translational repression. (Bottom) Post-Translational 
Modifications (PTMs) and Protein Fate: SKP2 protein function is modulated by phosphorylation, ubiquitination, and acetylation. Phosphorylation 
by Akt and CDK2/mTORC1 dictates subcellular localization and protein stability, respectively. Whereas the APC/Cdh1 E3 ligase complex targets 
SKP2 for proteasomal degradation during the G1 phase, deubiquitinases (DUBs) counteract this process and consequently maintain Skp2 pro-
tein levels. Additionally, p300-mediated acetylation enhances SKP2 stability and oncogenic activity. Figure created with BioRender.com.

http://BioRender.com
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accumulates and maintains cells in a resting state. 
Notably, CDK2 phosphorylates p27 at Thr187. This 
specific phosphorylation event is thermodynamically 
required for the high-affinity binding of CKS1 to the 
p27 peptide, as confirmed by structural energetics [155]. 
Concurrently, SKP2 accumulates through E2F-mediated 
transcriptional activation and APC/C E3 ligase complex 
inactivation. The SCF–SKP2 complex specifically recog-
nizes this phosphodegron within p27 and tags p27 with 
K48-linked ubiquitin chains for subsequent proteasomal 
execution, thereby ensuring timely G1/S transition [5, 
156]. Consequently, p27 degradation activates CDK2. 
In a positive feedback loop, active CDK2 further phos-
phorylates p27, and additionally phosphorylates and 
inactivates Cdh1 (thereby stabilizing SKP2 as a positive 
feedback loop). This steep, irreversible bistable switch 
commits cells to DNA replication [157, 158].

6.2 Targeting other CKIs
Analogously to p27, SKP2 targets other members of the 
Cip/Kip family and dismantles cell cycle checkpoints. 
Specifically, SKP2 promotes ubiquitination-mediated 
degradation of p21Cip1 (CDKN1A), a downstream effec-
tor of p53 that mediates G1 arrest after DNA damage 
[159]. SKP2-mediated degradation of p21 allows cells 
to either bypass this DNA damage checkpoint or pro-
gress through a normal cycle unhindered [159, 160]. 
Degradation of p21 occurs specifically during the S 
phase and aids in DNA replication [159]. Whereas 
p57Kip2 (CDKN1C) is associated predominantly with stem 
cell maintenance and embryogenesis, its SKP2-mediated 
turnover remains a prerequisite for proliferation in spe-
cific tissue contexts [161].

Paradoxically, whereas E2F1 induces SKP2, SKP2 also 
targets E2F1 for degradation in the late S/G2 phase, thus 
establishing a negative feedback loop restricting the 
E2F1 activity window [162]. Moreover, SKP2 targets the 
tumor suppressor RASSF1A for ubiquitination, thus pre-
venting it from inhibiting the APC-Cdc20 complex and 
promoting mitotic progression [163]. In addition, SKP2 
prevents DNA re-replication by targeting the replication 
licensing factor Cdt1 for degradation during S-phase 
[164, 165]. Furthermore, SKP2 targets viral Cyclins for 
destruction. Kaposi’s Sarcoma-associated herpesvirus 
encodes a viral cyclin that binds CDK6 and phosphoryl-
ates p27, thereby mimicking the physiological signal, 
and hijacking SCF–SKP2 to degrade p27 and force viral 
latency exit [166, 167].

6.3 The FOXO axis: a dual safeguard for survival 
(FOXO1 and FOXO3a)
The FOXO family of transcription factors (specifically 
FOXO1 and FOXO3a) acts as the cellular “custodian” of 
quiescence and apoptosis [168, 169]. In the absence of 
growth signals, these unphosphorylated factors reside in 
the nucleus, where they actively transcribe growth-arrest 
genes (e.g., p27) and pro-apoptotic effectors (e.g., Bim 
and FasL). Under growth factor stimulation (e.g., insulin 

or EGF), the PI3K-Akt pathway is triggered. Activated 
Akt phosphorylates FOXO1 (at Ser256) and FOXO3a (at 
Ser253) [170, 171]. This phosphorylation induces binding 
of 14-3-3 proteins, which mask the nuclear localization 
signal, thereby inhibiting FOXO transcriptional activity 
through nuclear exclusion [172, 173]. However, nuclear 
exclusion offers only “functional” sequestration. The 
complete physical clearance of these tumor suppressors 
relies on SKP2. Cytoplasmic SKP2 specifically recognizes 
the Akt-phosphorylated species of both FOXO1 and 
FOXO3a. Acting as an E3 ligase, the SCF–SKP2 complex 
conjugates K48-linked ubiquitin chains to them and 
marks them for proteasomal destruction [174], thus 
establishing the Akt–SKP2–FOXO signaling axis. The 
simultaneous elimination of FOXO1 and FOXO3a pro-
vides a robust safeguard for cell proliferation [130, 174]. 
By degrading these factors, SKP2 disrupts the de novo 
transcriptional supply of p27 (complementing its direct 
protein degradation) and blocks the induction of Bim-
mediated apoptosis. This irreversible clearance confers a 
potent survival advantage and therapeutic resistance in 
oncogenic contexts [175].

6.4 The expanded degradome: beyond the 
canonical gatekeepers
Beyond the canonical G1/S regulators, SKP2 orchestrates 
K48-linked ubiquitination and proteasomal clearance of 
a vast “degradome” and exerts pleiotropic effects on 
cellular homeostasis. This expanded substrate repertoire 
can be categorized into several functional modules. To 
ensure robust proliferation, SKP2 targets a broad spec-
trum of cell cycle mediators, including the elimination 
of pocket proteins (p130) [176] and the turnover of 
key transcriptional drivers and cyclins, such as E2F-1 
[162], c-Myc [177], Cyclin D [160], and Cyclin E [178]. 
Furthermore, SKP2 suppresses apoptosis by targeting 
RhoE [179] for degradation. SKP2 plays a critical role 
in coordinating DNA replication licensing by degrading 
Orc1 [180] and Cdt1 [181]. Concurrently, it modulates 
the DDR and recombination by regulating RAG2 stabil-
ity [182]. SKP2 further modulates multiple critical signa-
ling pathways: it dampens the TGF-β and ERK pathways 
by targeting Smad4 and the phosphatase MKP1, respec-
tively [183, 184], and limits the interferon response via 
UBP43 degradation [185]. In the context of viral patho-
genesis, SKP2 is hijacked to mediate the turnover of viral 
oncoproteins, including HPV-18 E2 and HPV-E7, thereby 
facilitating viral life cycles [186, 187].

Although these substrates have been biochemically 
validated, further investigations are warranted to dis-
sect the precise physiological contexts and clinical rel-
evance of these interactions within specific tumor 
microenvironments.

6.5 Compensatory networks and miRNAs
Notably, Skp2-knockout mice, despite exhibiting dwarf-
ism and polyploidy, are viable [188]. This finding implies 
the existence of intricate compensatory networks and 
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indicates that, if on target, the SKP2 inhibitor should 
cause minimal toxicity at the organismal level. Further 
research has underscored that the miR-221/222 cluster 
functions as a critical backup mechanism. In the absence 
of functional SKP2, these miRNAs are upregulated and 
translationally repress p27, thereby maintaining cell 
cycle progression to some extent [189]. Furthermore, the 
finding that the related E3 ligase Pirh2 partially com-
pensates for p27 degradation in the absence of SKP2 has 
revealed redundancy in CKI turnover [190]. Additionally, 
the KIP1 ubiquitination-promoting complex acts as 
a cytoplasmic backup E3 ligase for p27 degradation 
during the G1 phase [191, 192]. This complementarity 
between non-coding RNAs and the UPS reveals the mul-
tidimensional robustness inherent in cell-cycle control.

7. BEYOND THE CELL CYCLE: SKP2 AS AN 
ARCHITECT OF METABOLISM AND SIGNALING

The proteomic revolution has vastly broadened the 
functional repertoire of SKP2. According to the consen-
sus as of 2025, SKP2 operates not only as a proteolytic 
executioner via K48-linked ubiquitination but also as a 
potent signal transducer through the assembly of K63-
linked ubiquitin chains (Table 4, Figure 4).

7.1 The K63-Akt axis: an engine for metabolic 
reprogramming
The regulation of Akt (also known as Protein Kinase B) 
by SKP2 challenges the conventional view that ubiquit-
ination necessarily leads to proteasomal degradation. 
SKP2 has been found to catalyze the formation of K63-
linked polyubiquitin chains on Akt. These K63 chains, in 
contrast to the K48 destruction tag, function as molec-
ular scaffolds [7, 193]. Mechanistically, this specific poly-
ubiquitination topology facilitates Akt translocation 
to the plasma membrane. Only after this membrane 

recruitment can Akt be phosphorylated and activated 
by PDK1 and mTORC2 [66]. Moreover, in a feed-forward 
mechanism, activated Akt stabilizes SKP2, either via 
direct phosphorylation (e.g., at Ser72) or by driving E2F/
Myc-mediated transcription. This mutual activation loop 
is a primary mediator of the Warburg effect and the pro-
gression of CRPC [198, 199]. Biologically, the SKP2-driven 
activation of Akt promotes the surface localization of 
Glucose Transporter 1 (Glut1) and the mitochondrial 
association of Hexokinase 2 (HK2), thereby maximizing 
the glycolytic flux essential for tumor growth [200, 201].

7.2 Nutrient sensing: the unexpected “brake” on 
mTORC1
In the context of nutrient sensing, SKP2 has unexpectedly 
been revealed to function as a metabolic attenuator. 
Notably, under amino acid stimulation, SKP2 conjugates 
K63-linked ubiquitin chains to the RagA GTPase [14]. 
This modification serves as a docking site for the GAP 
for RagA (GATOR1) complex and subsequently acceler-
ates the hydrolysis of RagA-GTP. This action effectively 
terminates the signal and therefore suppresses lysoso-
mal recruitment of mTORC1. Consequently, a critical 
negative feedback loop is established that prevents 
hyperactivation of mTORC1 under conditions of sus-
tained nutrient availability. Hence, loss of SKP2 results 
in constitutive mTORC1 signaling, and leads to cellular 
hypertrophy and defective autophagy [14].

7.3 Coupling cell cycle to metabolism: the  
SKP2-IDH1/2 axis
Whether glucose is metabolized predominantly via oxi-
dative phosphorylation or glycolysis differs between qui-
escent and proliferating cells. Mammalian cells are now 
understood to exhibit periodic metabolic fluctuations: 
they predominantly use the tricarboxylic acid (TCA) 
cycle during G1 phase but switch to aerobic glycolysis 

Table 4  |  The dichotomy of SKP2-mediated ubiquitination events: canonical degradation vs. non-canonical signaling.

Target substrate Ubiquitin topology Molecular consequence Pathophysiological effects Refs.

p27Kip1 (CDKN1B) K48-linked Proteasomal turnover G1/S acceleration; oncogenesis [153, 154, 
157, 158]

Akt (PKB) K63-linked Plasma membrane recruitment; kinase 
activation

Glycolysis; chemoresistance; survival [7, 193]

RagA K63-linked GTPase stimulation (via GATOR1) mTORC1 negative feedback [14]

YAP K63-linked Nuclear entry; transcriptional activation Hippo dysregulation; organ hypertrophy [194]

FOXO1/FOXO3a K48-linked Proteolysis Apoptosis evasion; cell survival [130, 174]

LKB1 K63-linked Stability/localization; AMPK modulation Metabolic adaptation; starvation survival [195]

IDH1/2 K48-linked S-phase degradation Warburg effect; metabolic–cell cycle coordination [8]

MTH1 K63-linked Protein stabilization ROS defense; senescence prevention [196]

NBS1 K63-linked Promotes HR Genomic stability; DDR; drug resistance [197]
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during S phase to support DNA replication [8, 202]. This 
temporal synchronization is orchestrated by SKP2. SKP2 
has recently been revealed to target isocitrate dehydro-
genases 1 and 2 (IDH1/2), key rate-limiting enzymes in 
the TCA cycle, for timely ubiquitination and proteaso-
mal destruction. Crucially, this SKP2-mediated degra-
dation of IDH1/2 occurs specifically during S phase. The 
depletion of these TCA cycle enzymes shifts metabolic 
flux away from oxidative phosphorylation toward glyc-
olysis [203]. Consequently, SKP2 depletion abolishes this 
cell-cycle-dependent fluctuation of IDH1/2 and prevents 
the S-phase-specific surge in glycolysis. In prostate can-
cer, aberrant overexpression of SKP2 leads to the consti-
tutive destabilization of IDH1. The enforced glycolytic 
phenotype (Warburg effect) facilitates tumorigenesis. 
Therefore, the SKP2-IDH1/2 axis is a direct mechanistic 
bridge linking two hallmarks of cancer: aberrant cell 
cycle progression and dependence on glycolysis [8, 203].

7.4 The expanded interactome: a network of 
diverse substrates
Notably, SKP2 enhances the nuclear accumulation and 
transcriptional output of YAP via K63-linked ubiquitina-
tion and consequently fuels the oncogenic potential of 
the Hippo pathway [194, 204]. Beyond regulating Hippo 
signaling, SKP2 modulates c-Myc oncogenic functions. 

The relationship between SKP2 and c-Myc is multifac-
eted. SKP2 enhances Myc transcriptional activity (in coor-
dination with HectH9-mediated K63 chains) while simul-
taneously governing its turnover via the SCF complex. 
This “turnover-as-activation” model suggests that con-
trolled instability is a prerequisite for the cyclic function-
ality of transcription factors [205, 206]. More recently, 
in non-small cell lung cancer (NSCLC), SKP2 has been 
identified as a critical stabilizer of PD-L1 downstream of 
LKB1. Mechanistically, SKP2 promotes K63-linked ubiq-
uitination of PD-L1 (at residues K136 and K280) and 
therefore antagonizes proteasomal degradation. This 
stabilization maintains PD-L1 expression and fosters an 
inflamed, “hot” tumor microenvironment rich in cyto-
toxic T cells. Consequently, disruption of this axis, as seen 
in LKB1-mutant tumors, results in PD-L1 instability and 
an immune-excluded “cold” phenotype [207].

More recently, SKP2 has been shown to regulate oxi-
dative stress through stabilizing MTH1 by promoting 
K63-linked polyubiquitination. Because MTH1 is respon-
sible for sanitizing the oxidized nucleotide pool, this 
interaction protects tumor cells against the incorpora-
tion of damaged bases into DNA, thus averting senes-
cence under high oxidative stress [196]. Additionally, 
SKP2 interacts with LKB1, a master metabolic and 
stress-sensing kinase, and subsequently modulates its 

Figure 4  |  The SKP2 substrate regulatory network: a dual arbiter of protein fate.
(Left) K48-linked Ubiquitination: In this canonical proteasomal degradation pathway, SKP2 mediates the polyubiquitination and subsequent 
26S proteasome-dependent degradation of cell-cycle inhibitors (CKIs: p27, p21, and p57), the transcription factor FOXO1/FOXO3a, and the 
metabolic enzymes IDH1/2. This process primarily drives the G1/S transition, promotes cell survival, and induces glycolysis. (Right) SKP2 pro-
motes K63-linked ubiquitination of signaling molecules (Akt and YAP) and stress response factors (LKB1, MTH1, and NBS1). This non-proteolytic 
modification enhances their stability, subcellular localization, or activity, thereby facilitating signal transduction, DNA repair, and adaptation 
to oxidative or metabolic stress. Notably, K63-linked ubiquitination of RagA exerts negative feedback regulation on mTORC1 activity. Figure 
created with BioRender.com.
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stability and subcellular localization. Through this regu-
lation, SKP2 fine-tunes LKB1-mediated AMPK activation 
and downstream metabolic checkpoints, and enables 
tumor cells to adapt to energetic and oxidative stress 
[195]. By controlling LKB1 activity, SKP2 indirectly sup-
ports cell survival under nutrient deprivation or high 
metabolic demand; these findings highlight a broader 
role in integrating cell-cycle progression with stress-
response pathways [195].

7.5 Interplay between SKP2 and the PARP-
mediated DNA damage response
SKP2 is likely to exert dual effects on genomic stabil-
ity through regulating various key DNA repair factors 
such as NBS1 or BRCA2. Specifically, SKP2 promotes 
homologous recombination (HR) by targeting NBS1 for 
K63-linked ubiquitination [197]. Several studies have 
suggested that SKP2 promotes ubiquitin-dependent 
degradation of BRCA2, potentially via K48-linked chains, 
thereby undermining BRCA2 stability and HR function in 
specific cellular contexts [208]. This bidirectional regula-
tion is dictated by the specific cellular context and the 
nature of the DNA lesion, but additional in-depth mech-
anistic studies are required [209].

Although SKP2 is widely recognized for support-
ing HR and alleviating replication stress, it function-
ally intersects with the poly(ADP-ribose) polymerase 
(PARP)-mediated DDR. PARP1 acts as an early detector 
of single-strand breaks and stalled replication forks by 
catalyzing poly(ADP-ribose) chain formation, thereby 
orchestrating the recruitment of DDR factors [210, 211]. 
PARP1 activity rapidly recruits the MRE11–RAD50–NBS1 
(MRN) complex, which is essential for initiating dou-
ble-strand break (DSB) processing [212]. Emerging evi-
dence indicates that SKP2 contributes to efficient MRN 
function: SKP2-dependent ubiquitination of NBS1 sup-
ports optimal MRN assembly and ATM activation at 
DSBs, and therefore promotes end resection and pro-
ductive HR [197].

Under replication stress, PARP1 also protects stalled 
forks against nuclease-mediated degradation and pre-
serves structural integrity until fork restart mechanisms 
can operate [213]. To this end, SKP2 indirectly supports 
replication-fork resilience by modulating factors that 
influence fork remodeling and restart. For example, by 
facilitating degradation of the cyclin-dependent kinase 
inhibitor p27, SKP2 promotes CDK kinase activity, which 
in turn enables efficient engagement of HR-associated 
fork restart processes [188]. Additionally, SKP2 has 
been implicated in maintaining RAD51 function and 
chromosomal stability, processes central to the stabi-
lization of recombination intermediates at perturbed 
forks [214].

The convergence of these pathways provides a mech-
anistic rationale for the reported therapeutic synergy 
between PARP inhibitors and SKP2 suppression. Because 
SKP2 contributes to HR competence, its inhibition 
induces features of HR deficiency and sensitizes tumor 

cells to PARP inhibition [215]. This functional interplay 
supports the potential value of co-targeting SKP2 and 
PARP to enhance antitumor efficacy.

8. A PATHOLOGICAL ATLAS: SKP2 IN ONCOLOGY 
AND NEURODEGENERATION

Aberrant SKP2 expression is a pervasive feature across 
human pathologies as diverse as aggressive malignan-
cies and neurodegenerative disorders. Its dysregulation 
is highly context-dependent: it serves as a broad-spec-
trum proto-oncogene in cancer and is emerging as a 
critical regulator of neuronal survival and function 
(Table 5, Figure 5).

8.1 The oncogenic landscape of SKP2 in human 
malignancies: tumorigenesis, progression, and 
therapeutic resistance
In oncology, SKP2 functions as a broad-spectrum pro-
to-oncogene; it is frequently overexpressed in most 
solid tumors, including prostate [242], breast [150], lung 
[243], and colorectal carcinomas [244], as well as hema-
tological malignancies, in which its abundance strongly 
correlates with poor prognosis [245].

Cancer cell dormancy is a reversible state in which 
malignant cells remain viable yet temporarily exit the 
cell cycle [246]. This quiescent condition allows tumor 
cells to tolerate cytotoxic stress and can ultimately give 
rise to metastatic relapse [246]. Among the regulators of 
this process, the cyclin-dependent kinase inhibitor p27 
(CDKN1B) plays a central role [247]. Nuclear accumula-
tion of p27 restrains Cyclin-CDK activity and enforces 
G0/G1 arrest, thereby sustaining the dormant pheno-
type [248]. In this context, the dynamic balance between 
SKP2-mediated degradation vs. stabilization of p27 has 
been proposed to act as a regulatory switch governing 
dormancy transitions [249].

Notably, maintenance of quiescence requires sus-
tained inhibition of CDK activity, which is typically 
accompanied by increased nuclear p27 levels [247]. 
Diminished SKP2 expression or E3 ligase activity limits 
proteasomal turnover of p27 and favors cell cycle exit. 
Experimental models of disseminated tumor cells have 
shown that attenuation of β1-integrin signaling low-
ers SKP2 protein abundance, and leads to p27 stabili-
zation and induction of a dormant state [249, 250]. In 
contrast, metastatic reactivation is frequently associated 
with renewed SKP2 expression, which in turn facilitates 
phosphorylation-dependent ubiquitination of p27 and 
promotes cell-cycle re-entry.

Therapeutic stress might further modulate this sign-
aling axis. Certain cytotoxic regimens have been asso-
ciated with enrichment of quiescent, p27-high subpop-
ulations that evade cell death; therefore, alterations in 
SKP2 activity might contribute to therapy-induced dor-
mancy and subsequent relapse [251, 252]. Hence, under-
standing how cell cycle regulators such as SKP2 and p27 
interact with dormancy-associated signaling pathways 
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will be critical for devising strategies to prevent relapse 
from dormant residual disease.

8.1.1 Prostate cancer: the driver of castration resist-
ance.  In the lethal transition to CRPC, SKP2 has 
emerged as a central architect. However, the relation-
ship between SKP2 and the androgen receptor (AR) is 
complex and distinct. Whereas SKP2 mediates AR turn-
over, its loss in CRPC paradoxically restores AR protein 
levels; therefore, SKP2 might subvert AR signaling and 
force cells into an androgen-independent growth mode 
[242]. Crucially, SKP2 provides an alternative survival 
signal under androgen-deprived conditions by activat-
ing the non-canonical Akt pathway [253]. Notably, in 
the TRAMP transgenic model, Skp2 ablation completely 
abrogates tumorigenesis and distant metastasis [19]. 
Mechanistically, SKP2 stabilizes the transcription factor 
Twist, via either K63-linked ubiquitination or competitive 
binding, thereby orchestrating epithelial-mesenchymal 
transition and sustaining cancer stem cell properties [19, 
66]. Importantly, high SKP2 titers significantly correlate 
with elevated Gleason scores, biochemical recurrence, 
and diminished survival, and are therefore a potent 
prognostic indicator in prostate cancer [254, 255].

8.1.2 Breast cancer: a mechanism of therapeutic 
escape.  In TNBC, therapeutic resistance to PI3K/mTOR 
inhibitors often arises rapidly. Excitingly, recent studies 
have indicated that this resistance is likely to be driven 
by a vicious feedback loop: PI3K inhibition triggers 

compensatory upregulation of SKP2. This surge in SKP2 
subsequently reactivates Akt via K63-linked ubiquitina-
tion (independently of PIP3 generation) and renders the 
initial drug ineffective [20]. In contrast, in HER2-positive 
subtypes, SKP2-mediated ubiquitination of Akt is essen-
tial for transducing HER2 signaling. Consequently, 
silencing SKP2 has been shown to re-sensitize resistant 
cells to trastuzumab (Herceptin) and tamoxifen [7, 253]. 
Moreover, in agreement with the oncogenic role of 
SKP2 in breast cancer, natural compounds such as curcu-
mol exert anti-metastatic effects in TNBC, specifically by 
disrupting the SKP2–Bim signaling axis [256].

8.1.3 Non-small cell lung cancer: an oncogenic driver 
and mediator of chemoresistance.  SKP2 is frequently 
overexpressed in both NSCLC and small cell lung can-
cer, and its upregulation is closely associated with tumor 
progression, lymph node metastasis, and poor progno-
sis [257, 258]. Clinical samples and in vitro functional 
studies have indicated that elevated SKP2 correlates 
with aggressive NSCLC phenotypes, decreased p27 lev-
els, and diminished patient survival [258]. RNA interfer-
ence or genetic silencing of SKP2 suppresses lung cancer 
cell proliferation, induces cell cycle arrest, and pro-
motes apoptosis, thus underscoring its oncogenic role 
in lung tumorigenesis [259]. Moreover, SKP2-mediated 
ubiquitination of its substrates might contribute to 
chemoresistance, for example, by targeting necropto-
sis regulator MLKL and facilitating cisplatin resistance 
[260]. Collectively, these findings position SKP2 as a key 

Table 5  |  SKP2-mediated pathogenic mechanisms and therapeutic resistance in major malignancies.

Malignancy Key pathogenic mechanism Downstream effectors/
pathways

Clinical consequence and drug 
resistance

Refs.

Prostate cancer (CRPC) AR paradox and epithelial-mesenchymal 
transition: SKP2 stabilizes Twist; drives 
androgen-independent growth

Akt, Twist, p27 CRPC transition: Resistance to 
androgen deprivation therapy 
(ADT); high Gleason scores

[216-222]

Breast cancer (TNBC 
and HER2+)

PI3K inhibition triggers SKP2 → K63-
Akt activation

Akt, FOXO1, HER2 Resistance to PI3K inhibitors and 
suppression of apoptosis signaling

[7, 223-
225]

Lung cancer (NSCLC) Immune evasion: K63-Ub stabilizes PD-
L1; prevents degradation

PD-L1, LKB1, AMPK Immunotherapy resistance: “cold” 
tumors; T-cell suppression

[226-229]

Hematological (MM 
and CML)

Survival synergy: supports c-Myc/c-Maf 
stability

c-Myc, c-Maf, BCR-ABL Bortezomib/imatinib resistance: 
SKP2 inhibition restores UPR stress

[230-233]

Colorectal cancer (CRC) Metabolic rewiring: HK2 mitochondrial 
localization; Mcl-1 stability

Akt/HK2 axis, Mcl-1 Chemo/rad resistance: 5-FU and 
IR evasion

[234]

Hepatocellular 
Carcinoma

Oncogenic amplifier: explosive growth 
via N-Ras/Akt synergy

N-Ras, AKT Activation of AKT/mTOR and Ras/
MAPK pathways

[235, 236]

Glioblastoma SKP2-mediated degradation of p27 p27 Temozolomide resistance: Glioma 
stem cell maintenance

[237]

Ovarian cancer Checkpoint failure: continual p27 
degradation

p27 Enhanced cell proliferation and 
poor clinical prognosis

[238, 239]

Melanoma Stabilizes MTH1 for purging oxidized 
nucleotides

MTH1 Oxidative survival: gene 
amplification

[240, 241]
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oncogenic driver in lung cancer, as well as a potential 
diagnostic, prognostic, and therapeutic target.

8.1.4 Hematological malignancies: a target for synthetic 
lethality.  Although bortezomib is a frontline therapy, 
resistance is common. SKP2 inhibitors (e.g., SKPin C1, or 
DT204) have powerful synergistic lethality when com-
bined with bortezomib [261, 262]. Mechanistically, this 
combination overloads the unfolded protein response 
(UPR) and downregulates key survival factors, such as 
c-Myc and c-Maf. In contrast, the BCR-ABL fusion pro-
tein, which is frequently observed in CML, drives SKP2 
upregulation [263]. In agreement with the crucial onco-
genic role of SKP2 in driving CML pathogenesis, Skp2 
deletion significantly enhances the sensitivity of CML 
cells to imatinib [264]; SKP2 might therefore be an 
important drug target for treating CML.

8.1.5 Colorectal and hepatocellular carcinoma: metabolic 
reprogramming.  SKP2 overexpression confers resist-
ance to 5-fluorouracil (5-Fu) in colorectal cancer (CRC). 
Mechanistically, this resistance is probably achieved 
through the Akt–Hexokinase 2 (HK2) axis, which sustains 
high rates of aerobic glycolysis [265]. Similarly, SKP2 acts 
as an oncogenic amplifier in hepatocellular carcinoma. 
Although SKP2 overexpression alone is insufficient to 
initiate hepatocarcinogenesis, it markedly accelerates 
tumor formation when it is co-expressed with N-Ras or 
Akt mutants [266]. Mechanistically, SKP2 maintains the 
Warburg phenotype by regulating Glut1 and HK2, and 
consequently facilitates tumorigenesis [7, 253].

8.1.6 Glioblastoma and melanoma: stress adapta-
tion.  In glioblastoma, a novel SelK–SKP2 axis drives 
poor prognosis; SelK upregulation mitigates ER stress 

Figure 5  |  The pathological atlas of SKP2: a multifaceted hub driving cancer progression and therapeutic resistance centered on 
the SCF–SKP2 E3 ligase complex.
(A) Therapeutic Resistance via Signaling Feedback: In breast and prostate cancers, SKP2 confers resistance to PI3K inhibitors and androgen dep-
rivation therapy (ADT), partly by mediating K63-linked ubiquitination and subsequent activation of Akt or by stabilizing Twist, respectively. (B) 
Chemoresistance and Apoptosis Evasion: In Non-Small Cell Lung Cancer (NSCLC), SKP2 mediates K48-linked ubiquitination and degradation of 
p27 and MLKL, and leads to cisplatin resistance by promoting cell cycle progression and preventing apoptosis, while simultaneously inhibiting 
necroptosis. (C) Metabolic Reprogramming and Stress Adaptation: SKP2 promotes the Akt-dependent activation of glycolytic enzymes (Glut1 
and HK2). Furthermore, by stabilizing Nrf2 and MTH1, SKP2 enhances tumor cell tolerance to oxidative stress and chemotherapeutics (e.g., 
5-Fu or TMZ). (D) Cell Cycle Dysregulation and Genomic Instability: Through canonical K48-linked ubiquitination and degradation of p27 and 
p21, SKP2 causes cell cycle checkpoint failure and results in the formation of polyploid giant cancer cells (PGCCs) and insensitivity to CDK4/6 
inhibitors (e.g., in renal cell carcinoma). In contrast, in multiple myeloma (MM), this mechanism creates a vulnerability that can be exploited for 
synthetic lethality. Figure created with BioRender.com.
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and maintains the stability of SKP2, which in turn sup-
presses β-TrCP1, thereby preventing CDK4 degradation 
and fueling malignant proliferation [267]. In contrast, 
in BRAF V600E-mutant melanomas, SKP2 is not only a 
downstream effector but also a prerequisite for survival. 
Biologically, SKP2 stabilizes MTH1, an enzyme responsi-
ble for “sanitizing” the oxidized nucleotide pool [196]. 
Consequently, the prevention of the incorporation of 
damaged bases into DNA allows these highly metaboli-
cally active tumors to avert oxidative stress-induced cell 
death.

8.1.7 Renal and ovarian cancer: cell cycle and DNA 
repair.  Continual SKP2-mediated degradation of p27 
leads to checkpoint failure and the formation of poly-
ploid giant cancer cells, a root cause of resistance to pacl-
itaxel and cisplatin in ovarian cancer [268, 269]. Notably, 
high SKP2 levels render renal cell carcinoma cells insensi-
tive to CDK4/6 inhibitors (e.g., palbociclib) partly by sup-
pressing p21/p27. More importantly, downregulation of 
SKP2 restores therapeutic sensitivity [270]. SKP2 is there-
fore an attractive anti-cancer therapeutic for ccRCC.

8.1.8 The pan-cancer landscape: emerging oncogenic 
contexts.  Beyond its roles in major malignancies, SKP2 
is a universal driver of tumorigenesis across diverse 
tissues through distinct context-specific mechanisms. 
In gastric cancer, SKP2 overexpression is an independ-
ent prognostic factor for poor survival [271]. Similarly, 
in pancreatic cancer, SKP2 drives proliferation by pro-
moting p27 degradation, a process often regulated by 
upstream cytokine signaling [272]. In contrast, recent 
studies have indicated that SKP2 confers radioresistance 
in nasopharyngeal carcinoma, whereas its inhibition 
breaks this resistance, partly by leading to p27 accu-
mulation and apoptosis induction [273]. In oral squa-
mous cell carcinoma and thyroid cancer, targeting SKP2 
significantly suppresses metastasis and tumor growth 
[274, 275]. Moreover, relatively high SKP2 expression is 
strongly associated with mortality in soft tissue sarco-
mas [276]. However, the physiological contribution of 
SKP2 in the pathogenesis of these tumor types remains 
to be further explored.

8.2 Neurodegeneration: the lethal consequence 
of aberrant cell cycle re-entry
Although oncology dominates the current discourse on 
SKP2, its potential role in the central nervous system 
warrants attention in the context of AD. Terminally 
differentiated, post-mitotic neurons typically maintain 
permanent G0 arrest [277]. However, a pathological 
hallmark of the brain in AD is the abortive attempt 
of neurons to re-enter the cell cycle, a fatal error that 
results in mitotic catastrophe and apoptosis rather than 
successful division. Mechanistically, the maintenance 
of the G0 state heavily relies on CDK inhibitors such as 

p27Kip1. Dysregulation or loss of p27 has been implicated 
in the aberrant cell cycle activation in neurons, which in 
turn contributes to neuronal death in both AD patient 
samples and transgenic models [278]. Although SKP2 is 
a well-established regulator of p27 in proliferating cells, 
its specific role in post-mitotic neurons in AD remains 
largely unexplored [21]. Targeting the pathways con-
trolling p27 protein stability and cell cycle re-entry 
might therefore be a potential strategy to prevent this 
specific mode of neuronal loss in AD.

Although SKP2 has not directly been implicated in 
Parkinson’s disease (PD), data suggest a role of a func-
tionally linked protein, SKP1A. SKP1A and SKP2 are 
components of the same SCF complex. SKP1A is an 
adapter protein that bridges Cullin 1 to F-box proteins 
(including SKP2) within the SCF complex. Diminished 
SKP1A levels have been observed in the substantia 
nigra pars compacta in postmortem PD brains; more-
over, knockdown of SKP1 in vitro and in vivo leads to 
PD-associated changes in dopaminergic neurons [279]. 
SKP1A interacts with F-box only protein 7 (FBXO7), a 
component of the SCF E3 ubiquitin ligase complex; 
moreover, mutations in FBXO7 have been found to 
cause autosomal recessive early-onset PD [280]. FBXO7 
also interacts with PINK1 and Parkin, two genes that 
are likewise associated with early-onset autosomal 
recessive PD [281].

8.3 SKP2’s dual roles and therapeutic potential
Although SKP2 is categorized predominantly as an 
oncogene, its functional output is strictly contingent on 
the genetic landscape. A striking paradox is observed in 
Pten-deficient mouse models, wherein SKP2 exhibits a 
complex relationship with tumor initiation.

In the context of Pten loss, SKP2 inactivation not 
only decreases proliferation but also induces a robust 
senescence response [282], and consequently abrogates 
prostate tumorigenesis. This phenomenon highlights 
the crucial role of SKP2 in enabling cells to breach the 
“oncogene-induced senescence” barrier. Pten-null cells 
are dependent on SKP2 to escape senescence and pro-
gress to malignancy [17]. This dependency has revealed 
a unique, genotype-specific therapeutic window: tar-
geting SKP2 in Pten-mutant tumors might be synthet-
ically lethal by trapping cancer cells in a permanent 
senescent state.

9. THERAPEUTIC EVOLUTION: FROM INTERFACE 
INHIBITION TO TARGETED DEGRADATION

Given the critical oncogenic status of SKP2, its pharmaco-
logical blockade has become a priority in drug discovery. 
However, unlike kinases that possess deep, druggable 
ATP-binding pockets, E3 ligases typically rely on expan-
sive, featureless PPI surfaces. This structural characteris-
tic has historically rendered SKP2 a challenging, if not 
“undruggable” target [283] (Table 6, Figure 6).
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9.1 First-generation strategy: small molecule 
interface blockade
Early efforts leveraging computer-aided drug design 
and high-throughput screening focused on identify-
ing small molecules capable of disrupting specific SKP2 
interfaces via occupancy-based inhibition.

9.1.1 SZL-P1-41 (targeting the F-box).  This compound, 
identified by the Lin group, specifically binds a hydro-
phobic pocket within the SKP2 F-box domain [13]. 
Mechanistically, it acts via steric hindrance and prevents 
the adaptor protein SKP1 from docking, thus triggering 
physical disassembly of the SCF–SKP2 E3 ligase complex, 
halting substrate recruitment, and suppressing Akt 
activity. SZL-P1-41 exhibits high specificity and efficacy 
in lung and prostate cancer models [13].

9.1.2 SKPin C1 (targeting the CKS1 interface).  This agent 
specifically disrupts the SKP2-CKS1 contact surface. 
Consequently, it selectively impedes the ubiquitination 
of p27 (a process requiring CKS1) but might spare sub-
strates that bind SKP2 independently of CKS1. It serves 
primarily as a chemical probe to restore p27 protein lev-
els in metastatic models [23, 284].

9.1.3 NSC689857 (targeting the p27-binding pocket).  
NSC689857, identified as an inhibitor of the SKP2–Cks1 
protein–protein interaction via a high-throughput 
AlphaScreen assay, inhibits p27Kip1 ubiquitination in 
vitro. This compound provides a tool to probe SKP2-
mediated degradation of p27 rather than disassembling 
the core SCF–SKP2 E3 ligase complex [285].

9.1.4 SMIP004 (targeting upstream regulation).  SMIP004 
is a small molecule that downregulates SKP2 protein 
levels and stabilizes p27/p21 in cancer cells. According 
to mechanistic studies, it induces oxidative stress and 
activates the unfolded protein response, in a manner 
correlating with suppression of SKP2 expression and 
consequent cell-cycle arrest and apoptosis [286].

9.1.5 DT204 (disrupting SCF integrity).  DT204, iden-
tified through chemical library screening, inhibits 
SCF–SKP2 activity by decreasing SKP2 binding Cullin-1 
and Commd1, thus stabilizing the CDK inhibitor p27 and 
eliciting synergistic anti-myeloma effects that overcome 
bortezomib resistance in preclinical models [262].

9.1.6 Phytochemical modulators.  Tanshinone IIA (Tan 
IIA) promotes SKP2 ubiquitination and degradation 
by attenuating its interaction with the DUB USP2, sup-
pressing the SKP2/Akt/HK2 signaling axis, and inhib-
iting aerobic glycolysis in CRC cells [265]. Additionally, 
Flavokawain A has been shown to induce deneddyla-
tion-linked SKP2 degradation and to suppress tumori-
genesis in prostate cancer models [287].

9.2 Second-generation strategy: the revolution of 
targeted protein degradation
Whereas traditional inhibitors struggle with the “undrug-
gable” nature of PPIs, targeted protein degradation 
offers a revolutionary alternative. A recent break-
through has successfully identified the first authentic 
small-molecule degrader for SKP2.

Table 6  |  Pharmacological strategies and emerging therapeutic modalities targeting SKP2.

Therapeutic modality Lead agent Mechanism of action Development stage and key 
insights

Refs.

Small-molecule inhibitor (F-box interface) SZL-P1-41 Binds F-box pocket; blocks 
SKP1/SCF assembly

Preclinical: efficacious in CRPC; 
limited by poor oral bioavailability

[13]

Small-molecule inhibitor (CKS1 interface) SKPin C1 Disrupts SKP2-CKS1 contact 
surface

Probe: restores p27; spares K63-
linked functions

[23, 
284]

Small-molecule inhibitor (p27-binding pocket) NSC689857 Occludes p27 pocket in SKP2-
CKS1 interface

Preclinical: stabilizes p27; induces 
G1 arrest; validates site druggability

[285]

Small-molecule inhibitor (Cullin-1 interface) DT204 Disrupts SKP2-Cul1; 
destabilizes SCF

Preclinical: overcomes bortezomib 
resistance in myeloma

[286]

Expression modulator (stress inducer) SMIP004 Elicits ROS/UPR; suppresses 
SKP2 TXN/TLN

Probe: triggers cytotoxic autophagy 
in prostate cancer

[262]

Induced-proximity degrader SKPer1 Recruits STUB1 E3 for SKP2 
ubiquitination

Preclinical: from DEFUSE screen; in 
vivo tumor suppression

[25]

Natural product Flavokawain A Promotes SKP2 auto-
degradation

Nutraceutical: efficacy in CRPC 
patient organoids

[287]

Natural product Tanshinone IIA Inhibits USP2-SKP2; 
accelerates proteolysis

Preclinical: 5-FU chemosensitization 
in CRC

[265]
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To overcome the limitations of rational design, 
researchers have developed a novel high-throughput 
screen termed DEath FUSion Escaper (DEFUSE). This 
approach ingeniously translates target protein degrada-
tion into a cell survival phenotype. Conjugation of the 
protein of interest to a fast-acting, triggerable death pro-
tein ensures that only cells that successfully degrade the 
target (and therefore the death protein) survive. With 
the DEFUSE method, the small molecule SKPer1 has been 
identified. Unlike traditional PROTACs, which are often 
designed to recruit Cereblon or VHL, SKPer1 functions 
as a “molecular glue” or induced-proximity degrader 
that specifically recruits the E3 ligase STUB1 (CHIP) to 
SKP2. This induced interaction triggers the ubiquitina-
tion and subsequent proteasomal degradation of SKP2. 
Mechanistically, SKPer1 specifically kills SKP2-expressing 
cancer cells and exhibits substantial tumor suppression 
with a good safety profile in vivo. Furthermore, a specific 
sequence of ten amino acids from SKP2 has been found 
to serve as a versatile degradation tag [25].

Although specific SKP2-targeting PROTACs have yet 
to be fully realized in clinical settings, the maturation 
of PROTAC technology offers a theoretical solution 
to the “undruggable” nature of SKP2’s PPI interfaces. 
Unlike inhibitors that must occupy a functional bind-
ing site with high affinity, PROTACs theoretically 
require only a transient binding event to recruit an E3 
ligase (e.g., Cereblon or VHL) to SKP2, thereby trig-
gering its polyubiquitination and subsequent protea-
somal degradation. Ongoing research funded by the 
NIH (grant No. 5R01CA277682-04) is developing SKP2  
PRO-1, a dedicated SKP2-targeting PROTAC. Emerging 
data indicating that SKP2 PRO-1 robustly induces 
SKP2 degradation have validated the feasibility of 
using PROTAC technology to eliminate this onco-
protein. Because this event-driven mechanism might 
potentially abolish both the catalytic (p27 degrada-
tion) and non-canonical (Akt activation) functions of 
SKP2, it is a potential critical direction for future drug 
development.

Figure 6  |  Progress in SKP2-targeting strategies: from interface inhibitors to targeted protein degradation.
(Left) Small Molecule Inhibitors. This approach relies on occupancy-driven blockade to interfere with protein-protein interactions (PPIs) within 
the SCF complex. Specific inhibitors target distinct interfaces: SZL-P1-41 disrupts SKP1 binding; SKPin C1 and NSC689857 target the CKS1/
p27 pocket and block p27 ubiquitination; and DT204 interferes with CUL1 binding and disrupts SCF integrity. Additionally, agents such as 
SMIP004 and phytochemicals (e.g., Tan IIA or Flavokawain A) indirectly promote SKP2 degradation via ROS/UPR stress pathways. However, 
this strategy is limited by the “undruggable” nature of PPIs, solubility issues, and potential compensatory signaling (e.g., activation of the Akt 
pathway). (Right) Targeted Protein Degradation (TPD). This approach uses an event-driven mechanism for the complete catalytic clearance of 
SKP2. Through the DEFUSE screen, novel degraders have been identified, including molecular glue–like degraders (e.g., SKPer1) that recruit the 
E3 ligase STUB1 (CHIP). Prototype PROTACs (e.g., SKP2 PRO-1, supported by grant No. 5R01CA277682-04) link SKP2 to ligases such as CRBN 
or VHL. Both methods induce polyubiquitination and subsequent proteasomal degradation of SKP2. This strategy enhances efficacy by broadly 
suppressing both proteolytic (K48-linked) and non-proteolytic (K63-linked) SKP2-dependent ubiquitination programs through complete protein 
removal. Figure created with BioRender.com.
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9.3 Validated combination strategies
Given the plasticity of cancer cells, monotherapy 
often leads to resistance. The following combinato-
rial approaches are supported by specific mechanistic 
evidence.

9.3.1 Overcoming resistance to proteasome inhibi-
tors.  The SCF–SKP2 complex, by promoting cell-cycle 
progression, limits the efficacy of proteasome inhibi-
tors. Combining DT204 with bortezomib synergistically 
induces apoptosis in bortezomib-resistant multiple mye-
loma cells. Mechanistically, DT204 prevents the coun-
ter-regulatory upregulation of SKP2 often observed in 
bortezomib monotherapy [262].

9.3.2 Overcoming 5-Fu resistance via metabolic modu-
lation.  5-Fu resistance, a major hurdle in CRC, is often 
driven by metabolic reprogramming. Combining Tan IIA 
with the USP2 inhibitor ML364 exerts synergistic effects. 
Through dual inhibition of USP2 function, this combina-
tion significantly promotes Ub-mediated SKP2 degrada-
tion, suppresses aerobic glycolysis (via the Skp2/Akt/HK2 
signaling axis), and overcomes 5-Fu resistance in both 
in vitro and xenograft mouse models [265].

9.3.3 SKP2 knockdown via siRNA nanoparticles enhances 
anti-tumor efficacy.  Targeted knockdown of SKP2 with 
siRNA-loaded nanoparticles is a promising combinato-
rial approach for prostate cancer. When combined with 
the natural compound quercetin, siSKP2 nanoparticles 
significantly decrease SKP2 expression, inhibit cell pro-
liferation and migration, and induce apoptosis more 
effectively than either treatment alone. In vivo, this 
dual strategy has been found to suppress tumor growth 
in xenograft models and to demonstrate favorable bio-
compatibility; therefore, gene silencing plus chemical 
modulation has potential as a synergistic SKP2-targeted 
therapy [288].

9.3.4 SKP2 inhibition combined with Aurora-A kinase 
inhibition.  In ccRCC models, the Aurora-A kinase inhib-
itor MLN8237 combined with the SKP2 inhibitor SZL P1-
41 exhibits significantly greater anti-proliferative effects 
than either agent alone. Mechanistically, this combination 
synergistically induces cell death in vitro, thus highlight-
ing the potential of dual targeting of SKP2 and Aurora-A 
as an effective therapeutic strategy in ccRCC [131].

9.3.5 Functional convergence of SKP2 and PARP-mediated 
repair: a synthetic lethality perspective.  Although no 
definitive biochemical evidence has yet demonstrated 
that SKP2 directly ubiquitinates PARP1 or modulates its 
catalytic activity, accumulating data support a functional 
crosstalk between SKP2 signaling and PARP-dependent 
DNA repair pathways. This connection stems primar-
ily from the established role of SKP2 in maintaining 
HR competence, a pathway essential for accurate DSB 
repair [210, 289].

Mechanistically, SKP2 contributes to early DNA 
damage signaling events required for HR. Under gen-
otoxic stress, SKP2 mediates K63-linked ubiquitination 
of NBS1, thereby enhancing the interaction between 
NBS1 and ATM, and facilitating efficient activation of 
the DDR cascade necessary for end resection and HR 
initiation [197]. Recent studies and reviews of DDR 
signaling networks further support the importance of 
ubiquitin-dependent regulation of MRN–ATM signal-
ing in coordinating HR activation [290]. In addition, 
SKP2 depletion has been associated with impaired 
formation of RAD51 foci and diminished HR efficiency 
in cancer cells, thus indicating compromised assem-
bly of HR repair complexes [197]. Collectively, these 
findings suggest that loss of SKP2 function creates an 
HR-defective state resembling “BRCAness,” charac-
terized by diminished ability to repair DSBs through 
canonical HR mechanisms [210].

Cells with impaired HR become increasingly reliant 
on PARP-mediated repair pathways, including single-
strand-break repair and alternative end-joining mech-
anisms [291]. This compensatory dependency provides 
a mechanistic basis for synthetic lethality. Indeed, pre-
clinical studies have shown that SKP2 deficiency sensi-
tizes tumor cells to PARP inhibition, in agreement with 
an HR-deficient phenotype. In this framework, SKP2 
suppression functionally shifts reliance on DNA repair 
toward PARP activity; simultaneously, inhibition of PARP 
results in unrepaired DNA lesions, genomic instability, 
and cell death [210, 291].

Importantly, available evidence supports a functional 
interdependence between SKP2 and PARP pathways 
rather than a direct enzyme–substrate relationship. 
Accordingly, future investigations should examine 
whether SKP2 indirectly influences PARP pathway 
dynamics, either by modulating HR factor availability 
or through ubiquitin-dependent regulation of DDR 
scaffolding proteins. Establishing such biochemical 
connections would substantially refine the mechanis-
tic understanding of how SKP2 integrates into PARP-
centered DNA repair networks.

9.4 Limitations and future challenges
Despite the therapeutic promise of targeting SKP2, sev-
eral barriers to clinical translation persist; notably, the 
“undruggable” nature of SKP2 remains a central chal-
lenge. The shallow, hydrophobic PPI interfaces require 
inhibitors with high surface-area coverage, which 
often leads to high molecular weight and poor physic-
ochemical properties (e.g., low solubility of SZL-P1-41) 
and hinders oral bioavailability [292]. SKP2 drives the 
cell cycle in normal proliferating tissues (e.g., the bone 
marrow or gut epithelium). Consequently, systemic 
inhibition poses theoretical risks of adverse effects such 
as cytopenia or gastrointestinal toxicity [127]. However, 
the biological viability of Skp2-knockout mice provides 
a strong rationale for a therapeutic window; these 
mice are viable and fertile despite growth retardation; 
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therefore, normal tissues appear to tolerate SKP2 loss 
better than cancer cells [188, 293]. The development 
of SKPer1 highlights the potential of small-molecule 
degraders to selectively target SKP2 [25]. Building 
on this foundation, future research should focus on 
optimizing chemical scaffolds and PROTAC designs to 
enhance SKP2 degradation efficiency, improve phar-
macokinetic properties, and achieve robust anti-tumor 
activity in preclinical models. These efforts are aimed 
at translating the proof of concept provided by SKPer1 
into next-generation SKP2-targeted therapeutics with 
higher potency and broader applicability.

9.5 Translational challenges and clinical 
prospects: from bench to bedside
Despite the compelling preclinical evidence validating 
SKP2 as an oncogenic driver, no SKP2-targeted thera-
pies have yet entered clinical trials. This translational 
gap stems from several inherent challenges associ-
ated with targeting the UPS. Unlike kinases with deep, 
hydrophobic ATP-binding pockets, E3 ligases such as 
SCF–SKP2 function through large, flat protein-protein 
interfaces (e.g., the SKP2–SKP1 or SKP2–Cks1 interface). 
Developing small molecules with high affinity and spec-
ificity for these surface interactions remains a formida-
ble challenge in medicinal chemistry [294]. Although 
first-generation inhibitors such as compound #25 and 
SZL-P1-41 have shown proof-of-concept efficacy, fre-
quent suboptimal potency and off-target effects limit 
their clinical development [23, 295].

Novel modalities such as peptides and PROTACs offer 
higher specificity but face substantial pharmacoki-
netic hurdles. Peptides that disrupt the SKP2-substrate 
interface generally exhibit poor membrane permea-
bility and rapid in vivo degradation [292]. Similarly, 
although SKP2-targeting PROTACs can catalytically 
degrade the protein, their high molecular weight often 
results in poor oral bioavailability and cellular uptake, 
and restricts their utility to intravenous administration 
or use of complex delivery systems [296, 297]. A major 
concern regarding systemic SKP2 inhibition is the poten-
tial toxicity to normal proliferating tissues (e.g., bone 
marrow or gut epithelium), given SKP2’s essential role 
in cell-cycle progression [298]. However, genetic studies 
provide a rationale for a therapeutic window: Skp2-
knockout mice are viable and healthy, albeit small; these 
findings suggest that normal cells possess redundant 
mechanisms (e.g., other F-box proteins) to regulate p27, 
whereas cancer cells often exhibit “oncogene addic-
tion” to SKP2 [66]. Nevertheless, comprehensive toxicol-
ogy studies are required to rule out adverse effects on 
stem cell maintenance and gametogenesis [13].

To improve the success rate of future clinical trials, 
patient stratification will be critical. Given that not all 
tumors are driven by SKP2, predictive biomarkers must 
be established to ensure clinical success. To this end, a 
high SKP2/p27 ratio (detected via immunohistochemis-
try) is the most logical candidate [245, 299]. Additional 

strategies may include replication-stress signatures 
(HR-defective tumor contexts), rational combination 
regimens with PARP inhibitors or replication-stress-in-
ducing agents, and the development of next-generation 
modalities that selectively modulate SCF–SKP2 E3 ligase 
activity in tumor cells while sparing normal proliferating 
tissues [300, 301]. Future trials should prioritize these 
molecularly defined subgroups to maximize the thera-
peutic index.

10. CONCLUSION AND FUTURE PERSPECTIVES

In the research landscape, the conceptual framework for 
SKP2 has substantially evolved. No longer viewed merely 
as a single cell-cycle modulator, SKP2 is now recognized 
as an integrative nexus that couples cellular prolifera-
tion with metabolic reprogramming and genomic integ-
rity [66]. Whereas the crystallographic elucidation of the 
SKP2–CKS1 interface provided the initial blueprint for 
rational drug design [23], the field is currently witness-
ing a paradigm shift from occupancy-based inhibition to 
targeted protein degradation.

In the future, several key trends will define the tra-
jectory of SKP2 research. The validation of the DEFUSE 
screening platform and the discovery of SKPer1 marked 
a turning point [25]. These findings provided the first 
proof of concept that SKP2, traditionally considered 
“undruggable” because of its featureless PPI interfaces, 
can be effectively targeted for destruction via induced 
proximity to E3 ligases such as STUB1 [25]. Future medici-
nal chemistry efforts are likely to focus on optimizing the 
physicochemical properties of such degraders to enhance 
their oral bioavailability and stability. Refinement of 
predictive biomarkers will be crucial for establishing 
precise patient stratification criteria. Genetic contexts, 
such as PTEN loss [17] and the interplay between SKP2 
and oncogenic drivers, such as MYC, suggest potential 
stratification criteria for future biomarker development 
[66]. Consequently, SKP2-directed therapies might yield 
the highest therapeutic index in these defined molecu-
lar subgroups rather than in unselected patient popu-
lations [203]. The therapeutic horizon extends beyond 
simple cell cycle arrest. The recent elucidation of the 
Tan IIA-USP2-SKP2 axis highlights the potential of tar-
geting SKP2 to reverse metabolic reprogramming (aer-
obic glycolysis) and overcome chemotherapy resistance 
(e.g., to 5-Fu) in CRC [265]. In immunotherapy, target-
ing the SKP2–PD-L1 axis is supported by pan-cancer evi-
dence showing that SKP2 overexpression correlates with 
an immune-cold tumor microenvironment and might 
limit T-cell infiltration; these findings suggest that SKP2 
inhibition might enhance responsiveness to immune 
checkpoint blockade by promoting anti-tumor immu-
nity [207, 274]. Given that aberrant neuronal cell cycle 
re-entry is a recognized pathological feature of neuro-
degenerative conditions such as AD, cell cycle regulators 
have been implicated in disease mechanisms, although 
direct evidence of SKP2-specific intervention to prevent 
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this process is currently lacking [302]. Achieving any CNS 
therapeutic effect will require agents capable of effec-
tively crossing the blood–brain barrier.

Despite its well-documented pro-tumorigenic activity 
through degradation of the CDK inhibitor p27, SKP2’s 
physiological role in cancer is not universally oncogenic 
and can vary according to genetic context. In some 
experimental systems, loss of Skp2 does not uniformly 
suppress tumor development but paradoxically engages 
tumor-suppressive processes in specific settings. For 
example, in compound mouse models combining Pten 
loss with Skp2 deficiency, inactivation of Skp2 enhances 
p27 accumulation and induces robust cellular senes-
cence, thereby inhibiting tumor progression in prostate 
and other tissues that are otherwise prone to onco-
genic growth [282, 303]. Therefore, under certain tumor 
suppressor-deficient backgrounds, SKP2 might restrain 
aberrant proliferation by preventing senescence or 
other fail-safe mechanisms; these findings underscore 
the need to delineate the molecular switches governing 
whether SKP2 functions predominantly as a prolifera-
tive driver or as a context-dependent check on tumor-
igenesis [304].

A related concern in translating SKP2 inhibition into 
therapy is the risk of selecting therapy-resistant cell 
states. As discussed in Section 8.1, downregulation of 
SKP2 is associated with entry into a dormant, quiescent 
(G0) state marked by high p27, which can enable resid-
ual tumor cells to survive initial cytotoxic therapy and 
contribute to later relapse [253, 305]. Therefore, pro-
longed systemic inhibition of SKP2 might possibly drive 
a subpopulation of tumor cells into quiescence rather 
than eliminating them. Hence, determining whether 
intermittent versus continuous dosing regimens can 
mitigate such adaptive resistance will be important for 
future clinical development [246].

Although SKP2 has traditionally been considered 
a nuclear ubiquitin ligase, its regulation outside the 
nucleus and non-canonical cytoplasmic functions remain 
underexplored. SKP2-mediated K63-linked ubiquiti-
nation of cytoplasmic substrates such as Akt has been 
implicated in promoting oncogenic signaling and 
chemoresistance, thus challenging a strictly nuclear-cen-
tric view of SCF complexes [193, 292]. The mechanisms 
governing nuclear-cytoplasmic shuttling of SKP2 and 
the relative contributions of its cytoplasmic activities to 
tumor progression, distinct from its canonical cell-cycle 
roles, are important areas for future research, particu-
larly because they might offer opportunities to selec-
tively target oncogenic functions while sparing essential 
nuclear processes [245, 306].

In summary, targeting SKP2 is a potent strategy to 
disrupt a core mechanism required by cancer cells [13]. 
With the emergence of authentic degraders such as 
SKPer1 and validated combination strategies involving 
metabolic and immune modulators, SKP2-directed ther-
apies are increasingly maturing. The focus must now 
shift toward rigorous pharmacological optimization and 

biomarker-driven clinical validation to translate these 
biological insights into tangible patient benefits.
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