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Abstract

The ubiquitin proteasome system (UPS) plays vital roles in maintaining protein equilibrium
mainly through proteolytic degradation of targeted substrates. The archetypical SCF ubiquitin E3
ligase complex contains a substrate recognition subunit F-box protein that recruits substrates to the
catalytic ligase core for its polyubiquitylation and subsequent proteasomal degradation. Several
well characterized F-box proteins have been demonstrated that are tightly linked to neoplasia.
There is mounting information characterizing F-box protein-substrate interactions with the
rationale to develop unique therapeutics for cancer treatment. Here we review that how F-box
proteins function in cancer and summarize potential small molecule inhibitors for cancer therapy.
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The human genome sequence coupled with state-of-art proteomics and structural studies has
uncovered potentially numerous proteins that could serve as prominent targets for drug
therapy. Unfortunately, many of these targets are not considered druggable because of their
lack of putative drug binding pockets or the indispensible nature of their roles in
fundamental metabolic pathways precluding their chemical inhibition. Indeed, it is estimated
that only 2% of drugs interact with proteins and 10-15% of proteins are druggable (1).
Cellular protein equilibrium is maintained through dynamic gene expression and
degradation. It is estimated that more than 80% of cellular proteins undergo ubiquitin
mediated degradation, mainly through the 26S proteasome. Although first generation
proteasome inhibitors are impacting the lifespan of some individuals with cancer,
manipulating the upstream regulators of the proteasome for desired targets provides a
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promising opportunity for specific and efficacious drug development. Targeting upstream
regulators may provide for more specific protein modulation, in contrast to broad and
potentially off target effects of down-stream proteosome inhibition strategies used in cancer
therapy. In addition, considering the high risk of failed drug development, pharmaceutical
companies are increasingly attempting to identify gene-function pathways that validate the
target pathway prior to expensive drug development.

The ubiquitin proteasome system (UPS) (Fig. 1) is a complex, hierarchical, and regulated
cellular system that dominates selective protein degradation to modulate the abundance and
activity of proteins in the cell (2,3). The majority of proteins are controlled by the UPS
through the ATP-dependent enzymatic cascade, including the ubiquitin activating enzyme
(E1), the ubiquitin conjugating enzyme (E2), and the ubiquitin ligase (E3). The 76-amino-
acid protein ubiquitin is conjugated to a substrate through an isopeptide linkage of its last
glycine residue to an internal lysine of the substrate. Ubiquitin chains linked through either
lysine 48 or lysine 11 of each ubiquitin, tag substrates to the 26S proteasome for degradation
to amino acids. Other non-Lys63 polyubiquitylation and multiple monoubiquitylation events
within proteins have been implicated in ubiquitin-dependent degradation through alternative
machinery or modulate nondegradative processes for individual proteins. Similar to other
post-translational modifications, such as phosphorylation, ubiquitylation is reversible and
linked with deubiquitylation mediated by deubiquitylating enzymes (DUBSs). There are
about 100 DUBs belonging to two classes of proteases: cysteine proteases and
metalloproteases, and each DUB recognizes several substrates.

The recognition of a specific substrate in response to a specific stimulus is crucial for
appropriate protein turnover that impacts cellular function. In humans, there are two E1
enzymes, approximately 30 E2 enzymes, and more than seven hundred E3 enzymes. Many
E3 ligases are complexes formed by a core scaffold with interchangeable substrate-
recognizing subunits. The Cullin-RING ligase (CRL) complexes represent the basic
framework for the modular ubiquitin ligases, which contains eight members: CRL1, CRL2,
CRL3, CRL4A, CRL4B, CRL5, CRL7 and CRL9 (4,5). In general, CRL E3s include a
Cullin scaffold, an adaptor, a substrate receptor and a RING protein that recruits E2 enzyme.
SCF is the best characterized CRL ligase, containing the scaffold Cull, adaptor Skp1,
substrate receptor F-box protein and RING protein Rbx1 (6-8). In the SCF complex, the F-
box protein binds a specific substrate bringing it within intermolecular proximity to the
ligase scaffold Cull-Skpl that bridges the RING domain protein Rbx1 catalyzing ubiquitin
conjugation and extension (9-11).

F-box proteins are categorized within three families based on the recognizable domains
beyond the F-box domain, which comprises the Leu-rich repeat (L) family (10 proteins),
WDA40 domain (W) family (21 proteins) and the F-box only (O) family (38 proteins) (8,12).
In response to stimuli, F-box proteins typically recognize unique, short degradation peptidic
signatures (termed a degron) in their substrates (13). Although newer members of the F-box
protein family are being discovered and existing members better characterized, increasing
evidence indicates that the tightly regulated interaction between the F-box protein and its
substrate is often achieved by modifications to both proteins. To date, multiple recognition
models have been proposed to be involved in F-box proteins targeting various substrates.
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Phosphorylation-dependent mode of substrate recognition is the canonical model for F-box
protein binding to a phosphodegron within a substrate and recruiting it to the SCF core
scaffold (14,15). The direct recognition of a phosphodegron is the most common mechanism
for F-box proteins to recruit and degrade substrates (16-19). However, some
phosphorylations of a substrate can block their interactions with an F-box protein to limit
degradation (20,21). Post-translational modifications other than phosphorylation, such as
glycosylation, and acetylation also have emerged as recognition signatures in mediating the
interaction between F-box proteins and their substrates (22). In addition, an F-box protein is
able to recognize an unmodified degron (23-27). Not surprisingly, F-box proteins
themselves are often regulated at the transcriptional or posttranslational levels involving
phosphorylation and proteolytic turnover (28,29). In summary, F box protein components
are regulated subunits within SCF complexes that provide receptor-like selectivity in
recognizing substrates for their elimination in cells. Their ability to identify and interact with
specific motifs within targets offers promise for newer therapies in oncogenesis.

Malfunction of degradative mechanisms for oncoproteins or tumor suppressors can drive
tumorogenesis and cancer progression. The FDA approved proteasome inhibitor Bortezomib
provided validation for the UPS as an authentic target for the treatment of multiple myeloma
and mantle cell lymphoma (30). One dose-limiting side effect, however, for clinical
application of Bortezomib is peripheral neuropathy (31,32). Hence, recent studies have
shifted to a focus on inhibiting UPS proteins upstream of the proteasome, particularly
inhibitors specific to ubiquitin E3 ligases to reduce off-target effects (33—-38). Emerging
evidence demonstrate that F-box proteins play vital roles in cancer development and F-box
proteins are overexpressed frequently within human cancers, suggesting that F-box proteins
could serve as promising therapeutic anti-tumor targets.

In response to specific stimuli, one F-box protein can bind to multiple substrates with
various biological functions in a temporally-controlled manner. Thus, activity-regulating
small molecules need to interact with these highly specific and delicately controlled F-box
protein-substrate interfaces (Fig. 2). In humans, small molecules possess overwhelming
therapeutic advantages over biomolecules (e.g. peptides and nucleic acids), due to greater
potential for oral delivery and bioavailability. Consequently, much effort has been dedicated
to the discovery of small molecules that can disrupt the E3 ligase-substrate protein interface,
among which an F-box has attracted tremendous attention due to its relatively specific and
essential role in substrate recognition. Meanwhile, cell lines and animal models provide
idealized platforms to evaluate these F-box proteins, their substrates, and drug effects in
cancer models.

SCF E3 ligases have strong links to cancer owing to their control of the cell cycle, DNA
replication, and DNA repair. Particularly, multiple F-box proteins act as attractive
therapeutic targets for cancer treatment due to the correlation between their deregulation and
tumorigenesis. SCF ligase small molecule inhibitors are needed for cancer that results from
overexpressed or overactive F-box proteins. Meanwhile, different approaches are required to
restore defective SCF function that leads to disease. Here we review the correlation of F-box
proteins with their putative substrates that may lead to cancer development, and discuss the
potential pharmacotherapies targeting F-box proteins in neoplasia.
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Cell cycle dysregulation has been considered as a cancer progression hallmark in most
malignant tumors. Skp2, S-phase kinase associated protein 2, plays a crucial role in cell
cycle progression, senescence, and metabolism. Skp2 is the classic oncogenic F-box protein
because it promotes S phase entry and proliferation by inducing the ubiquitylation and
degradation of several anti-proliferative cyclin-dependent kinase (CDK) inhibitors including
p27, p21, and p57 (37,39-44). Skp2 exhibits high-level expression in human cancers and is
implicated in several murine cancer models. Skp2 predominantly modulates p27, a cell cycle
inhibitor that partakes in an essential role in mediating tumor suppression. Loss of p27
causes uncontrolled proliferation and tumor progression. In many aggressive tumors, the
overexpression of Skp2 at both the mRNA and protein levels unequivocally correlates with
p27 downregulation and a poor prognosis. Additionally, in mouse models, Skp2-knockout
phenotypes can be rescued by p27 deletion, and Skp2 overexpression can be phenocopied by
p27 deletion, which suggests that the oncogenic roles of Skp2 largely depend on p27
degradation (45,46). Thus, the Skp2-p27 axis presents an attractive target to generate p27
degradation inhibitors.

Advanced cancers also frequently develop resistance to chemotherapy and radiotherapy to
another tumor suppressor, p53, due to its gene mutations with attendant loss of
responsiveness to p53. Skp2 deficiency triggers p53-independent, p27-dependent cellular
senescence and apoptosis (47). Therefore, developing cancer treatment strategies through
boosting p53-independent senescence and apoptosis responses might provide a promising
alternative for limiting cancer cell proliferation. In addition, cancer cells display high level
of glycolysis regardless of the abundance of oxygen, suggesting that shifting metabolism to
aerobic glycolysis might be an attractive strategy for reducing tumorogenesis. The kinase
Akt plays a vital role in mediating aerobic glycolysis and SCFSkp2 mediates nonproteolytic
K63-linked ubiquitylation of Akt (48). Overall, targeting Skp2 serves as a promising
strategy for cancer treatment.

Through high-throughput screening (HTS), a variety of small molecules have been

identified to stabilize p27, through multiple mechanisms including inhibiting 26S
proteasome activity, preventing Skp2 from incorporating into the SCF core, or
downregulating Skp2 mRNA (49-51). However, identification of an inhibitor that
specifically and directly targets Skp2 is highly desirable to reduce off-target effects.
Structure-based virtual library screening utilizes bioinformatics approaches to first identify
hot spot residues and binding pockets that are used to select potential inhibitors that distort
the protein—protein interactions; from these in silico interrogations, a workable number of
molecules are predicted to bind most effectively and are selected for further experimental
validation. Based on this approach, coupled with ligand based design strategies, in vitro
functional screens and counterscreens, a series of compounds (C1, 2, 16, and 20) were
identified that selectively inhibit ability of Skp2 to recruit p27 to the SCF E3 catalytic core
(52). CDK regulatory subunit 1 (Cks1) is required for SCFSkp2-mediated p27 ubiquitylation
through its binding to both Skp2 and p27. These compounds specifically disrupt the
interaction between phospho-p27 and Skp2-Cks1 that leads to p27 stabilization. When tested
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in cells, these compounds inhibit cell cycle progression and proliferation in a variety of
cancer cell lines in a Skp2-p27 dependent manner.

Utilizing the high throughput virtual screening approach, another Skp2 small molecule
inhibitor, compound #25, has been recently developed to specifically block the Skp1-Skp2
interaction (47). The authors identified 19 ‘hot spot’ residues along the Skp1-Skp2
interaction surface. Compound #25 predicted from in silico high-performance
computational-based molecule docking screens demonstrated that this chemical entity binds
to Skp2, prevents Skpl-Skp2 interaction, stabilizes Skp2 substrates p27 and p21, and
inhibits Akt activation, which subsequently suppresses the viability of cancer cells and
cancer stem cells. Compound #25 also displays potent antitumor activity in animal studies
(47). Remarkably, this compound does not affect activity of other F-box proteins, including
Fbxw7 and B-TrCP.

Using a HTS tethered with SCFSkp2-mediated in vitro ubiquitylation studies, compound A
(CpdA) was identified to prevent Skp2 from incorporating into the SCF core (49). CpdA
interrupted SCFSkp2 E3 ligase function and induced specific accumulation of SCFSkp2
substrates including p21, which in turn triggered G1/S cell-cycle arrest and Skp2-p27-
dependent cell killing. In multiple myeloma models, CpdA increased chemical sensitivity to
Bortezomib and also functioned synergistically with this proteasome inhibitor. Prostate
carcinoma often displays an inverse relationship between the levels of p27 and Skp2 (53). In
the human prostate cancer cell line stably overexpressing engineered Skp2, a chemical
genetic approach was employed to screen small compounds that restored p27 protein levels
(51). SMIP001 and SMIP004 were identified to increase nuclear p27. Meanwhile, SMIPs
upregulated p21, inhibited CDK?2 activity, induced G1 delay and cell cycle arrest. This
approach using nuclear p27 as an endpoint presents a means to identify bioactive small
molecules with selective anticancer activity.

Hinokitiol (x-thujaplicin), a tropolone-related compound, is another agent that decreases
Skp2 protein levels and inhibits p27 phosphorylation at Thr187 mediated by cyclin E/CDK2
to prevent p27 degradation in FEM human melanoma cells (54). Hinokitiol also inhibited
cell proliferation in human melanoma cells. In multiple cancers, hinokitiol exhibits
anticancer activity by inhibiting cell proliferation. However, the in depth mechanisms for
this compound remain elusive. Troglitazone was reported to downregulate Skp2 mRNA
levels in human hepatocellular carcinoma cells, which consequently induces the
accumulation of p27 and cell cycle arrest (55). Prodigiosin exhibits antiproliferative effects
on human lung adenocarcinoma cells by suppressing transcriptional expression of Skp2,
together with G1 cell cycle blockade and increased p27 and p21 levels (56).
Mechanistically, prodigiosin engages PKB-mediated signaling to induce Skp2
transcriptional repression in an E2F1-independent manner. Sulforaphane, a cruciferous
vegetable-derived isothiocyanate with anticancer activity, also induces proliferation arrest
and apoptosis in multiple human colon adenocarcinoma cell lines. Through transcriptional
repression, sulforaphane inhibited Skp2 promoter activity and Skp2 mRNA expression,
leading to the stabilization of p27 (57).
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BRAF is a mitogen-activated protein kinase (MAPK) frequently mutated in melanoma, lung
carcinoma, glioma, colorectal and thyroid cancer. BRAF mutations lead to enhanced kinase
activity and MAPK signaling activation that is closely linked to the malignant phenotype.
The simultaneous inhibition of activated MAPK pathways and Skp2-dependent degradation
of p27 reduced the melanoma malignant phenotype, suggesting that the combinatorial
blockade of these pathways could be a useful therapeutic tool for cancer treatment (58).

One issue regarding Skp2 is that some downstream targets behave as tumor promoting
proteins. For example, the ING (inhibitor of growth) tumor suppressor family member Ing3
is key component of the NuA4 histone acetyltransferase complex, regulating gene
transcription, cell cycle progression and apoptosis. Dysregulated Ing3 expression has been
observed in cancers including human head and neck squamous cell carcinomas (HNSCCs),
numerous lymphoma originated cell lines, hepatocellular carcinoma, and melanoma (59).
Reduced nuclear Ing3 significantly correlates with a poorer 5-year survival in patients with
primary melanoma. Ing3 degradation is also under close regulation by the SCFSkp2 E3
ligase complex in melanoma cells and the inhibition of the activity of SCFSkp2 complex
could restore Ing3 expression and promote UV-induced apoptosis (60).

B-transducin repeat-containing protein (3-TrCP) is another prominent cancer-related F-box
protein that has important roles in growth signaling throughout the cell cycle. B-TrCP
includes two closely related homologs, B-TrCP1 (also known as Fbxw1) and B-TrCP2 (also
known as Fbxw11) with indistinguishable biochemical properties in promoting in vitro
ubiquitylation of substrates (61). p-TrCP mediates the degradation of pro-proliferative
substrates upon mitogenic stimulation in G1, controls proteins within the feedback loops that
regulate the mitotic progression. Through binding to a distinct phosphodegron motif
(DSGXXS) in which two serines are phosphorylated, -TrCP targets multi-functional
substrates and functions as either an oncoprotein or tumor suppressor (15). Overexpressed [3-
TrCP1 or B-TrCP2 has been detected in multiple cancers, including gastrointestinal cancers,
hepatoblastoma, colorectal cancer, pancreatic cancer, breast cancer and melanoma,
suggesting a carcinogenic function for these two proteins. In these cases, p-TrCP targets a
variety of cellular growth and survival inhibitors including 1xB (inhibitor of «B) family
members (NF-xB signaling pathway), BImEL (extra-long isoform of Bim) and Pdcd4
(programmed cell death 4). k-catenin, which plays an important role in Wnt signaling and
whose abnormal accumulation is observed in multiple cancers, is also targeted by SCFp-
TrCP for its degradation after its phosphorylation by glycogen synthase kinase 3 (GSK3xk).

Nuclear factor-kappa B (NF-«B) is a heterodimeric transcription factor known to regulate
the expression of various genes involved in inflammatory responses, cell death, and survival
(62). 1xB associates with prototypical inactive NF-xB in the cytoplasm and prevents the
translocation of NF-xB into the nucleus that in turn inhibits NF-xB transcriptional function
(63). Therefore, NF-xB is canonically activated by the disposal of its inhibitory binding
partner (1xB). As a major member of the IxB family, IxBa is phosphorylated by 1xB kinase
(IKK) and then polyubiquitylated by SCFB-TrCP1 (64). GS143 interrupts the physical
interaction between phosphorylated IxBa and SCFB-TrCP1, an effect that suppresses IkBa
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ubiquitylation and subsequent degradation; however, GS143 dose not affect IxBa
phosphorylation, MDM2-dictated p53 ubiquitylation or proteasome activity in vitro (65).
GS143 markedly suppresses TNFa stimulated degradation of IxBa and a set of NF-xB
downstream responses. However, GS143 does not cause accumulation of p-catenin, the
other GSK3-regulated substrate of SCFB-TrCP1 E3 ligase (66), which indicates that GS143
could serve as a specific and efficacious inhibitor of multiple pathways governed by NF-xB
signaling.

Tumor suppressor Pdcd4 (programmed cell death 4) is a key factor that inhibits translation
by interfering with the eukaryotic initiation factor (elF) 4A activity. Therefore Pdcd4
attenuates neoplastic transformation, tumor cell intravasation, and invasion (67). Pdcd4 is
lost in various tumors including lung, breast, ovarian and pancreatic cancer (68,69). B-TrCP
mediated proteasomal degradation has been identified to also regulate Pdcd4 (70). In
response to mitogens, the activated p70S6K1 consensus phosphorylation sequence within
Pdcd4 directs B-TrCP to recognize its downstream binding motif for polyubiquitylation and
degradation. Erioflorin, identified from a high throughput screen of natural product extract
libraries, inhibits the interaction of Pdcd4 and B-TrCP1 thereby stabilizing Pdcd4 and
suppressing proliferation of various cancer cell lines (71). Interestingly, erioflorin also
stabilizes other SCFB-TrCP substrates such as IkBa and p-catenin. Notably, the
overexpressed oncogenic B-TrCP substrates f-catenin, Cdc25A, and Emil are also detected
in cancers. However, it is not clear whether -TrCP deficiency is causally linked to the
overexpression of these tumorigenic proteins. Additionally, context-dependent functions of
substrates also increase the complexity of context-dependent F-box protein function. For
example, the B-TrCP substrate DEP-domain containing mammalian target of rapamycin
(mTOR)-interacting protein (DEPTOR), appears to function as both a tumor suppressor and
as an oncoprotein. As a tumor suppressor, DEPTOR generally blocks mTOR activity and
inhibits protein synthesis and cell proliferation (72). Mitogenic stimulation induces p-TrCP-
mediated DEPTOR degradation, which results in mTOR activation and subsequent cell
proliferation (73-75). However in multiple myelomas, overexpressed DEPTOR is linked to
improved survival in thalidomide treated patients (76). However, the upregulation of
DEPTOR in multiple myelomas is largely due to increased transcription, and the precise role
of p-TrCP-mediated DEPTOR degradation requires further study.

The first reported protein-targeting chimeric molecule 1 (PROTAC) was originally
developed as a generic tool that could enable the inhibition of any desired protein target, in
spite of its biochemical function (77). It contains a degron-mimic peptide at one end and a
specific substrate capturing a small molecule on the other end, which effectively bridges the
ligase to substrate for ubiquitylation and degradation. The first PROTAC, protac-1, linked
the B-TrCP targeted NF-xB inhibitor-a (IxBa) phosphodegron to ovalicin that covalently
was bound to MetAP-2 (non-endogenous substrate of SCFB-TrCP). MetAP-2 is
ubiquitylated and degraded in this synthesized PROTAC-dependent manner. This approach
is then used for conditional destruction of disease-causing proteins, for example the estrogen
receptor (ER) and androgen receptor (AR), which have been implicated in breast and
prostate cancer progression, respectively (78). In addition to peptide—degron fusions, several
PROTAC derived strategies, such as small molecules based on PROTAC, have proved
effective in cell culture model systems. For example, p53 plays a critical role in the
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maintenance of genomic stability. The powerful anti-tumor molecule p53 is targeted by the
E3 ligase MDM2 for its degradation. Nutlin was originally developed to bind MDM2 and
inhibit p53-MDM2 interaction for cancer therapy. The heterobifunctional PROTAC,
consisting of non-steroidal androgen receptor ligand (SARM) and nutlin (known as MDM2
ligand), can recruit the androgen receptor to MDM2 for degradation (79). This novel
strategy has implications for developing pharmacological treatment of cancers with
increased levels of the androgen receptor.

Tumor suppressor Bcl-2 interacting mediator of cell death (Bim) is a potent proapoptotic
member of the Bcl-2 protein family (80). Alternative mRNA splicing generates three major
isoforms, including short (BimS), long (BimL), and a predominant extra long (BimEL). Bim
directly binds and inhibits antiapoptotic Mcl1 and Bcl-XL, which restrains the ability of Bak
and Bax to promote apoptosis (81). In response to survival signals, BimEL is rapidly
phosphorylated by Rsk1/2 and degraded via -TrCP (82). In non-small cell lung cancer
(NSCLC) cells often resistant to gefitinib (a tyrosine kinase inhibitor that induces apoptosis
via BIimEL), silencing of B-TrCP can restore BimEL level and BimEL-dependent gefitinib
sensitivity. In addition, Drosophila Slimb (a homolog of mice B-TrCP1) targets Polo-like
kinase 4 (Plk4) for ubiquitylation and subsequent proteasomal degradation (83,84). Plk4
plays a crucial role in initiating centriole duplication that controls centrosome duplication
essential for genomic integrity and genome maintenance. Abnormalities in centrosome
number causes spindle formation errors that lead to ensuing chromosome missegregation.
Extra centrosomes are frequently observed in variety of cancers. Thus, understanding the
mechanisms underlying B-TrCP ability to regulate the centrosome via unique mitotic targets
opens up new avenues to develop rationally designed therapy for cancers that are
characterized by defective Plk4 activity.

B-TrCP is constitutively expressed and active. The diversity of B-TrCP substrates is partially
supported by its recognition of a phosphodegron, which allows stimulus-induced recognition
and subsequent degradation. For example, when GSK3 is activated, B-catenin gets degraded
but IxBa remains stable. When the IKK complex is active, IkBa is degraded and [3-catenin
remains stable. Thus, some kinase inhibitors might synergize with other modalities as an
effective strategy to manipulate degradation of substrates for cancer treatment.

Fbxw7 predominantly functions as a tumor suppressor by mediating the degradation of
multiple important oncoproteins including c-Myc, c-Jun, cyclin E, Hypoxia inducible
factor-1a (HIF-1a), mTOR (mammalian target of rapamycin), Myeloid cell leukemia-1
(Mcl-1), NF-xB2, Notch-1 and other substrates (85). Given its crucial role in tumorogenesis,
Fbxw?7 is tightly governed at the gene expression and activity levels. Recent studies indicate
that in human malignancies, Fbxw7 expression is under the control of several regulators
including microRNAs (miR-27a and miR-223) (86,87), p53 (88,89), and CCAAT/enhancer-
binding protein-d (C/EBP-8) (90). Overexpression of miR-223 decreases Fbxw7 mRNA
level and upregulates Fbxw?7 substrate cyclin E activity, which leads to increased genomic
instability. Additionally, miR-27a inhibits Fbxw7-mediated ubiquitylation and degradation
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of cyclin E. These data suggest that a post-transcriptional Foxw7 regulator could affect
Fbxw7 abundance and substrate degradation.

Myc family transcription factors regulate cell growth, proliferation, differentiation, and
apoptosis and are frequently overexpressed in a variety of human cancers. The tumor
suppressor Fbxw?7 recognizes a phosphodegron generated by GSK-3 mediated
phosphorylation of c-Myc on threonine-58 that promotes UPS dependent c-Myc turnover
(91). Thr58 is the most frequent c-Myc mutation site in lymphoma cells and c-Myc
activation is one of the key tumorigenic consequences of Fbxw?7 loss in cancers.
Intriguingly, Skp2 has also been shown to partake in c-Myc turnover (92,93). Instead of
targeting Thr58, Skp2 binds to c-Myc via its MB2 and HLH-Zip domains for degradation.
Although the timing and subcellular location of c-Myc ubiquitylation mediated by Fbxw7 or
Skp2 seem to be similar, the Foxw7-mediated ubiquitylation is governed by phosphorylation
of c-Myc, whereas Skp2-mediated ubiquitylation is mainly dependent on the Skp2
expression pattern (94). This dual regulation mechanism increases the complexity to develop
cancer therapy targeting c-Myc. Oridonin, the diterpenoid compound extracted from plants
displays potent activity to induce apoptosis in a variety of cancer cells (95). The anticancer
mechanisms of oridonin include increasing Fbxw?7 expression and GSK-3 activity, which is
accompanied by downregulation of c-Myc, mTOR and cyclin E, among which the decrease
in c-Myc is the most significant (96). Fbxw7-mediated degradation of c-Myc triggered by
oridonin induces cell growth inhibition and apoptosis. The other natural compound
genistein, a major isoflavonoid isolated from soybean, has been shown to inhibit oncogenic
progression in various human cancers including pancreatic cancer (PC). Genistein inhibits
miR-223 expression and subsequently upregulates Fbxw?7, one of the targets of miR-223,
consequently inhibiting cell growth and inducing apoptosis in PC cells (87). In addition,
treatment of PC cells with genistein leads to the elevation of miR-34a, resulting in Notch-1
downregulation, which correlates with inhibition of cell growth and induction of apoptosis
(97). These observations shed light on the application of these natural compounds through
the Fbxw7-c-Myc axis in cancer treatment.

Intriguingly, the inhibitors targeting tumor suppressor F-box proteins have been proposed to
sensitize cancer stem cells to chemotherapies. For example, imatinib (Gleevec or Glivec;
Novartis) is highly effective in tumor killing in chronic myelogenous leukemia, however,
the drug fails to kill the cancer-initiating cells frequently quiescent in the bone marrow (98).
The cancer-initiating cell population is a reservoir that accelerates generation of inhibitor
resistance mutations within specific cell populations, which results in relapse of cancer once
therapy is discontinued. Consequently, one potential approach could be use of strategies
facilitating cancer stem cell re-entry into the cell cycle to facilitate susceptibility to
chemotherapy. Indeed, tyrosine kinase inhibitors act in a manner to eradicate leukemia-
initiating cells in the Fbxw?7 deletion mouse model of chronic myelogenous leukemia. The
effect is probably dependent on an increase in c-Myc, suggesting that Fbxw?7 inhibition or
inhibition of Fbxw7-mediated c-Myc degradation might synergize actions of
chemotherapies. However, the long-term effect of Fbxw?7 inhibition remains unclear.
Specifically, the interaction between an F-box protein and substrate can also be affected by
substrate mutations. For example, a GSK3 targeted phosphodegron site (Thr58) of c-Myc is
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frequently mutated in patients with Burkitt’s lymphoma, which distorts Fbxw7 recognition
and stabilizes c-Myc (99).

In a variety of human cancers, Fbxw?7 is often deleted or identified as a loss-of-function
mutant. The mechanism underlying Fbxw7 depletion in tumors is not well addressed. Most
tumorigenic missense Fbxw?7 point mutations occur in residues crucial to substrate binding
regions. These mutations interrupt oncogenic substrate recruitment and subsequent turnover.
Of the cancer related Fbxw7 mutations, 43% involve two Arg mutations that directly affect
the phosphodegron for substrate recognition. Other Fbxw?7 inaction mechanisms result from
mutations that terminate Fbxw?7 translation prematurely, interfere with Fbxw?7 localization,
or mutate the F-box domain. In the case of a simple Fbxw?7 deletion, the strategy could be
replacing Fbxw7 function with another E3 ligase and reconstitute the degradation of Fbhxw7
substrates, for example using PROTAC as discussed above.

Last, although in many cancers Fbxw7 primarily functions as a tumor suppressor, it can also
mediate p100 (inhibitor of NF-xB signaling) degradation and act as a pro-survival factor in
multiple myelomas where cancer cell growth and proliferation require p100 degradation and
NF-kB activity (100). Fbxw?7 targets p100 using a GSK3-mediated phosphodegron.
Preventing substrate modification to indirectly inhibit F-box protein-dependent degradation
could also be a potentially promising strategy to enhance tumor killing by impairing F-box
recognition of its substrate.

FbxI2 is an emerging F-box protein that regulates mitosis and cellular proliferation and
therefore might play an integral role in tumorigenesis. The first authenticated FbxI2
substrate is phosphocholine cytidylyltransferase (CCTa), an indispensable enzyme needed
for membrane phosphatidylcholine production (24). SCFFbxI2 mediates CCTa,
monoubiquitylation in a calcium-dependent manner. Calmodulin (CaM) is a highly
conserved calcium-sensing protein crucial to control cytokinesis. Both CaM and FbxI2
competitively interact to a canonical 1Q motif (I/LQXXXRGXXXR) within CCTa. CaM
binding protects CCTa from degradation. This exclusive competition model reveals that
CaM functions as an antagonist of substrate ubiquitylation mediated by SCFFbxI2.

FbxI2 also targets several cell cycle proteins. Cyclin D2, a dominant D-type cyclin in
leukemic cells, translocates the cyclin-dependent kinase inhibitor p27 out of the nucleus,
which is essential for GO/G1 phase progression. In B-lymphocytes and leukemic cells,
SCFFbxI2 mediated degradation of cyclin D2 results in GO arrest and apoptosis (26). Cyclin
D3 directly interacts with CDK11p58 thereby controlling both centrosome maturation and
bipolar spindle formation. FbxI2 also ubiquitylates cyclin D3 for proteasomal degradation
that in turn impairs G2/M transition (25). Intriguingly, cyclin D2 and cyclin D3 both harbor
IQ motifs characteristic of calcium-independent CaM binding proteins. The glutamine
residue within 1Q motif appears essential for FbxI2 targeting.

Tumor necrosis factor receptor-associated factors (TRAFs) play crucial role in transducing
cell surface signals to the NF-xB pathway, to modulate innate and adaptive immune
responses and apoptotic programs (101). In this manner, the TRAF proteins (TRAF1-6)
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regulate cytokine synthesis through a wide range of cell surface immunoreceptors. Notably,
TRAFs mediate signals emanating from the TNFR superfamily and TLR/IL-1R family. In
addition, TRAF family proteins tether with IL-1R, CD40, RANK, I-TAC, and the p75 NGF
receptor to transduce divergent signals. Particularly, TRAF2, TRAF5, and TRAF6 act as
adaptor proteins that mediate cell surface receptors to activate NF-xB, which in turn,
potently and rapidly triggers cytokine gene expression. Exuberant cytokine release mediated
by TRAF leads to severe effects of edema and multiorgan failure. Inhibition of TRAFs
appears to have emerged as one potential pharmacological therapy to lessen pro-
inflammatory host responses. Notably, TRAF proteins also contain a conserved CaM-
binding motif by which FbxI2 targets TRAFs for polyubiquitylation and degradation.
Intriguingly, another F-box protein, Fbxo3, mediates the proteasomal degradation of FbxI2
(28,102). Based on the prokaryotic C-terminal ApaG molecular signature within the poorly
characterized Fbxo3, the highly selective small molecular inhibitor BC-1215 has been
developed as an Fbxo3 antagonist. BC-1215 distorts the interaction interface of Fbxo3 and
FbxI2 to protect FbxI2 from ubiquitylation mediated by SCFFbxo3 and subsequent
degradation. Indeed, BC-1215 sufficiently destabilizes TRAF proteins and profoundly
alleviates NF-xB activation and inflammation through TNF signaling. The unique broad-
spectrum activity of BC-1215 has also been confirmed by reduced inflammation in multiple
murine models of cytokine-driven tissue injury. It is unclear whether BC-1215 possesses
anti-neoplastic activities by its ability to modulate FbxI2 substrates such as cyclin D2, cyclin
D3, or Aurora B. Nevertheless, inhibitors targeting upstream regulators of FbxI2 represent a
unique layer of highly specific class of therapeutics development.

SCFFbxI2 additionally mediates the ubiquitin-dependent degradation of Aurora B that
involves in mitotic progression (103). It appears that CaM, a calcium-binding messenger
protein, competes with FbxI2 to access the 1Q motif within Aurora B thereby preventing its
turnover. In this molecular competition model, CaM serves as a sensor of chromosome
bridges and protects Aurora B from degradation at the midbody, which stabilizes the
ingressed furrow for delayed abscission. The CaM inhibitor calmidazolium dissociates CaM
from Aurora B and promotes Aurora B degradation to inhibit cell proliferation and growth,
displaying potent tumor killing activity. BC-1258, an inhibitor of Fbxo3, increases FbxI2
protein levels, accompanied by decreased FbxI2 substrates including Aurora B in a variety
of human cancer cell lines including leukemic monocyte U937 cells, erythroleukemic K562
and acute monocytic leukemia THP1 cells. The antitumor activity of BC-1258 and off-target
effects need to be further assessed in larger tumorigenic models to fully ascertain its
therapeutic potential.

In conclusion, these studies have identified that multiple CaM-binding proteins are
SCFFbxI2 substrates that are essential for cell proliferation, growth, or innate immunity.
Indeed, FbxI2 protein levels are significantly reduced in peripheral blood cells in leukemia
patients, where its substrates cyclin D2, cyclin D3, and Aurora B are highly expressed.
FbxI2 recognizing a CaM-binding signature represents a unique molecular mechanism and
provides a potential therapeutic strategy for cancer drug development.
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Mitotic spindle formation and proper chromosome segregation are critical to cellular
mitosis. During these processes, spindle checkpoint proteins ensure that sister chromatids
distribute correctly before completing cytokinesis by abscission (104,105). By
phosphorylating structural and motor proteins, Aurora A plays major roles in mitotic spindle
formation, chromosome alignment and separation (106). Aurora A amplification has been
observed in variety of cancers including colorectal, gastric, prostate, and breast cancers.
AURKA Phe31lle polymorphism is linked to an increased risk for esophageal, ovarian and
non-small-cell lung cancers. FbxI7-mediated centrosomal Aurora A degradation disrupts
normal mitotic spindle formation which induces mitotic arrest and apoptosis (107). FbxI7
also targets survivin for ubiquitylation and degradation (108). The apoptosis inhibitor
survivin is highly expressed in most cancers and linked to chemotherapy resistance, tumor
recurrence, and a shorter survival. Aiming to downregulate survivin by elevating upstream
Fbx17 might be an attractive cancer treatment strategy. Intriguingly, Fbx118 recruits FbxI7
for ubiquitin-mediated turnover and the FQ domain within FbxI7 is important for FbxI18
targeting (29). A small molecule inhibitor distorting the interface surrounding the FQ
domain might preserve FbxI7 protein from degradation mediated by SCFFbxI18.
Additionally, elevated NF-xB signaling induces the expression of FbxI7 (unpublished data).
Thus, identifying transcriptional regulators of the FBXL7 gene might provide an alternative
approach for cancer treatment through the FbxI7-Aurora A/survivin axis.

Fbxo31 was originally identified as a tumor suppressor gene in breast, ovarian, prostate and
hepatocellular cancers. As part of the pre-replication complex, Cdtl DNA replication
licensing factor is essential to maintain genomic integrity. In the cell cycle G2 phase,
Fbxo31 specifically targets the NH2-terminus of Cdtl to mediate its ubiquitin-dependent
proteolysis (109). Fbxo31 depletion that results in Cdt1 stabilization leads to re-replication.

Fbxo31 plays crucial roles in the DNA damage response and oncogenesis. Ectopic
expression of Fbxo31 has been reported to mediate the proteolysis of cyclin D1, an
important regulator of G1 to S phase progression, resulting in cell cycle arrest in G1. The
phosphorylation on Thr286 within the cyclin D1 phosphodegron is required for Fbxo31
recognition (110). In human primary gastric cancer (GC) tissue, Fbxo31 mRNA and protein
dramatically decrease. Overexpression of Fbxo31 significantly induces G1 phase arrest and
downregulates cyclin D1 levels in GC cells. MiR-20a and miR-17 reduces the expression of
Fbxo31, and there exists a significant negative association between miR-20a/miR-17 and
Fbxo31 in GC samples. Therefore, effective therapy targeting the miR-20a /miR-17-
Fbxo31-cyclin D1 axis may help control GC progression. Notably, Fbxo4 also targets cyclin
D1 for ubiquitin-dependent degradation via diverged pathway (111). In NIH3T3 cells, ATM
activation further potentiates the GSK3p-mediated cyclin D1 phosphorylation at Thr286.
The cyclin D1 phosphodegron is then recognized by the F-box Fbxo4/aB crystalline
complex within the SCF E3 ubiquitin ligase core, leading to intra-S-phase checkpoint
control. Therefore, there may exist potential therapeutic value by targeting Fbxo31-cyclin
D1 through a tissue or cell type specific approach.

Semin Cancer Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Mallampalli

Page 13

In unstressed cells, the tumor suppressor protein p53 is maintained at low levels through
MDM2-mediated ubiquitylation and proteolysis (112). Under cellular stress, increased p53
levels induce a variety of protective responses to prevent cancer. In response to genotoxic
stress, Fbxo31 is phosphorylated by the DNA damage serine/threonine kinase ATM. Fbxo31
then interacts with ATM-phosphorylated MDM2 and directs its degradation (113). Fbxo31-
mediated loss of MDM?2 increases levels of p53 and leads to growth arrest. These data
indicate a tumor suppressing function of Fbxo31 by its ability to regulate p53 levels
following DNA damage.

However, overexpression of Fbxo31 is also observed in lung cancer (114). Higher
expression of Fbxo31 significantly correlates to tumor size and infiltration, clinical stages
and metastasis. In human lung carcinoma A549 cells, ectopic expression of Fbxo31
promotes cell growth, metastasis and invasion, whereas specific sSiRNA-mediated Fbxo31
silencing inhibits these processes. Furthermore, tumorigenicity assays demonstrate that
Fbxo31 promotes tumor growth in nude mice. In esophageal squamous cell carcinoma, the
group with high expression of Fbxo31 was shown to have a significantly poorer prognosis,
suggesting that Fbxo31 might function as an oncogenic protein. MAPK (p38) plays pivotal
roles in inflammatory responses and stress responses. In response to growth factors, pro-
inflammatory cytokines and environmental stresses, p38 MAPK is activated by dual
phosphorylation on the “TGY” motif. Mkk6 is among p38 activators responding to a variety
of external stimuli. Long-term activation of the Mkk6-p38 can induce cell apoptosis. By
recognizing phosphorylated Mkké and triggering its ubiquitylation and proteolysis, Fbxo31
exerts antiapoptotic effects on cancer cells in response to stress stimuli (115). The stimuli
and temporal specificity displayed by Fbxo31 on tumorigenesis increase the complexity of
targeting Fbxo31 for cancer therapeutics. However, this highly specific approach may also
increase the accuracy of precision therapeutics.

7. Cyclin F

Cyclin F (also known as Fbxol) is the first described F-box protein from which the F-box
protein family obtained its name (9). Despite its essential nature in mouse development and
the founding member status in the F-box protein family, until recently cyclin F remained as
an orphan protein with unknown function. Cyclin F localizes to both centrosomes and within
the nucleus. During cell cycle progression, cyclin F protein level oscillates, peaking in G2
(116). CP110 is an integral centrosomal component and essential for centrosome
duplication. During the G2 phase, cyclin F associates to CP110 on the centrioles and
mediates its ubiquitylation and subsequent turnover (23). Centrosomal cyclin F targets
CP110 to mediate its degradation to ensure that duplication of the centrosome only occurs
once per cell cycle. Through high throughput screening based on genetic and pharmacologic
studies, NUSAP1, a key cell-cycle-regulated microtubule-binding protein important in
chromosome congression and segregation was identified as an SCFcyclin F target for
ubiquitylation and proteasomal degradation (23). Like CP110, NUSAP1 is involved in
regulating the microtubule cytoskeleton. Thus, cyclin F mediated degradation of both factors
is essential to maintain chromosome stability.

Semin Cancer Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Mallampalli

8. Fbxo11

Page 14

The function of nuclear cyclin F is highly related to the degradation of the ribonucleotide
reductase family member 2 (RRM2). Ribonucleotide reductase (RNR) converts
ribonucleotides to deoxyribonucleotides (ANTPs), which is required for replicative and
repair DNA synthesis (117). During G2, CDK-phosphorylated RRM2 (on Thr33) is
degraded via SCFcyclin F E3 ligase to preserve delicate dNTP pools and genomic stability
(27). Following DNA damage, cyclin F is downregulated to allow RRM2 accumulation. In
response to genotoxic stress, this biochemical pathway controls dNTPs abundance and
ensures efficient DNA repair.

Although cyclin F is implicated in controlling centrosome duplication and maintaining
genome stability, its expression and significance in cancer remain elusive. A recent study
indicates that cyclin F is noticeably decreased in hepatocellular carcinoma tissue at both
mRNA and protein levels (118). Low cyclin F expression is an independent poor prognostic
marker for survival, significantly correlated with tumor size, clinical stage, serum alpha-
fetoprotein level and tumor multiplicity. However, the true roles of cyclin F in cancer
require further characterization.

The proto-oncogene product Bcl6 is implicated in human B-cell lymphomas pathogenesis
(119). Through binding to specific DNA sequences, Bcl6 regulates the transcription of
multiple genes important in B-cell development, differentiation and activation (120). Bcl6 is
frequently overexpressed in patients with aggressive diffuse large B-cell lymphoma
(DLBCL). Transgenic mice with constitutively expressed Bcl6 in B cells develop DLBCLSs.
SCFFbxo11 targets Bcl6 for ubiquitylation and proteasomal degradation (121). Meanwhile,
the gene encoding Fbxo11 is often deleted or mutated in a variety of DLBCL cell lines and
primary DLBCLs, and Fbxo11 dysfunction correlates with increased Bcl6 protein stability
and abundance. Additionally, tumor-derived Fbxol1 mutants display deficiency in
degrading Bcl6. In Fbxoll-deleted DLBCL cells, restoring Fbxol11 expression inhibits cell
proliferation and induces cell death by promoting Bcl6 ubiquitylation and degradation.
Fbxo11 reconstitution also suppresses tumorigenicity in immunodeficient mice with tumors
generated by Fbxol1-deleted DLBCL cells.

The tumor suppressing function of Fbxo11 is further demonstrated through Fbxo11 targeting
WDA40 repeat-containing DDB1 and Cul4-associated factors (DCAF) proteins (20,21).
DCAFs are the substrate binding subunits of Cul4-RING ubiquitin ligase (CRL4). Cdt2
belongs to DCAF family and plays fundamental roles in regulating the cell cycle S phase by
mediating the degradation of Cdt1, Set8, and p21 under both normal and stress conditions
(122-128). Cdt2 is elevated in various cancers including liver, breast, gastric, and colon
cancers, and its overexpression is associated with advanced cancer, metastasis, and poor
patient survival (129,130). Fbxo11 recruits Cdt2 to the SCF core to promote its proteasomal
degradation. Different from most SCF substrates, which exhibit phosphorylation-dependent
binding to F-box proteins, CDK-mediated Thr464 phosphorylation within the Cdt2 degron
inhibits its recognition by Fbxo11 (21). The Set8 stabilization resulting from Cdt2
degradation is important to suppress the phospho-Smad?2 response to TGF-$ and to promote
cell migration (20). These observations indicate that reconstitution of the tumor suppressing
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function of Fbxol1l may represent a unique strategy for lymphoma treatment. Furthermore,
the ubiquitin-dependent degradation of Cdt2 through SCFFbxo11 provides an interesting
example of cross-regulation between two ubiquitin E3 ligases. In the future, it will be
important to identify the specific cellular context under which Cdt2 is degraded to control
cell differentiation.

MicroRNAs (miRNASs) have been demonstrated to have crucial roles in regulating cancer
cell proliferation, survival and sensitivity to chemotherapy. The recent study on microRNA
miR-21 seems to further demonstrate the tumor suppressing activity of Fbxoll. MiR-1 is
overexpressed in most human cancers and it functions as an oncogene. By microarray
analysis and quantitative PCR, Fbxo11 has been identified and validated as a miR-21 target
gene (131). Fbxol11 promotes apoptosis and the degradation of the oncogenic protein Bcl6,
and silencing Fbxo11 in miR-21 knockout cancer cells restores their high tumorigenicity.
The expression of miR-21 and Fbxo11 are inversely correlated in tumor tissue. High Fbxo11
expression correlates with lower tumor grade and better patient survival, which is consistent
with its tumor suppressor activity. However, Fbxo11 is also reported as a direct target of the
other microRNA miR-621 (132). Overexpression of miR-621 promotes apoptosis and
increases chemosensitivity in cultured breast cancer cells and in xenograft tumor model.
High Fbxol11 expression significantly correlates with poor survival in breast cancer patients.
Mechanistically, in breast cancer cells, Fbxo11 binds to p53 and facilitates its neddylation
that in turn inhibits p53 transactivity. MiR-621 enhances chemosensitivity of breast cancer
cells through its suppression of Fbxoll-mediated p53 inhibition. The function of Fbxol1l in
tumorigenesis and cancer progression is under further investigation. Nevertheless, Fbxo11
highlights the context-specific utilization of F-box protein inhibitors.

Small molecule inhibitors developed in cancer treatment are summarized in Table 1.

Others. Fbxw8 (also called Fbx29) assembles the E3 ligase with Cul7, Skpl and Rocl, in
which Cul7 directly interacts with Fbxw8 rather than Skpl (133). As a linker, Fbxw8 tethers
Cul7 and Cull to form a heterodimeric complex (134). Cyclin D1 regulates G1 progression
and it undergoes increased degradation during S phase in a variety of cancer cells. Fbxw8
can mediate the degradation of phosphorylated cyclin D1 (on Thr286) via SCF E3 or CRL7
E3 ligase (135). Depletion of Foxw8 causes significant cyclin D1 accumulation and potently
inhibits cell proliferation. Thus, Fbxw8 plays an essential role in cancer cell proliferation
through the proteolysis of cyclin D1, indicating that Fbxw8 might function as an oncogenic
protein. TBC1D3 is a hominoid-specific oncogene and it is overexpressed in several human
cancers including prostate, breast, pancreatic cancer, and gall bladder tumors. Expression of
TBC1D3 enhances growth factor receptor signaling that in turn promotes cellular
proliferation and survival. Fbxw8 recruits phosphorylated TBC1D3 for Cul7-mediated
ubiquitylation and degradation, supporting a tumor suppressing function of Cul7/Fbxw8
(136). Hematopoietic progenitor kinase 1 (Hpk1) is a member of Ste20-like serine/threonine
kinases and functions as a MAP4K to activate MAP3Ks. Hpk1 is expressed in normal
pancreatic ducts but is missing in >95% of pancreatic cancers. The loss of Hpk1 is strongly
associated with the progression to invasive pancreatic cancer. The Cul7/Fbxw8 ubiquitin
ligase mediates Hpk1 degradation that is dependent upon HpkZ1 autophosphorylation and is
reversely regulated by the protein phosphatase 4 (PP4) (137). The complex role of Fbxw8

Semin Cancer Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Mallampalli

Page 16

linked to both SCF and CRL7 E3 ligases in tumorigenesis will need further characterization.
Nevertheless, Fbxw8 may present a new target for cancer therapy.

Fbxo4 is the specificity factor for an SCF E3 ligase that directs timely proteolysis of cyclin
D1 (111). In mice Fbxo4 deficiency induces melanoma and it depends on cyclin D1
accumulation, which underscores the importance of Fbxo4 as a tumor suppresser.
Furthermore, a substrate-binding mutation, Fbxo4 1377M, was identified to selectively
disrupt cyclin D1 degradation. In addition, the proteolysis of TRF1, another known Fbxo4
substrate, is preserved. Fbxo4 deficiency and 1377M mutations lead to cyclin D1 nuclear
accumulation, a key event in tumorigenesis. Collectively, cyclin D1 overexpression induced
by Fbxo4 dysfunction may be an important contributor to some human malignancies.

As integral components of mMTORC1 and mTORC2, the Tel2 and Ttil proteins control the
cellular abundance of phosphatidylinositol 3-kinase-related kinases (PIKKs) (138-141).
SCFFbxo9 targets Tel2 and Ttil for degradation to modulate mTOR signaling in response to
growth factor availability (142). Upon growth factor deprivation, cytoplasmic protein kinase
CK2 mediates mTORCL1-specific phosphorylation of Tel2/Ttil. In turn, mTORCL1 is
inactivated to restrain protein translation and cell growth. Primary human multiple
myelomas express high levels of Fbxo9, which is essential for PI(3)K/TORC2/Akt
signalling and survival of multiple myeloma cells. This mTORC1-specific Fbxo9 mediated
degradation of Tel2/Ttil provides targets for the unique treatment of multiple myeloma with
high levels of Fbxo9.

Dlc1 (deleted in liver cancer 1) is a RhoA GTPase-activating protein and tumor suppressor.
Loss of Dlcl expression by genomic deletion or epigenetic silencing and loss of gene
transcription is implicated in liver, breast, lung, ovarian, kidney, colon, stomach, prostate,
and other cancers. In non-small cell lung cancer (NSCLC) cell lines and tumor tissue, Dlcl
is ubiquitylated and degraded by the Cullin 4A-RING E3 ligase (CRL4A) complex,
interestingly, where Fbhxwb5 serves as the substrate receptor (143). Inhibition of Fbxw5 leads
to a Dlc1-dependent decrease in cell proliferation. This CRL4A-Fbxw5-Dlc1-linkage
associated oncogenesis pathway provides a novel set of targets for potential drug design.

Another F-box protein, Fbxo5, functions as a pseudo-substrate inhibitor of the anaphase
promoting complex/cyclosome (APC/C). Overexpression of Fbxo5 has been found inin a
variety of malignant tumors including ovarian clear cell carcinoma. Through APC/C
misregulation, Fbxo5 overexpression causes mitotic catastrophe and genomic instability and
potentially contributes to tumorigenesis (144,145). Fbxo18 has been often found to be
deleted or mutated in melanoma and lung cancers. These largely uncharacterized F-box
proteins might also serve as unique therapeutic targets by modulating downstream
abundance of substrates involved in neoplasia.

Potentially druggable F-box proteins involved in cancer treatment are summarized in Table
2.

The growing details in understanding of SCF based protein targeting of a diverse array of
fundamental substrates provide a great opportunity for cancer therapeutic development
targeting F-box proteins. Meanwhile, the complexity of one F-box protein recruiting
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multiple targets and each substrate being recognizing by several E3 ligases provides
therapeutic challenges. There remains an unmet need to devise novel, highly potent and
selective small molecules that exhibit limited off-targeting side effects that will necessitate
even deeper characterization of the F-box protein/substrate pair interacting mechanisms.
Particularly, the majority of F-box proteins largely remain functionally mysterious. Except
for the biological activity in physiologic and disease models, the F-box protein/substrate
complex 3D structure is especially critical for high throughput in silico small molecule
screening. This will facilitate efficient selection of candidates from millions of compound-
rich libraries based on the unique interaction surface pocket formed by an F-box protein and
its putative substrate. The successful application of these small compounds to cancer therapy
also inspires more rigorous study of F-box proteins in other diseases and facilitates specific
therapeutic development.
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Table 2
Summary of emerging F-box proteins in cancer
F-box Protein  Disease Link Abnomalities Mechanism Reference
Fbx110 Pancreatic ductal adenocarcinoma overexpression  Stimulates histone H2A ubiquitylation in (153,154)
fruit fly Drosophila
FbxI20 Colorectal adenocarcinoma overexpression  Promotes carcinogenesis through (155-160)
regulating Wnt signaling and caspase
activation, mediates Vps34 ubiquitylation
and autophagy, facilitates E-cadherin
ubiquitylation and induces invasion
Fbxw8 3-M syndrome Assembles ubiquitin E3 ligase with Cul7, (161-165)
Skp1l and Rocl, tethers the SCF and
CRLY7 E3 hetermeric complex
Fbxo4 Cancer, general mutate Targets cyclin D1 and TRF1 for (166-169)
degradation
Cyclin F Hepatocellular carcinoma low expression  Targets CP110 and RRM2 to control (23,27,116,118)
centrosome duplication and maintains
genome stability
Fbxo5 Ovarian clear cell carcinoma overexpression  Inhibitor of APCCDH1 and APCCDC20 (145,170,171)
Fbxo9 Multiple myelomas overexpression  Targets degradation of Tel2 and Ttil and 172)
regulates mTOR signaling
Fbxo10 Associate with breast cancer (173-175)
susceptibility
Fbxoll B cell lymphoma/breast cancer mutate or delete  Degrades Bcl6, Cdt2, Snail (131,132,176)
Fbxo18 melanoma, lung cancer (deleted) delete or mutate  DNA-dependent ATPase and DNA- (177-179)
unwinding activities, possesses both pro-
and anti-recombinogenic activities
Fbxo31 Breast cancer, hepatocellular carcinoma,  controversial Inhibits proliferation and tumorigenesis in ~ (114,180,181)

esophageal squamous cell carcinoma

breast cancer, hepatocellular carcinoma
and ovarian cancer, but overexpressed in
lung cancer
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