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Abstract

F-box proteins are substrate receptors of the SCF (SKP1-Cullin 1-F-box protein) E3 ubiquitin
ligase that play important roles in a number of physiological processes and activities. Through
their ability to assemble distinct E3 ubiquitin ligases and target key regulators of cellular activities
for ubiquitylation and degradation, this versatile group of proteins is able to regulate the
abundance of cellular proteins whose deregulated expression or activity contributes to disease. In
this review, we describe the important roles of select F-box proteins in regulating cellular
activities, the perturbation of which contributes to the initiation and progression of a number of
human malignancies.
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1. The ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) regulates numerous biological processes including
cell cycle progression, cell growth, transcription and apoptosis [1]. The UPS directs target
proteins to the 26S proteasome, where they are digested into small peptides. Approximately
80% of intracellular proteins are targeted for proteasomal degradation through the UPS [2].
The ubiquitin-dependent proteolysis of proteins is a highly coordinated process that ensures
the timely down-regulation of proteins, thereby controlling cellular activity and maintaining
cell and tissue homeostasis [3-6]. It is frequently triggered by posttranslational modifications
(e.g. phosphorylation) of the target substrate. Proteasomal degradation is preceded by the
covalent attachment of multiple ubiquitin molecules linked together through lysine 48 (K48)
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to substrate proteins, a process known as polyubiquitylation (Figure 1A) [7, 8]. This form of
polyubiquitylation is in contrast to the polyubiquitylation of protein substrates on lysine 63
(K63; involved in molecular assembly) or other residues (K6, K11, K27, K29 and the C-
terminal methionine), and the covalent conjugation of a single ubiquitin moiety to the
substrate protein (mono-ubiquitylation). These latter modifications have non-proteolytic
functional consequences such as kinase activation, DNA repair, and protein trafficking [9,
10].

Polyubiquitylation involves three distinct and consecutive enzymatic steps (Figure 1A):
Ubiquitin activation by an E1 ubiquitin-activating enzyme (UAE), the transfer of the AMP-
charged, activated ubiquitin to an E2 ubiquitin-conjugating enzyme (UBC), and the transfer
of ubiquitin to the substrate through the activity of an E3 ubiquitin ligase [3-5, 8]. E3
ubiquitin ligases are responsible for the selective recognition of the substrate protein prior to
its ubiquitylation.

2. The SCF E3 ubiquitin ligases and F-box proteins

The human genome encodes more than 700 E3 ubiquitin ligases, classified into two main
families: the RING (Really Interesting New Gene) and the HECT (Homologous to the E6-
AP Carboxyl Terminus) domain containing E3 ubiquitin ligases [2, 11, 12]. Cullin-RING E3
ubiquitin Ligases (CRLs) constitute the largest family of E3 ligases and play significant
roles in various physiological and pathological processes including tumorigenesis [13-15].
Family members include cullin 1, 2, 3, 4A, 4B, 5, and cullin 7 as well as the cullin-like
proteins PARC and APC2. The general description of the structure and function of CRLs
has been described in several excellent reviews [12, 14, 16-21]. The SCF (SKP1-Cullinl-F-
Box protein; also known as CRL1) ubiquitin ligase is the prototype and most characterized
member of this family of E3 ligases. The structure of the SCF ubiquitin ligase consists of a
scaffold protein (cullin 1), which interacts via its C-terminus with RBX1, a RING-domain
protein essential for the recruitment of E2s, and via its N-terminus with the SKP1 adaptor
protein (Figure 1B). SKP1 in turn interacts with a number of proteins collectively called F-
box proteins, which selectively recognize and recruit the substrate proteins for
polyubiquitylation by the E2 enzymes. In mammalian cells, the SCF ligase associates with
69 unique substrate receptors, collectively known as F-box proteins, thus constituting a large
family of distinct SCF ligases with varying specificity [22-24]. SCF ligases are best known
for their roles in the regulation of cellular proliferation, apoptosis and differentiation. F-box
proteins are classified into three subfamilies (FBXW, FBXL and FBXO) depending on the
presence of specific domains other than the F-box motif, which is important for binding to
the SKP1 adaptor (Figure 2). The FBXW subfamily contains WDA40 repeats, which are
known for their ability to mediate protein-protein interactions; the FBXL subfamily is
characterized by the presence of leucine-rich repeats; and the FBXO (F-box only) subfamily
is more or less a “catch-all” group with several members containing various other domains

[2].

A number of F-box proteins exhibit oncogenic or tumor-suppressive activities. Some of
these, such as FBXW?7, are mutated or exhibit deregulated expression at high frequencies in
a large number of human malignancies, suggesting a prominent role in the development or
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progression of these cancers (Tables 1, 2). Others, such as p-TRCP1/2, exhibit context-
dependent oncogenic or tumor-suppressive properties. Additional F-box proteins are
emerging as critical regulators of cellular proliferation, metastasis, or cell death and are
likely to be involved in tumorigenesis given their deregulated expression in cancer. Here we
highlight the roles of some of the F-box proteins with cancer-related activities. In particular,
we focus on F-box proteins that regulate the abundance of key proteins associated with
diverse processes of particular relevance to the initiation and progression of human cancer,
such as cell proliferation and cell death as well as invasion and metastasis (Figure 3).
Although some of these F-box proteins lack definitive evidence supporting their
classification as bona fide tumor suppressor or oncogenic proteins, they are described below
on the basis of the available data supporting such roles for these proteins.

3. Oncogenic F-box proteins

A number of F-box proteins exhibit oncogenic activities, with SKP2 representing the most
studied F-box oncoprotein. Others, such as B-TRCP1/2, have less established roles as bona
fide oncogenes, but their deregulated expression in human cancer and evidence from
experimental animal tumor models are consistent with their activities as potential oncogenes
(Table 1, Figure 3). In this section, we describe the oncogenic activities of SKP2 and f3-
TRCP in detail, and highlight the emerging oncogenic activities associated with a number of
additional F-box proteins.

3.1. SKP2 (FBXL1)

SKP2 (S-phase kinase-associated protein 2) was first identified as an interacting protein of
cyclin A in transformed cells [43], and subsequently identified as the substrate recruiting
subunit of the SCFSKP2 ybiquitin ligase [104]. SKP2 regulates a number of cellular activities
including cell cycle regulation, metastasis, tumor differentiation, and apoptosis [27,
105-108]. Substantial evidence supports the conclusion that SKP2 is oncogenic. First, SKP2
is overexpressed in a large number of human tumors including breast, prostate, colorectal
and pancreatic cancers as well as in lymphoma, melanoma, and nasopharyngeal carcinoma
[25-27]. Second, studies with transgenic mice demonstrate that overexpressing Skp2 is
sufficient to promote malignancy and that Skp2 cooperates with other oncogenes to drive
malignancy. For example, Skp2 overexpression in the prostate gland induces hyperplasia,
dysplasia and low-grade carcinoma [28], whereas its overexpression in the T-lymphoid
lineage promotes Nras—induced T-cell lymphoma and decreased survival [29]. Furthermore,
knockout studies demonstrated that SKP2 is critical for the initiation and/or progression of
several tumors in a number of mouse tumor models, in large through the stabilization of the
cyclin-dependent kinase (CDK) and cell cycle inhibitor p27, a well-established substrate of
the SCFSKF2 Jigase. For example, Skp2 deficiency suppressed spontaneous pituitary tumors
in the Rb*/~ mice [31] and delayed breast cancer development in MMTV-Neu mice [32]. In
addition, Skp2 deficiency rendered mice resistant to the development of lymphomas and
sarcomas that develop spontaneously in the Arf~~ background, and significantly suppressed
adrenal and prostate tumors with inactivated tumor suppressor Pten [33]. It is noteworthy
that the role of SKP2 in restraining p27 in the absence of functional PTEN seems to be
important for the survival, growth and/or migration of a number of tumors of various
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origins. This is supported by several studies demonstrating a relationship between PTEN
deletion or downregulation and SKP2 overexpression and p27 reduction in a number of
cancer cell lines. For example, PTEN overexpression in the glioblastoma cells down-
regulated SKP2 and increased the stability of p27 resulting in G1/S cell cycle arrest, which
can be inhibited by SKP2 overexpression [109]. Similarly, thrombin-induced growth and
migration of lung cancer cells is dependent on the downregulation of PTEN and concomitant
increase in SKP2 and the resulting reduction of p27 [58]. Interestingly, Skp2 deficiency can
also suppress tumors induced by chemical carcinogens such as the DMBA (7,12-
dimethylbenz(a)anthracene)/TPA (12-O-tetradecanoylphorbol-13-acetate)-induced skin
tumors, but this is independent of its ability to downregulate p27 [34].

The best understood mechanistic basis for the oncogenic functions of SKP2 stems from its
role in promoting cell cycle progression via its ability to promote the ubiquitin-dependent
proteolysis of the CDK inhibitors p21C!1P1, p27KIP1 and p57KIP2_ |n addition, the SCFSKP2
ligase promotes the cell cycle-dependent degradation of cyclins D1, E and A, which are
necessary activators of CDKs in G1, S and early G2 phase of the cell cycle. This latter
activity ensures the availability of CDK molecules for assembling distinct cyclin-CDK
complexes with varying specificity necessary for the irreversible progression of the cell
cycle from one phase to the next. SKP2 also targets the retinoblastoma-like protein 2
(RBL2), also known as p130, for degradation, and this is likely to contribute to its oncogenic
activity [42].

Paradoxically, several other SKP2 substrates, such as E2F1, ORC1, CDT1, and c-MYC are
positive regulators of the cell cycle and thus, their degradation through the SCFSKP2
ubiquitin ligase may not directly contribute to its oncogenic activity, but may be important
for terminating their aberrant activity during the wrong cell cycle stage. This is certainly the
case for CDT1, which is a replication initiation factor necessary for the establishment of pre-
replication initiation complexes (Pre-RC) from late mitosis until early entry into S-phase
when replication initiation begins [110]. During S-phase, CDT1 must be inactivated or
eliminated to prevent further re-initiation of DNA replication from the same origins of
replication, a phenomenon referred to as re-replication. Re-replication is deleterious to cells
owing to the accumulation of replication intermediates and collapsed replication forks,
leading to check point activation and cell cycle arrest [110]. SCFSKP2 cooperates with the
cullin 4-based E3 ligase CRL4CPT2 tg ensure that CDT1 is effectively eliminated during S-
phase of the cell cycle [111]. SKP2-mediated degradation of CDT1 is preceded by the
phosphorylation CDT1 on Thr-29 by cyclin A-CDKZ2, which is necessary for recognition by
SKP2 [46, 112, 113].

Similar to CDT1, the destabilization of E2F1 by the SCFSXP?2 [igase may be important to
limit its activity in S and G2 phases of the cell cycle [44]. The role of SKP2 in mediating the
degradation of c-MYC however, is far less clear. On one hand, although SKP2 was shown to
promote the degradation of c-MYC, SKP2 is transcriptionally activated by c-MYC and is
critical for the induction of c-MYC-dependent genes [48, 114]. On the other hand, SKP2 is
involved in the targeted proteolysis of another E3 ligase, TRPC4AP (transient receptor
potential cation channel, subfamily C, member 4-associated protein)/TRUSS (tumor
necrosis factor receptor-associated ubiquitous scaffolding and signaling protein) [57], which
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is a CRL4 substrate receptor that is shown to promote the proteolysis of c-MYC and is
downregulated in most cancer cell lines [115]. Thus, SKP2 also stabilizes c-MYC by
downregulating an E3 ligase, which degrades c-MYC. Interestingly, SKP2 is also a direct
transcriptional target of the v-MY C myelocytomatosis viral oncogene neuroblastoma
derived homolog (MYCN) [116, 117], and the amplification of MYCN is found in 25% of
neuroblastoma resulting in increased proliferation and decreased apoptosis [118]. Whether
SKP2 is critical for the development of these malignancies remains to be determined.

The pleiotropic transcription factors MEF2C and MEF2D are shown to be substrates of
SKP2 in late G1 for degradation following their phosphorylation by cyclin D1/CDK4 [59].
Since MEF2C and MEF2D induce the expression of p21, the ubiquitylation and degradation
of MEF2C/D by SKP2 ensures S-phase entry through reduction of p21 protein.

In addition to its role in promoting G1/S transition through the targeted proteolysis of p27
and p21, SKP2 has recently been shown to also promote G2/M transition. This is mediated
through its ability to promote the degradation of macroH2A1 (mH2A1, also known as
H2AFY), an epigenetic factor that helps HP1 promote transcriptional repression [119, 120].
This results in the induction of oncogenic CDKS8 [58], which is frequently amplified in
colorectal cancer [121]. Importantly, deregulation of the SKP2/mH2A1/CDK8 pathway is
associated with human breast cancer progression and correlates with poor patient survival
[58]. Consistently, mH2A1 knockdown or CDK8 expression was sufficient to restore
tumorigenicity in breast tumors deficient of SKP2 in a mouse tumor model, demonstrating
the importance of targeted proteolysis of mMH2A1 by SKP2 in breast cancer. Interestingly,
CDKS8 was shown to promote p27 degradation by phosphorylation and subsequent
ubiquitylation and degradation via the SCFSKP2 |igase [58]. This pathway may also be
relevant in other tumors that are dependent on CDK8 expression. For example, mH2A1,
through inhibiting CDKS, can suppress melanoma progression through direct transcriptional
regulation of CDK8 [122].

SKP2 may exert additional oncogenic activity through the ubiquitylation of several other
proteins without a direct link to the cell cycle (Table 1). For example, SKP2 promotes the
degradation of the transcription factor FOXO1 [54], which positively regulates apoptosis. In
pituitary tumors deficient of Rb, SKP2 limits E2F1-dependent apoptosis primarily through
the destabilization of p27 and the consequent increase in the binding of cyclin A to E2F1,
which inhibits its activity [123]. Other substrates of SCFSXP2 without direct link to the cell
cycle include SMAD4, RAG2, UBP43, BRCA2, and papillomavirus E7 [51-54, 56, 124].

3.2. B-TRCP1/2 (FBXW1 and FBXW11)

B-TRCP (B-transducin repeat-containing protein) proteins regulate multiple cellular
processes by targeting various proteins for proteasomal degradation, including WEE1,
claspin, CDC25A, B-catenin, IKBa, and EMI1 (Table 1). There are two paralogues of 3-
TRCP (B-TRCP1 and B-TRCP2) in mammals, but their functions with regards to substrate
recognition and degradation are indistinguishable [63]. Several studies support an oncogenic
role for these two proteins. For example, B-TRCP1 is overexpressed in colorectal [60] and
pancreatic cancers [61] and in biopsy samples of hepatoblastoma [62]. Moreover, its
expression in colorectal cancer is associated with poor patient outcome [60]. Similarly, -

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



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al.

Page 6

TRCP2 is overexpressed in breast, prostate and gastric cancers [63]. Data in support of
oncogenic B-TRCP proteins include the development of mammary, ovarian and uterine
cancers in transgenic mice that overexpress B-TRCP1 in the mammary gland or other tissues
[66]. Furthermore, suppression of B-TRCP2 activity by the expression of a dominant
negative version of this protein in the epidermis of mice decreased UVB-induced
hyperplasia in the skin, suggesting a tumor-promoting role in this tissue [67]. It is
noteworthy that somatic mutations in p-TRCP1 and B-TRCP2 that disrupt the E3 ligase
activity were found in a subset of gastric cancers and this was associated with the
stabilization of p-catenin [64, 65], suggesting that these two proteins may also exhibit
tumor-suppressive activities, at least in gastric cancer.

B-TRCP1/2 proteins are best known for their ability to regulate cell cycle progression
primarily through regulating the activity of the CDK1 kinase [125]. These E3 ligases inhibit
CDK1 both during S phase and in mitosis through the ubiquitylation and degradation of
CDC25A and EMI1 (early mitotic inhibitor-1), respectively. CDC25A is a phosphatase that
removes an inhibitory phosphorylation on CDK1, and its degradation ensures that CDK1 is
not active until S-phase is completed. In mitosis, the activity of CDK1 is generally kept low
by B-TRCP, except in early mitosis when the anaphase-promoting complex (APC) ubiquitin
ligase APC/CCPC20 yhjquitylates and degrades the CDK1 inhibitor p21. B-TRCP
additionally ubiquitylates and degrades EMI1, which is an F-box protein (see Section 3.3)
and endogenous inhibitor of the APC ligase. This leads to APC/CCPC20 activation and the
ubiquitylation and degradation of the CDK activators cyclins A and B. In G2 phase of the
cell cycle, B-TRCP activates CDK1 through the ubiquitylation and degradation of WEEL, a
tyrosine kinase that phosphorylates and inhibits CDK1, and whose degradation is essential
for CDK1activity.

B-TRCP1/2 proteins are also crucial for regulating cellular responses to DNA damage,
particularly during S and G2 phases of the cell cycle [125]. In response to DNA damage,
CDC25A is degraded via the SCFBP-TRCPLZ ypjquitin ligase following its phosphorylation by
the DNA damage-activated CHK1 and CHK?2 kinases. This results in CDKZ1 inhibition and
cell cycle arrest [70, 71]. Following DNA repair, the SCFB-TRCPL2 Jigase ubiquitylates and
degrades claspin and WEEL and restores CDK1 activity. It is tempting to speculate that the
main oncogenic functions (and perhaps some of the tumor suppressor activity) of p-TRCP
proteins may result from altered cell cycle progression and aberrant DNA damage control,
although definitive evidence for this remains to be established.

B-TRCP1/2 proteins have been shown to play additional roles in the recovery of cells from
DNA damage. Using the novel technique of Ubiquitin Ligase Substrate Trapping, wherein
an E3 ligase is fused to a ubiquitin-associated (UBA) domain to trap and identify
ubiquitylation substrates [126], Loveless, et al., identified the constitutive reverter of elF2a
phosphorylation (CReP) as a novel substrate of B-TRCP [84]. The phosphorylation of the
eukaryotic transcription initiation factor elF2a down-regulates protein synthesis under a
variety of stress conditions [127]. CReP is a specificity subunit of the phosphatase Protein
Phosphatase 1 (PP1), which targets elF2a to promote the removal of a stress-induced
inhibitory phosphorylation and increase cap-dependent translation. Importantly, the full
downregulation of CReP by B-TRCP in response to DNA damage is required for the
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maximal induction of elF2a phosphorylation, and is important for reducing translation as
cells recover from DNA damage [84].

3.3. Other F-box proteins with oncogenic properties

The F-box protein JFK (Just one F-box and kelch domain-containing protein) has been
implicated in the ubiquitylation and subsequent degradation of the p53 tumor suppressor
[87]. RNAi-mediated knockdown of JFK stabilized p53 and promoted apoptosis, G1 cell
cycle arrest, and sensitized cells to ionizing radiation (IR) [87]. More recently, ING4
(inhibitor of growth protein 4), a type Il tumor suppressor protein, has been identified as a
novel ubiquitylation substrate for JFK [86]. JFK-mediated downregulation of ING4 results
in hyperactivation of the canonical NF-xB pathway. Consistent with its oncogenic role, JFK
levels are upregulated in breast cancer, inversely correlating with ING4 levels. Moreover,
the JFK-directed ubiquitylation of ING4 promoted angiogenesis and metastasis of breast
cancer in vitro and in vivo [86].

Evidence pointing towards an oncogenic role for the APC inhibitor and F-box protein EMI1
(also known as FBXO5) comes primarily from its frequent overexpression in human
malignancies. For example, EMI1 is significantly overexpressed in ovarian tumors and its
overexpression correlates positively with high histological grade and poor patient survival
[88, 89]. Similarly, EMI1 overexpression was noted in a number of malignant tumors when
compared to benign tumors [90]. Experimental evidence supporting an oncogenic role for
EMI1 comes from the observations that its overexpression enhances proliferation and
genomic instability in p53-deficient cells [128], and enhances the proliferation of chronic
myeloid leukemia cells expressing the BRC-ABL fusion oncoprotein [129]. Mechanistically,
EMI1 regulates mitosis by inhibiting the APC/CCPC20 and APC/CCPHL ybiquitin ligases
through interaction with the APC activator CDC20 [92]. EMI1 controls the timing of APC
ubiquitylation activity before the spindle checkpoint becomes active and stabilizes mitotic
cyclins in early mitosis. However, it has also been shown that the APC ligase is activated on
entry into mitosis regardless of the presence of non-degradable EMI1, and the timing of
cyclin A degradation is not affected [130]. Di Fiore et al. showed that EMI1 regulates
mitotic entry by promoting the stabilization of geminin and the mitotic cyclins A and B in
G2 phase to prevent re-replication and allow cells to enter mitosis [130].

The F-box protein FBX044 is another F-box protein with oncogenic properties. SCFFBX044
has been reported to facilitate the ubiquitin-mediated degradation of BRCAL, which
functions in DNA repair, cell cycle checkpoint regulation, apoptosis, and transcriptional
regulation [93]. FBX044 expression inversely correlated with BRCAL expression in human
breast cancer tumors, suggesting that FBX0O44 may contribute to breast cancer progression
[93]. More recently, the signaling protein RGS2 has been identified as a novel FBX044
substrate, but this involves its assembly with the CRL4 ubiquitin ligase and not the SCF
ligase [94]. RGS proteins regulate signaling via G-protein coupled receptors and low
expression of RGS2 has been associated with prostate cancer [131], suggesting a possible
link between FBX0O44 and the progression of prostate cancer.

FBXL10 functions as a substrate receptor of the SCF complex, but also contains a JmjC
domain for histone demethylase activity. FBXL10 is shown to be required for histone H2A
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monoubiquitylation on lysine 119, which contributes to the differentiation of embryonic
stem cells (ESC) [98]. FBXL10 has also been shown to have oncogenic functions in
pancreatic cancer as it is commonly overexpressed and its expression correlates with tumor
progression and metastasis [97]. Tzatsos et al. showed that exogenous FbxI10 cooperates
with Kras®12D to promote pancreatic ductal adenocarcinoma (PDAC) formation in mouse
models [97]. Notably, FBXL10 exhibits anti-apoptotic activity in vivo. Mice deficient in
FbxI10 exhibit neural tube defects associated with apoptosis in the neuroepithelium and
mesenchyme of E9.5 embryos, and this was associated with increased expression of
p19ARF, an inducer of apoptosis, in E8.5 embryos and mouse embryonic fibroblast cells
[132]. FBXL10 may also suppress apoptosis via repression of c-FOS, c-JUN and RIPK3
promoters [133-135]. In addition, FBXL10 promotes cell proliferation via inhibiting the
transcription of the CDK4 inhibitor p15 (INK4B) [136]. Paradoxically, FBXL10 was
reported to function as a tumor suppressor protein, which inhibited cell growth and
proliferation [137]. How FBXL10 impacts transcription from these genes, and whether these
activities are dependent on the ubiquitylation of H2A or other substrates, or are dependent
on its histone demethylase activity, remain to be determined.

The SCFFBXO9 ybiquitin ligase is reported to have oncogenic potential through its role in
targeting TEL2 and TTI1 proteins for degradation [95]. Degradation of TEL2 and TTI1
within the mTORC1 complex was shown to inactivate mTORC1 signaling, thereby
inhibiting cell growth, while concomitantly sustaining mTORC?2 signaling through relief of
negative feedback regulation in order to promote survival in human myeloma cells. FBX09
is overexpressed in multiple myeloma, perhaps accounting for some of the anticancer
activity of proteasome inhibitors in multiple myeloma [95].

Upon phosphorylation by CDK1/2, FBX028 targets c-MYC for non-proteolytic
ubiquitylation and promotes MY C-dependent transcription, proliferation and tumorigenesis
in p53~/~ immortalized mouse embryonic fibroblasts [96]. Accordingly, FBX028
inactivation led to diminished MY C-induced transformation and tumorigenesis.
Furthermore, enhanced expression and phosphorylation of FBXO28 correlate strongly with
poor outcome and overall survival in breast cancer, corroborating the oncogenic role of
FBX028 in human cancer [96].

FBXO7 is another potential oncogene, which is highly expressed in epithelial tumors but not
in normal tissues [99]. FBXO7 has been shown to directly bind to the cyclin D/CDK6
complex, promoting cell cycle progression. CDK6-dependent transformation of murine
fibroblasts was observed with overexpression of FBXO7 in athymic nude mice [99].
Moreover, FBXO7 overexpression in hematopoietic stem and progenitor cells (HSPCs)
reduces colony formation in a p53-dependent manner whereas in the absence of p53,
FBXO7 promotes T cell lymphomagenesis in mice [100]. FBXO7 however, also exhibits
tumor-suppressive properties via the ubiquitylation of certain oncogenes such as clAP1
(Inhibitor of apoptosis protein 1) [102] and HURP (hepatoma upregulated protein), which
requires cyclin B-CDK1-mediated phosphorylation for degradation [103]. Fbxo7 null mice
showed increased populations of precursor pro-B cells and pro-erythroblasts although no
functional information regarding tumorigenesis was observed [101].
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4. F-box proteins with tumor-suppressive properties

4.1. FBXW7

The ability of cancer cells to sustain proliferation may be disrupted by F-box proteins that
function to promote the degradation of key proteins essential for cell cycle progression or
cell survival (Table 2, Figure 3). Several F-box proteins exhibit such activity and are
described here as bona fide or candidate tumor suppressor proteins.

FBXW?7 (also known as CDC4 and FBW?7) is a well-established tumor suppressor gene,
which resides on chromosome 4g32, a region deleted in 31% of all neoplasms, including
67% of lung cancers, 63% of head and neck cancers, 41% of testicular cancers, 27% of
breast cancer and 17% of endometrial cancers [138]. In fact, FBXW?7 is one of the most
commonly mutated genes found in cancer [139]. Inactivating mutations of FBXW?7 are also
prevalent in a number of human malignancies, most noticeably in T cell acute lymphoblastic
leukemia (T-ALL; approximately 30% of cases) [140-143]. The majority of these mutations
are missense heterozygous mutations in three conserved arginines that confer high-affinity
binding to the substrates [144-146], suggesting that these mutant FBXW?7 proteins
(FBXWT7ARG) exhibit dominant negative activity [147, 148].

FBXW?7 suppresses proliferation primarily through the targeted ubiquitylation and
degradation of oncoproteins such as c-JUN, cyclin E, c-MYC, NOTCH1, MCL1, TGIF1 and
KLF5 [139]. These and other FBXW?7 substrates regulate a number of processes that are key
to cancer initiation and progression, including proliferation, apoptosis, metabolism and
differentiation. All of these substrates, except cyclin E, are oncogenic transcription factors,
which regulate complex transcriptional programs culminating in enhanced cellular
proliferation. There are three isoforms of FBXW?7 protein, FBXW7a, FBXW7f and
FBXW?7y, which exhibit differential localization to the nucleoplasm, cytoplasm, and
nucleolus, respectively [149-153]. This ensures the targeted proteolysis of relevant
substrates in the various cellular compartments. For example, nucleoplasmic c-MYC is
ubiquitylated by FBXW7a, whereas c-MYC, which localizes in the nucleolus, is targeted for
ubiquitylation by FBXW?7y, and both isoforms contribute to the suppression of the growth-
promoting activity of c-MYC [149-153].

FBXW?7 recognizes phosphorylated peptides, known as CDC4-phosphodegrons (CPD)
motifs, within the substrate proteins. These motifs are commonly phosphorylated by
glycogen synthase kinase 3 (GSK3) and antagonized by mitogenic signals through the PI3K-
AKT pathway, which inhibit GSK3 activity. Thus, in addition to inactivating mutations in
FBXW?7, the abnormal AKT and PTEN activity, which is commonly found in human
cancers, may additionally and indirectly inactivate the tumor-suppressive functions of
FBXW?7 through inhibiting the GSK3-dependent phosphorylation of FBXW?7 oncogenic
substrates. Importantly, some of the FBXW?7 oncogenic substrates are stabilized (activated)
in human cancers thorough mutations in their CPD motifs rendering them insensitive to
FBXW?7. For example, the degradation of c-MYC is enhanced by phosphorylation at Thr-56
[248, 249], which is located within the c-MYC CPD, and missense mutations in this region
are found in lymphomas [250, 251]. Similarly, activating mutations in NOTCH1, which
occurs in approximately in 50% of T-ALL, often target the PEST domain [252] containing
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the CPD motif, and these mutations are mutually exclusive with FBXW?7 mutations found in
these malignancies [140-143].

Experimental evidence for the potent tumor suppressor activity of FBXW?7, particularly in
hematologic malignancies, comes from data showing that Fbxw7 deletion in T cells or in
hematopoietic stem cells (HSCs) was sufficient to cause T-ALL, which can be accelerated
by the activation of oncogenes such as Notchl, or by the loss of additional tumor suppressor
genes, such as Pten or p53 [147, 157-160]. Foxw7ARG/* mice however, did not develop T-
ALL, but the Foxw7ARGC allele cooperated with deregulated Notch1 to drive T-ALL, and this
was largely dependent on increased stability of c-Myc [147]. In addition to NOTCH1 and c-
MY C, deregulated stability of cyclin E is also a key player in FBXW?7-driven T-ALL. This
is demonstrated in mice expressing FBXW7-resistant allele of cyclin E1 (Cyclin EACFD),
which developed T cell malignancies, but additionally exhibited a chromosomal instability
phenotype not seen in Fbw7ARG* T_ALL [253].

Deletion of FBXW?7 in the mouse gut on the other hand, is not sufficient to cause colorectal
tumors, but cooperates with other mutations commonly seen in human colorectal cancers,
such as APC or p53 inactivation, to accelerate adenoma formation and increase tumor
burden without progressing to more advanced stages [139, 161, 162]. This finding supports
a functional role for FBXW7 mutations that are found in early stage human colon adenomas
[254].

It is noteworthy that FBXW?7 has been shown to exhibit oncogenic activity in chronic
myeloid leukemia (CML). Deletion of Foxw7 in mice resulted in the exhaustion/eradication
of leukemia-initiating cells (LICs) by allowing them to exit quiescence or undergo apoptotic
cell death. In one study, deletion of Fbxw7 resulted in c-Myc overexpression and p53-
dependent apoptosis in LICs that inhibited tumor progression [163]. In another, the
upregulation of c-Myc following Fbxw7 deletion abrogated quiescence in LICs, and
rendered them sensitive to imatinib treatment in mice [164]. These results demonstrate that
in CML, the main function of FBXW?7 is to maintain the quiescence state of stem cell
population. In principle, this is an anti-proliferative activity, but its abrogation results in
tumor suppression due to the exhaustion of cancer initiating cells. Whether this role of
FBXW?7 is conserved in other cancer stem cells is yet to be determined.

Recent work from the Mallampalli laboratory identified potential tumor suppressor activities
for the F-box protein FBXL2 by facilitating the ubiquitin-mediated degradation of crucial
cell cycle regulators including cyclin D2, cyclin D3 and Aurora B. D-type cyclins partner
with CDK4 and CDKG® to drive G1-to-S cell-cycle progression. Consequently, failure of D-
type cyclin degradation may lead to premature entry into S-phase, whereas their accelerated
degradation may arrest cells in G1. Indeed, Chen et al. found that ectopic expression of
FBXL2 induces Gy cell cycle arrest and apoptosis in B-lymphoblastoid and leukemic cell
lines. Importantly, the levels of FBXL2 are reduced in tissue samples from acute
myelogenous leukemia (AML) and acute lymphoblastic leukemia (ALL) patients, and were
accompanied by increases in cyclin D2 protein levels. FBXL2-mediated degradation of
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cyclin D2 is inhibited by calmodulin, which binds to the same site required for FBXL2-
cyclin D2 interaction and suppressed FBXL2-mediated degradation of cyclin D2 [174].

In lung epithelial cells, ectopic expression of FBXL2 induced mitotic arrest, which was
accompanied by the appearance of supernumerary centrosomes and tetraploidy and inhibited
the growth and migration of tumorigenic cells in vitro, suppressing tumor formation in
athymic nude mice [175]. This was likely mediated through its ability to ubiquitylate and
promote the degradation of cyclin D3, which localizes to centrosomes [255], as well as to
the accelerated degradation of Aurora B (see below). FBXL2-induced degradation of cyclin
D3 in lung carcinoma cells was also stimulated by the chemotherapeutic agent vinorelbine,
which increases FBXL2 protein, resulting in enhanced cyclin D3 degradation and apoptosis
[175]. Similar to cyclin D2, FBXL2-mediated degradation of cyclin D3 is inhibited by
calmodulin, which binds to cyclin D3 and prevents FBXL2-cyclin D3 binding and whose
depletion accentuates vinorelbine-induced apoptosis [175].

The induction of mitotic arrest and apoptosis following FBXL2 expression in human lung
cancer cells is aided through its ability to ubiquitylate and target for degradation Aurora B
[173], a kinase involved in spindle assembly, chromosomal cohesion, alignment and
segregation and in cytokinesis. Importantly, the stable expression of FBXL2 in A549 lung
cancer cells inhibited tumor formation of athymic nude mice [173]. Similar results were
obtained following the stabilization of FBXL2 in the human leukemic monocyte lymphoma
cell line by BC-1258, a small molecule inhibitor of the SCFFBXO3 ybiquitin ligase, that
targets FBXL2 for ubiquitin-mediated proteolysis [256], thus providing a therapeutic tool
for lung and hematologic malignancies [173].

Unlike cyclin D2 and cyclin D3, which are ubiquitylated and degraded via a seemingly
phosphorylation-independent recognition of cyclin D2 and D3 proteins, the degradation of
cyclin D1 is mediated through a phosphorylation-dependent recognition of cyclin D1 by a
number of F-box proteins (Tables 1, 2). Cyclin D1 is a key regulator of G1/S transition and
its expression is often elevated in human malignancies such as lymphoma, breast cancer and
esophageal cancer [181]. The FBXO4 protein has long been implicated in the regulation of
cyclin D1 turnover in normal cycling cells, and this was shown to be dependent on the
chaperone protein ap-crystallin, which recognizes cyclin D1 following its phosphorylation
on Thr-286 by GSK3p [177]. Consequently, the loss of FBXO4 in cancer cell lines and in a
subset of primary cancers was associated with cyclin D1 accumulation [177], suggesting a
possible tumor-suppressive function for this F-box protein. Importantly, inactivating
mutations in FBXO4 are found in a subset of human esophageal cancers and these mutations
prevented the dimerization of FBXO4, resulting in impaired cyclin D1 degradation and
oncogenic transformation in colony formation assays [178]. Of note, dimerization and
subsequent activity of the SCFFBXO4 E3 |igase are dependent upon GSK3B-mediated
phosphorylation during G1/S transition [178, 257], and on the interaction between
SCFFBX04 and the 14-3-3¢ protein [258]. The FBXO4-dependent degradation of cyclin D1
is antagonized by the mTOR kinase mTORC2 in non-small cell lung carcinoma cells [259].
Additional studies in mouse cells demonstrated that FBXO4 also promotes the
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ubiquitylation and degradation of cyclin D1 following DNA damage, and this too, was
mediated by GSK3p-dependent phosphorylation of cyclin D1 on Thr-286, which in turn was
dependent upon ATM signaling [260]. The loss of FBXO4-mediated degradation of cyclin
D1 stimulated radio-resistant DNA synthesis and impaired the intra-S-phase checkpoint
response in NIH3T3 cells, resulting in the accumulation of chromatid breaks and S-phase
sensitivity to chemotherapeutic agent camptothecin (CPT) [260].

Consistent with a tumor-suppressive role for FBXO4, Vaites et. al., demonstrated that
Fbxo4*/~ and Fbxo4 =/~ mice developed lymphomas, histiocytic sarcomas, and mammary
and hepatocellular carcinomas [179]. Furthermore, tumor and tissue samples extracted from
these mice displayed elevated cyclin D1 levels [179]. The same group also demonstrated
that Fbxo4 deficiency induces Braf-driven melanoma and this was dependent on cyclin D1
[261]. In addition, papilloma growth in Fbxo4*/~ and Fbxo4~~ mice was reported
following treatment with the esophageal carcinogen, N-nitrosomethylbenzylamine [180].
Furthermore, treatment of mice harboring these tumors with the CDK4/6 specific inhibitor
PD0332991 reduced the number and size of these tumors, suggesting that sustained
tumorigenesis is dependent on cyclin D1/CDK4 activity [180].

In addition to FBXO4 and unlike the case in the NIH3T3 mouse fibroblasts, the degradation
of human cyclin D1 following DNA damage was reported to be dependent on the FBX0O31
protein [190]. The FBXO31 gene resides on 16g24.3 and is a candidate tumor suppressor
gene that exhibits loss of heterozygozity (LOH) in breast [184, 185], ovarian [186] and
prostate [187] cancers. FBXO31 expression is also down-regulated in breast [185],
hepatocellular [188] and gastric cancers [189]. In response to DNA damage, the ATM
kinase was shown to phosphorylate FBXO31 on Ser-278, resulting in increased FBX031
protein level and the degradation of cyclin D1, which was also phosphorylated by ATM on
Thr-286, leading to cell cycle arrest in the G1 [190]. Conversely, RNAi-mediated
knockdown of FBXO31 prevented DNA damage-induced cyclin D1 degradation and
increased the sensitivity of melanoma cells to IR. This suggests that therapeutic targeting of
FBXO031 could induce radiosensitization in melanoma. It is important to note that this study
was conducted in a single melanoma cancer cell line, SK-MEL-28, and thus whether
FBXO031 has similar activities in other cell types remains to be seen.

A recent study has challenged the role of FBXO4, FBX031, SKP2, and FBXWS (see
below) in regulating cyclin D1 stability [181]. Kanie et al. developed a mouse knockout of
Fbxo4 and found that these Fbxo4~/~ mice developed normally and did not develop
neoplasms up to 1 year of age, and additionally exhibited normal cyclin D1 levels.
Furthermore, the apparent normal stability of cyclin D1 in Fbox4~/~ mouse embryo
fibroblasts (MEFs) cannot be accounted for through redundant or compensatory
ubiquitylation and degradation of cyclin D1 by the other F-box proteins SKP2, FBXWS8 or
FBX031, since the simultaneous deletion/depletion of these proteins did not impact cyclin
D1 stability. This important finding casts doubt on the identity of the E3 ubiquitin ligase(s)
that regulate cyclin D1 stability in cancer cells and may suggest that the aforementioned F-
box proteins may only regulate cyclin D1 stability in a cell type-specific manner [181].
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Clearly, additional studies are required to understand the mechanism underlying the rapid
turnover of cyclin D1 protein, the consequences of its deregulated proteolysis, and whether
it contributes to cyclin D1-induced tumorigenicity.

More recent findings suggested that FBX0O31 may suppress tumor formation through the
targeted proteolysis of two additional ubiquitylation substrates, CDT1 [191] and MDM2
[192]. The CDT1 protein is a chromatin licensing and DNA replication factor that associates
with CDC6 to form the pre-RCs and is critical for the recruitment of the DNA replicative
helicase MCM2-7 [191]. FBXO31-mediated ubiquitylation and degradation of CDT1 occurs
in G2 and early M phase to prevent re-replication that occurs as a consequence of CDT1
accumulation [191]. Consistent with this observation, the depletion of FBXO31 by siRNA
was shown to induce re-replication albeit at low levels [191]. CDT1 however, and as
mentioned above, is degraded primarily during S-phase and this is mediated by the SCFSKF2
and CRL4CPT2 ybiquitin ligases. SCFSKP2 ybiquitylates CDT1 following its
phosphorylation by cyclin A-CDK2 and degrades soluble CDT1, whereas CRL4CDT2.
dependent ubiquitylation and degradation of CDT1 requires the interaction between CDT1
and chromatin-bound PCNA [110, 262]. We have recently demonstrated that CDT1, similar
to p21 and SET8, two other substrates of the CRL4CPT2 [110, 262], begins to re-accumulate
as cells complete S-phase and enter G2 [263]. Consistently, it was found that in G2 cells,
CDT1 is prevented from being ubiquitylated and degraded by the CRL4PT2 through two
independent mechanisms. The first mechanism is mediated through the phosphorylation of
CDT1 by the JNK and p38 kinases, thus preventing CDT1 recognition by the CRL4CDPT2
ligase [264]. In addition, a second mechanism ensures that CDT2 is prevented from being
recruited to chromatin through its phosphorylation by CDK1 [265]. Notably, the re-
accumulation of CDT1, similar to SET8, in G2 was shown to be important for cell cycle
progression [265]. Because extensive DNA re-replication is deleterious to cells, the re-
replication resulting from failure to degrade CDT1 by FBXO31 in tumors with low or absent
FBXO31 is likely to be only minor. Consistently, CDT1 increase or activation in response to
CRL4CDT2 jnactivation or the depletion of geminin (an endogenous inhibitor of CDT1)
results in robust re-replication and is associated with cell cycle arrest and severe growth
inhibition [110, 262]. On the other hand, inactivation of FBXO31 only resulted in the subtle
levels of re-replication (7.6% vs. 4.6% in control cells), and does not inhibit growth [191].
Thus, the ability of FBXO31 to degrade CDT1 in G2 is limited and may be required only to
dampen the level of CDT1 rather than obliterate its activity. It is tempting to speculate that
in the absence of FBXO03L1, higher than necessary levels of CDT1 may result in minute
levels of re-replication that may contribute to gene amplifications and/or genome instability
associated with the tumorigenic phenotype.

Another FBXO31 ubiquitylation substrate, MDM2, is an E3 ligase, which ubiquitylates and
promotes the degradation of p53. In response to DNA damage, MDM?2 is targeted for
degradation by the SCFFBX031 |igase and this requires phosphorylation of both MDM?2 and
FBX031 by ATM [192]. The proteasomal degradation of MDMZ2 results in the stabilization
of p53 and growth arrest. It remains unclear however, the individual contribution of cyclin
D1, CDT1 and MDM2 to the tumor suppressor functions of FBXO31 or whether FBX031
exhibits additional tumor-suppressive activities independent of its ability to downregulate
these proteins.
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4.5. Other F-box proteins with tumor-suppressive functions

The gene encoding FBXO11 has been shown to be frequently and monoallelically deleted in
diffuse large B-cell lymphoma cell lines (DLBCL) and in primary B cell-lymphomas,
suggesting that it functions as a haploinsufficient tumor suppressor protein [233]. The
tumor-suppressive function of FBXO11 in DLBCL is attributed to its ability to promote the
ubiquitylation and degradation of BCL6, a key oncoprotein involved in the development of
these malignancies. Restoration of FBXO11 expression in FBXO11-deficient cells promoted
BCL6 degradation and suppressed proliferation and tumorigenesis in a xenograft mouse
animal model of DLBCL [233]. In addition, CDT2, a substrate receptor for the CRL4CPT2
ubiquitin ligase, which is overexpressed in multiple human cancers [262] has been identified
as a novel substrate of FBXO11, and its degradation is important for regulating cellular
responses to TGF-B, cellular migration and exit from the cell cycle [235, 236, 266].
SCFFBXO1l mediated degradation of CDT?2 stabilizes the CRL4PT2 substrates p21 and
SETS, and this is important for the response of epithelial cells to TGF-p stimulation and for
cellular migration. Importantly, the migration defect of epithelial cells depleted of FBX0O11
could be corrected by the reconstitution of catalytically active SET8 protein [235].

The F-box protein FBXW8 exhibits characteristics of tumor suppressor proteins. Unlike
other F-box proteins, FBXWS8 is unique in its ability to associate both with cullin 1 and with
cullin 7 ligases [215]. FBXWS8 has been shown to regulate cellular proliferation via
ubiquitin-dependent degradation of proteins that promote cellular proliferation, such as
IRS-1[216, 267], TBC1D3 [217], cyclin D1 [218], and HPK1 [219]. The Cul7FBXW8
complex mediates the degradation of IRS-1, a crucial regulator of the IGF-1 signaling
pathway [267]. Ectopic expression of FBXWS8 in breast cancer cells led to increased IRS-1
degradation, a process dependent on mTOR/S6K activity [267]. More recently, the
mTORC2 complex was shown to phosphorylate and stabilize FBXWS8, directing it to the
cytosol where it interacts with and facilitates the destruction of IRS-1 [216]. Cul7FBXW8 hag
also been reported to mediate the proteasomal degradation of the TBC1D3 oncoprotein in
response to serum stimulation and growth factor signaling [217].

Contrary to the growth suppressing activity of FBXWS8 described above, recent findings
suggest that this protein may also be required for cell proliferation. For example, depletion
of FBXWS8 in human colon carcinoma cells significantly inhibited proliferation and this was
attributed to the accumulation of its substrate cyclin D1 in the cytoplasm and sequestration
of CDK1 [218]. This is the only example where failure to degrade cyclin D1 was shown to
increase its abundance, and was associated with growth inhibition instead of growth
stimulation. Suppressed growth following FBXW8 depletion was also seen in the human
choriocarcinoma JEG-3 cells, and this was associated with cell cycle arrest in G2/M phase
with concurrent upregulation of the p27 protein [268]. Whether cyclin D1 plays a role in this
growth suppression remains to be investigated. Finally, knockdown of FBXWS8 in pancreatic
cancer cells decreased cellular proliferation via stabilization of HPK1, a serine/threonine
kinase depleted by proteasomal degradation in over 95% of pancreatic cancer [219].

The gene encoding FBXL7 has been identified as a discriminative gene for ovarian cancer
[194] and variants of FBXL7 have been associated with increased breast cancer risk [195],
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suggesting that this F-box protein may have a tumor-suppressive function. Although its
specific role in tumorigenesis has not been elucidated, FBXL7 has been shown to target
proteins involved in mitosis, cellular proliferation, and mitochondrial function [196, 197].
SCFFBXLT mediates the proteasomal degradation of Aurora A, responsible for regulating
mitotic spindle formation and chromosome alignment and segregation [196]. Interaction
between FBXL7 and Aurora A occurred at the centrosome, specifically during mitosis,
suggesting that FBXL7-directed destruction of Aurora A may be a crucial regulator of
mitosis and cell proliferation. Consistently, overexpression of FBXL?7 in transformed lung
epithelial cells was sufficient to induce G2/M arrest and polyploidy, as well as an increase in
apoptosis [196].

Recently, FBXW4 has also been implicated as a potential tumor suppressor protein, given
that FBXW4 is under-expressed, mutated, or deleted in several human cancers and in clinical
samples [244]. Furthermore, decreased expression of FBXW4 correlated with poor patient
survival in lung adenocarcinoma [244]. The characterization of FBXW4 ubiquitylation
substrates will further elucidate its mechanism of tumor-suppression in cancer.

5. Regulation of cell survival and apoptosis by F-box proteins

An important characteristic of cancer cells is their ability to evade apoptotic signals and
survive in a growth-suppressing environment. This often results through the upregulation of
anti-apoptotic or pro-survival genes or reciprocally, through the downregulation of pro-
apoptotic proteins. The ability to initiate apoptosis following cellular stress or DNA damage
is an important characteristic of some tumor suppressor proteins. Alternatively, oncogenic
proteins may promote tumorigenesis by disabling their apoptosis-inducing machinery. In
this section, we highlight the roles of some of the F-box proteins, which have been shown to
regulate apoptosis (Figure 3).

5.1. F-box proteins with pro-apoptotic activities

In a recent study, the gene encoding FBX025 was shown to function as a haploinsufficient
tumor suppressor gene, which is heterozygously deleted in a subset of mantel cell lymphoma
(MCL) [245]. In these cancers, the loss of one FBXO25 allele was sufficient to promote the
survival of MCL cells through failure to ubiquitylate and degrade the anti-apoptotic and pro-
survival protein HCLS1 (hematopoietic cell-specific Lyn substrate 1)-associated protein
X-1, HAX-1 [245]. Both HAX-1 and FBXO25 are phosphorylated by protein kinase C delta
(PRKCD) to initiate the FBXO25-mediated degradation of HAX-1 following apoptotic
stress, such as that induced by the chemotherapeutic and DNA damaging agent etoposide. In
addition, and consistent with a tumor-suppressive role for this gene, FBX025 has also been
found to interact with and facilitate the degradation of the proto-oncogene ELK-1 to
suppress ELK-1-dependent transcriptional activation of c-FOS and EGR-1 in response to
tumor promoter TPA [247]. Together, these studies highlight the role of FBOX25 in
suppressing tumorigenesis.

FBXO010 has also been found to initiate apoptotic cell death in human lymphoma by
targeting the anti-apoptotic protein BCL2 for proteasomal degradation [230]. Consistent
with its putative tumor-suppressive role, FBXO10 is inactivated or its expression is reduced
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in DLBCL [230]. Similarly, downregulation of FBXO10 transcript levels in T cells has been
correlated with increased breast cancer susceptibility [231, 232]. Whether FBXO10 exhibits
tumor-suppressive functions independent of BCL2 downregulation remains to be seen.

As mentioned in Section 4.5, the ectopic expression of FBXL7 in transformed lung
epithelial cells induces apoptosis through the degradation of Aurora A [196]. A recent study
reports that SCFFBXL7 also targets the anti-apoptotic protein survivin for ubiquitin-mediated
degradation, thereby regulating mitochondrial activity [197]. Survivin is a member of the
inhibitor of apoptosis (IAP) family that prevents caspase activation, resulting in the
induction of apoptosis. Overexpression of FBXL7 in lung epithelia was shown to induce
mitochondrial dysfunction, while efficient knockdown of FBXL7 protected the
mitochondria from damage caused by depolarization [197].

Finally, and as described in Section 3.3, the FBXO7 protein has some pro-apoptotic activity
via the ubiquitylation of clAP1 (Inhibitor of apoptosis protein 1) [102], although this protein
exhibits mostly oncogenic activity.

5.2. F-box proteins with anti-apoptotic activities

FBX045 mediates the proteasomal degradation of the pro-apoptotic tumor suppressor
protein p73, a member of the p53 family of transcription factors [227]. Furthermore, siRNA-
mediated silencing of FBX045 was sufficient to stabilize p73, thereby sensitizing breast
cancer cells to chemotherapeutic agent-induced death, suggesting a possible oncogenic
function for FBX045 [227]. Another study implicated FBXO45 in the degradation of tumor
suppressor protein PAR4 (Prostate apoptosis response protein 4), which promotes apoptosis
in cancer cells [228]. The depletion of FBX045 was shown to stabilize Par4 in mouse
embryonic stem cells, resulting in enhanced apoptosis [228].

As stated in Section 3.3, FBXL10 exhibits anti-apoptotic function via the regulation of
apoptosis inducer p19 (ARF) [132]. Furthermore, FBXL10 has been shown to suppress
apoptosis via direct binding and repression of c-FOS, c-JUN and RIPK3 promoters
[133-135]. FBXL10 also promotes cell proliferation and inhibits senescence through
inhibiting the transcription of the CDK4 inhibitor p15 (INK4B) [136]. In addition, SKP2
suppresses apoptosis via degradation of the transcription factor FOXOL1 [54], which
positively regulates apoptosis.

6. Regulation of invasion and metastasis by F-box proteins

Another hallmark of cancer cells is their ability to invade local tissue and vasculature and
establish colonies at a distal site. This process is often driven by activation of epithelial-
mesenchymal transition (EMT), which enables epithelial cells to lose cell-cell adhesion and
acquire the migratory and invasive capacity of mesenchymal stem cells. Here we highlight
the roles of several F-box proteins in regulating EMT and tumor metastasis (Figure 3).

As mentioned in Section 4.5, the tumor-suppressive function of FBXO11 has been attributed
to its ability to downregulate the oncoprotein BCL6 [233] and potentially CDT2 [235, 236].
More recently, FBXO11 has also been identified as a crucial inhibitor of metastasis in breast
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cancer. This is mediated through the targeted ubiquitylation and degradation of SNAIL
[238], a transcription factor that represses the CDH1 gene encoding E-cadherin to promote
EMT in human epithelial cells. FBXO11 recognizes and targets SNAIL protein for
degradation following its phosphorylation on Ser-11 in the SNAG domain by protein kinase
D1 (PKD1). FBXO11-mediated downregulation of SNAIL inhibited tumorigenesis of the
Neu-transformed human mammary epithelial cells HMLEN in nude mice. In addition,
FBXO11 overexpression inhibited the metastasis of the mouse mammary tumor cell line
4T1 to the lungs, and this was largely attributed to its ability to suppress SNAIL expression
and inhibit EMT. Reciprocally, depletion of endogenous FBXO11 promoted lung metastasis
in this breast cancer model system. Importantly, immunohistochemistry staining of breast
cancer tissue samples demonstrated a significant correlation between low FBXO011
expression and high SNAIL protein, which correlated with the invasive properties of these
breast cancers [238]. These results demonstrate a critical role for the FBX0O11-PDK1-
SNAIL degradation axis in suppressing tumorigenesis and metastasis in breast cancer. This
mechanism of downregulation of SNAIL is distinct from the mechanism mediated by p-
TRCP1, which is dependent on SNAIL phosphorylation at two separate motifs by GSK33
and regulates SNAIL’s subcellular localization and ubiquitylation [73].

The ubiquitylation and degradation of SNAIL, as well as two other SNAIL family members,
SLUG and SCRATCH, by FBX011 was confirmed in a second study [239]. However, this
study demonstrated that neither the SNAG domain, nor SNAIL phosphorylation were
required for recognition by FBXO11. Nevertheless, both studies demonstrated clearly that
the FBXO11 acts as a master regulator of EMT and metastasis, at least in the context of
breast tumorigenesis.

In addition to FBXO11 and -TRCP1, FBXL5 has also been shown to mediate the turnover
of SNAIL [206, 213]. The downregulation of SNAIL by FBXL5 was shown to suppress
metastasis in gastric cancer cells, and FBXL5 protein levels were significantly reduced in
metastatic gastric cancer tissue samples, and negatively correlated with SNAIL protein
levels [206]. Another study reported that the downregulation of the actin-interacting protein
cortactin by FBXLS5 inhibits gastric cancer cell migration and invasion, whereas the
expression of non-degradable cortactin protein promoted cell migration in gastric cancer
cells [269]. Notably, FBXLS5 protein levels are downregulated following IR, resulting in the
stabilization of SNAIL [213] and providing a mechanistic basis for the induction of EMT
following radiotherapy.

Contrary to the tumor-suppressive effects of FBXL5 described above, FBXL5 also appears
to exhibit tumor-promoting activities. For example, depletion of FBXL5 in HelLa cells was
reported to suppress anchorage-independent growth, presumably through E-cadherin
upregulation at the post-transcriptional level [270]. Moreover, FBXL5 expression was
upregulated in lung cancer samples, and this correlated with lower levels of its
ubiquitylation substrate hSSB1, a crucial regulator of genome stability [207]. The FBXL5-
directed ubiquitylation and degradation of hSSB1 was shown to abrogate the DNA damage
response during genotoxic stress [207]. This latter result suggests that FBXL5 may also
contribute to cancer development, at least in the context of lung cancer.
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FBXL14 regulates key EMT-associated transcription factors, including SLUG [199], SNAIL
[198], TWIST1 and SIP1 [201]. FBXL14 was shown to mediate the proteasomal
degradation of SLUG during neural crest development in Xenopus embryos [199], and
SNAIL in human tumor cells [198]. Under hypoxic conditions, FBXL14 is downregulated,
which is accompanied by SNAIL stabilization [198]. TWIST1 and SIP1 were subsequently
identified as additional FBXL14 substrates in Xenopus embryos [201]. The identification of
multiple regulators of EMT as FBXL 14 substrates underscores the importance of FBXL14
in regulating EMT, suggesting that it may represent yet another suppressor of metastasis.

In addition to its oncogenic properties (Section 5.2), FBX045 also exhibits tumor-
suppressive characteristics through regulation of EMT-inducing transcription factors
ZEB1/2, SNAIL, SLUG and TWISTL1 [229]. Accordingly, repression of FBX045 by
miR-27a resulted in enhanced EMT initiation and cancer progression [229].

In contrast to the F-box proteins which suppress EMT and metastasis, JFK (Section 3.3) has
been shown to promote angiogenesis and metastasis of breast cancer via turnover of ING4
(inhibitor of growth protein 4) [86].

7. F-box proteins and the regulation of genome integrity

Genome instability is regarded as an enabling characteristic of tumorigenesis [271]. Some F-
box proteins maintain genome integrity and prevent the accumulation of cancer-causing
mutations by promoting DNA repair and ensuring mitotic fidelity and appropriate telomere
function. Some, such as B-TRCP1/2, are critical regulators of the DNA damage response
(Section 3.2) and they directly impact the integrity of the genome. Others impact the
integrity of the genome, but only indirectly. In this section, we highlight the activity of some
F-box proteins whose deregulated expression or activity may also contribute to
tumorigenesis through impacting the integrity of the genome (Figure 3).

7.1. Cyclin F (FBXO1)

Cyclin F is the founding member of the F-box family of proteins, in which the F-box motif
was first identified [104]. Cyclin F regulates cell cycle transitions and oscillates in a pattern
similar to cyclin A2 and cyclin B1, although unlike most cyclins, it does not partner with
any CDK [222, 272]. Mice deficient of Cyclin F exhibited placental development
abnormalities and subsequently died at E10.5, whereas Cyclin F*/~ mice were normal and
fertile. Although cyclin F was not essential for MEF viability, MEFs devoid of Cyclin F had
impaired cell cycle progression, with a delayed doubling time and postponed cell cycle
reentry from quiescence [222].

Consistent with a tumor-suppressive role for this F-box protein, low expression levels of
cyclin F were found in hepatocellular carcinoma and significantly correlated with tumor
size, clinical stage, and tumor multiplicity [220]. Reduced expression of cyclin F was also
associated with poor tumor differentiation, poor overall survival and poor progression-free
survival, validating the prognostic impact of cyclin F in hepatocellular carcinoma [220]. In
addition, cyclin F has been identified by expression profiling as a potential cell cycle gene
that is differentially altered in lung cancer [221].
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As a functional component of the SCF complex, cyclin F has been shown to prevent genome
instability and centrosome duplication by facilitating the proteasomal degradation of CP110
[223], NUSAP [224] and RRM2 [225]. Cyclin F regulates CP110 levels during G2 to
preserve genome integrity and mitotic fidelity [223]. CP110 is necessary for centrosome
replication and its degradation ensures the precise duplication of centrosomes, preventing
centrosomal and mitotic anomalies due to centrosome reduplication. Depletion of cyclin F
resulted in centrosomal and mitotic defects, which could be rescued by co-silencing CP110
[223]. CP110 is also regulated by the deubiquitinase USP33, which antagonizes SCFCYclinF
activity during S and G2/M to stabilize CP110, causing mitotic abnormalities [273].

Cyclin F also regulates chromosome stability via the downregulation of NUSAP, a
microtubule binding protein that functions in chromosome alignment and segregation [224].
SCFCyelinF facilitates NUSAP degradation in response to UV-induced DNA damage during
S and G2 phases of the cell cycle [224]. Like CP110, NUSAP is also involved in
microtubule spindle assembly, highlighting the importance of Cyclin F in regulating
chromosomal stability.

RRMZ2, the ribonucleotide reductase family member 2, is another ubiquitylation substrate for
the SCFCYCNinF |igase [225]. RRM2 is required for the cell cycle-dependent activity of
ribonucleotide reductase (RNR), an enzyme essential for DNA synthesis. RNR is
responsible for catalyzing the conversion of ribonucleotides (rNTPs) to
deoxyribonucleotides (ANTPs) during DNA replicative and repair synthesis. RRM2 is
ubiquitylated and subsequently degraded upon CDK-dependent phosphorylation of RRM2
on Thr-33 in G2 for the purpose of maintaining balanced dNTP pools [225]. Failure to
degrade RRM2 either through the depletion of cyclin F by siRNA or following the
expression of cyclin F-resistant and non-degradable RRM2 led to enhanced mutation
frequency and genomic instability as a consequence of excessive dNTP accumulation.
Furthermore, DNA damage elicited by different agents e.g. doxorubicin, CPT, UV, MMS, or
y-irradiation, stimulated ATR-dependent downregulation of cyclin F, leading to
accumulation of RRM2. Importantly, defective elimination of cyclin F prevented DNA
damage-induced accumulation of RRM2, delayed DNA repair, sensitized cells to DNA
damage and promoted cell death, and these phenotypes were reverted by the expression of
cyclin F-resistant mutant of RRM2 protein [225].

Cyclin F plays another role in cell cycle checkpoint control via the suppression of
oncoprotein B-MYB [226], a transcriptional activator involved in cell cycle progression.
Following IR, Cyclin F interacts with B-MYB through its cyclin box domain to prevent B-
MY B phosphorylation by cyclin A-CDK [226]. Consequently, B-MYB is unable to promote
G2 progression until DNA damage can be repaired. This ensures the preservation of the G2
checkpoint response following IR [226].

7.2. Other F-box proteins involved in the regulation of genome stability

FBXO4 has been implicated in telomere homeostasis through its role in the regulation of the
telomere regulator TRF1 protein [183]. TRF1 is downregulated in many human cancers and
plays a role in cell cycle checkpoint regulation and in telomere elongation [183]. Ectopic
expression of FBXO4 was shown to reduce TRF1 protein stability, resulting in telomere
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elongation. Conversely, FBXO4 depletion increased TRF1 protein levels, resulting in
telomere shortening and diminished cell growth [183]. This finding however, is more
consistent with a tumor promoting, rather than a tumor-suppressing activity for FBX0O4
(Section 4.3). Although some evidence suggests conditional knockout of TRF1 increases
incidence of neoplastic lesions in mice, the extent to which TRF1 degradation contributes to
tumorigenesis has yet to be fully clarified [274].

FBXO018 functions both as a DNA-helicase and as a component of the SCFFBX018 E3
ubiquitin ligase [275], although no ubiquitylation substrates for human FBXO18 have been
identified to date. The FBXO18 locus is frequently deleted in melanoma and lung cancer cell
lines [240], and rare variants within the FBXO18 gene were reported to be strongly
associated with breast cancer risk [241], suggesting that FBXO18 may function as a tumor
suppressor. Consistent with this notion, depletion of FBX018 in melanocytes promoted UV
irradiation-induced transformation. The helicase activity of FBX018 has been shown to
regulate homologous recombination (HR) repair, thereby contributing to the maintenance of
the genome [276]. In response to DNA replication stress induced by UV, FBXO18 promotes
the helicase-dependent induction of DNA double-strand breakage and activation of ATM
and DNA-PK [277]. Once activated, RPA2 and p53 are phosphorylated, resulting in
apoptosis [277]. Likewise, another study reported that FBXO18 was able to induce double
strand DNA breaks and cell death in response to replicative stress with the help of MUS81
nuclease in promoting endonucleolytic DNA cleavage [278]. It is conceivable that the
tumor-suppressive role of FBX018 may be attributed to its contribution to genomic
maintenance, although the identification of FBXO18 substrates will shed further light on its
role in tumorigenesis.

In response to DNA damage, the F-box protein FBXL20 targets VVps34 (Vacuolar protein-
sorting 34) for proteasomal degradation [205]. Vps34 is the catalytic subunit in the class 111
PtdIns3 (phosphatidylinositol 3) kinase complex that is necessary for mTORCL1 autophagy
activity. In response to the DNA damaging agent CPT, cyclin B1-CDK1 phosphorylates
Vps34 on Thr-159 to initiate its degradation, leading to inhibition of autophagy and receptor
degradation. Furthermore, the transcription of FBXL20 is induced by p53, suggesting that
FBXL20-mediated downregulation of Vps34 may represent a novel mediator of p53-
checkpoint that regulates autophagy in response to DNA damage [205]. Additionally,
FBXL20 may function as an oncogene, given that FBXL20 overexpression was detected in
human colorectal adenocarcinoma [202]. Therefore, further investigation is required to
elucidate the role of FBXL20 in cancer.

The ubiquitin-dependent degradation of BRCAL may also be relevant to the oncogenicity of
SKP2. BRCAL, a scaffold protein for the assembly of HR proteins at DNA double-strand
breaks (DSBs) [279], was shown to be phosphorylated by CHK?2 kinase upon y-irradiation
and ubiquitylated and degraded through the SCFSkPZ [55]. BRCA1 degradation begins in
late G1 phase, abolishing its inhibition of the nuclease activity of the double-strand break
repair protein MER11A, and ensuring the initiation of HR in S and G2 phases of the cell
cycle.
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B-TRCP1/2 play important roles not only in regulating cellular response to DNA damage
and the recovery from DNA damage as discussed above (Section 3.2), but also directly
impact the repair of damaged DNA. For example, in a recently published study, Liu et al,
found that B-TRCP1/2 target XLF (XRCC4 like factor, also called NHEJ1), a component of
the DNA ligase IV/XRCC4 complex involved in the repair of DSBs by non-homologous
end-joining (NHEJ), for ubiquitin-mediated degradation [77]. This degradation is dependent
on AKT-mediated phosphorylation of XLF on Thr-181, which triggers its dissociation from
the XRCC4/DNA ligase IV complex and cytoplasmic retention, where it is
polyubiquitylated and degraded via the SCFP-TRCP ubiquitin ligase. This finding highlights
the interplay between aberrant AKT hyperactivation commonly observed in cancer, the
oncogenic activity of B-TRCP, and the deficiency in timely repair of double-strand breaks,
leading to genome instability and tumorigenesis.

8. Conclusions and Future Perspectives

Significant advances have been made in our understanding of the roles of the F-box proteins
in cancer. An abundance of literature has now shown clearly that deregulation of F-box
proteins by means of mutations, deletions, or over- and under-expression plays critical roles
in cancer development, progression and metastasis. Key molecular events that contribute to
deregulated proliferation as a consequence of deregulated proteolysis by this versatile group
of proteins have been identified, and many of these findings were verified in human cancer
and in experimental animal models of tumorigenesis. For example, the well-documented
tumor suppressor FBXW?7 is mutated at high frequencies or deleted in a large number of
human malignancies (Table 1) Other F-box proteins with emerging tumor-suppressive
functions are also deleted, under-expressed, or mutated in a subset of human cancers (Table
2).

Gain of function activity of other F-box proteins is also abundant in human malignancies,
although the vast majority of these are only overexpressed, without activating mutations or
gene amplifications (Table 2). Yet, their frequent overexpression in human neoplasms (e.g.
SKP2 and p-TRCP1/2), and its association with patient outcome, as well as the validation of
their tumorigenic activity in experimental animals clearly point towards their oncogenic
potential. Other F-box proteins with oncogenic potential are also overexpressed in several
cancers (Table 1), but more validation of their tumorigenic roles is required.

Given their frequent deregulation in human cancer and the key roles they play in regulating
various aspects of the tumorigenic phenotype (Figure 3), this class of proteins represents
attractive molecular targets for therapeutic intervention [2]. The pharmacological targeting
of the SCF ligases in particular or E3 ubiquitin ligases in general however, is not a simple
task given that this class of proteins lack enzymatic activity, and inhibition of the E3 ligase-
substrate interaction is necessary to achieve targeted inhibition. Although challenging,
pharmacological inhibitors of few F-box proteins have been developed, and show significant
promise [280-283]. For example, pharmacological inactivation of the SCFSKP2 |igase was
recently shown to exhibit potent antitumor activities in multiple animal models and
cooperates with chemotherapeutic agents to reduce cancer cell survival [283]. However, the
complexity underlying the regulation of these E3 ligases, as well as the targeted proteolysis
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of many substrates involved in a number of physiological activities by the same SCF ligase
(Figure 3), calls for caution regarding the potential side effects that may arise through
disrupting their activities. Thus, a careful examination of the biochemical activities of these
proteins with regards to the selective ubiquitylation and degradation of key substrates may
represent ideal and suitable targets of intervention.

Although the pharmacological targeting of oncogenic F-box proteins is straight forward,
reactivation of tumor suppressor F-box proteins is a more challenging task, especially for the
proteins that are mutated in cancer, such as FBXW?7. This requires a different mode of
intervention that must be based either on restoring the wild type active form of the protein,
or on the direct inactivation of the oncogenic protein that fails to be degraded by the mutant
F-box protein. Because multiple oncogenic proteins may be stabilized in cancers with
mutated F-box proteins, restoration of the wild type F-box gene may be the only viable
option for these diseases. Here, the recent development of new tools for genome editing,
such as the CRISPR/Cas9, combined with new advances in gene therapy approaches [284],
may prove useful for achieving these goals.

Despite the significant advances made in understanding the biological consequences of
deregulated proteolysis via the SCF ligases, several issues remain unanswered. For example,
with few exceptions, the signaling cascades leading to the activation or inactivation of the
various ligases remain poorly understood. Tissue-specific regulation of these ligases,
interaction with various genetic backgrounds in certain tumor types, and the differential cell
type-specific phenotypic outputs downstream of deregulated activity of the various ligases,
are all issues that need careful examination. Another unaddressed challenge is the cross-
regulation between these F-box proteins and other E3 ligases or other components of the
UPS system. Finally, the majority of F-box proteins remain uncharacterized, without
identifiable substrates, and are likely to play a role in tumorigenesis. Clearly, we are just
beginning to understand the complexity underlying deregulated proteolysis by this class of
E3 ubiquitin ligases and its contribution to cancer, and novel and more comprehensive
approaches are needed to address these pressing challenges.
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Figure 1.

(A) Schematic of the various steps involved in the ubiquitin-proteasome degradation
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pathway. Ubiquitin molecules (red circles) are covalently linked to the substrate in a three-
step enzymatic process, resulting in protein degradation by the 26S proteasome. The final
step is mediated by an E3 ubiquitin ligase. (B) Structural architecture of the CRL1 (SCF)
ubiquitin ligase. Cullin 1 (orange) serves as a scaffold on which, the rest of the complex is
built. The F-box protein (yellow; SKP2 in this illustration) confers substrate specificity by
recruiting target substrates to the SCF core. 3D protein structures were obtained from RCSB
Protein Data Base: 1FQV (SKP1-SKP2 complex), 1LDK (Cullin 1-RBX1-SKP1-F-box

SKP2), 1TTE (UBC1), and 1FXT (UBC1 catalytic domain-Ubiquitin complex).
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Figure 2.
Schematic of human F-box proteins with functional domains, arranged into subclasses

FBXL, FBXO, and FBXW series. F: F-box motif; L: Leucine-rich repeats; Hr: Hemerythrin-
like domain; JmjC: Jomonji C domain; CXXC: CXXC-type Zing finger; PHD: PHD-type
Zing finger; Cyclin N: Cyclin N-terminal domain; Cyclin C: Cyclin C-terminal domain;
PEST: proline (P), glutamic acid (E), serine (S), and threonine (T) sequence; IBR: In
between RING fingers domain; Ub: Ubiquitin-like domain; P131 N: Proteasome regulator,
N-terminal domain; TPR: Tetratricopeptide repeat p: Parallel f-helix repeat; NosD: Parallel
f-helix domain found in Periplasmic copper-binding protein; UBR: Ubiquitin protein ligase
E component n-recognin; UD: UvrD-like helicase N-terminal domain; UvrDC: UvrD-like
helicase C-terminal domain; K: Kelch repeat; FBA: F-box associated domain; SPRY: SPLA
and the ryanodine receptor domain; D: D Domain of 3-TRCP; WD: WDA40 repeat.
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Figure 3.
The regulation of biological activities by F-box proteins implicated in human cancer. The

schematics depict the impact of various F-box proteins that are known to be deregulated in
human cancer on cellular processes relevant to the tumorigenic phenotype, including the cell
cycle (A and B; with A: positive role in proliferation, with potential oncogenic F-box
proteins, and B: with inhibitory role on proliferation, with potential tumor-suppressing role),
cell survival (C), invasion and metastasis (D) as well as those that regulate the integrity of
the genome (E). Positive regulators of cell proliferation, survival and metastasis are depicted
in light red ovals, and those that negatively impact these processes in light blue. Some of
these F-box proteins are represented more than once to highlight their involvement in the
various biological activities. Factors which impact genomic stability are shown in orange
ovals. The SCF ligase with the various F-box protein substrate receptors directs the
ubiquitin-dependent proteasomal degradation of substrates to regulate these processes.
Although they assemble SCF ligases, FBXL10, FBX018 and cyclin F exhibit functions that
are yet to be shown to require their assembly into SCF ligases, and as such are depicted as
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F-box proteins with established or potential oncogenic functions
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Survival

[99].

F-box Biological Deregulation in human Genetic evidence (mouse P . : .
protein processes malignancies models of cancer) Ubiquitylation substrates (biochemical)
g\:]lecr:r)fpreSSIOH e Transgenic - enhanced F4227] [Béggl?%fxz[ﬁ?gcﬂnpa [[42110]]] pCl;colin E
oroliferation | aostate cancer, colorectal | yymorigenesis [28-30]. [38], E2F-1 [44], ORCL [45], CDT1 [46],
SKP2 Metastasis/ ancre%\tic cancers Knockout mice - impaired CDKO [47], c-MYC [48], TOBL [49],
(FBXL1) Survival f mohoma ' or RASSF1A [50], SMADA4 [51], RAG2 [52],
o and delayed tumorigenesis [31- | UBP43 [53], FOXO1 [54], BRCAL [55],
nasopharyhgeal 35]. BRCA2 [56], TRUSS [57], mH2A1 [58],
carcinoma [25-27]. MEF2C/D [59]-
Overexpression -
colorectal [60],
pancreatic [61], and liver Transgenic - mammary,
cancers ovarian and uterine cancers
[62]. B-TRCP2 is [66]. Dominant negative CDC25A [70, 71], B-Catenin [72], SNAIL
B-TRCP1/2 Proliferation/ | overexpressed in expression suppresses [73], ATF4 [74], p105 [75], MDM2 [76], XLF
(FBXW1/11) Genome breast, prostate and gastric UVB-induced hyperplasia [77], 1kBa [78], Pro-caspase-3 [79], PDCD4
stability cancers in [80], p100 [81], DEPTOR [82], WEEL1 [83],
[63]. Somatic mutations in the skin [67]. Knockout CReP [84], TIAML1 [85], EMI1 [68].
gastric mice
cancer [64, 65], suggestive | - non-tumorigenic [68, 69].
of tumor-
suppressive role.
Proliferation/ .
FBX042 Survival/ Overexpression - breast None 053 [87], ING4 [86].
(JFK) Metastasis cancer [86].
Overexpression - ovarian . .| Endogenous inhibitor of the APC/C*PH! and
(F%'\)A(gs) Proliferation | and other ::?r?aclk[%ult]mlce embryonic | 5~ /~coczo ubiquitin ligase [92].
tumors [88-90]. ' No known ubiquitylation substrates.
Expression correlates
negatively with
Genome - BRCAL1 [93], RGS2 (substrate for
FBX044 e BRCAL1 expression in None
stability sporadic breast CRL4FBX044) [94].
cancer [93].
Overexpression - multiple
FBXO9 Survival myeloma None TEL2 [95] TTI1 [95].
[95].
FBX028 | Proliferation g‘fgg’f{’ggfg"o“ - breast None ¢-MYC (non-proteolytic ubiquitylation) [96].
Overexpression Transgenic - cooperates
FBXL10 Proliferation/ " § with Kras®12P to promote ] S hiaitylati
(KDM2B) Survival [[Jg;l]creatlc cancer pancreatic ductal H2A (non-proteolytic ubiquitylation) [98].
' adenocarcinoma [97].
Overexpression in
PRSI transformed murine
: - Overexpressed in epithelial -
FBXO7 Proliferation/ tumors fibroblasts renders them CD43 [101], cIAP1 [102], HURP [103].

tumorigenic in nude mice
[99]. Promotes T cell
lymphomagenesis [100].
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Table 2

F-box proteins with established or potential tumor suppressor activities
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Genetic evidence (mouse models

F-box Biological - : : Ubiquitylation substrates
protein processes Deregulation in human malignancies of (biochemical)
cancer)
Transgenic - Tumorigenic upon
the
expression of mutant FBXW7
[147, 148]. o
Frequent deletion of chromosome 4932 ggﬁ;li?nm - Tumorigenic [156].
in lung, head and neck, testicular, iggtqggies to T-ALL [19, Cyclin E [165], c-MYC [152],
FBXW7 . . breast A - c-JUN [166], TGIF1 [167],
(FBW?7) Proliferation and endometrial cancers [138]. Rglgtlon in the gut cooperates with NOTCH [168], MCL1 [169],
MUtat!ons in T-ALL [140-143]. or p53 loss to cause adenomas KLF5 [170], PLK1 [171].
Mutations [148
in multiple tumors [141, 154, 155]. 161, 162]. Deletion in mice
suppresses
chronic myeloid leukemia (CML)
oncogenic activity [163, 164].
Transgenic mice [172].
Overexpression Cyclin D2 [174], Cyclin D3
FBXL2 Proliferation None in lung cancer cells inhibited [175], Aurora B [173], p85f3
tumors in [176], APP [172].
nude mice [173].
Knockout mice - develop
lymphomas,
- - histiocytic sarcomas, and
. . ;:)C\i/v expression in prostate, thyroid, mammary and .
Proliferation/ breast adenocarcinomas and lymphoma hepatocellular carcinomas, and Cyclin D1 [177, 182], TRF1
FBXO4 Genome [177]. Inactivating mutations in a lossof : [183]
stability subsei Fbxo4 facilitates carcinogen- )
induced
of human esophageal cancers [178]. papilloma formation [179, 180].
Knockout
mice - no tumorigenesis [181].
Frequent LOH in 16g24.3 region in
breast [184, 185], ovarian [186],
and prostate [187] cancers. Low Cyclin D1 [190], CDT1
FBXO031 Proliferation expression None [191], MDM2 [192], PAR6C
in breast [185], hepatocellular [188], [193].
and
gastric cancers [189].
. . Increased ovarian and breast cancer L
FBXL7 Prgllljfrslri%t;?n/ risk None ﬁlér%ra A [196], Survivin
[194, 195]. ’
FBXL 14 SNAIL [198], SLUG [199],
(PPA) EMT None None MKP3 [200], TWIST1 [201],
SIP1 [201].
Genome Overexpressed in human colorectal Knockout mice - none tumorigenic
FBXL20 stability adenocarcinoma [202]. [203]. RIMZ [204], VPS34 [205].
Invasion and Downregulation in metastatic gastric : .
- P Knockout mice - embryonic lethal IRP2 [210, 211], p150
FBXL5 metastasis/ cancer [206]. Upregulated in lung [208, (Glued) [212], SNAIL [213],
Genome | cancer 209] hSSBL [207]
stability - oncogenic function [207]. ' '
Knockout mice - none IRS-1 [216], TBC1D3 [217],
FBXW8 Proliferation None tumorigenic, Cyclin D1 [218], IGFBP2
embryonic lethal) [181, 214, 215]. | [214], HPK1 [219].
. Downregulated in hepatocellular . .
Cyclin F Genome . . Knockout mice - embryonic lethal CP110 [223], NUSAP [224],
(FBXO1) |  stability | Carcinoma [220], and altered in lung [222]. RRM2 [225]. B-MYB [226]

cancer [221].
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. . Genetic evidence (mouse models L .
F-box Biological P . : Ubiquitylation substrates
protein processes Deregulation in human malignancies car?ger) (biochemical)
Cyclin F Genome g;‘gzg;g;I[azt%]inazzp:}t%?gg%a{un Knockout mice - embryonic lethal | CP110 [223], NUSAP [224],
(FBXO1) stability * g [222]. RRM2 [225], B-MYB [226].
cancer [221].
p73[227], PAR4 [228], EMT
FBXO45 | SurvivallEMT None None factors: ZEB1/2, SNAIL,
SLUG and TWIST1 [229].
Downregulated or inactivated in diffuse
large B cell lymphomas (DLBCLS)
" [230],
FBXO10 Survival and associated with increased None BCL2 [230].
susceptibility of breast cancer [231,
232].
. . A . BCL6 [233], CDT2 [235,
Proliferation/ | Deleted or mutated in primary diffuse
- Mouse mutant Jeff (JF) - none 236], p53 [237], SNAIL [238,
FBXO11 Invasion and large B cell lymphomas (DLBCLS) tumorigenic [234]. 239]. SLUG and SCRATCH
metastasis [233]. [239]
Frequently deleted in melanoma and : -
p Knock out in mouse ES cell lines -
F(Eég %)8 Stggﬂ?:? nggg c(i:gpecde\r/vci?rtl kilrre]gzt[ggr?gé??gk impaired mitotic progression after [ ATF1 (in S. pombe) [243].
[241]. decatenation stress [242].
Low expression, mutated, or deleted in
several human cancers and correlates
FBXW4 Unknown with poor patient survival in lung None No known substrates
adenocarcinoma [244].
Knockdown - accelerated
Deleted in mantle cell lymphoma e b HAX-1 [245], NKX2-5 [246],
FBX025 Survival (MCL) vl ISL1 [246], HAND1 [246],
[245]. ELK-1 [247].

xenotransplant animal model
[245].
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