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FBXW7 and human tumors:
mechanisms of drug resistance
and potential therapeutic
strategies
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Drug therapy, including chemotherapy, targeted therapy, immunotherapy, and
endocrine therapy, stands as the foremost therapeutic approach for
contemporary human malignancies. However, increasing drug resistance
during antineoplastic therapy has become a substantial barrier to favorable
outcomes in cancer patients. To enhance the effectiveness of different cancer
therapies, an in-depth understanding of the unique mechanisms underlying tumor
drug resistance and the subsequent surmounting of antitumor drug resistance is
required. Recently, F-box and WD Repeat Domain-containing-7 (FBXW7), a
recognized tumor suppressor, has been found to be highly associated with
tumor therapy resistance. This review provides a comprehensive summary of
the underlying mechanisms through which FBXW?7 facilitates the development of
drug resistance in cancer. Additionally, this review elucidates the role of FBXW7 in
therapeutic resistance of various types of human tumors. The strategies and
challenges implicated in overcoming tumor therapy resistance by targeting
FBXW?7 are also discussed.
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1 Introduction

The incidence and mortality rates of malignant tumors are rapidly increasing worldwide
(Bray et al., 2021). According to up-to-date data analysis that there will be approximately
1,958,310 new cancer cases and 609,820 deaths in 2023 in the United States (Siegel et al.,
2023). Malignant tumors significantly contribute to human mortality and impose major
financial burden on societal advancement. Current cancer therapies include surgical
interventions, radiation therapy, and drug therapy (such as chemotherapy, hormone
therapy, immunotherapy, and molecular targeted therapy), with drug therapy being the
predominant approach for treating human cancers. Unfortunately, the emergence of drug
resistance often leads to unfavorable prognoses for a majority of tumor patients. Statistical
evidence underscores the direct or indirect implication of drug resistance in 80%-90% of
deaths amongst tumor patients (Mansoori et al., 2017; Ramos et al., 2021). Therefore, it is
crucial to elucidate the intricate mechanisms of tumor drug resistance and identify strategies
for its circumvention.

Drug resistance in cancer is an extremely complex phenomenon and can be divided into
intrinsic resistance and acquired resistance depending on the temporal stage of
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manifestation (Wang et al., 2019; Ramos et al., 2021). The main
mechanisms of drug resistance in tumor cells encompass an array of
processes, such as drug efflux, apoptosis inhibition, enhanced DNA
repair, modifications of drug targets, epigenetic alterations,
promotion of drug metabolism and detoxification, emergence of
tumor heterogeneity, epithelial-mesenchymal transition (EMT),
perturbations in tumor microenvironment (TME), the influence
of cancer stem cells (CSCs) and autophagy (Mohammad et al., 2015;
Li et al., 2016; Assaraf et al., 2019; Erin et al., 2020; Nussinov et al.,
2021; Ramos et al., 2021; Qin et al., 2023). With the development of
genome sequencing technology, researchers have found that the
presence of driver or background mutations can, to a certain extent,
predict resistance to anticancer therapies. Noteworthy genes and
signaling pathways include AKT, Bcl-2, mTOR, MAPK, IGF, Notch,
and NF-kB (Peled et al., 2013; Bailey et al., 2014; Sigismund et al.,
2018; Krishna et al., 2019; Murugan, 2019; Lee et al., 2020; Gallyas
et al., 2020; Kapoor et al., 20205 Sato et al., 2020). Recently, several
studies have confirmed the important role of F-box and WD Repeat
Domain-containing-7 (FBXW7) in the development of tumor
resistance (Inuzuka et al., 2011; Wang et al., 2011; Wertz et al,
2011; Song et al., 2019; Chen et al,, 2023a).

The ubiquitin-proteasome system (UPS) is the main pathway
forprotein degradation in eukaryotic cells (Wang et al., 2013;
Wang et al., 2014; Zhou Z. et al., 2015). Autophagy is primarily
responsible for the degradation of most long-lived proteins and
some cellular organelles (Lilienbaum, 2013). The short-lived,
misfolded, and damaged proteins degradation is regulated
by cascade of three component enzymes of the UPS including
ubiquitin activating E1 enzyme, ubiquitin conjugating E2 enzyme
and ubiquitin-protein E3 ligase, respectively (Tekcham et al., 2020;
Yang et al,, 2021). E3 ligase plays a central role in the protein
ubiquitination process, where it determines the specificity of a
substrate for degradation (Berndsen and Wolberger, 2014;
Tekcham et al., 2020). FBXW7 (also known as FBW7 or
hCDC4) is a component of the SKP1-CDc53/Cullin-F-box
protein complex (SCF-type E3 ubiquitin ligase) (Akhoondi
et al., 2007). As a well-established tumor suppressor, FBXW?7 is
the most frequently mutated member of the human F-box protein
family (Akhoondi et al., 2007; Yeh et al., 2018). We summarize
the general mechanism by which FBXW?7 is involved in tumor
resistance through the available literature and describe the
development of FBXW?7 resistance in a variety of human
tumors. In addition, we discuss the potential clinical applications
of targeting FBXW?7 in the treatment of tumor resistance. Finally, we
highlight the challenges faced in overcoming tumor resistance using
FBXW?7.

2 FBXWY7 introduction

FBXW7, a member of the F-box protein family, is located on
chromosome 4q31q3 (Zhao et al., 2012). The FBXW7 protein in
eukaryotes can be divided into three isoforms: FBXW7a, FBXW7p,
and FBXW7y (Welcker et al, 2004; Davis et al., 2014). These
isoforms have different N-terminal regions and cellular
localization. FBXW7a, FBXW7p, and FBXW7y are located in the
nucleoplasm, cytoplasm, and nucleolus, respectively (Davis et al.,
2014; Yeh et al, 2018). FBXW7a is thought to perform most
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FBXW?7 functions (Yeh et al., 2018). The FBXW7a isoform may
primarily control the cell cycle in proliferating cells, whereas
FBXW7pB-deficient cells are more sensitive to oxidative stress
(Matsumoto et al., 2011; Cheng and Li, 2012; Cao et al., 2016)
FBXW7y has been reported to play key roles in regulating cell
growth and c-Myc nucleolus abundance (Welcker et al., 2004). The
common region of all isoforms contains three vital functional
domains: (i) the dimerization domain that allows for isoform
dimerization, (ii) the F-box domain that interacts with the SKP1-
CULL complex, and (iii) the 7 tandem WD40 repeats that form a -
propeller structure and mediate substrate binding (Orlicky et al.,
2003; Zhang and Koepp, 2006; Welcker et al., 2013; Davis et al.,
2014; Lan and Sun, 2019). Subsequently, FBXW?7 proteins capture
phosphorylated substrates via the WD40 repeat domains, followed
by their polyubiquitylation by the SCF E3 ligase (Nash et al., 2001;
Sailo et al,, 2019). After successive binding of multiple ubiquitin
molecules to the substrate, degradation is instigated through the 26S
proteasome as shown in Figure 1. It has been well-established that
FBXW? functions as a typical tumor suppressor by targeting a large
number of critical human oncoproteins for ubiquitylation and
proteasome degradation. These oncoprotein substrates include
c-JUN, NOTCH-1, MCL-1 and KLF5,
predominantly comprising transcription factors or key signaling

cyclin E, c-Myg,
molecules that regulate a wide range of cellular process involved in
cell proliferation and tumor progression (Koepp et al, 2001;
Strohmaier et al, 2001; O’Neil et al, 2007; Liu et al., 2010;
Babaei-Jadidi et al.,, 2011; Inuzuka et al., 2011; King et al., 2013;
Lan and Sun, 2019). FBXW7 is also regulated by a number of
regulatory factors, including the tumor suppressor p53, C/EBP-8
(CCAAT/enhancer-binding  protein-§), Hes-5 (Hairy and
Enhancer-of-split homologues 5), microRNAs (Yokobori et al.,
2009; Balamurugan and Sterneck, 2013; Xia et al, 2017; Sailo
et al, 2019). FBXW7 is inactivated by gene mutations, deletions,
or promoter hypermethylation, which leads to oncoprotein
accumulation (Akhoondi et al., 2010; Sailo et al., 2019; Fan et al.,
2022). Numerous studies have indicated that FBXW7 often
demonstrates abnormalities in various human cancers and may
influence tumor biology as well as the development of drug
resistance (Gong et al.,, 2018).

3 The role of FBXW7 in human tumors

FBXW?7 has a high mutation rate in several human cancers. A
meta-analysis of the COSMIC database revealed that the overall
mutation rate of FBXW7 in all human malignancies was 7.79%
(Forbes et al, 2017; Fan et al, 2022). Notably, FBXW7 is
commonly rendered inactive by mutations, deletions, or promoter
hypermethylation in some neoplasms, including hematologic
malignancies, breast, colon, uterine, and lung cancer (Zhao et al,
2010; King et al., 2013; Yokobori et al., 2014; Kothari et al., 2016; Xiao
et al,, 2018; Cuevas et al, 2019). As mentioned previously, most
known substrates regulated by FBXW?7 are proto-oncoproteins. These
proto-oncoproteins significantly affect the regulation of numerous
crucial cellular processes, including cell proliferation, division, and
differentiation. Therefore, aberrant FBXW?7 expression is strongly
associated with carcinogenesis, tumor progression, metastasis, poor
outcomes in cancer patients, and resistance to treatment.
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Structural characterization and functional mechanisms of FBXW?7.

FBXW7 abnormalities manifest as pivotal drivers in the
pathogenesis of tumorigenesis. The inactivation of FBXW7 leads to
elevated levels of c-Myc and Cyclin E, resulting in the inability of cells
to withdraw from the cell cycle, leading to uncontrolled proliferation
(Fan et al., 2022). Tissue-specific ablation of FBXW?7 has been shown
to accelerate tumorigenesis in various mouse models. Wang et al.
demonstrated that the inactivation of FBXW7 synergizes with
activated AKT to induce intrahepatic cholangiocarcinoma (iCCA)
in mice via c-Myc-dependent mechanisms (Wang J. et al.,, 2019).
Another study showed that FBXW?7 mutant mice exhibited thymic
hyperplasia due to c-Myc accumulation and eventually developed
thymic lymphoma (Onoyama et al.,, 2007). In human hematologic
tumors, aberrant FBXW7 can act as an oncoprotein that promotes
Notchl signaling in adult T-cell leukemia (ATL) cells and may play an
important role in the pathogenesis of ATL (Yeh et al,, 2016; Yeh et al.,
2018). Additionally, FBXW?7 is a candidate cancer driver gene in
chronic lymphocytic leukemia(CLL) (Close et al., 2019; Rossi, 2019).
In a mouse intestinal cell model, the deletion of FBXW?7 alone was
insufficient to trigger intestinal malignancy. However, in the context
of coexistence with other common mutations such as APC or
P53 mutations, loss of FBXW?7 accelerated intestinal tumorigenesis
(Babaei-Jadidi et al., 2011).

FBXW?7 significantly affects cancer aggressiveness and patient
survival. A study determined that FBXW?7 deficiency and certain
FBXW?7 mutations can promote the invasive and migratory capacity
of esophageal squamous cell carcinoma (ESCC) cells via
MAP4 overexpression and ERK phosphorylation (Pan et al,
2023). A recent meta-analysis showed that CRC patients with
FBXW?7 deletion had worse overall survival (Shang et al., 2021).
Multifactorial COX regression analyses of several studies have also
shown that FBXW?7 deficiency is a prognostic marker in patients
with CRC patients (Liu et al., 2018). Similar effects of FBXW7 on
tumors were also observed in hepatocellular carcinoma, ovarian
cancer, and T-ALL (Wang et al., 2015; Mihashi et al., 2017; Xu et al.,
2020).

In addition, FBXW7 is strongly associated with treatment
resistance in tumors (Wertz et al, 2011). In the subsequent
sections, we will describe the mechanism of FBXW7 involvement
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in tumor drug resistance, its application in specific solid tumors, and
therapeutic strategies targeting FBXW?7.

4 General mechanism of FBXW?7-
mediated tumor drug resistance

4.1 FBXWY7 inactivation promotes tumor cell
escape from apoptosis

Many currently available anti-cancer therapies primarily
involve the activation of cell death networks to eliminate
malignant cells (Mohammad et al., 2015). However, in cancer,
de-regulated apoptotic signaling allows cancer cells to escape this
process leading to uncontrolled proliferation, thereby resulting in
tumor survival, therapeutic resistance, and recurrence of cancer
(Mohammad et al., 2015). Myeloid cell leukemia-1 (MCL-1) is a
potent anti-apoptotic protein and a crucial member of the BCL-2
(B-cell CLL/Lymphoma 2) protein family. It has emerged as a
critical survival factor in a broad range of human cancers (Mittal
et al., 2021). Multiple E3 ubiquitin ligases are involved in the
degradation of MCL-1 proteins, including FBXW7, MULE and f-
TrCP (Zhong et al., 2005; Ding et al., 2007; Inuzuka et al., 2011;
Senichkin et al., 2020). High-level expression of MCL-1 blocks
apoptosis induced by various apoptotic stimuli and is associated
with antitumor drug resistance (Quinn et al.,, 2011; Wang et al,,
2021). Accumulation of the MCL-1 protein disrupts the
homeostatic relationship between pro- and anti-apoptotic
proteins, resulting in the inability to activate the cysteine
asparaginase cascade that executes apoptosis (Wood, 2020;
Sulkshane Teni, 2022). Thus, abnormal
FBXW?7 expression may affect the efficacy of anticancer

and

therapies through MCL-1 protein accumulation. It has been
established that MCL-1 protein degradation is compromised
observed subsequent to FBXW7 mutation or deletion within
tumor cells, leading to resistance to anti-microtubule drugs
such as paclitaxel and vincristine (Wertz et al, 2011).
Recently, dysfunctional

MCL protein degradation was
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ascertained in FBXW7-deficient CRC cells, thereby exhibiting
resistance to the multi-kinase inhibitor (Tong et al., 2017a).
Interestingly, restoration of FBXW7 expression or the use of a
MCL-1 protein inhibitor can reverse the treatment resistance in
CRC cells (Song et al., 2020). Thus, FBXW?7 may be involved in
tumor cell evasion of the apoptotic program and the consequent
generation of therapy resistance by regulating the ubiquitination
and hydrolysis of anti-apoptotic factors.

4.2 FBXW7 and epithelial-mesenchymal
transition (EMT)

Epithelial-mesenchymal transition (EMT) is a malignant
transformation process in which epithelial cells lose their properties
and become mesenchymal cells (Lamouille et al, 2014; Don et al,
2019). Aberrant activation of EMT is associated with malignant
properties of tumor cells during cancer progression and metastasis,
including promoted migration and invasiveness, increased tumor
stemness, and enhanced resistance to treatment (Huang et al., 2022).
EMT activation can inhibit the sensitivity of tumor cells to antitumor
drugs by altering the microenvironment, enhancing tumor cell anti-
apoptosis, DNA repair, and altering drug metabolic pathways (Don et al,,
2019; Song et al., 2020). FBXW7 expression regulates EMT in human
cancers (Diaz and de Herreros, 2016). FBXW7 can inhibit the EMT
process in part by downregulating EMT upstream transcription factors
including such as c-Myc,Notch, mTOR, Snail 1, and zinc-finger E-box-
binding homeobox 1 (ZEB1) and regulating the RhoA signaling pathway.
Pertinently, the decrement of FBXW7 expression negates its inhibitory
function (Cho et al., 2010; Fender et al., 2015; Yang et al., 2015; Li et al,,
2016). Abnormalities in FBXW7 can contribute to the development of
cancer drug resistance by indirectly affecting EMT. Research revealed that
silencing the FBXW?7 gene can promote the development of EMT and
confer resistance to sorafenib and cisplatin in non-small cell lung cancer
(NSCLC) (Xiao G. et al,, 2018). In vitro studies revealed that elevated
FBXW?7 expression promotes the ubiquitin-mediated degradation of
Snail, which inhibits the EMT process and the renewal capacity of
CSCs and consequently restores the sensitivity of NSCLC cells to the
above drugs (Xiao G. et al,, 2018). Similarly, Yu et al. (2014) found that
FBXW?7 expression levels are resistant to adriamycin in hepatocellular
carcinoma (HCC) by affecting the EMT process. In FBXW7-expressing
deficient colorectal cancer (CRC) cell lines, promotion of ZEB2-induced
EMT mediates resistance to 5-fluorouracil (5-FU) and Oxaliplatin (OX)
chemotherapeutics (Li et al., 2019).

4.3 FBXW7 and cancer stem cells (CSCs)

Cancer stem cells are a small subset of specialized tumor cells
that can maintain tumor differentiation and self-renewal (Bayik and
Lathia, 2021). Studies have revealed that the presence of cancer stem
cells is an important reason why tumors exhibit treatment resistance
(Zhou et al,, 2017; Li et al, 2021).FBXW7 regulates CSCs self-
renewal and cancer progression by reducing core transcription
factor activity, activating specific signaling pathways, metabolic
reprogramming, and the EMT program (Cremona et al.,, 2016;
Zou et al., 2023). Aberrant FBXW7 expression leads to cancer
stemness and poor clinical outcome. For example, FBXW7 is
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involved in the protection of CSCs from anticancer agent-
induced cell death by regulating downstream transcription factors
(e.g., ZEB2 and Snail 1) (Xiao et al., 2018; Li et al., 2019). However,
this seems inseparable from the involvement of the EMT. Contrary
to the aforementioned onco-suppressive role, FBXW?7 targets
positive regulators of the cell cycle for degradation, such as cyclin
E and c-Myc, thereby maintaining CSCs in a quiescent and non-
proliferative state (Essers and Trumpp, 2010; Shen et al., 2022).
(PMID:20599449, 35515121) It is well known that current cytotoxic
drugs mainly kill proliferating active cancer cells. These CSCs exiting
the cell cycle adapt to their new microenvironment by acquiring
mutations and epigenetic modifications that allow them to gain
resistance to anticancer treatments (Tamamouna et al., 2022).
(PMID: 36430404) (Fan et al., 2022) Therefore, based on the
CSC-specific low FBXW7
expression can expose CSCs to antitumor toxic drugs. Inhibition

FBXW?7-regulatory ~mechanism,

of FBXW7 expression in CSC after chemotherapy may be a
promising strategy for eliminating colorectal CSC and improving
their chemosensitivity to anticancer agents (Izumi et al, 2017).
Similarly, a previous compelling study showed that abrogation of
quiescence in leukemic initiating cells (LICs) through
FBXW?7 knockout increases their sensitivity to imatinib (Takeishi
et al, 2013). These studies suggest that the regulation of CSCs
quiescence through FBXW7 expression is an interesting strategy for
enhancing the therapeutic sensitivity of certain tumors.

4.4 MicroRNA regulates FBXW7 expression
level

FBXW?7 contributes to the development of tumor resistance.
Whether regulators (e.g., MicroRNA,P53, KLF5, Hes5) upstream of
FBXW?7 also indirectly regulate antitumor resistance remains
unknown. MicroRNAs (MiRNAs) are a class of noncoding RNAs
containing 19-24 nucleotides that play important roles in the
regulation of cancer onset, progression, and anticancer drug
resistance (Wu and Pfeffer, 2016). MiRNAs can regulate gene
expression at the post-transcriptional level through translational
repression and/or induction of mRNA degradation (Iorio and
Croce, 2012). Various MiRNAs have been reported to target
FBXW?7 gene expression in human tumors, including MiR-25-3p,
MiR-32, MiR-92b, MiR-96, MiR-155-3p, MiR-182, MiR-223
and MiR-367(58) (Fan et al, 2022). Therefore, MiRNAs may
indirectly regulate anticancer drug sensitivity and resistance by
affecting FBXW?7 expression. Zhou et al. have identified a
functional link between miR-223 and FBXW?7 in gastric cancer.
They found that the overexpression of miR-223 decreased the
expression of FBXW7 and the sensitivity of GC cells to cisplatin,
whereas inhibition of miR-223 restored the expression of
FBXW?7 and the sensitivity of GC cells to cisplatin (Zhou et al.,
2015b). Similarly, the action of MiRNA on FBXW?7 expression levels
in the development of drug resistance has been demonstrated in
other studies (Kumar et al., 2014; Eto et al., 2015; Hu et al., 2019;
Wang et al, 2021; Feng et al, 2022). MiRNAs represent an
important class of influential factors, even though this is not a
direct mechanism. Thus, any of the above MicroRNAs are expected
to act as regulators of FBXW7 expression and reduce the expression of
FBXW?7 substrates. Considering the wide range of roles in regulating
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FBXW7 in various cancers, MicroRNAs could serve as disease
progression biomarkers and potential therapeutic strategies (Wu
and Pfeffer, 2016; Lin et al., 2019) (PMID:26433073, 31546023).

4.5 Reqgulating the tumor microenvironment
(TME) and immunotherapy

The tumor microenvironment (TME) is a complex ecosystem
where cancer cells reside and is composed of fibroblasts,
surrounding blood vessels, different immune cells, and the
extracellular matrix (Liu et al, 2021). With tumor-infiltrating
immune cells and cancer-associated fibroblasts (CAFs), the tumor
microenvironment (TME) has emerged as a central player in cancer
drug resistance, which constantly evolves during cancer progression
and significantly affects treatment efficiency (Liu et al, 2022).
FBXW?7 is involved in immune evasion that occurs in anti-tumor
immune responses, as well as in the regulation of the immune
microenvironment, and its mutation or downregulation is more
likely to lead to immunotherapy resistance (Xing et al., 2022).
Mutation or loss of function of FBXW?7 significantly reduces the
infiltration of dendritic cells and immune cells, such as macrophages
and CD8 T cells, in the tumor microenvironment, thereby
promoting resistance to anti-PD-1 therapy (Gstalder et al., 2020;
Ding et al., 2023). In addition to this, FBXW7 can regulate the tumor
immune microenvironment by mediating the degradation of GSK-
3B phosphorylated C/EBPS, influencing macrophage polarization
toward M2-type and modulating macrophage innate immune
responses (Balamurugan et al., 2013; Zhong et al, 2020). M2-
polarized macrophages participate in initiation,
development and metastasis by improving the invasive properties

cancer

of tumor cells, immune suppression, hypoxia induction, angiogenic
and lymphangiogenic regulation (Hughes et al., 2015; Boutilier and
Elsawa, 2021).(PMID: 34209703,26269531) Yang’s study also
demonstrated that the cancer cell progression induced by
M2 macrophages was mechanistically linked to FBXW?7-mediated
MCL-1 stabilization in colon cancer cells (Lee et al., 2020) (PMID:
32444799). Thus FBXW7 may regulate the switching of macrophage
phenotype in the tumor microenvironment. Shen et al. (2022) also
found that FBXW7, by promoting eye absent homolog 2 (EYA2)
degradation, could reduce the tumor mesenchymal phenotype and
enables increased immune cell infiltration, thereby enhancing the
response to anti-PD-1 therapy in a mouse tumor model. Mutations
in FBXW?7 have also been associated with sensitivity or resistance to
immunotherapy in endometrial and pancreatic cancers, as analyzed
using gene sequencing (Lin et al., 2021). Therefore, screening for
FBXW?7 status as a biomarker to predict tumor patient response to
treatment with immune checkpoint inhibitors (ICBs) or as a target
to improve the efficacy of immunotherapy deserves further
exploration.

4.6 The role of FBXW7-mediated autophagy
in tumor drug resistance

Autophagy is a lysosome-dependent pathway of self-
degradation that plays a dual role in cancer, displaying both
tumor suppressive and oncogenic activity (Kumar et al, 2015;
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Hu et al., 2023). Several studies have shown that the upregulated
autophagy aids survival and enhances tumor resistance to anticancer
therapy (Sui et al, 2013; Chang and Zou, 2020). Although the
mechanisms by which autophagy promotes tumor drug resistance
are not fully understood, the roles of FBXW7 in regulating
autophagy to influence drug resistance are emerging. mTOR is
well known as a key negtive regulator of autophagy, especially
mTOR complex 1 (mTORC1) (Kim and Guan, 2015). However,
the exact mechanism of how mTORCI to regulate autophagy
remains unclear. Considering this fact, Ye et al. proposed a new
mode of the FBXW7-SHOC2-RPTOR axis in control of
MTORCI activity that affects autophagy (Xie and Sun, 2019).
SHOC2 was found to be a substrate of FBXW7 and subject to
FBXW?7-mediated ubiquitination and degradation (Xie et al., 2019).
It was also found that SHOC2 competes with mTOR to bind Raptor
in a dose-dependent manner (Xie et al., 2019; Xie and Sun, 2019).
Apparently, autophagy is under the regulation of FBXW7 that
targets SHOC2. Another downstream target of FBXW7, MCL-1,
is also thought to have a role in regulating autophagy. In patients
with oral squamous cell carcinoma (OSCC) with reduced mRNA
and protein levels of FBXW?7, Sun’s found that the levels of MCL-1
expression increased and the mRNA encoding autophagy-associated
proteins, including Beclinl, autophagy related 7, and microtubule-
associated protein light chain 3 declined (Sun et al., 2022). This
indicates that FBXW7 influences autophagy through MCL-1 in
OSCC. Consistent with the above finding, Qiu’s study also
reported that enhanced FBXW7 expression promotes autophagy
in both OSCC cells and xenograft tumor model (Qiu et al., 2023).
Furthermore, the interaction between MCL-1 and autophagy can
produce different outcomes on apoptosis or cell survival. The
investigators found that cell death-associated BECN1-dependent
autophagy was inhibited in fludarabine -resistant (FdR) cells with
sustained MCL-1 levels (Sharma et al., 2013). By analyzing in vitro
experiments, found that autophagy regulated Erastin -induced
ferroptosis in ALL cells via the FBXW7-VDAC3 axis Zhu et al.
(2021). In addition, certain MicroRNAs have been reported to
enhance cancer drug resistance via inducing FBXW?7-mediated
autophagy (Wang et al, 2020; Feng et al, 2022). These results
suggest a clear relationship between FBXW?7 and autophagy in the
development of tumor drug resistance. Inhibiting autophagy by
targeting FBXW7 may provide promising strategies to overcome
drug resistance. The mechanisms by which FBXW7 affects cancer
resistance are shown in Figure 2.

5 FBXWY7 is involved in treatment
resistance in multiple tumors

5.1 Non-small cell lung cancer (NSCLC)

Analysis of the Cancer Genome Atlas data revealed that deletion
of FBXW7 occurred in 30.9% of lung adenocarcinomas and 63.5% of
lung squamous carcinomas (Xiao et al., 2018). NSCLC patients with
low FBXW7 expression not only have more aggressive tumors but
also exhibit worse treatment efficacy and clinical prognosis
(Yokobori et al., 2014). Reduced FBXW?7 expression promotes
NSCLC resistance to gefitinib, which could be reversed by
combination therapy with gefitinib and rapamycin (an mTOR
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FIGURE 2

Mechanisms by which FBXW?7 affects cancer drug resistance.

inhibitor) (Xiao et al., 2018). Furthermore, defective
FBXW?7 expression in NSCLC was found to be associated with
paclitaxel resistance (Yokobori et al., 2014). MS-275, a histone
deacetylase inhibitor, can reverse paclitaxel resistance in NSCLC
cells with low or absent FBXW7 expression (Yokobori et al., 2014).
As mentioned previously, FBXW?7 overexpression can significantly
enhance the chemosensitivity of NSCLC cells to cisplatin by
interfering with EMT (Yu et al, 2013). Additionally, miR-223
was found to mediate autophagy by targeting FBXW?7, which can
also lead to cisplatin resistance in NSCLC (Wang et al., 2020). Anti-
EGFR monoclonal antibody (such as gefitinib and erlotinib)-
resistant NSCLC specimens show downregulation of FBXW7,
which is related to the reduced degradation of MCL-1. Activation
of FBXW?7 promotes MCL-1 degradation and restores the sensitivity
of drug-resistant NSCLC cells to targeted therapy (Ye et al., 2017).
Recent studies have suggested that PD-1/PD-L1 protein abundance
and stability may be regulated by ubiquitin-mediated proteasomal
degradation (Ding et al., 2023). FBXW?7 status can serve as a
predict  patient response to  anti-PD-
1 immunotherapy in NSCLC, and an elevated expression of

biomarker  to

FBXW?7 increases sensitivity to anti-PD-1 immunotherapy (Liu
et al., 2022).

5.2 Colorectal cancer (CRC)

The mutation rate of FBXW?7 in colorectal cancer is the second
highest among all human malignancies (7.73%) (Yeh et al., 2018).
Similarly, aberrant FBXW7 expression significantly affects CRC
treatment resistance. Mutations in FBXW?7 reduce phosphorylated
P53 degradation, which is involved in oxaliplatin resistance in CRC
cells (Li et al., 2015). It has also been found that cryptochrome 2
(CRY2) is negatively regulated by FBXW?7 and is overexpressed in
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samples from chemotherapy-resistant CRC patients (Fang et al.,
2015). High FBXW?7 expression downregulates CRY2 and
increases colorectal cancer cell sensitivity to oxaliplatin (Fang
et al., 2015). An in vitro study also found that FBXW7-deficient
CRC cells are more tolerant to the DNA-damaging agent
5 fluorouracil (5-FU) (Lorenzi et al., 2016). In addition,
FBXW?7 mutations were unable to mediate the degradation of
MCL-1, which led to the resistance of CRC cells to targeted drugs
(regorafenib, trametinib) (Tong et al., 2017a; Lin et al., 2020). In
contrast, restoration of FBXW?7 expression promotes MCL-1
degradation and reverses therapeutic resistance in CRC cells
(Song et al, 2020). Gene sequencing has revealed that
mutations in FBXW?7 are significantly associated with resistance
to anti-EGFR therapy (cetuximab or panitumumab) in CRC
(Lupini et al., 2015). However, the exact underlying mechanism
requires further investigation. A recent study using MC38, a colon
carcinoma cell line syngeneic to C57BL/6 mice that is partially
sensitive to anti-PD-1 treatment, found that the deletion of
FBXW? significantly reduced the response of MC38 to anti-PD-
1 therapy (Gstalder et al., 2020). However, only one in vitro study
strongly predicted the importance of FBXW7 in colorectal cancer
immunotherapy. It is conceivable that the FBXW7 gene has a
broad impact on CRC treatment resistance, from chemotherapy to
targeted therapy and immunotherapy.

5.3 Hematological malignancies

Accumulating evidence indicates that the aberrant expression of
FBXW?7 is associated with drug resistance of hematological
malignancies. FBXW7 mutation is found in 8%-12% of patients
with T-ALL (T-lymphoblastic acute leukemia) and have been
associated with a therapeutic response to the use of glucocorticoids
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TABLE 1 FBXW?7 is involved in the development of drug resistance in various human tumors.

Cancer types Drug Mechanism Reference
NSCLC Gefitinib FBXW7- mTOR Xiao et al. (2018b)
MS-275, Taxol FBXW7-TOP2A(Topoisomerase)/ Yokobori et al. (2014)
MCL1
Cisplatin FBXW7-EMT Yu et al. (2013)
Cisplatin MiR-223-FBXW7-Autophagy Wang et al. (2020)
Gefitinib FBXW7-MCL-1 Ye et al. (2017)
ICBs FBXW?7-PD-1 Liu et al. (2022b)
CRC Oxaliplatin phospho-p53(Ser15)/FBXW?7 Li et al. (2015)
Oxaliplatin FBXW7-CRY2 Fang et al. (2015)
5-FU Unclear Lorenzi et al. (2016)
Regorafenib, Hsp90 Inhibitors, Trametinib = FBXW7-MCL-1 Tong et al. (2017b), Tong et al. (2017a), Lin et al. (2020)
Cetuximab Panitumumab Unclear Lupini et al. (2015)
ICBs FBXW?7/ dsRNA sensing Gstalder et al. (2020)
GC Cisplatin, Trastuzumab MiR-223-FBXW7 Eto et al. (2015), Zhou et al. (2015a)
T-ALL Glucocorticoid FBXW7- GRa Malyukova et al. (2013), Wilkinson et al. (2018)
GSls FBXW?7- Notch 1 Hales et al. (2014)
ATL BET inhibitors FBXW?7-BRAF Yeh et al. (2020)
CML imatinib FBXW?7-LSCs Takeishi et al. (2013), Eid et al. (2023)
Melanoma Pembrolizumab Tumor immune microenvironment Gstalder et al. (2020)
(RCC) Renal cell cancer = ICIs, Sunitinib FBXW?7- NFAT1-PD-L1 Liu et al. (2022c)
HCC Sorafenib MiR-25-FBXW7 Feng et al. (2022)
PC pancreatic cancer) Gemcitabine, Paclitaxel FBXW7-MCL-1 Ishii et al. (2017)
Glioblastoma TMZ (temozolomide) FBXW?7-(Aurora B/MCL-1/Notch-1) Lin et al. (2018)
NPC Cisplatin FBXW7-MRP Song et al. (2015)

(Kraszewska et al., 2013). A study showed that ubiquitin degradation
of glucocorticoid receptor alpha (GRa) is regulated by FBXW7
(Malyukova et al, 2013). In primary T-ALL, loss of
FBXW?7 function leads to upregulation of GRa, which enhances
glucocorticoid  sensitivity (Wilkinson et al, 2018). Aberrant
NOTCHI activation signaling pathway is a major oncogenic driver
of T-ALL (Toribio and Gonzélez-Garcia, 2023). Recognizing this,
researchers have found inhibition of NOTCH signaling in T-ALL with
Gamma-Secretase inhibitors (GSIs) to be a particularly attractive
targeted therapeutic strategy (Hales et al, 2014). Although novel
GSI agents have recently entered clinical trials, their therapeutic
efficacy in T-ALL patients has not been established due to the
presence of drug resistance. According to Jennifer et al,
FBXW7 mutations were found to maintain NOTCHI signaling in
T-ALL and confer resistance to GSI (O’'Neil et al., 2007). Notably,
MiR-223 inhibition can increase FBXW?7 levels in T-ALL cell lines and
prevent resistance to GSI (Kumar et al., 2014). This suggests that MiR-
223 may have therapeutic promise in targeted therapeutic regimens.
In adult T cell leukemia (ATL), Yeh et al. (2020) found that mutations
in FBXW7 may confer resistance to BET inhibitors in tumor cells.
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(PMID: 32907612) Resistance occurs due to increased phosphorylation
and activation of c-Myc as a result of the inability of the
FBXW?7 mutation to target BRAF for degradation (Yeh et al,
2020). Recent evidence also suggests that FBXW?7 protein
accumulation contributes to the cytotoxic effects of BET inhibitors
in T-ALL cell lines (Jiménez-Izquierdo et al., 2023). FBXW?7 maintains
quiescence in leukemia stem cells (LSCs) of chronic myeloid leukemia
(CML) (Takeishi and Nakayama, 2016). In a mouse model of CML, it
has been found that FBXW?7-deficient leukemia-initiating cells (LICs)
are more sensitive to imatinib (Takeishi et al., 2013; Eid et al., 2023).
Inhibition of FBXW?7 appears to be a potential option to improve
treatment response in CML.

5.4 Gastric cancer (GC)

Studies have shown that patients with GC and FBXW7 inactivation
have more aggressive tumors and worse prognosis (Yokobori et al,
2009; Hou and Deng, 2015). As previously mentioned, Zhou et al.
discovered a functional link between miR-223 and FBXW?7 in GC,
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suggesting that miR-223 promotes the development of cisplatin
resistance in GC cells by targeting FBXW7 (D et al, 2018). In
addition, miR-223 overexpression also reduced the levels of
FBXW7 in GC, leading to proliferation, invasion, and in vitro-
induced trastuzumab chemoresistance in GC cells (Eto et al., 2015).

5.5 Other tumors

The mutation rate of FBXW7 in patients with melanoma is 8%
(Aydin et al., 2014). Similar to CRC, preclinical studies and case
reports have shown that deletion of FBXW7 is associated with
resistance to anti-PD-1 immunotherapy in melanoma patients
(Traz et al., 2017; Gstalder et al., 2020). In addition, FBXW7 is
strongly associated with tumor immune cell infiltration and
immunotherapeutic responses in renal cell carcinoma(RCC)
(Xing et al,, 2022). NFATI is a member of the nuclear factor of
activated T cell (NFAT) family, which is involved in many aspects of
cancer, including carcinogenesis, cancer metastasis, formation of the
tumor microenvironment, and immunotherapeutic response (Jiang
et al,, 2019). In RCC patients, the protein levels of FBXW7 were
negatively correlated with those of NFATI, which might be the
substrate of FBXW?7 in RCC cells (Liu et al., 2022). Thus, it has the
potential to enhance the anti-PD-1 immunotherapeutic effects and
improve sunitinib resistance by targeting the FBXW7-NFATI axis
in RCC (Xing et al., 2022; Liu et al., 2022¢; Chen et al.,, 2023a). In
hepatocellular carcinoma (HCC), miR-25 increases HCC resistance
to sorafenib by regulating FBXW7-induced autophagy (Feng et al.,
2022). Furthermore, in pancreatic cancer (PC), FBXW?7 silencing
significantly enhances the accumulation of MCL1 in PC cells and
resistance to gemcitabine and paclitaxel (Ishii et al, 2017).
FBXW?7 overexpression enhances glioblastoma cell sensitivity to
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temozolomide (TMZ) by downregulating Aurora B, MCL-1, and
Notch-1 (Lin et al., 2018). In addition, in nasopharyngeal carcinoma
(NPC), FBXW7-deficient NPC cells were found to express
multidrug-resistant (MRPs) and exhibit
resistance (Song et al, 2015). In contrast, increased FBXW7
expression was observed in the cisplatin-sensitized NPC cells. The

proteins cisplatin

role of FBXW?7 in human tumor resistance are summarized in Table 1.

6 Potential therapeutic strategies
targeting FBXW7

We have summarized some of the mechanisms by which
FBXW? contributes to treatment resistance and its application in
various types of solid tumors. The deletion or aberrant
FBXW?7 expression results in a low rate downstream oncoprotein
degradation. This leads to the accumulation of specific oncoproteins,
thereby triggering drug resistance. Therefore, altering the expression
level of FBXW?7 may be a promising approach for reversing drug
resistance. However, to date, no suitable drugs against FBXW?7 have
been developed. We propose the following promising strategies as
shown in Figure 3. 1) targeting upstream regulators to promote
FBXW?7 reactivation, 2) targeting FBXW?7 downstream pro-
oncogenic proteins, and 3) inhibiting FBXW?7 resistance in
certain cancers. In addition, the limitations and challenges of
targeting FBXW?7 for antitumor drug resistance are discussed.

6.1 Targeting FBXW7 upstream regulators

The expression of FBXW7 is regulated by various factors,
including P53, Pinl, C/EBP-§, Hes-5, Numb4, and microRNA

C
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FIGURE 3
Three potential therapeutic strategies.
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(Lixia et al, 2014). Therefore, restoring FBXW7 expression by
designing drugs that target its upstream regulators may be a
promising approach. P53 is one of the key regulators of FBXW7,
and targeting the P53 signaling pathway can indirectly regulate the
expression level of FBXW?7 (Mao et al., 2004; Sailo et al., 2019). The
main mechanism of P53 inactivation in human cancers is closely
related to regulatory proteins such as MDM2 or MDM4 (also known
as MDMX) (Cheok et al., 2011; Duffy et al., 2022). Thus, it is possible
to maintain FBXW7 expression by designing P53 interaction
blockers with MDM2 or MDM4 to prevent the degradation of
wild type P53. In fact, several low-molecular-weight compounds
that have been shown to block the binding between p53 and MDM?2
(e.g.» Nutlin-3a) have also been shown to improve the response to
anticancer drugs in cancer cells in vitro (Cheok et al., 2011; Guo
et al, 2017; Essmann et al., 2012). However, these experimental
drugs are not used in clinical practice due to their strong side effects
and limited efficacy. Now, more potent and safer P53-MDM?2
blockers are currently being tested in clinical trials (Gupta et al.,
2019). Although much evidence have shown that activated P53 can
directly bind and activate FBXW?7 gene expression, there may be a
more complex (Mao et al., 2004; Yokobori et al., 2009). (PMID:
15592418, 19366810) In some cases, FBXW7 can regulate the
stability of P53 (Tripathi et al., 2019). (PMID:31346036) It was
that DNA damage, FBXW7
P53 degradation, which allows cells to resume proliferation

found after can mediate
and may have a potentially detrimental effect on cancer
outcomes (Elizabeth Caldon, 2020; Galindo-Moreno et al.,
2020). (PMID:32316282, 33070871) It has also been suggested
that the use of FBXW?7 inhibitors together with DNA-damaging
drugs may increase P53 levels and thus inhibit cell proliferation.
However, this treatment requires further validation of its
therapeutic efficacy and feasibility.

Another way to restore FBXW?7 expression involves targeting the
FBXW?7-microRNA axis in tumor cells. miR-223 is overexpressed in
cancer cells and participates in the development of resistance to
multiple anticancer drugs by down-regulating FBXW7 expression
(Wang et al,, 2020; Ding et al.,, 2018; Zhou et al,, 2015b; Eto et al,,
2015; Zhang et al,, 2017). Genistein was found to affect the biological
behavior of pancreatic cancer cells by increasing FBXW?7 expression
through the downregulation of miR-223 (Ma et al, 2013). This
pathway may also regulate drug resistance in pancreatic cancer
cells. Another example is that downregulation of miR-188-5p by
honokiol enhances doxorubicin sensitivity through FBXW?7/c-Myc
signaling pathway in human breast cancer (Yi et al, 2021).
Therefore, enhancing the active expression of FBXW?7 by targeting
upstream regulators could be a novel approach for cancer drug
resistance therapy.

6.2 Targeting key oncoproteins downstream
of FBXW7

FBXW?7 mediates the ubiquitination and hydrolysis of numerous
oncoproteins, including key factors involved in cancer drug resistance.
Deletion of FBXW?7 leads to the accumulation of the pro-survival
factor MCL-1, which confers chemoresistance to cancer cells. Thus,
inhibition of MCL-1 expression or function may restore drug
sensitivity in cancer cells. In CRC, MCL-1 inhibitors can be used to
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overcome mutant FBXW7-driven regorafenib resistance and
contribute to the development of precision therapies to improve
CRC treatment (Song et al, 2020). Similar findings have been
observed for NSCLC (Ye et al, 2017). One study has demonstrated
that MCL-1-binding BH3 mimetics or enhanced PUMA expression
can overcome treatment resistance caused by MCL-1 stabilization in
CRC cells (Tong et al., 2017). Several chemical classes of MCL-1
inhibitors have been developed (Abulwerdi et al., 2014; Nguyen et al.,
2007; Kotschy et al,, 2016). However existing MCL-1 inhibitors lack
sufficient potency and specificity for cancer treatment. There is an
urgent need for developing new MCL-1 inhibitors. These findings
suggest that FBXW?7 downstream oncoproteins, including MCL-1, are

attractive targets for improving the efficacy of anticancer therapies.

6.3 Targeting FBXW?7 to deplete CSCs

Tumor stem cells (CSCs) are a class of cell populations that are
maintained in a non-proliferative state (referred to as quiescence,
dormancy, or the GO phase) and are a source of subsequent tumor
recurrence and drug resistance (Eid et al., 2023). As mentioned
previously, FBXW7 triggers drug resistance by triggering cell cycle
arrest and quiescence in CSCs (Onoyama and Nakayama,
2008).Thus, the tumor-suppressive effect of FBXW?7 protects
CSCs from drug killing. It may be possible to sensitize CSCs to
anticancer therapy by inducing their entry into the cell cycle via
FBXW?7 silencing (Takeishi and Nakayama, 2016). Studies have
shown that FBXW?7-deficient leukemia-initiating cells (LICs)
elevates the levels of c-Myc and are more sensitive to the anti-
cancer drug imatinib (Takeishi et al., 2013). This revealed that
silencing FBXW7 leads to the loss of CML LIC self-renewal,
which may represent a promising therapeutic approach for CML-
resistant patients (Reavie et al., 2013). Another study suggested that
inhibition of FBXW?7 expression after chemotherapy is an attractive
strategy for eradicating colorectal CSCs and may enhance their
response to anticancer drugs (Izumi et al, 2017). Disseminated
tumor cells (DTCs) are present in the bone marrow of patients with
primary breast cancer, and their low proliferative state is a major
cause of drug resistance (Hartkopf et al., 2015). In a mouse model of
breast cancer, the ablation of FBXW?7 awakened the proliferation of
disseminated tumor cells (DTCs) and their sensitivity to paclitaxel
treatment (Shimizu et al., 2019; Chen et al., 2023b). These studies
suggest that promoting the re-entry of CSCs into the cell cycle may
be an effective way to enhance the sensitivity of cancer therapies.
However, the development of FBXW?7 inhibitors is still in its infancy,
and their long-term effects remain unclear.

6.4 Limitations and challenges of cancer
treatment through FBXW7

Although many studies have proposed FBXW?7 as a therapeutic
target for cancer, no suitable drug has entered clinical studies to date
(Fan et al, 2022). This suggests that targeting FBXW?7 in cancer
treatment poses significant obstacles. The intricate network of
regulators  and
downstream target proteins of FBXW7 presents a formidable

relationships  involving numerous upstream

hurdle. In most cases, resistance to one type of anticancer drug has

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1278056

Wang et al.

not been fully elucidated as a singular pathway. Therefore, it is difficult
to achieve the goal of overcoming cancer drug resistance by adjusting a
single factor or target protein. For example, in addition to FBXW7,
MCL1 is regulated by B-TrCP, MULE, and FBXO4 (Ding et al., 2007;
Senichkin et al, 2020). The FBXW?7 ubiquitination-degradation
in different
pathways that affect different biological functions. Therefore, before

network usually involves multiple oncoproteins

using FBXW?7 as a therapeutic target, it is necessary to ensure that the
intervention does not have any unintended consequences. In the
future, it may be necessary to develop drugs with multi-pathway
co-targeting or to identify the most critical factors that mediate
resistance. In addition, the strategy of silencing FBXW7, a
recognized tumor suppressor, can break the dormant state of CSCs.
This is inevitably accompanied by concerns about whether it will
promote cancer progression and metastasis at other sites. It is worth
considering how the destructive effects of CSCs are caused by silencing
FBXW?7 and how its own tumor suppressor effects can be balanced.
Although no drugs targeting FBXW?7 have yet been approved for
clinical use, several promising candidates deserve further evaluation.

7 Discussion

FBXW? acts as a recognition component of the E3 ubiquitin
ligase and mediates the ubiquitination and degradation of several
proteins in vivo. An extensive protein regulatory network centered
on FBXW?7 plays a crucial role in the development of anticancer
therapeutic resistance.

In this study, we review the involvement of imbalanced
FBXW?7 in the development of therapeutic resistance in cancer.
Aberrant FBXW?7 is involved in the development of cancer drug
resistance (apoptosis resistance, EMT, stem cell characterization,
shaping of the tumor microenvironment, autophagy and immune
evasion) by causing an imbalance in oncoproteins. However, the
FBXW?7 regulatory network is complex, and it is clear that additional
upstream or downstream factors are involved in the development of
therapeutic resistance. Moreover, FBXW?7 may also be involved in
other mechanisms of tumor resistance development (e.g., enhanced
DNA repair, drug target alteration, epigenetic alteration, promotion
of drug metabolism and detoxification). The mechanism underlying
FBXW?7-mediated resistance or susceptibility must be elucidated to
provide ideas for the subsequent eradication of resistance.

We also reviewed the effect of FBXW7 on the resistance to
anticancer drugs (e.g., cisplatin, gefitinib, and pembrolizumab) in
various human tumors. From chemotherapeutic drugs to targeted
drugs and immunotherapeutic drugs, FBXW7 mutations or
deletions adversely affect the therapeutic efficacy in all but a few
tumors, namely, hematological tumors. Therefore, the mutational
status of FBXW?7 could serve as a suitable diagnostic biomarker and
play an invaluable role in individualized cancer treatment. Next-
generation sequencing (NGS) technology can broadly identify
genetic differences in tumor tissue, which provides useful support
for detecting many genetic changes associated with FBXW?7 (Churi
et al., 2014; Nemecek et al.,, 2016) (PMID: 25536104, 25536104).
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Clinical evidence linking FBXW7 to resistance to multiple drug
classes further suggests that this gene is a potential therapeutic
target and prognostic biomarker for tumors. Development of drugs
that modulate regulatory factors upstream of FBXW?7 and
substrates downstream of FBXW?7 for use in cancer cells with
FBXW?7 inactivation can be considered. Notably, FBXW7 has a
complex network of upstream and downstream relationships, and
it is difficult to inhibit or activate a target alone to achieve its
intended purpose. Future studies are needed to determine which is
more beneficial for cancer treatment, whether by targeting a key
factor in the FBXW7 network alone or by using combination
therapies that target the upstream, downstream, or parallel
pathways of FBXW7. In addition, therapies that inactivate
FBXW?7 and allow tumor stem cells to enter the cell cycle
should be considered with caution. Therefore, there is a need to
develop fine-tuned drug-specific therapies for specific tumors by
weighing the tumor-suppressive effects of FBXW?7 against
increased drug sensitivity.

In conclusion, FBXW?7 plays a crucial role in the development of
anticancer drug resistance. This review suggests new strategies for
developing novel targeted interventions and enhancing tumor cell
sensitivity to cancer therapies.
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Glossary

UPS Ubiquitin-proteasome system

FBXW7 F-box and WD Repeat Domain-containing-7
TME tumor microenvironment

CSCs cancer stem cells

EMT epithelial-mesenchymal transition

AKT V-akt murine thymoma viral oncogene homolog
Bdl-2 B-cell lymphoma 2

mTOR Mammalian target of rapamycin

MAPK mitogen-activated protein kinases

IGF-1 Insulin-like growth factor-1

NF-kB nuclear factor-kappa

SCF E3 ligase
ESCC
KLF5
C/EBP&
Cyclin E
iCCA
ATL
CLL
APC
T-ALL
MCL-1
MULE
B-TrCP
ZEB1
LICs
CAFs
PD-1/PD-L1
EYA2
ICBs
NSCLC
CRC
GC
EGFR
HCC
PC
TMZ
NPC

NFAT1

KP1-CULI-F box protein E3 ubiquitin ligases
esophageal squamous cell carcinoma
Kriippel-like factor-5

CCAAT/enhancer binding protein delta
E-type cyclins

intrahepatic cholangiocarcinoma

Adult T-cell leukemia-lymphoma

Chronic lymphocytic leukemia

adenomatous polyposis coli

Adult “T cell” acute lymphoblastic leukemia
Myeloid leukemia 1

HECT domain-containing ubiquitin E3 ligase
beta-transducin repeats-containing proteins
Zinc finger E-box binding homeobox 1
leukemia-initiating cells MiRNA: MicroRNA
Cancer associated fibroblasts

Programmed cell death protein 1/programmed cell death ligand 1
Eyes absent homolog 2

Immune-checkpoint blockers

Non-Small Cell Lung Cancer

Colorectal Cancer

gastric cancer

epidermal growth factor receptor
hepatocellular carcinoma

pancreatic cancer

temozolomide

nasopharyngeal carcinoma

nuclear factor of activated T-cells
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