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Abstract
Chemotherapy is an important therapeutic approach for cancer treatment. However, drug
resistance is an obstacle that often impairs the successful use of chemo-therapies. Therefore,
overcoming drug resistance would lead to better therapeutic outcomes for cancer patients.
Recently, studies by our own and other groups have demonstrated that there is an intimate
correlation between the loss of the F-box and WD repeat domain-containing 7 (FBW7) tumor
suppressor and the incurring drug resistance. While loss of FBW7 sensitizes cancer cells to certain
drugs, FBW7-/- cells are more resistant to other types of chemotherapies. FBW7 exerts its tumor
suppressor function by promoting the degradation of various oncoproteins that regulate many
cellular processes, including cell cycle progression, cellular metabolism, differentiation, and
apoptosis. Since loss of the FBW7 tumor suppressor is linked to drug resistance, FBW7 may
represent a novel therapeutic target to increase drug sensitivity of cancer cells to conventional
chemotherapeutics. This paper thus focuses on the new functional aspects of FBW7 in drug
resistance.
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Introduction
Although chemotherapy is a critically important treatment choice for most cancer patients,
chemotherapy often fails to cure the disease due to unexpected drug resistance. Therefore,
increasing drug sensitivity may open the way to novel approaches for successful treatment
of cancer patients [1]. There are two categories of drug resistance: intrinsic (de novo) and
acquired [2]. Tumor cells may be inherently resistant to certain drugs due to specific genetic
mutations, which may lead to loss of tumor suppressors or gain-of-function expression of
oncoproteins. In most instances, the tumor cells that initially respond well to anti-cancer
drugs, gradually display a loss of response and acquire resistance during the course of
treatment, subsequently leading to tumor recurrence [3].

There are several reasons for the acquisition of drug resistance (Fig. 1) [4, 5]. First, cancer
cells may acquire expression of energy-dependent transporters that eject the anti-cancer
drugs from the tumor cells. For example, the ATP-binding cassette (ABC) drug transporters
pump cytotoxic drugs from cancer cells, thus protecting tumor cells from certain
chemotherapeutic drugs [5]. ABC drug transporters include many types of proteins, such as
ABCB1 [P-glycoprotein (PGP)], ABCC1 [multidrug resistance-associated protein (MRP1)],
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and ABCG2 [breast cancer resistant protein (BCRP)], which are of particular importance, as
they participate in the disposition of many clinically important drugs [5, 6]. Secondly,
cancer cells may stop taking up chemotherapeutic drugs due to loss of function mutation in
proteins that transport the drugs across the cell membrane [5]. Thirdly, cancer cells may
acquire increased efficiency in repairing DNA breaks caused by chemotherapeutic drugs [5].
Fourthly, cancer cells may develop drug-detoxification mechanisms that render them
insensitive to drug-induced apoptosis [7]. Fifthly, cancer cells may change cellular polarity
and behavior, which could result in drug resistance. For example, epithelial-mesenchymal
transition (EMT) has been found to be associated with acquired drug resistance [8].
Specifically, cancer cells with epithelial rather than mesenchymal gene signatures were
reported to be more sensitive to epidermal growth factor receptor (EGFR) inhibitors, such as
erlotinib, gefitinib, and cetuximab-mediated growth inhibition, in various human cancers
including lung cancer, head and neck squamous cell carcinoma, and hepatocellular
carcinoma [4]. In agreement with a possible role for EMT in drug resistance, studies have
also revealed a strong link between EMT and drug-resistant cancer cells [4]. Sixthly,
changes in the expression or function of specific genes involved in the control of cell
growth, apoptosis, cell cycle regulation, and invasion could contribute to drug resistance [9].
Moreover, cancers develop a gatekeeper mutation after treatment with drugs, leading to
acquired resistance. For example, β-tubulin mutant and EGFR T790M mutant show taxanes
and gefitinib resistance, respectively [10, 11]. Lastly, cancer stem cells (CSCs) were
recently discovered to be involved in drug resistance in various types of human cancers such
as breast cancer, colorectal cancer, leukemia, glioblastoma, small cell lung cancer, ovarian
cancer, prostate cancer, and pancreatic cancer [12]. CSCs constitute a small subset of cancer
cells (sometimes referred to as side-population cells) that possess the ability to self-renew
and maintain multi-potency. The drug-resistant features of CSCs result in difficulties in
completely eradicating cancer by chemotherapies. Several groups have proposed that CSCs
resist chemotherapeutic drugs by elevated expression of ABC drug transporters such as
ABCG2 and ABCC1, which protect CSCs from chemotherapeutic agents [13]. In summary,
although exciting and extensive research into potential molecular mechanism for drug
resistance during chemotherapy has been carried out in the last few decades, the exact
mechanisms have not yet been fully elucidated. It appears that no universal mechanism
exists but rather different genetic alterations might account for the various drug-resistant
pheno-types encountered in different types of cancers.

Recently, many genes have been discovered to play important roles in the development of
drug resistance. These genes include Akt [14], Bcl-2 [15], BRCA1/2 [16], cyclooxygenase-2
(COX-2) [17], cyclin D1 [18], extracellular signal-regulated kinase (ERK) [19], FoxM1 [20,
21], EGFR [22], fibroblast growth factor receptor (FGFR) [23], insulin-like growth factor
(IGF) [24], mitogen-activated protein kinase (MAPK) [25, 26], mammalian target of
rapamycin (mTOR) [27], nuclear factor-κB [28, 29], Notch [30, 31], platelet-derived growth
factor (PDGF) [32], phosphatase and tensin homolog on chromosome 10 (PTEN) [33], and
Survivin [34]. The roles of these genes in drug resistance have been studied and reviewed in
considerable detail. Notably, recent studies by our and other groups have demonstrated that
F-box and WD repeat domain-containing 7 (FBW7) is also involved in the regulation of
drug resistance [35–37]. The role of FBW7 in drug resistance is just beginning to emerge.
Therefore, the following sections summarize the function of FBW7 in the observed drug
resistance, and how targeting FBW7 may be helpful for designing novel therapeutic
strategies to improve drug sensitivity, which may result in achieving better treatment
outcomes.
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FBW7 is a tumor suppressor
Ubiquitination by the ubiquitin proteasome system (UPS) is a post-translational mechanism
that regulates diverse cellular processes including cell proliferation, cell cycle progression,
transcription, immune response, DNA damage repair, and apoptosis [38, 39]. It has been
reported that the components of the UPS are commonly mutated in human cancers, leading
to either the rapid degradation of certain tumor suppressors, or impaired destruction of
certain oncoproteins, both of which can facilitate tumor development [40]. The UPS consists
of the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating enzyme (E2), and the
ubiquitin-protein ligases (E3). The E1 enzyme activates ubiquitin and transfers it to the E2.
The E2 enzyme then interacts with a specific E3 partner and transfers the ubiquitin to the
target protein for degradation by the 26S proteasome [40]. In general, the E3 is responsible
for adding polyubiquitin chain to specific substrate proteins. E3 ubiquitin ligases are
categorized into multiple classes, such as single RING type, homologous to E6-AP C
terminus (HECT) type and Ring/Cullin Ligase (RCL) type of E3 ligases [41]. Among the E3
ubiquitin ligase enzymes, the RCL type of E3 ligases contain the largest number of family
members, and among them, the Skp1-Cullin1-F-box (SCF) E3 ligase complex is one of the
best characterized. The F-box protein carries the specificity for recognition and binding of
target proteins for subsequent ubiquitination. There are more than 70 putative F-box proteins
encoded in the human genome [42]. The well-characterized F-box protein Skp2 and β-
TRCP1 target p27 and Cdc25A, respectively, for ubiquitination and degradation. In most
cases, proper phosphorylation of the substrates is required for interaction with the F-box
proteins. FBW7, also known as Fbxw7, Ago, CDC4, or Sel10, is another well-studied SCF
ubiquitin ligase that is reported to target various oncogenic proteins for ubiquitination (Fig.
2) [39]. However, the function and physiological substrates of the vast majority of F-box
proteins have not yet been identified.

It has been determined that the specific substrates of FBW7 include cyclin E [43, 44], c-Myc
[45, 46], c-Jun [47, 48], Notch [48–50], presenilin [51], Mcl-1 [36, 37], sterol regulatory
element-binding proteins (SREBP) [52, 53], mTOR [54], Krüppel-like factors (KLFs) [55,
56], c-Myb [57], and Aurora A [58]. Because all these characterized substrates are well-
known oncogenic proteins that are frequently overexpressed in a variety of human cancers,
FBW7 is believed to be a tumor suppressor that contributes to the negative regulation of
these oncogenic proteins. Indeed, it has been observed that FBW7-deficient mice are
embryonic lethal at day 10.5 due to major developmental defects [59] and that conditional
depletion of FBW7 in mouse T cells results in lymphomatogenesis [60]. Interestingly,
FBW7 deletion also conferred a selective inhibition of p53 function, eventually resulting in
development of T cell acute lymphoblastic leukemia (T-ALL) [61]. Consistent with these
results, FBW7 is frequently inactivated by mutation, deletion, or promoter hypermethylation
in multiple neoplasms, including breast cancer [56, 62], colon cancer [36, 63], and leukemia
[64]. For example, ~30% mutation rates at the FBW7 genetic locus were identified in T-
ALL [65]. In addition, FBW7 mutation was found in 16% of primary endometrial cancer
and 11% of colorectal cancer, respectively [65–67]. Approximately 6% of all primary
human tumors are estimated to harbor mutations in the FBW7 gene [65].

The next obvious question is how does FBW7 exert its anti-tumor activity? It is important to
note that the exact molecular mechanisms by which FBW7 suppresses cancer formation
remain unclear, even though the known substrates of FBW7 are well documented for their
oncogenic roles in cancer development and progression. In this regard, several studies have
shed light on the anti-tumor activity of FBW7. For instance, Minella et al. demonstrated that
FBW7 could promote the turnover of cyclin E, and that complete loss of FBW7-mediated
cyclin E degradation causes tissue-specific hyper-proliferation in vivo [44]. Nateri's group
reported that loss of FBW7 induced development of gut adenomas through up-regulation of
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Notch and c-Jun expression [49]. Onoyama et al. observed that conditional inactivation of
FBW7 caused the development of thymic lymphoma primarily due to c-Myc accumulation
[60]. Moreover, FBW7 was also reported to target c-Myb in a Wnt-1 and Nemo-like kinase
(NLK)-dependent, or glycogen synthase kinase (GSK)-dependent manner [68, 69].
Furthermore, we and others recently discovered that FBW7 targets Mcl-1, a pro-survival
member of the Bcl-2 family of proteins, for ubiquitination and destruction [36, 37]. It is thus
possible that deregulated destruction of individual substrates of FBW7 may only have a
restricted role in the development of specific types of cancer. Without a doubt, another
possibility is that accumulation of multiple substrates by loss of FBW7 may play a
synergistic role in the overall transformation phenotype. Additional studies are required to
confirm these hypotheses and their validities. While inhibition of these oncoproteins by
FBW7 has been implicated, its contributions to suppress tumor growth still require further
substantial characterization.

FBW7 is involved in drug resistance
Recently, a body of literature revealed that FBW7 is involved in drug resistance in human
cancers [35–37]. Wertz et al. reported that FBW7 inactivation and increased Mcl-1 levels
promoted resistance to anti-tubulin chemotherapeutic agents and accelerated tumorigenesis
[37]. This group also reported that inhibition of Mcl-1 in FBW7-null cells restored their
sensitivity to taxol- and vincristine-induced cell death [37]. Similarly, we found that FBW7-
deficient T-ALL cells, which displayed higher levels of Mcl-1 expression, were more
sensitive to the chemotherapeutic drug sorafenib, and acquired resistance to the Bcl-2 family
inhibitor ABT-737 [36]. Moreover, accumulating evidence suggests that loss of FBW7 was
also involved in resistance to gamma secretase inhibitor (GSI) treatment [70, 71]. These
recent studies have shown an intimate relationship between drug resistance and FBW7
genetic status, demonstrating that targeting FBW7 may open a new therapeutic window for
drug administration. Therefore, in the following paragraphs we present the biological
functions of FBW7, which might help us to understand its involvement in drug resistance in
various human malignancies.

In the absence of FBW7 sorafenib inhibits the Mcl-1 pro-survival factor, increasing
apoptosis activation

Sorafenib is an inhibitor of multiple receptor tyrosine kinases involved in tumor growth and
angiogenesis. This drug has been shown to improve survival rates in human cancer patients
[72], and has been approved for systemic targeted therapy in clinical use. With regard to its
downstream targets, sorafenib suppresses PDGF, vascular endothelial growth factor (VEGF)
receptor kinase and Raf kinase [72]. Raf kinase is an enzyme capable of activating the
MAPK signaling pathway. Panka et al. reported that sorafenib suppressed Mcl-1 levels by
inactivating MAPK kinase [73]. Several other studies have also shown that sorafenib is an
Mcl-1 antagonist [74]. In keeping with the critical role of the Mcl-1 pro-survival factor for
FBW7-/- cells in evading the apoptotic pathway, we found that FBW7-deficient T-ALL cells
were more sensitive to sorafenib compared to wild-type FBW7 T-ALL cells [36]. Work
from several groups has shown that loss of FBW7 led to an elevated expression of the c-Jun,
c-Myc, and Notch-1 oncoproteins, all of which are capable of promoting cell growth,
although they can also provoke cellular apoptosis as a side effect [75]. Recent work from
our laboratory and the Wertz group showed that elevated levels of the Mcl-1 pro-survival
factor provided a protection mechanism. This mechanism allowed FBW7-deficient cells to
take advantage of the pro-oncogenenic functions of c-Jun, c-Myc, and Notch-1, by balancing
off their pro-apoptotic effects [36, 37]. However, because of the intrinsic balance of the
cellular apoptotic pathway, FBW7-deficient T-ALL cells are dependent on higher levels of
Mcl-1 expression, a phenotype termed “oncogene addiction” [76]. When the anti-apoptotic
effect of Mcl-1 is inhibited by sorafenib, tumor cells undergo programmed cell death [36].
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These findings suggest that FBW7-deficient T-ALL cells might require elevated levels of
Mcl-1 to evade apoptosis. Therefore, down-regulation of Mcl-1 with sorafenib or specific
Mcl-1 inhibitors could be a novel strategy to target FBW7-deficient cancer cells.

Inhibition of tumor growth by ABT-737 is impaired after loss of FBW7
ABT-737, a BH3 domain mimetic and a pan inhibitor of the Bcl-2 family, has been shown
to inhibit anti-apoptotic proteins including Bcl-2, Bcl-XL, and Bcl-w, but not Mcl-1 [77]. It
is known that Mcl-1 is an important member of the Bcl-2 family of proteins and suppresses
the activities of pro-apoptotic molecules such as Bim, Bax, and Bak. Therefore, ABT-737
causes many cancer cell types to be refractory to treatment with this drug, primarily because
ABT-737 fails to target and inactivate Mcl-1 due to its structural differences [77]. Indeed,
van Delft et al. demonstrated that inactivation of Mcl-1 resulted in increased sensitivity to
ABT-737 [78]. Our study has recently shown that FBW7 targets Mcl-1 for ubiquitination
and degradation in a GSK3-dependent manner [36]. Specifically, we found that FBW7-
deficient T-ALL cell lines were more resistant to ABT-737 [36]. We further showed that this
is primarily due to the significant induction of Mcl-1 expression in FBW7-deficient cancer
cells, and that FBW7 reconstitution can restore sensitivity to ABT-737 [36]. Moreover,
specific depletion of Mcl-1 in FBW7-deficient TALL cell lines restored the sensitivity to
ABT-737, suggesting that overexpression of Mcl-1 could be the reason for desensitization to
ABT-737 [36]. Our data showed that loss of FBW7 elevated Mcl-1 expression, which led to
resistance to ABT-737 [36]. On the one hand, our work indicates that FBW7-deficient
patients will not respond well to ABT-737 treatment, but, on the other hand, suggests that
re-introducing functional FBW7 might be a novel strategy to increase the sensitivity to
ABT-737, although currently the gene therapy method is still in its infant stage.

Taxol-induced cell death is inhibited in the absence of FBW7
Taxol, also known as paclitaxel, is a cytotoxic chemotherapy drug, and is classified as an
anti-microtubule agent that stabilizes microtubule structures within the cells, causing mitotic
arrest and apoptosis [79]. Microtubules are an essential part of the cellular apparatus
important for division and self-replication. Inhibition of these structures by Taxol arrests
cells in mitosis and ultimately results in cell death [80]. Taxol has been used for the
treatment of various types of solid cancers, including bladder, breast, esophageal, lung,
melanoma, ovarian, and prostate cancers [79, 80]. Recently, the Wertz group reported that
FBW7-null colon cancer cells were more resistant to Taxol-induced cell death than the wild-
type cells [37]. Similar results were also observed in ovarian cancer cell lines with naturally
occurring FBW7 mutations [37]. Similar trends were also found in human primary tumor
samples. Specifically, tumors with mutant FBW7 were more resistant to Taxol compared to
FBW7 wild-type parental tumors [37]. As expected, tumors expressing mutant FBW7 had
higher levels of Mcl-1. Wertz et al. proposed that FBW7 mutations disrupted the association
between FBW7 and Mcl-1 during mitotic arrest, leading to impaired Mcl-1 degradation and
thus resistance to Taxol [37]. Further, inhibition of Mcl-1 in FBW7-null cells restored their
sensitivity to Taxol-induced cell death [37], indicating that Mcl-1 is necessary for
establishing resistance to Taxol in FBW7-deficient cells.

Vincristine-induced apoptosis is also inhibited in the absence of FBW7
Vincristine is also an anti-cancer chemotherapy drug that is classified as an anti-mitotic
compound. Vincristine works as a microtubule de-stabilizer agent, inhibiting cellular
microtubule structures and consequently inducing cell death [81]. Vincristine has been used
for many human cancers such as acute leukemia, Hodgkin's and non-Hodgkin's lymphoma,
neuroblastoma, rhabdomyosarcoma, Ewing's sarcoma, Wilms’ tumor, multiple myeloma,
chronic leukemia, thyroid cancer, and brain tumors [81]. Recently, FBW7 was also found to
be involved in sensitivity to Vincristine in human malignancies [37]. In ovarian and colon
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cancer cell lines, FBW7 wild-type cells were more sensitive to Vincristine-induced cell
death than FBW7-deficient cells with elevated Mcl-1 expression due to failure of its
degradation [37]. Additionally, inhibition of Mcl-1 expression in the FBW7-null cells
enhanced Vincristine-induced apoptosis [37]. These studies demonstrated that restoration of
FBW7 could open a new window to increase the sensitivity of tumor cells to Vincristine in
human malignancies.

Inhibition of tumor growth by GSI is impaired following loss of FBW7
FBW7 has also been reported to be associated with resistance to GSI treatment [64, 70]. GSI
has been used to inhibit the Notch signaling pathway in clinical trials [82]. The Notch
signaling plays critical roles in many biological processes, including cell proliferation,
apoptosis, migration, and invasion [83]. Notch genes encode transmembrane receptor
proteins. Interacting with their ligands in the neighboring cells will activate Notch receptors.
Subsequently, Notch can be cleaved through a cascade of proteolytic cleavages by the
metalloprotease, tumor necrosis factor-α-converting enzyme (TACE) and gamma-secretase,
leading to the release of the intracellular Notch (ICN) domain. GSI was shown to inhibit the
Notch activity [83].

De-regulation of the Notch pathway has been found in various human cancers [84]. For
example, activating mutations in Notch-1 were identified in ~50% of all human T-ALL cell
lines as well as several mouse models of T cell leukemia [85]. Interestingly, most Notch-1
mutations often occur in the PEST domain, implying that the PEST domain may be required
for proteasome-dependent degradation of Notch-1. Notch-1 mutation causes elevated ICN
and subsequently activates its target genes such as Hes1 and c-Myc [86]. It has been found
that FBW7 can target nuclear Notch-1 for ubiquitination and suppress Notch signaling [49,
70]. Recently, a study led by Nateri's group showed that loss of FBW7 in the gut resulted in
the accumulation of Notch and c-Jun expression, and induced development of adenomas in
mice [49]. FBW7 mutations are found in 30% of T-ALL clinical samples. Moreover, the
majority of the FBW7 mutations are associated with Notch-1 mutations [87]. Furthermore,
Thompson et al. [71] discovered that most of the T-ALL cell lines harboring FBW7
mutations were resistant to GSI treatment, and this resistance could be due to stabilization of
the c-Myc protein, which is the Notch-1 target. Similarly, another group demonstrated that
leukemic cell lines with FBW7 mutations were resistant to the GSI treatment [70]. Most of
these resistant cell lines also failed to down-regulate Myc, one of the Notch targets, after
GSI treatment, implying that the loss of FBW7 may function as a potential mechanism of
drug resistance to GSI in T-ALL [70, 71]. Therefore, up-regulation of FBW7 could offer an
attractive targeted therapy for tumors.

Targeting FBW7 to increase drug sensitivity
As we mentioned above, loss of FBW7 function in cancer cell lines affects their sensitivity
to certain chemotherapeutic agents. Furthermore, reconstitution of FBW7 function can
restore the cells’ sensitivity to the pharmacological agents, indicating that FBW7 loss, which
is frequently observed in various types of human carcinomas, may be one of the causes for
drug resistance changes [36]. Therefore, targeting FBW7 could be a novel strategy to
increase the efficacy of chemo-therapeutic drugs. Although much is known about the targets
of the FBW7 ubiquitin ligase pathway, there is limited knowledge about the regulatory
mechanisms targeting FBW7 expression. Emerging evidence has demonstrated that multiple
mechanisms contribute to the reduction or loss of FBW7 tumor suppressor function in vivo.
The tumor suppressor gene p53 was first reported to directly promote the transcription of
FBW7 mRNA. In other words, FBW7 is a direct transcriptional target of p53 [88, 89].
Recently, Welcker et al. showed that the EBNA1-binding protein 2 (Ebp2) directly binds to
FBW7 like a substrate, and mediates FBW7 nucleolar targeting [90]. Furthermore, another
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group identified a new upstream gene called CCAAT/enhancer-binding protein-δ (C/EBPδ)
that can directly inhibit the expression of FBW7 [91]. More recently, Lerner et al.
discovered that microRNA (miRNA)-27a controls FBW7-dependent cyclin E degradation
and cell cycle progression [92]. As FBW7 research continues to progress, we believe that
more upstream regulatory proteins and miRNAs that regulate FBW7 expression will be
identified. Therefore, targeting these proteins and miRNAs could be helpful in regulating
FBW7, leading to increased drug sensitivity.

Targeting the p53 pathway to promote FBW7 expression
p53 is considered one of the most important tumor suppressor proteins as it is functionally
compromised in a majority of human cancers. Central to p53 regulation is the Mdm2
oncoprotein, which is responsible for promoting the ubiquitination and destruction of p53
[93]. Therefore, enhanced Mdm2 destruction could contribute to the induction of p53
activity. FBW7 has been identified as a p53 target gene [88, 89]. In support of this notion,
FBW7 was dramatically up-regulated by infection with adenovirus-mediated transfer of
wild-type p53 into the p53-deficient cells. Moreover, p53-binding sites were discovered in
the FBW7 exon, further strengthening FBW7 as a direct target of p53 [88]. Thus, targeting
the p53 pathway could potentially regulate FBW7 expression. Because Mdm2 negatively
regulates p53 and is found to be elevated in cancer cells, designing Mdm2 inhibitors to
disrupt the Mdm2-p53 interaction, and consequently lead to up-regulation of FBW7, appears
to be an attractive approach. Indeed, several Mdm2 inhibitors such as Nutlin-3a have been
shown to sensitize cells to the effects of therapeutic drugs [93]. However, further study is
warranted to investigate whether activating p53 could be a practical approach to promote
FBW7 expression, thus enhancing the efficacy of certain chemotherapeutic drugs.

Targeting miRNAs to activate FBW7 expression
miRNAs, single-stranded 19–25-nucleotide RNAs, have recently been recognized as critical
protein regulators that elicit their effects by binding to the 3′ untranslated region (3′UTR) of
target mRNA, thereby inhibiting the translation of the encoded protein or destabilizing the
target mRNA [94]. Some miRNAs that are overexpressed in human cancers have oncogenic
activities. On the other hand, others have tumor suppressor activities and are down-regulated
in cancers [95]. It is important to note that individual miRNAs could potentially regulate
multiple target genes. Conversely, one given gene could be regulated by several different
upstream miRNAs [95]. Recent studies have identified altered expression of specific
miRNAs in drug-resistant tumor cells, indicating that targeting miRNAs could be useful to
convert drug-resistant cells to drug-sensitive cells [94].

Specifically, one recent study provided the first evidence that two miRNAs, named miR-25
and miR-223, reduced mRNA levels and the activation of FBW7 [96]. Moreover,
overexpression of miR-223 significantly increased expression and activity of cyclin E, an
FBW target, while reduced miR-223 expression led to increased FBW7 expression and
decreased cyclin E activity [96]. These observations imply that expression and activity of
FBW7 can be modulated directly by the miRNA pathway [96]. Mavrakis et al. also found
that Mcl-1 levels are increased in mouse leukemias expressing miR-223, which targets
FBW7 [97]. A recent study led by the Sangfelt group [92] showed that miR-27a is a direct
physiological regulator of FBW7. This group used a luciferase-based screening method in
combination with existing miRNA expression profiling data and found that miR-27a is a
major suppressor of FBW7 [92]. miR-27a interferes with FBW7-dependent ubiquitination
and degradation of cyclin E, leading to dysregulation of cell cycle progression. Furthermore,
miR-27a was overexpressed in pediatric precursor B cell acute lymphoblastic leukemia (B-
ALL), implying that miR-27a has putative oncogenic function due to its negative regulation
of FBW7 [92]. Several lines of evidence from the recent studies demonstrated that down-
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regulation of miR-27a could confer sensitivity to chemotherapeutic drugs such as
Vincristine, Adriamycin, Cisplatin, and 5-Flurouracil in various human cancers [98, 99]. It is
possible that down-regulation of miR-27a reverses drug resistance due to up-regulation of
FBW7. However, further in-depth research is needed to fully understand how miRNA-27a
regulates FBW7 and is involved in drug resistance. This evidence supports the hypothesis
that down-regulation of miR-27a could be a new strategy to improve drug sensitivity. More
importantly, these studies have created the rationale for identifying more miRNAs that could
potentially regulate FBW7. Thus, it is our belief that additional miRNAs that regulate FBW7
will be discovered in the future. Furthermore, down- or overexpression of these miRNAs
will reverse drug resistance by specifically regulating FBW7 functions.

Conclusions and perspectives
In conclusion, recent studies have demonstrated that loss of FBW7 tumor suppressor
function in human cancer cell lines could promote resistance to certain therapeutic drugs
such as Taxol and ABT-737, while increasing drug sensitivity to certain drugs such as
sorafenib (Fig. 3). In parallel, reconstitution of FBW7 function was able to restore the
sensitivity of tumor cells to the indicated pharmacological agents. Therefore, increasing
FBW7 expression could be a novel treatment strategy to reverse drug resistance to many
drugs including Taxol and ABT-737 for eliminating drug-resistant tumor cells that are the
root cause of tumor recurrence. On the other hand, identification of additional drugs
behaving similarly to sorafenib, which has increased drug sensitivity in FBW7-deficient
cells, could also be used as a novel therapeutic approach for targeted (or personalized)
therapies of FBW7-deficient patients.

So far, no compounds directly targeting FBW7 have been reported. Currently, only the
proteasome inhibitor bortezomib has been approved by the FDA and successfully used in the
treatment of myelomas [100]. Although, bortezomib has demonstrated a certain degree of
cancer cell selectivity with measurable therapeutic index, bortezomib could cause
unexpected toxicity in normal cells due to loss of specific target, leading to its inhibition of
overall protein degradation [100]. Therefore, an alternative and ideal approach would be to
target specific E3 ligases such as FBW7 to avoid unwanted side effects. However, results so
far indicate that FBW7 mainly functions as a tumor suppressor, which attenuates the
enthusiasm for developing specific FBW7 inhibitors for anti-cancer agents. On the other
hand, it makes it appealing to develop specific inhibitors for upstream regulatory proteins
serving to activate or restore the tumor suppressor function of FBW7. Alternatively,
designing specific inhibitors to FBW7 downstream targets, many of which are well-
characterized onco-proteins, may also be a viable therapeutic approach. Moreover, profiling
the FBW7 status of individual tumors, such as mRNA levels and protein levels, could also
be critical in guiding the optimization of personalized medicines to better sensitize the
individual patient to specific drugs. We anticipate that in the future such approaches will
benefit clinical development of compounds directly or indirectly targeting FBW7 for the
development of more specific, less toxic, and more efficacious anti-cancer therapeutics.
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Abbreviations

ABC ATP-binding cassette

B-ALL precursor B cell acute lymphoblastic leukemia

BCRP breast cancer resistant protein

COX-2 cyclooxygenase-2

CSC cancer stem cell

Ebp2 EBNA1-binding protein 2

EGFR epidermal growth factor receptor

EMT epithelial-mesenchymal transition

ERK extracellular signal-regulated kinase

FBW7 F-box and WD repeat domain-containing 7

FGFR fibroblast growth factor receptor

GSI gamma secretase inhibitor

GSK glycogen synthase kinase

HECT homologous to E6-AP C terminus

ICN intracellular Notch

IGF insulin-like growth factor

KLF Krüppel-like factor

MAPK mitogen-activated protein kinase

miRNA microRNA

MRP1 multidrug resistance-associated protein

mTOR mammalian target of rapamycin

NLK Nemo-like kinase

PDGF platelet-derived growth factor

PGP P-glycoprotein

RCL Ring/Cullin Ligase

SCF Skp1-Cullin1-F-box

SREBP sterol regulatory element-binding proteins

T-ALL T cell acute lymphoblastic leukemia

UPS ubiquitin proteasome system

3′UTR 3′ untranslated region

VEGF vascular endothelial growth factor
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Figure 1.
Schematic illustration of the various mechanisms leading to cancer drug resistance.
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Figure 2.
Illustrated pathways of FBW7-mediated degradation of its major downstream targets. FBW7
recognizes the substrates, which are presented closely to the E2 enzyme to ensure
consequent conjugation of ubiquitin. The addition of polyubiquitin targets proteins to the
26S-proteasome for degradation. Several proteins and miRNAs have been reported to
regulate the expression of FBW7.
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Figure 3.
FBW7-deficient tumor cells with elevated levels of Mcl-1 are more sensitive to the Mcl-1
antagonist. The expression of c-Jun, c-Myc, and Notch-1 are increased due to loss of FBW7,
which promotes cell growth in FBW7-deficient cells. The pro-apoptotic effects of c-Jun, c-
Myc, and Notch-1, on the other hand, are balanced by the elevated expression of Mcl-1.
Thus, FBW7-deficient tumor cells are “addicted” to high expression of the Mcl-1
oncoprotein. However, when FBW7-deficient tumor cells are treated with chemotherapeutic
agents targeting Mcl-1, the pro-survival function of Mcl-1 is inhibited. In this scenario, loss
of the protection of Mcl-1 causes the FBW7-deficient tumor cells to undergo programmed
cell death.
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