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Tumor suppressors with widespread impact on carcinogenesis control broad spectra of oncogenic path-
ways. Protein degradation is an emerging mechanism by which tumor suppressors regulate a diversity of
pathways and is exemplified by the SCFFbw7 ubiquitin ligase. Rapidly accumulating data indicate that
SCFFbw7 regulates a network of crucial oncoproteins. Importantly, the FBXW7 gene, which encodes Fbw7,
is one of the most frequently mutated genes in human cancers. These studies are yielding important new
insights into tumorigenesis and may soon enable therapies targeting the Fbw7 pathway. Here, we focus
on the mechanisms and consequences of Fbw7 deregulation in cancers and discuss possible therapeutic
approaches.
Protein degradation by the ubiquitin-proteasome system (UPS)

controls a broad array of cellular processes (Hershko and Cie-

chanover, 1998). Ubiquitin-mediated proteolysis is regulated,

rapid, and irreversible and has important roles in cell division,

growth, and differentiation. Cancers often contain mutations

targeting the UPS that drive tumorigenesis (Nakayama and

Nakayama, 2006). Indeed, the fundamental importance of the

UPS in tumor cell homeostasis is highlighted by the emergence

of pharmacologic UPS inhibitors as promising cancer therapies.

Perhaps the most commonly deregulated UPS protein in

human cancers is the ubiquitin ligase component Fbw7, which

targets a network of substrates for degradation, including

some key human oncoproteins (Crusio et al., 2010; Welcker

and Clurman, 2008). Most of these substrates are master

transcription factors (TFs), allowing Fbw7 to regulate diverse

pathways with oncogenic potential. Recent progress in many

disciplines has illuminated Fbw7’s central role in tumorigenesis.

Large-scale cancer genome studies have shown that Fbw7 is

among the most mutated cancer genes, mouse models have

demonstrated its potent tumor suppressor functions, and new

substrates and mutational mechanisms have been discovered

that may drive Fbw7-associated cancer. These advances have

not only increased our understanding of Fbw7’s roles in tumori-

genesis, but may also soon enable the development of Fbw7-

targeted therapies.

Fbw7 Is a Ubiquitin Ligase Substrate Receptor
Ubiquitin-mediated proteolysis is instigated by the attachment of

K48 polyubiquitin chains to substrates, which provides a signal

for recognition and degradation by the proteasome (Finley,

2009). In most cases, E3 ubiquitin ligases are needed to recog-

nize substrates and facilitate their ubiquitylation. SCFs (Skp1,

Cullin-1, F box protein) are a class of E3s that use Cullin-1 as a

scaffold and F box proteins as substrate receptors and have

important roles in cancer biology (Figure 1A) (Deshaies and

Joazeiro, 2009; Lee and Diehl, 2014; Skaar et al., 2013). F box

proteins are thus adaptors that bring substrates into proximity

with ubiquitylation enzymes.
Fbw7 is an evolutionarily conserved F box protein, and

although beyond the scope of this review, studies of its orthologs

(Cdc4,S. cerevisiae; sel-10,C. elegans; Archipelago,Drosophila)

have yielded fundamental insights into SCFFbw7 function. The

human FBXW7 gene resides on chromosome 4q32, a region

commonly deleted in cancers, and produces three mRNAs,

each under their own transcriptional control (Spruck et al.,

2002). The three Fbw7 mRNAs encode three protein isoforms

that differ only by isoform-specific N-terminal exons that specify

subcellular localization: Fbw7a is nucleoplasmic, Fbw7b is

cytoplasmic, and Fbw7g is nucleolar. All isoforms share three

important functional domains: (1) the D domain mediates Fbw7

dimerization, which regulates substrate binding modes and

ubiquitylation, (2) the F box binds Skp1 and links Fbw7 to the

SCF complex, and (3) the WD40 domain forms a b propeller

that binds phosphorylated substrates (Figure 1B) (Hao et al.,

2007; Orlicky et al., 2003; Tang et al., 2007; Welcker and

Clurman, 2007; Welcker et al., 2013; Zhang and Koepp, 2006).

Fbw7a is thought to perform most Fbw7 functions, although

specific roles for the other isoforms have also been described

(Bonetti et al., 2008; Ekholm-Reed et al., 2013; Grim et al.,

2008; Matsumoto et al., 2011; van Drogen et al., 2006; Welcker

et al., 2004a).

Substrate Phosphorylation Stimulates Fbw7 Binding
Substrate phosphorylation instigates Fbw7 binding to a con-

served Cdc4 phosphodegron (CPD) motif (Koepp et al., 2001;

Nash et al., 2001; Strohmaier et al., 2001; Welcker et al., 2003).

Mutational and structural studies have provided insights into

the interactions between CPDs and Fbw7’s b propeller (Hao

et al., 2007; Orlicky et al., 2003; Tang et al., 2007). CPDs contain

multiple residues that contact Fbw7 and typically include

phosphorylated threonine or serine residues in the ‘‘0’’ and

‘‘+4’’ positions that interact with Fbw7 phosphate-binding

pockets (Welcker and Clurman, 2008). CPD affinity varies among

substrates; high-affinity CPDs contain two phosphorylations and

other optimal residues, whereas low-affinity substrates may

contain a negatively charged amino acid in lieu of a second
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Figure 1. Dimeric SCFFbw7 Regulates a Broad Network of Substrates
(A) Fbw7 binds to both phosphorylated substrates and the rest of the SCF
complex (comprised of Skp1, Cullin-1, Rbx1, and an E2 enzyme), resulting in
substrate polyubiquitylation and degradation by the proteasome. The network
of Fbw7 substrates contains proteins with clear roles in carcinogenesis (shown
in green) and others with emerging roles in Fbw7-associated tumors (shown in
blue; see the main text). Optimal (high-affinity) substrates have recognition
signals termed CPDs that contain two phosphorylated residues (orange ‘‘P’’);
other, lower-affinity CPDs contain a negatively charged amino acid (yellow
‘‘E’’) in place of the second phosphate.
(B) Fbw7 exists as three protein isoforms (a, b, and g) that differ only by their
N-terminal exons. All isoforms share three functional domains that are critical
to their function as ubiquitin ligases: (1) the dimerization domain (‘‘DD’’)
mediates Fbw7 dimerization, (2) the F box binds to the rest of the SCF complex
via Skp1 (see A), and (3) theWD40 domain binds to phosphorylated substrates
and includes the three arginine residues that are mutational hot spots in
cancers.

Figure 2. Possible Mechanisms of Fbw7ARG Missense Mutations in
Cancers
(A) Normal interactions of Fbw7 dimers with monomeric (left) or dimeric (right)
substrates. Each protomer within an Fbw7 dimer can interact with a separate
substrate CPD, leading to greatly increased binding affinity between sub-
strates and Fbw7. The two substrate CPDs can be present within amonomeric
substrate (e.g., cyclin E; left) or separated onto two interacting proteins (e.g.,
SREBP; right). The reduced number of contacts made by suboptimal degrons
is indicated by a dashed line.
(B) Model of heterozygous Fbw7ARG dominant-negative activity in cancers
resulting from the formation of impaired Fbw7WT-Fbw7ARG heterodimers. We
speculate that Fbw7WT-Fbw7ARG heterodimers differentially affect substrates,
depending on CPD affinity. The degradation of high-affinity substrates may still
be driven by the normal protomer of an Fbw7WT-Fbw7ARG heterodimer (left),
whereas suboptimal substrates (depicted by glutamate instead of a second
CPD phosphate) rely on the concerted biding of two CPDs to an Fbw7 dimer
and will not be ubiquitylated by Fbw7WT-Fbw7ARG heterodimers (right).
(C) Fbw7 truncation mutants may also generate heterodimers with Fbw7WT but
are not nearly as frequent in tumors as Fbw7ARG.We therefore speculate that a
full-length Fbw7 protein is critical for the dominant-negative effect of Fbw7ARG,
perhaps by retaining sufficient residual binding affinity (depicted by dashed
line) for substrates with intermediate affinity.
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phosphate or other unfavorable residues (Figure 1A) (Hao et al.,

2007; Nash et al., 2001; Welcker et al., 2013). Importantly, three

arginine residues in Fbw7’s WD40 domain interact with CPD

phosphates and are mutational hot spots in cancers (see below).

Ultimately, the signaling pathways that mediate CPD phos-

phorylation regulate substrate degradation. The presence of

two phosphorylation sites in most CPDs provides a mechanism

through which multiple signals can control substrate degrada-

tion. Most substrates have multiple turnover pathways; there-

fore, the regulation of CPD phosphorylation determines the

context of their degradation by SCFFbw7. Glycogen synthase

kinase 3 (GSK3) phosphorylates the central position of many

CPDs, and this is opposed by mitogen stimulation of the PI3K-

AKT pathway, which inactivates GSK3 (Crusio et al., 2010;

Welcker and Clurman, 2008). It is likely that by coupling Fbw7-

mediated degradation with GSK3 activity, mitogenic signaling

can coordinately stabilize substrates with key roles in cell prolif-

eration (e.g., Myc, cyclin E, and Jun). The abnormal AKT and

PTEN activity commonly found in cancers might similarly allow

oncogenic Fbw7 substrates to accumulate.

Fbw7 dimerization provides another important level of regu-

lation. Because each protomer of an Fbw7 dimer contains a

substrate-binding domain, dimers can simultaneously bind two
456 Cancer Cell 26, October 13, 2014 ª2014 Elsevier Inc.
CPDs, which is particularly important for substrates with de-

grons that are too weak to drive Fbw7 binding alone (Figures 1

and 2) (Welcker et al., 2013). The combinatorial impact of multi-

ple CPDs allows highly specific control of substrate ubiquityla-

tion. Additionally, dimerization promotes substrate degradation

by expanding the number of substrate lysine residues that are

accessible for ubiquitin conjugation (Hao et al., 2007; Tang

et al., 2007; Welcker et al., 2013).

Oncogenic Fbw7 Substrates: The Drivers of
Fbw7-Associated Cancers
SCFFbw7 targets approximately two dozen proteins with key

roles in proliferation, differentiation, apoptosis, and metabolism
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(Figure 1A and data not shown). With few exceptions (e.g., cyclin

E andMCL1), Fbw7 substrates are transcriptional regulators that

control complex gene-expression programs; this extends

Fbw7’s impact far beyond its direct substrates. Below, we high-

light only those substrates that are known oncoproteins or have

emerging roles in tumorigenesis.

Critical Oncogenic Fbw7 Substrates

Four Fbw7 substrates stand apart by virtue of their frequent

mutation in many human cancers. c-Myc (hereafter called Myc)

sustains gain-of-function mutations, including amplifications in

solid tumors and translocations in hematologic malignancies.

Myc deregulation promotes tumorigenesis largely through its

transcriptional regulation of proliferation, protein synthesis,

apoptosis, metabolism, and differentiation. Fbw7a mediates

Myc ubiquitylation in the nucleoplasm, whereas Fbw7g ubiquity-

lates Myc in the nucleolus, which inhibits Myc’s ability to pro-

mote cell growth (Bonetti et al., 2008; Grim et al., 2008; Welcker

et al., 2004a, 2004b; Yada et al., 2004). Early work found that

phosphorylation of the threonine 58 (T58) CPD stimulates

Myc degradation (Gregory et al., 2003; Sears et al., 2000), and

this is now known to be mediated by Fbw7. The T58 region is

targeted by missense mutations in lymphomas, suggesting a

crucial role for impaired Myc degradation by Fbw7 (Bahram

et al., 2000; Bhatia et al., 1993). This has been confirmed in

mouse models (see below). N-Myc also contains the T58 CPD

and is commonly amplified in cancers (e.g., neuroblastoma),

but the significance of its degradation by Fbw7 is less well

understood.

Notch proteins are transcriptional regulators of cell fate and

differentiation that are broadly implicated in human cancers;

they are typically dominant oncogenes, although they can be

tumor suppressive in some cancers. All four Notch paralogs

contain motifs homologous with the Notch1 CPD, but most

studies have focused on Notch1 (Fryer et al., 2004; Gupta-Rossi

et al., 2001; O’Neil et al., 2007; Oberg et al., 2001; Thompson

et al., 2007; Wu et al., 2001). Notch1 is processed by a series

of proteolytic cleavages, and the transcriptionally active Notch1

intracellular domain (NICD) is ubiquitylated by SCFFbw7. Acti-

vating Notch1 mutations occur in approximately 50% of T cell

acute lymphoblastic lymphomas (T-ALLs) and often target the

PEST domain, which contains the Fbw7 CPD (Weng et al.,

2004). Fbw7mutations are also common in T-ALL and are mutu-

ally exclusive with Notch PEST mutations, underscoring the

importance of Fbw7-dependent Notch degradation in this dis-

ease (Malyukova et al., 2007; Maser et al., 2007; O’Neil et al.,

2007; Thompson et al., 2007). Furthermore, Fbw7 mutations in

T-ALL may confer resistance to Notch inhibition by g-secretase

inhibitors, which prevent Notch processing (O’Neil et al., 2007).

Cyclin E, in conjunction with its catalytic partner cyclin-depen-

dent kinase 2 (CDK2), regulates cell-cycle entry and progression.

Cyclin E has long been implicated in carcinogenesis, and The

Cancer Genome Atlas (TCGA) studies demonstrating frequent

cyclin E amplifications in solid tumors (e.g., ovarian and breast)

confirm its role as an oncogenic driver. Multisite phosphorylation

of two well-defined CPDs regulates cyclin E stability and period-

icity (Clurman et al., 1996; Grim et al., 2008; Koepp et al., 2001;

Minella et al., 2008; Spruck et al., 2002; Strohmaier et al., 2001;

Welcker et al., 2003; Won and Reed, 1996). Genome instability

is a critical consequence of constitutive cyclin E-CDK2 activity
during the cell cycle caused by its impaired degradation

(Ekholm-Reed et al., 2004; Keck et al., 2007; Loeb et al., 2005;

Minella et al., 2002, 2007; Rajagopalan et al., 2004; Spruck

et al., 1999). This appears to be a central mechanism through

which cyclin E drives carcinogenesis and is opposed by p53

activation.

c-Jun (hereafter called Jun) is a component of the AP-1 TF and

has essential roles in mitogen-stimulated cell proliferation. Jun

overexpression is common in cancers and is thought to drive

oncogenesis; this is supported by the finding of Jun amplifi-

cations in some human cancers, such as liposarcomas. Two

different Jun CPDs have been described, one of which is

mutated in the v-Jun retroviral oncogene (Nateri et al., 2004;

Wei et al., 2005).

Other Oncogenic Fbw7 Substrates

Many Fbw7 substrates have emerging roles in tumorigenesis,

but uncertain contributions to Fbw7-associated cancers.

Myeloid Cell Leukemia 1 (MCL1) is an antiapoptotic protein

that is overexpressed in cancers, and its stabilization in tumors

with Fbw7 mutations causes resistance to chemotherapy (Inu-

zuka et al., 2011; Wertz et al., 2011). MED13/13L is the com-

ponent of the Mediator transcriptional coactivator complex

that recruits CDK8, an oncogene amplified in colorectal cancer

(Davis et al., 2013). Because Mediator is required for all tran-

scription and CDK8 regulates specific oncogenic transcriptional

programs, MED13 degradation may greatly expand Fbw7’s

role in global transcriptional control. PPARg Coactivator-1a

(PGC-1a) is a transcriptional coactivator that coordinates

mitochondrial biogenesis and cellular energetics and has an

expanding role in tumorigenesis (Olson et al., 2008). Similar to

Notch, Kruppel-Like Factor 5 (KLF5) and CCAAT/Enhancer

Binding Protein Delta (C/EBPd) have either oncogenic or tu-

mor-suppressive functions in different cancers (Balamurugan

et al., 2013; Liu et al., 2010; Zhao et al., 2010). TGIF1 is a tran-

scriptional repressor that inhibits transforming growth factor b

signaling, a crucial oncogenic pathway (Bengoechea-Alonso

and Ericsson, 2010a). Additional oncoproteins have been re-

ported to be Fbw7 substrates, but either they lack consensus

CPDs or the contexts of their regulation by Fbw7 requires further

confirmation (e.g., Hif1a, mTOR, Aurora kinase A, and Myb)

(Wang et al., 2012).

Fbw7 Mutations in Human Cancers
Because many of Fbw7’s first reported substrates were potent

oncoproteins, its role as a tumor suppressor was quickly evalu-

ated and confirmed. Early studies showed that 6%–10% of

colorectal carcinomas contain Fbw7mutations, and subsequent

work revealed Fbw7 mutations in a wide range of organ sites,

including a high prevalence in T-ALL and cholangiocarcinoma

(Akhoondi et al., 2007; Welcker and Clurman, 2008). These

studies revealed a high frequency of heterozygous missense

mutations of the three Fbw7 arginine residues that bind CPD

phosphates (R465, R479, and R505), hereafter called Fbw7ARG.

Because these residues make the most critical contacts with

the CPD phosphates and are absolutely required for high-affinity

Fbw7-substrate interactions (Hao et al., 2007; Orlicky et al.,

2003; Tang et al., 2007), Fbw7ARG mutations have a uniquely

profound impact on substrate-binding affinity compared with

other missense mutations. Moreover, Fbw7 dimers, which have
Cancer Cell 26, October 13, 2014 ª2014 Elsevier Inc. 457



Table 1. Fbw7 Mutational Frequency in T-ALL Cell Lines and

Patient Samples

Study

Reference

No.

Samples

Source of

Sample

Fbw7 Point

Mutations (%)

Arginine Hot

Spot Mutations/

Total Point

Mutations (%)

O’Neil

et al., 2007

20 cell lines 35 86

81 primary

samples

9 100

Maser

et al., 2007

23 cell lines 43 90

38 primary

samples

29 73

Thompson

et al., 2007

89 primary

samples

17 100

Malyukova

et al., 2007

15 cell lines 33 100

26 primary

samples

31 88

TCGA studies for T-ALL have not been performed; therefore, these data

were collected from the four indicated studies.
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increased substrate affinity, tolerate many missense mutations

that disable monomers. Fbw7 dimerization thus greatly restricts

the repertoire of deleterious Fbw7 missense mutations to

only these most stringent positions (Welcker et al., 2013). There

are many possible mutations that could produce either Fbw7

null alleles or truncated proteins, but they occur much less

commonly than Fbw7ARG mutations. The strong biologic selec-

tion of Fbw7ARG mutations suggests that they are not simple

loss-of-function alleles and is most consistent with dominant-

negative alleles, which has been confirmed in mouse models

(see below).

TCGA studies have provided a wealth of mutational and

expression data for different cancers (Cancer Genome Atlas

Network, 2012; Kandoth et al., 2013a, 2013b). Although large-

scale studies of T-ALL are still in progress, previous work

indicates that T-ALL represents a special example of Fbw7-

associated cancer withmutations in up to 30%of cases (Table 1)

(Malyukova et al., 2007; Maser et al., 2007; O’Neil et al., 2007;

Thompson et al., 2007). Fbw7 is significantly mutated (>10% of

samples) in at least five tumor types: T-ALL, colorectal adeno-

carcinoma, uterine carcinosarcoma, uterine endometrial carci-

noma, and bladder carcinoma. Other cancers with somewhat

less frequent Fbw7 mutations include stomach adenocarci-

noma, lung squamous cell carcinoma, cervical squamous cell

carcinoma, and head and neck squamous cell carcinoma (Table

2). In contrast, Fbw7 mutations are not found in some cancers,

such as acute myeloid leukemia (AML) and multiple myeloma.

One possibility is that Fbw7 substrate stabilization is detrimental

in these neoplasms. For example, the Fbw7 substrate C/EBPa

suppresses AML (Bengoechea-Alonso and Ericsson, 2010b),

and multiple myelomas require constitutive NF-kB signaling;

therefore, disruption of Fbw7-mediated NF-kB2 ubiquitylation

in these tumors results in cell death (Busino et al., 2012). Despite

extensive studies, the prognostic significance of Fbw7mutations

in cancer remains uncertain. For example, whereas TCGA Pan-

Cancer analyses found Fbw7mutations to be detrimental across

multiple tissue types (Kandoth et al., 2013b), the colorectal-
458 Cancer Cell 26, October 13, 2014 ª2014 Elsevier Inc.
specific TCGA study found no overlap between Fbw7 mutations

and distant metastases, suggesting that mutations could be

beneficial (Cancer Genome Atlas Network, 2012). Analogous

studies of Fbw7 mutations in T-ALL have similarly yielded

conflicting results.

We performed a meta-analysis of TCGA data using the

cBioPortal for Cancer Genomics online interface to compare

and contrast Fbw7 mutations across cancer types (Table 2)

(Cerami et al., 2012; Gao et al., 2013). These results are based

upon data generated in whole by the TCGA Research Network

(http://cancergenome.nih.gov/) and confirm the striking skewing

toward Fbw7ARG mutations, particularly in organ sites where

Fbw7 is most frequently mutated. Importantly, most tumors

with Fbw7ARG mutations retain a normal second Fbw7 allele.

This notably contrasts with the ‘‘two-hit’’ mutation pattern of

some tumor suppressors. However, nonsense mutations (some-

times in combination with allelic loss) and homozygous null

mutations are found in some tumors; thus, Fbw7 exhibits

classic tumor-suppressor features in these cases. The frequency

and types of Fbw7 mutations vary among organ sites. For

example, colorectal cancers contain the entire spectrum of

Fbw7 mutations (deletions and missense and nonsense muta-

tions), whereas others, such as T-ALLs, exhibit nearly 100%

heterozygous Fbw7ARG mutations (Tables 1 and 2). This sug-

gests that distinct Fbw7 mutations produce unique biologic

outcomes, presumably through differential effects on specific

substrates (see below).

Instead of mutations in Fbw7 itself, some cancers contain sub-

strate CPD mutations that prevent their ubiquitylation, including

Myc CPD mutations in Burkitt’s lymphoma, Notch PEST muta-

tions in T-ALL, and a KLF5 CPD mutation in colon cancer

(Bahram et al., 2000; Bhatia et al., 1993; Bialkowska et al.,

2014; Weng et al., 2004). This suggests particularly important

roles for these substrates in specific tumors. However, the

paucity of single-substrate CPD mutations compared with

Fbw7 mutations suggests that in most cases, Fbw7-associated

tumorigenesis requires the concurrent deregulation of multiple

oncoproteins.

Additional Mechanisms of Fbw7 Disruption in Cancer
Mechanisms other than mutations and allelic loss also impair

Fbw7 function in cancers. Fbw7 is targeted by oncogenic micro-

RNAs such as miR-27, miR-92, and miR-223 in numerous

cancers (Olive et al., 2013; Wang et al., 2014). Promoter hyper-

methylation downregulates Fbw7b expression in breast cancers

and thymomas (Akhoondi et al., 2010; Gu et al., 2008b), and

Fbw7 mRNA is also repressed in melanomas and gliomas,

although the underlying mechanisms are not known (Cheng

et al., 2013; Gu et al., 2008a). Fbw7b is a p53 target gene; there-

fore, p53 mutations may reduce Fbw7 expression (Kimura et al.,

2003). Two Fbw7 substrates feed back to control Fbw7 mRNA

expression: C/EBPd, which may contribute to mammary tumor

metastasis (Balamurugan et al., 2013), and Hes5 (a Notch target

gene) (Sancho et al., 2013). Many studies have examined low

Fbw7 mRNA expression in tumors as a biomarker, which gener-

ally appears to be a high-risk feature.

Fbw7 protein stability is another regulatory mechanism that

has been examined in tumors. One example is Fbw7b degrada-

tion by Parkin, which subsequently inhibits MCL-1 degradation

http://cancergenome.nih.gov/


Table 2. Fbw7 Mutation and Homozygous Deletion Frequency in Selected Cancers

Tumor Type

No.

Samples

Arginine

Hot Spot

Mutations (%)

Nonsense

Mutations (%)

Other Missense

Mutations (%)

All Point

Mutations (%)

Arginine Hot Spot

Mutations/Total

Point Mutations (%)

Homozygous

Deletions (%)

Uterine carcinosarcoma 56 23 4 14 39 59 0

Colon and rectal

adenocarcinoma

212 8 3 6 17 49 0

Uterine corpus

endometrial carcinoma

240 6 3 8 16 37 0

Stomach adenocarcinoma 219 5 2 2 9 59 <1

Urothelial bladder carcinoma 127 3 5 4 9 33 2

Lung squamous cell carcinoma 178 2 2 2 6 36 <1

Head and neck squamous

cell carcinoma

302 2 <1 3 5 33 1

Cutaneous melanoma 262 <1 1 3 4 9 <1

Breast cancer 962 <1 <1 1 2 20 <1

Cervical squamous

adenocarcinoma

36 0 3 3 6 0 0

Lung adenocarcinoma 230 0 1 <1 2 0 0

Glioblastoma multiforme 281 0 <1 0 <1 0 <1

Mutation and copy-number alteration data were derived from analyses of TCGA data using cBioPortal (Cerami et al., 2012; Gao et al., 2013).
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(Ekholm-Reed et al., 2013). It has also been suggested that Pin1

overexpression in cancers destabilizes Fbw7 by directly gener-

ating Fbw7 monomers that are targeted for degradation through

enhanced autoubiquitylation (Min et al., 2012). However, two

other studies have disputed these findings (Kanatsu-Shinohara

et al., 2014; Welcker et al., 2013).

Lessons Learned from Murine Models of Fbw7-
Associated Cancer Models
Germline Fbw7 deletion in mice causes embryonic lethality

(Tetzlaff et al., 2004; Tsunematsu et al., 2004). Therefore, condi-

tional strains have been used to study Fbw7 in normal tissues

and during tumorigenesis. Mice with knockin mutations that

ablate the cyclin E degrons (hereafter termed cyclin EDCPD)

have also been used to specifically study impaired cyclin E

degradation. These models have convincingly demonstrated

that (1) FBXW7 is a bona fide tumor suppressor gene, (2)

Fbw7ARG mutations have unique functional consequences, (3)

specific Fbw7 substrates contribute to tumorigenesis, and (4)

multiple oncogenic pathways cooperate with Fbw7 mutations.

Fbw7 Regulates Stem Cells, Differentiation,

and Genome Stability

Studies of normal tissues have provided valuable insights into

pathways that are also important for tumorigenesis. Fbw7 loss

profoundly affects differentiation and proliferation in stem and

progenitor cell types, often through similar mechanisms. For

example, in neural stem cells and intestinal crypt progenitor

cells, loss of Fbw7 leads to increased proliferation and differen-

tiation defects through the combined actions of Jun and Notch,

respectively (Grim et al., 2012; Hoeck et al., 2010; Sancho et al.,

2010). Similarly, aberrant Notch activity causes differentiation

defects in hepatocytes (Onoyama et al., 2011). Novel TF sub-

strates may mediate differentiation phenotypes in other tissues.

For example, Fbw7 loss reprograms pancreatic ductal cells
toward endocrine lineages by stabilizing Ngn3 (Sancho et al.,

2014).

Fbw7 also controls hematopoietic stem cell (HSC) quiescence

and self-renewal (Matsuoka et al., 2008; Thompson et al., 2008).

HSCs are quickly exhausted after Fbw7 deletion, largely

because of the detrimental effects of Myc overexpression on

proliferation and apoptosis, although impaired cyclin E degrada-

tion also causes defective HSC self-renewal after hematologic

stress (Reavie et al., 2010; Siu et al., 2014). Importantly,

Fbw7ARG/+ HSCs have intermediate Myc abundance compared

with Fbw7�/� and Fbw7+/+ HSCs, and they do not exhibit

these phenotypes—suggesting a unique role for heterozygous

Fbw7ARG alleles and dose-dependent Myc effects in preserving

HSC function (King et al., 2013).

These phenotypes have also been studied in cyclin EDCPD

mice to isolate cyclin E from other substrates affected by

Fbw7mutations. Impaired cyclin E degradation causes epithelial

cell hyperproliferation, abnormal cell-cycle control, impaired

erythroid differentiation, and genome instability (Loeb et al.,

2005; Minella et al., 2008).

Colorectal Cancer

Although Fbw7 mutations are found in early stage human colon

adenomas (Rajagopalan et al., 2004), its deletion from the

mouse gut is not sufficient to cause neoplasia. However, loss of

Fbw7 inmice collaborates with other mutations commonly found

in human colorectal cancer (CRC), including APCMin alleles

(which mimic the WNT pathway activation seen in nearly all

human CRC) and p53 loss. When combined with APCMin, both

Fbw7�/� and Fbw7ARG/+ mutations decreased tumor latency

and increased tumor burden (Babaei-Jadidi et al., 2011; Davis

et al., 2014; Sancho et al., 2010). However, these neoplasms

did not progress beyond the adenoma stage and were neither

invasive nor metastatic. Fbw7ARG/+ mice exhibited increased

tumorigenesis compared with Fbw7+/� animals, confirming that
Cancer Cell 26, October 13, 2014 ª2014 Elsevier Inc. 459
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Fbw7ARG is not simply a null allele (Davis et al., 2014). TGIF1 and

KLF5 were elevated in Fbw7ARG/+, but not Fbw7+/�, tumors (Da-

vis et al., 2014); thus, these proteins may similarly contribute to

Fbw7-associated human CRC and could represent examples

of substrate-specific consequences of Fbw7ARG/+ mutations.

In Fbw7�/� tumors, Jun and Notch abundance was increased,

and concurrent Jun deletion decreased tumor size (Sancho

et al., 2010).

In a second approach, p53 and Fbw7 were codeleted from

the mouse gut, which caused advanced adenocarcinomas that

were highly invasive and metastatic (Grim et al., 2012). In accor-

dance with the findings that p53 suppresses cyclin-E-induced

genomic instability caused by Fbw7 loss, these adenocarci-

nomas exhibited a chromosomal instability (CIN) phenotype,

which is the most common form of genome instability in human

CRC but is rare in mouse tumors.

Hematologic Cancers

Unlike CRC, Fbw7 deletion in either T cells or HSCs is sufficient

to cause T-ALL, and this is accelerated by concurrent p53 loss,

PTEN loss, or Notch activation (King et al., 2013; Kwon et al.,

2012; Matsuoka et al., 2008; Onoyama et al., 2007; Thompson

et al., 2008). The specific roles of Fbw7ARG alleles in leukemo-

genesis and leukemia-initiating cells (LICs), rare cells with

stem-cell-like properties (e.g., self-renewal and quiescence)

and important roles in disease propagation and resistance to

therapy, have also been studied (King et al., 2013). Fbw7ARG/+

mice did not develop spontaneous T-ALL, demonstrating

another example of the differences between Fbw7 missense

and homozygous null mutations. However, the Fbw7ARG/+ muta-

tion strongly cooperated with Notch deregulation to drive T-ALL

and resulted in LIC expansion that is largely attributable to

increased Myc abundance. Genetic or pharmacologic Myc inhi-

bition depleted LICs in this model, demonstrating an essential

role for Myc, although this occurs independently of Fbw7 muta-

tional status.

These data suggest that Myc abundance in Fbw7ARG/+ cells is

finely tuned such that it does not affect HSC maintenance while

still being sufficiently elevated to achieve tumorigenic effects in

LICs. This may, in part, explain the high prevalence of Fbw7ARG

mutations in T-ALL. While Myc and Notch are clearly key

players in Fbw7-associated T-ALL, cyclin EDCPD mice also

developed T cell malignancies that exhibited CIN (Siu et al.,

2014), which is not seen in Fbw7ARG/+ T-ALL. Different lesions

in the Fbw7 pathway may thus lead to T-ALL through different

mechanisms. In addition to Fbw7-associated malignancies,

mouse models have also shown that Fbw7 depletion induced

apoptosis of chronic myeloid leukemia (CML) LICs and B cell

lymphomas (Olive et al., 2013; Reavie et al., 2013; Takeishi

et al., 2013).

Consequences of Fbw7ARG Mutations in Cancers

Fbw7’s mutational spectrum strongly suggests that Fbw7ARG

alleles have dominant-negative activity. The mouse models

described above confirm this idea and demonstrate that hetero-

zygous Fbw7ARG mutations impact Fbw7 function intermediate

to that caused by single allele loss and homozygous null muta-

tions. The concept that this intermediate Fbw7 inactivation

favors tumorigenesis has been termed the ‘‘just-enough’’ hy-

pothesis (Davis and Tomlinson, 2012), and the stabilization of

Myc in Fbw7ARG/+ HSCs to levels that favor leukemogenesis,
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but not apoptosis, most likely represents this mechanism (King

et al., 2013).

Two important aspects of Fbw7ARG mutations remain poorly

understood: (1) how do they produce dominant-negative effects,

and (2) why are they so frequently selected for in tumors

compared with nonsense and homozygous null mutations? To

understand these issues, we believe it is crucial to consider

Fbw7’s mode of action as a dimer, which enhances substrate-

binding affinity by engaging multiple CPDs simultaneously

(Figure 2A) (Welcker et al., 2013). Because Fbw7ARG can

dimerize with wild-type Fbw7 and potentially produce impaired

Fbw7WT-Fbw7ARG heterodimers (that contain only a single intact

WD40 domain), we suggest that Fbw7ARG proteins dominantly

inhibit wild-type Fbw7 (Figure 2B).

Fbw7WT-Fbw7ARG heterodimers may also have special prop-

erties that produce substrate-specific effects (Welcker and

Clurman, 2008). While the ubiquitylation of low-affinity sub-

strates depends upon both substrate-binding domains of an

Fbw7WT-Fbw7WT dimer, other substrates may have enough

binding affinity to be ubiquitylated by Fbw7WT-Fbw7ARG hetero-

dimers that contain only a single substrate-binding domain

(Figure 2B). Therefore, dimer-dependent substrate interactions

might account for the selection of heterozygous Fbw7ARG muta-

tions in cancers by allowing Fbw7WT-Fbw7ARG heterodimers to

target substrates whose degradation is permissive or advanta-

geous for tumorigenesis, while sparing the oncoproteins that

drive tumor formation. Finally, although truncated Fbw7 proteins

that can dimerize with Fbw7WT might similarly act as dominant

negatives, these types of mutations are less common. We sug-

gest that the selection for mutations that produce full-length

Fbw7ARG protein reflects important, yet undefined, roles for

continued interactions between substrates and a mutated, but

full-length, Fbw7 protein (Figure 2C).

Therapeutic Strategies Targeting the Fbw7 Pathway in
Cancer
Given the high prevalence of Fbw7 mutations, the development

of therapies targeting the Fbw7 pathway may have great poten-

tial. Figure 3 shows four possible therapeutic approaches; the

first three specifically target tumors with Fbw7 mutations,

whereas the fourth may represent a more general treatment

strategy.

First, because Fbw7ARG proteins have decreased affinity

for substrates, small-molecule agonists might increase the

Fbw7ARG-substrate binding affinity to levels that would restore

substrate ubiquitylation (Figure 3A). These agonists could act

at the substrate-Fbw7 interface, similar to the plant hormone

Auxin that functions as a ‘‘molecular glue’’ between an F box

protein and its substrate (Tan et al., 2007). Alternatively,

Fbw7ARG-substrate interactions might be bolstered by allosteric

regulators, similar to a described inhibitor of the yeast Cdc4 pro-

tein (Orlicky et al., 2010).

Second, the downstream oncoproteins activated by Fbw7

mutations might be therapeutically targeted, rather than Fbw7

itself (Figure 3B). Studies with a pharmacologic Myc inhibitor in

mouse T-ALL suggest that this may be a viable strategy in

some cases (King et al., 2013). A variation of this approach has

been suggested for neuroblastoma, in which stable binding to

AURKA prevents N-Myc degradation by Fbw7. Small molecules



Figure 3. Potential Therapeutic Opportunities Targeting Fbw7
Pathway Mutations in Cancer
(A) Tumors with heterozygous Fbw7ARG mutations could be treated with a
small-molecule agonist (shown in purple) that restores the binding affinity
between the mutated Fbw7ARG b propeller and a phosphorylated substrate,
leading to oncoprotein ubiquitylation and proteasomal destruction.
(B) In cases where deregulation of particular Fbw7 substrates is necessary for
tumor cell survival, inhibiting the functions of the relevant substrates and/or
pathways, rather than targeting Fbw7 itself, may lead to antitumor activities.
This approach would be applicable to tumors containing any type of Fbw7
mutation.
(C) Synthetic lethality between decreased Fbw7 function and secondary
pathways (‘‘Pathway X’’) could lead to selective killing of tumor cells while
sparing other cells that have normal Fbw7 function. Similar to (B), synthetic
lethality could be applied to tumors containing any type of Fbw7 mutation.
(D) Because leukemia-initiating cells are exquisitely sensitive to Myc abun-
dance (Reavie et al., 2013; Takeishi et al., 2013), Fbw7 inhibition by small
molecules (or other approaches) may sufficiently increase Myc abundance to
cause LIC exhaustion and inhibit disease progression.
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that dissociate N-Myc and AURKA allow the liberated N-Myc

to be targeted for degradation by Fbw7, leading to antitumor

effects (Brockmann et al., 2013).

Third, synthetic-lethal strategies can be utilized to identify and

pharmacologically target pathways that specifically inhibit can-

cers with Fbw7 pathway mutations while sparing normal cells

with intact Fbw7 function (Figure 3C). This approach could be

used against tumors with Fbw7 missense, nonsense, or null mu-

tations or in CPD mutant tumors such as Burkitt’s lymphoma.

Finally, studies in mice show that Fbw7 inhibition eliminates

CML by increasing Myc abundance, thereby leading to LIC

exhaustion (Reavie et al., 2013; Takeishi et al., 2013). This

work raised the idea that Myc toxicity in cancer stem cells might

provide the basis for using Fbw7 inhibition to eradicate LICs

(Figure 3D). However, inhibiting a potent tumor suppressor as
a therapeutic strategy comes with obvious caveats, such as pro-

moting cancers in other sites.

Conclusions
Our understanding of the Fbw7 pathway’s role in tumorigenesis

has increased enormously over the past 5 years; new substrates

have deepened our understanding of the diverse oncogenic

pathways that Fbw7 regulates, and mouse models are providing

insights into how Fbw7 mutations lead to cancer. The conse-

quences of multiple oncoprotein deregulation by Fbw7 muta-

tions are still incompletely understood, but some general themes

are emerging. First, many Fbw7 substrates are broadly acting

TFs that regulate processes fundamental to carcinogenesis,

such as differentiation and proliferation. Therefore, Fbw7 mutant

tumors exhibit alterations in many of these pathways. Second,

Fbw7 has particularly important roles in normal and neoplastic

stem cells, and this probably impacts both tumor development

and therapeutic strategies. Third, genome instability is one

mechanism that may drive tumor progression, and several

Fbw7 substrates cause genomic instability when their activity

is abnormally high. Fourth, the biologic selection for Fbw7ARG

mutations most likely reflects their unique functions and may

provide important therapeutic opportunities. Finally, although

identifying critical Fbw7 substrates is important for understand-

ing tumorigenesis and discovering therapeutic targets, it should

be stressed that Fbw7mutations deregulate an entire network of

oncoproteins, and tumorigenesis almost certainly results from

their combined biologic output. The widely altered homeostasis

caused by Fbw7mutationsmay soon enable the development of

novel therapies targeting the Fbw7 pathway in cancer.
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