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Abstract: Global statistics have placed colorectal cancer (CRC) as the third most frequently diagnosed
cancer and the fourth principal cause of cancer-related deaths worldwide. Improving survival
for CRC is as important as early detection. Personalized medicine is important in maximizing
an individual’s treatment success and minimizing the risk of adverse reactions. Approaches in
achieving personalized therapy in CRC have included analyses of specific genes with its clinical
implications. Tumour genotyping via next-generation sequencing has become a standard practice
to guide clinicians into predicting tumor behaviour, disease prognosis, and treatment response.
Nevertheless, better prognostic markers are necessary to further stratify patients for personalized
treatment plans. The discovery of new markers remains indispensable in providing the most
effective chemotherapy in order to improve the outcomes of treatment and survival in CRC patients.
This review aims to compile and discuss newly discovered, less frequently mutated genes in CRC.
We also discuss how these mutations are being used to assist therapeutic decisions and their potential
prospective clinical utilities. In addition, we will summarize the importance of profiling the large
genomic rearrangements, gene amplification, and large deletions and how these alterations may
assist in determining the best treatment option for CRC patients.

Keywords: colorectal cancer; less frequently mutated genes; chemoresistance; precision medicine;
treatment response; actionable mutations

1. Introduction

Colorectal cancer (CRC) is currently placed as the third most frequently diagnosed cancer and is
ranked third in terms of mortality [1]. Its burden is anticipated to rise by 60%, which will result in more
than 2.2 million new cases and 1.1 million cancer deaths by the year 2030 [2]. The rise in incidence is
reported mainly from the low and middle-income countries, particularly in Asia [3,4]. The overall
trend, however, has begun to stabilize or decrease in developed countries, including the United
States, Canada, Australia, and north-western Europe, due to the implementation of screening and
early detection programs [2,3]. The five-year survival rate is highly reliant on the disease stage upon
diagnosis. Despite an excellent five-year survival rate for patients diagnosed with Stage I CRC (>90%),
the survival rate reduced dramatically to merely 10% for patients diagnosed with Stage IV CRC [5].
Hence, early detection of the disease plays a significant role in getting better survival outcomes.

Treatment of CRC primarily consists of surgery, adjuvant chemotherapy, neoadjuvant radiotherapy,
as well as targeted therapy. With the advancement in systemic treatments and newly developed
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biological drugs targeting either angiogenesis or epidermal growth factors (EGFRs), such as cetuximab
and panitumumab, the overall survival has significantly increased, mainly in patients with metastatic
CRC (mCRC) [6]. On top of that, immune checkpoint inhibitors have shown promising outcomes
in a subset of patients with mCRC with microsatellite unstable hypermutated and mismatch repair
deficient (dMMR) profiles [7]. Unfortunately, ineffective drug treatment and acquired resistance to
therapy are believed to be a hindrance to better outcomes and contribute to low survival rates of CRC
patients [5,8]. Multidrug resistance is one of the main reasons for treatment failure in more than 90%
of patients with mCRC [9,10]. The monoclonal antibodies (mAbs) cetuximab and panitumumab are
among the most common targeted therapies used in late-stage CRC. However, they are only effective
in a small percentage of patients [11–13] due to either intrinsic or acquired resistance to this type of
therapy. Unfortunately, even the patients that initially respond to EGFR antagonists usually acquired
resistance over time [14–16]. Taken together, these findings necessitate a change in treatment and
prediction approaches. A better understanding of the mechanism of inherent and acquired therapy
resistance will be of important value for drug development, along with improved clinical outcomes.

2. Less Frequently Mutated Genes in CRC

CRC is known to have a high inter-patient molecular heterogeneity. Given the advent of
next-generation sequencing technology, common and rare somatic mutations in patients can be profiled
specifically. Data on the molecular profiles of CRC are relatively increasing, and mutations are now
well-characterized, but they are sometimes conflicting [17]. While there is massive data regarding
APC, KRAS, PIK3CA, and TP53 gene mutations, minimal attention has been given to less frequently
mutated genes as they are mostly identified from several genomic approach research with a small
number of CRC samples. Nevertheless, an increasing number of gene alterations have been discussed
in terms of their roles in treatment stratification and how these alterations have been translated into
drug development and promising positive predictive markers [18]. In Table 1, we summarize several
research efforts to identify dependable new biomarkers to help clinicians make tailored treatment
decisions in CRC. Some of these alterations are located in receptor tyrosine kinases (RTK) genes
(FGFR1, FGFR2, FGFR3, and FGFR4), which have important implications for the selection of anti-cancer
therapies [19,20]. Furthermore, several mutated genes were discovered to be involved in important
pathways in CRC, including TGF-β family member signaling (i.e, SMAD4)) and the Wnt signaling
pathway (RNF43). There are several reported cancer cases that did not display any mutations of
known cancer driver genes [21]. However, these cancers exhibit a large set of genes mutated with
intermediate (2%–20%) or low frequency (less than 2%) [21,22]. Collectively, this justifies the need for
further exploration of how these alterations may play a role in tumorigenesis or treatment response.
The distribution of alterations in the less frequently mutated genes is displayed in Figure 1.
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Table 1. Less frequently mutated genes with treatment implications and their roles in either in vitro or in vivo.

Altered
Gene Prevalence in CRC Actionable and/or Predictive Value Highest Level

of Evidence
In vitro or In vivo Investigation in CRC and/or Other

Cancers

SMAD4 2%–20%
[23,24]

Resistance to anti-EGFR monoclonal antibodies, cetuximab as
a single agent or in combination with standard chemotherapeutic

agents [25].

Retrospective
Cohorts

SMAD4 deficiency induces 5 fluorouracil (5FU)
chemoresistance in CT26 and SW620 cells via the activation of

PI3K/Akt/CDC2/survivin pathway. The PI3K inhibitor,
LY294002, able to trigger 5FU chemosensitivity via cell cycle
arrest by hindering the PI3K/Akt/CDC2/survivin cascade in

the SMAD4-deficient cells [27].

Unresponsive to anti-epidermal growth receptor therapy and
significantly shorter-progression-free survival durations [26].

Retrospective
Cohorts

RNF43 6%–18%
[28,29]

Sensitive to LGK974 for pancreatic cell line with RNF43 loss of
function mutation [30]. Case Study RNF43 knockdown enhances the tumorigenic potential of

CRC cell lines in vitro and in vivo. Larger tumors were
observed in the RNF43 knockout mouse model [32].Phase I evaluation of LGK974 in melanoma, breast cancer (lobular

or triple-negative) and pancreatic cancer [31].
Phase I Clinical

Trial

FGFRs

None was reported in one CRC
study [33]; however, TCGA
studies reported 1.7%–5% of

CRC patients harbored
alteration in FGFR genes [34]

Sensitive to FGFR Tyrosine Kinase Inhibitor (TKIs), AZD4547, as
reported by Phase I and II clinical trials in gastric cancers [36].

Phase II
Clinical Trial

FGFR2 amplification and overexpression were implicated in
survival and proliferation of CRC cell line NCI-H716 and

sensitive to FGFR inhibitors [37].In other cancers:
FGFR1: 3.5%
FGFR2: 1.5%
FGFR3: 2.0%

FGFR4: 0.5% [35]

FGFR tyrosine-kinase inhibitors (TKIs), AZD4547, demonstrated
growth inhibition in the colorectal cell line with FGFR2

amplification [37].
Preclinical

FBXW7 6%–20% [20,38–41]

Sensitive to mTOR inhibitors rapamycin in breast cancer cell line
with the loss of FBXW7 and deletion or mutation of PTEN [42]. Preclinical

Mutated CRC cell lines are less sensitive to regorafenib and
sorafenib [45].

Better clinical outcome in T-cell acute lymphoblastic leukaemia
(T-ALL) patients [43]. Clinical

mCRC patients harboring FBXW7 missense mutations had
significantly worse overall survival than those with wild-type

FBXW7 [44].

Retrospective
Cohorts

LRP1 6%
[23,46]

mCRC patients with mutations and low expression of LRP1 had
poor clinical outcomes even though after treatment with

bevacizumab [46].

Retrospective
Cohorts

LRP1 together with its ligands, tissue plasminogen activator
(tPA), regulate melanoma growth and lung metastasis

in vivo [47].

ARID1A 6.2%–10.9% [34,48]

ARID1A protein loss, due to mutations, is associated with the late
TNM stage, distant metastasis, and poor pathologic

differentiation in CRC patients [49] Retrospective
Cohorts

ARID1A overexpression in SW620 cell line inhibits
proliferation and facilitated 5-FU-induced apoptosis. ARID1A

knockdown in SW480 cell line promotes proliferation and
inhibited 5-FU-induced apoptosis [50].

Stage IV patients with ARID1A protein loss in primary tumors
had longer survival compared to those with ARID1A positive

tumors [49]

CRC cell lines with mutated ARID1A are
are selectively sensitized to ionizing radiation after

knockdown of its other subunit, ARID1B [51].
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In this review, we discuss newly discovered but less frequently mutated genes found in CRC.
We will highlight how these mutations are presently used to assist treatment decisions and their
prospects of being clinically valuable in the future. We will also review the importance of profiling the
genomic rearrangements, mostly those involving gene amplification, in CRC and how these alterations
may assist in determining the best treatment option for CRC patients.

3. SMAD4 Mutations

The transforming growth factor-beta (TGF-β) signaling pathway is crucial in many important
cellular processes such as differentiation, proliferation, apoptosis, and extracellular matrix
production [53]. The activation of this pathway starts upon the binding of TGF-β ligand to cell
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surface receptor protein, known as TGF-β transmembrane protein kinase, and triggers the activation of
a group of related SMAD proteins [54]. The SMAD protein is involved in transmitting signals from the
cell surface to the nucleus. Alteration in this pathway is known to be associated with carcinogenesis and
cancer progression of CRC. During the early stage of CRC, inactivation of TGF-β signaling is related to
tumor suppression [55]. However, in the late stage of CRC, TGF-β causes tumor-promoting effects
via its capability to cause epithelial–mesenchymal transition (EMT), which augments metastatic and
invasion abilities [56]. On top of that, SMAD proteins may act as transcription factors as well as tumor
suppressors by regulating the activity of genes involved in cell growth and proliferation [57]. Interaction
between the TGF-β signaling pathway and several classical pathways such as MAPK (mitogen-activated
protein kinase), PI3K/AKT (phosphatidylinositol-3 kinase/AKT) and WNT/β-catenin pathways have
been discussed extensively [58]. TGF-β signaling was found to regulate the WNT/β-catenin pathway
through the SMAD4 formation complex with β catenin and LEF [59]. The deletion of SMAD4 in a CRC
cell line was proven to increase the mRNA levels of β-catenin and Wnt signaling, thus elucidating the
interaction between TGF-β and the Wnt signaling pathway in CRC progression [60]. Wnt signaling in
CRC can be activated through BMP signaling and it has been shown that 5FU chemosensitivity was
influenced by BMP signaling, depending on SMAD4 and p53 mutation statuses.

Somatic mutations in SMAD4, which is the most common compared to SMAD2 and SMAD3,
were known to be significantly involved in advanced or mCRC [61]. The loss of heterozygosity (LOH)
on chromosome 18q has been proven to be associated with loss of SMAD4 expression and has been
reported in 95% of invasive and mCRCs with SMAD4 somatic mutations. Conversely, adenoma
and intramucosal carcinoma with wild type SMAD4 gene harbor low frequencies of 18qLOH [62].
The loss of SMAD4 expression, due to this genetic aberration, has been predicted to be linked with
poor prognosis in CRC. CRC patients with tumors expressing high SMAD4 levels have significantly
better survival compared to patients with a low SMAD4 expression level [63].

High SMAD4 protein levels are also detected in microsatellite instable and hypermethylated CRCs
and are associated with a better prognosis [64]. In a re-analysis of TCGA CRC cases, the high rate of
SMAD4 and TGF-β pathway mutations is explained by microsatellite instability and hyper-mutation in
a subset of tumors harboring defective DNA mismatch repair [26]. More recently, Yoo and colleagues
have also proven this correlation whereby tumors overexpressing SMAD4 showed a significant
association with sporadic microsatellite instability [65].

However, somatic mutations of SMAD4 are less common as compared to the loss of heterozygosity
and are identified in between 2% to 20% of CRCs [25]. Unique SMAD4 mutations, as well as recurrent
changes, with more than 60% of them being novel, were reported in 64 out of 744 sporadic CRC
patients (8.6%) treated in hospitals across Australia. The mutations were predominantly pathogenic,
with most missense alterations predicted to diminish protein stability or thwart the formation of the
SMAD complex [61]. A low frequency of SMAD4 mutation was also observed in patients of Iranian
descent (2%, 1 out of 51). Upon validation, one novel heterozygous non-synonymous variant, R496C,
c.1486C>T, was detected with a frequency of 0.08% (5 out of 63) and located at the MH2 region of the
SMAD4 gene. Nonetheless, due to the heterozygous nature of this validated variant, the potential
impact on the oncogenic transformation was not assessed [66].

Even though somatic mutations in SMAD4 are less common in CRC, the functionality of these
mutations and how they affect treatment outcomes are currently being explored. Evidence from
several studies pointed out that SMAD4 is a predictive biomarker for 5-fluorouracil (5FU)-based
chemotherapy in CRC patients [67–69]. The loss of function of SMAD4 was found to be associated with
resistance towards 5-FU based treatment through activation of the PIK3/Akt pathway. Interestingly,
the PI3K inhibitor known as LY294002 was able to restore the chemosensitivity of CRC by inhibiting
the PI3K/Akt/CDC2/survivin cascade [69]. The authors proposed SMAD4 as a candidate biomarker for
combined LY294002 and 5-FU-based chemotherapy regimens for patients with CRC.

On top of that, the response to anti-EGFR treatment in patients harboring SMAD4 mutations is
also being explored. In a study involving 734 CRC patients, 90 (12%) had SMAD4 mutations, and the
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missense mutations at R361 and P356 in the MH2 domain were the most common SMAD4 alterations,
as verified by full-length sequencing. A subset of patients with mCRC with wild-type KRAS, NRAS,
and BRAF who received anti-EGFR therapy were shown to have shorter progression-free survival
(PFS) duration compared to patients with unmutated SMAD4 [26]. Similarly, research by Mei et al. [25]
showed that patients carrying SMAD4 mutations had significantly shorter PFS compare to those
carrying wild-type SMAD4. They also reported that none of the patients with SMAD4 mutations were
responsive to cetuximab at 12-week post-treatment. Taken together, the aberrance of SMAD4 should
be assessed when exploring targeted therapies for CRC patients.

4. RNF43 Mutations

RING-type E3 ubiquitin transferase 43 (RNF43) is a type of ubiquitin ligase located in the
transmembrane region [70]. RNF43 acts as a tumor suppressor and negative regulator of Wnt/β catenin
signaling, as well as non-canonical Wnt signaling [71]. Dysregulation of these pathways promotes
tumorigenesis through several dysregulations of Wnt receptor ubiquitination. Frizzled protein and
low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6) are the main receptors of Wnt proteins,
and binding of these proteins results in the formation of a specific complex of Frizzled and LRP5/6
receptors. Upon the binding of Wnt proteins to the receptors, the stabilized β-catenin proteins enter
the nucleus, leading to the activation of the Wnt signaling pathway and target gene transcription,
including the RNF43 gene. RNF43 is involved in intermediating the ubiquitination, endocytosis, and,
consequently, degradation of Wnt receptor complex components Frizzled. The ubiquitination leads
to the elimination of Wnt receptors from the cell surface and, subsequently, inactivation of the Wnt
signaling pathway [72]. In cancer, there are two distinct mechanisms to have continuously activated
Wnt signaling. Firstly, through the loss of function of RNF43 via mutations, which leads to decreased
degradation of Frizzled with an augmented Wnt/β-catenin signaling pathway [72]. The second
mechanism is by the silencing of TCF4 transcriptional activity. TCF4 is a partner of β-catenin and
acts as a transcription factor of the Wnt signaling downstream gene. RNF43 is found on the nucleus
membrane and sequesters TCF4 to the nuclear membrane. Mutated RNF43, independent of its E3
ligase function, may lead to the release of TCF4, allowing it to act as a transcription factor [73].

In CRC, Wnt signaling is usually dysregulated via APC loss-of-function mutations, whereas RNF43
was not significantly mutated in a previous sequencing study [23]. However, the RNF43 gene is among
the most frequently mutated gene in Wnt-dependent tumor types, such as CRC and endometrium
cancer [28]. Through recent large scale genomic profiling of CRC via the whole-exome sequencing
approach, RNF43 was found to be significantly mutated in 488 non-hypermutated CRCs [74]. This is
supported by in silico analysis of TCGA [23] data, whereby there are more than 18% of CRCs and
endometrial carcinomas harbor somatic RNF43 mutations [28]. The most commonly reported somatic
mutations in CRC is a frameshift mutation at R117 (C6 repeat tract) in exon 3 and G659 (G7 repeat tract)
in exon 9 [75]. These mutations have been identified in BRAF mutant/MSI sessile serrated adenoma
and traditional serrated adenoma [76]. Moreover, Bond et al. [76] reported that RNF43 is frequently
mutated in 87% (47/54) BRAF mutant/MSI cancers. This is further supported by similar research done
by Yan et al. [77], which identified more than half of the patients with BRAF V600E also acquiring
aberrations in the Wnt pathway, including RNF43 mutations. Truncating mutations of RNF43 were also
observed in colorectal adenocarcinoma, predominantly in microsatellite unstable cancers, and showed
a mutual exclusivity pattern with inactivating APC mutations [28].

Quite recently, a loss-of-function study of RNF43 in CRC cell lines (Colo205, SW620, HCT116,
and HCT15) was conducted to explore the functional importance of RNF43 mutations and the
relationship with pathological characteristics as well as prognoses [29]. However, this was limited
to the hotspot mutation p. G659fs and p. R117fs. To date, the influence of the mutations against
standard therapy, such as 5-FU or oxaliplatin, has not been investigated. As mentioned previously,
RNF43 mutations were usually found to co-occur with a BRAF V600E mutation. Collectively, this data
clearly implies that genetic alterations in the upstream Wnt pathway regulators lead to pathway
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activation and plays a major role in BRAF V600E colorectal carcinogenesis. Therefore, drug combinations
that target both the MAPK and Wnt pathways could be an effective treatment approach in BRAF-mutated
CRC patients. For instance, co-targeting ligand-dependent Wnt pathway activation in combination with
BRAF or co-inhibition of BRAF and EGFR represents an intriguing potential therapeutic strategy [75].
Nonetheless, to maximize the benefit of targeted cancer therapeutics, it is critical to identify those
patients who are more likely to respond to the therapy.

Somatic RNF43 alterations have also been linked to increased sensitivity towards compounds
targeting the Wnt pathway, such as a specific small molecule of porcupine inhibitor, LGK974,
in preclinical models [78]. In one study [79], this drug reduced the invasion and increased apoptosis
in two of CRC cell lines, namely, SW742 and SW480. The study also illustrates the deregulation
Wnt pathway-related genes as well as increased expression in several genes involved in MAPK and
apoptosis pathway in LGK974 treated cells as compared to oxaliplatin. According to a study by Jiang
and colleagues [30], the pancreatic ductal adenocarcinoma (PDAC) cell line with inactivating RNF43
mutation is sensitive towards LGK974 treatment. However, not all PDAC cell lines are sensitive to
LGK974. PDAC cell lines carrying homozygous mutations of RNF43 were provn to confer resistance
against LGK974, suggesting that there are alternative mechanisms involved [30]. Thus, the response
of specific somatic mutations of RNF43 against this inhibitor, particularly in CRC, remained to be
explored and justify the need for detailed functional studies.

5. FGFR Mutations

Most of the tyrosine kinase receptors (TKR) share intracellular signaling pathways; hence, cancer
cells have a propensity to resist the inhibition of one tyrosine kinase receptor by activating another.
Therefore, in targeting TKRs, a multi-targeted tyrosine kinase inhibitor (TKI) that targets different
TKRs at once is an interesting future prospect [80]. The fibroblast growth factor receptor (FGFR) family
(FGFR1-4) comprises of TKRs implicated in several fundamental biological roles such as angiogenesis,
embryogenesis, wound repair, and tissue homeostasis [81]. In a study of almost 5000 various cancers
by next-generation sequencing, FGFR alterations were found in 7.1% of the cancers, with the majority
being gene amplification (mostly in FGFR1), followed by mutations and rearrangements. Almost
all types of cancers included in the study showed some patients with FGFR alterations, and the
urothelial cancers were most affected. Meanwhile, only 4% of CRC patients in the study harbored
FGFR alterations [35]. Taken together, these data suggest that FGFR might be an ideal candidate for
therapeutic targeting across multiple cancer types.

FGFR alterations demonstrated the oncogenic potential through activating somatic mutations
resulting in cell growth and conferring resistance to cancer therapy [80,82]. These alterations may lead to
either constitutive activation of the receptor or decreased sensitivity to ligand binding. Point mutations
in the kinase insert (KI) domain of FGFR2 may lead to a conformational switch that enhances the
kinase activation. Among them were P583L in CRC, G584V/W and I591M in lung cancer, M585V in
cervical cancer, and S588C in breast cancer, which are all believed to be involved in oncogenesis via the
deregulation of the pathway through aberrant FGFRs [83]. On top of that, fusion proteins that resulted
from translocation events can cause isoform switching and reduced specificity towards fibroblast
growth factors (FGFs) [84]. FGFR2 amplification in CRC was identified in a CRC cell line, NCI-H716,
as reported by Mathur et al. [37]. The same study revealed that FGFR-selective small molecules
inhibitors were able to inhibit the cell viability in vitro as well as in a xenograft model. Nevertheless,
FGFR2 amplification was not observed in a subset of primary CRC tissues despite its overexpression.
The findings indicate that FGFR2 amplification is not prevalent in common types of CRC or lymph
node and liver metastases. Yet, it remains plausible that distinct subsets, for instance, those with
ascites or tumors with endocrine differentiation, which is the primary source of the NCI-H716 cell line,
may have some frequency of amplification [37].

FGFR were implicated in resistance to conventional therapies in several cancers such as breast
cancers [85], non-small cell lung carcinomas (NSCLC) [86], and melanomas [87]. To overcome this,
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a collaborative effort to develop FGF/FGFR inhibitors as anticancer treatments is underway, and some
have entered the clinical phase [88]. In a panel of CRC cell lines with intrinsic resistance to oxaliplatin
or 5FU, a synergistic interaction between silencing FGFR4 and these therapies was demonstrated to
reduce the cell growth and survival. This finding suggests the potential value of FGFR4 as a targetable
regulator in chemo-resistance in CRC [89]. As previously mentioned, the alterations of the FGFR gene
are relatively rare in CRCs as compared to other cancers. Additionally, due to the wide spectrum
of FGFRs alterations from mutations, amplifications to rearrangements, categorizing patients that
are more likely to be responsive to FGFR inhibitors might be challenging. This highlights the need
for further development of optimal molecular diagnosis screening for FGFR alterations, inclusive of
next-generation sequencing, chromogenic in situ hybridization (CISH), fluorescent in situ hybridization
(FISH), or quantitative real-time PCR.

6. FBXW7 Mutations

F-box WD repeat domain-containing-7 (FBXW7) encodes for the F-box protein with seven
tandem WD40 and is located at chromosome 4q31.3. It is one of the vital substrate-recognition
subunits of ubiquitin ligase called the Skp1-Cdc53/Cullin-F-box-protein complex (SCF/β-TCP) [90,91].
The Catalogue of Somatic Mutations in Cancer (COSMIC) database identified that FBXW7 has the
highest frequency of mutation in both F-box and WD repeat domain-containing family members and
SCF ubiquitin ligase complexes, with a mutation percentage of 2.54 % [92]. The FBXW7 protein is
considered as a potent tumor suppressor [92] since the majority of its target substrates acts as potential
growth promoters (proto-oncogenes), including c-Myc, c-JUN, cyclin E, Notch, and KLF5 [93–95].
Therefore, any deletion, mutations, or hypermethylation in the human FBXW7 gene could lower or
inactivate FBXW7, resulting in the build-up of oncogenic substrates, which could lead to the formation
and progression of various cancers, including CRC [96,97].

Until today, FBXW7 has been constantly recognized as one of the less commonly mutated genes
in CRC, accounting for approximately 6% to 15% of all cases [20,39,41,98]. The mutational range of
FBXW7 in CRC is somewhat peculiar, with over 70% of missense single nucleotide variations affecting
amino acids in the substrate-binding sites, and the most common mutational hotspots are at the two
important arginine residues at the position 465 and 479 (Arg465 and Arg479) [39,99]. The remainder is
mostly nonsense alterations, which lead to premature termination of FBXW7 translation, while the loss
of an entire allele is a rare occurrence [93]. In a study conducted in 2015, profiling of CRC displayed
a missense mutation of FBXW7 in chromosome 4 (position: 153247289) with a change in the amino acid
sequence R425C [100]. Later in 2017 [44], Korphaisarn et al. identified FBXW7 mutations in 43 out of 571
CRC patients. Among them, 37 patients had missense alterations (R465C, R465H, and R505C), four had
nonsense alterations, and the remaining two harbored frameshift alterations. Missense mutations
could also occur at S582L, affecting Ser582. Based on the results, not only were these missense mutations
in FBXW7 associated with poor overall survival and prognosis but also demonstrated resistance to
oxaliplatin, especially in the metastatic patients [44]. Additionally, there was no difference in the
mutation frequency of FBXW7 between primary and metastatic patients. Taken together, these data
suggested that missense alterations in a single allele of FBXW7 impaired its activity, but there is still
insufficient data to validate any pathological clinical or demographic features as the representative of
the patients with FBXW7 mutations [39,92]. In short, although FBXW7 mutations showed promise as
the negative prognostic marker in CRC, additional investigations are necessary to discover downstream
pathways causing this worse prognosis as well as its value as a predictive biomarker for drug response.

7. LRP1 Mutations

The low-density lipoprotein receptor (LDLR)-related protein 1 (LRP1) is a family member of the
low-density lipoprotein receptor (LDLR), which serves as a multifunctional endocytic receptor in two
major cell processes; endocytic and signalling activities [101]. This large and ubiquitously expressed
transmembrane receptor recognizes numerous ligands, including growth factors. Thus, LRP1 is
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known to regulate various cell functions, such as lipoprotein metabolism and cell motility [102,103].
In cancer, LRP1 was suggested to play a dual role in cell invasion and migration, depending on the
specific cell type and their microenvironment [104]. LRP1′s role might vary from one tumor type
to another. LRP1 expression levels are often deregulated and reported to be related with advanced
tumor stage and poor prognoses in several cancers, such as CRC [46], lung adenocarcinoma [105],
melanoma [47], and hepatocellular carcinoma [106]. On the other hand, high LRP1 expression was
reported in the advanced tumor stage of astrocytoma [107], endometrial [108], and breast cancer [109],
further suggesting conflicting roles of this gene, which warrant future research.

Among the reported LRP1 mutations are the polymorphic alleles of C766T in exon 3 of the gene
that was reported several decades ago in astrocytoma [107]. Nevertheless, there is no significant
difference in terms of the frequency of C766T as compared to the controls [107]. Moreover, the same
study also reported that LRP1 gene amplification in occurrence with EGFR amplification was observed
in high-grade astrocytomas (Grade IV), compared to normal brain tissues. These data might suggest
that amplification of the gene may be partly involved in the high expression of LRP1 mRNA. Later,
the same mutation of C766T was also identified in breast cancer patients, whereby the frequency of
T-allele was high in breast cancer patients compared to the control population, suggesting its link to
an increased in breast cancer risk [110]. Analysis of the TCGA CRC dataset showed that LRP1 gene
mutation is uncommon, accounted for only 6% of the cases [23,46]. Low mRNA expression of the gene
in the LRP1 mutated group compared to the wild-type group was observed [46]. The same study also
revealed that the decrease of mRNA expression was not due to the methylation of the gene’s promoter.
A low level of mRNA expression was found to be correlated with poor prognosis, mainly among Stage
IV CRC patients [46]. Hence, although rare, the mutations may partially justify the reduction in LRP1
mRNA expression and poor clinical outcomes in some CRC patients.

The roles of LRP1 in cancer cells have been widely investigated in some cancer cell lines such
as glioblastoma [111] and thyroid cancer cell line [112]. In glioblastoma cells, LRP1 was reported to
regulate the expression of MMP-2 and MMP-9, which are responsible for promoting the migration and
invasion of the cells. In addition, the level of phosphorylated ERK was decreased in LRP1-deficient
cells, whereas other signaling pathways remained unchanged, suggesting that LRP1 possibly regulates
the expression of MMP-2 and MMP-9 via an ERK-dependent signaling pathway, resulting in cell
migration and invasion [111]. The role of LRP1 in cancer cell invasion and migration is, however,
controversial as some of the findings demonstrated that low expression of LRP1 can also promote
tumor cell progression [104]. These findings suggest that profiling of either mutation or expression
profile of LRP1 is crucial in determining the impact on specific cell types. In CRC, the mechanism on
how the mutations regulate LRP1 expression and the impact of LRP1 expression remain unknown
so far. Taken together, any mutations in LRP1 might probably lead to deregulation of the mRNA
expression level and could potentially serve as a biomarker, which warrants further research.

The low-density lipoprotein receptor-related protein 1B (LRP1B) is closely related to LRP1. In CRC,
LRP1B down-regulation enhanced CRC cells growth and migration. Additionally, knocking down of
LRP1B increased the expressions of several target genes downstream of beta-catenin/TCF signalling
which are Cyclin D1, N-cadherin, and Snail, thus promoting metastasis in CRC [113]. Therefore,
restoring the function of LRP1B would be a promising therapeutic approach for CRC.

With regard to the mutational landscape, LRP1B alteration frequency in CRC is strikingly different
from LRP1. Single-cell DNA sequencing proved the presence of LRP1B mutations in mCRC [114].
In 2018, Cybulska et al. [115] revealed that LRP1B mutations account for 46% out of the 2832
single-nucleotide variants and short indels included in the study. In the same year, Wolf et al. [116]
identified 25% of LRP1B mutations among the 148 CRCs screened. However, to date, there is no
scientific evidence on the influence of the mutations of LRP1B in CRC towards its diagnosis or prognosis.
Since knockdown of LRP1B leads to promoted growth, migration, and metastasis in CRC, any mutations
resulting in the functional loss of LRP1B could act as a CRC prognostic marker, but additional functional
studies are needed for validation.
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8. ARID1A Mutations

AT-rich interactive domain 1A, known as ARID1A, is a component of the switching
defective/sucrose non-fermenting (SWI/SNF) chromatin remodeling complex, which involves gene
expression regulation [117]. ARID1A mutations and loss of its expression were observed in ovarian
clear cell cancer [118], endometrioid cancer [119], breast cancer [120], Burkitt lymphoma [121], and lung
cancer [122]. However, the investigation of this gene in the CRC is limited, and the mechanism by
which the inactivation of the gene involved in tumorigenesis is not clearly understood [49].

A group of researchers has utilized the patients’ data from the Cancer Genome Atlas (TCGA),
Nurses’ Health Study and Health Professionals’ Follow-Up Study (NHS/HPFS), AACR Project GENIE,
and MD Anderson Cancer Center databases to characterize the ARID1A mutations in CRC. From a total
of 3127 patients, 196 (6.2%) had at least one mutation in ARID1A. In the same dataset, 249 mutations
across the gene were identified; most of the mutations were frameshift or nonsense mutations [48],
which may lead to protein truncation and loss of ARID1A protein expression. The prevalence of the
ARID1A mutation and the loss of protein expression was reported by approximately 12%–13% through
a meta-analysis approach. Remarkably, the loss of ARID1A protein expression in CRC patients was
significantly associated with poorly differentiated grade and advanced tumor depth [123], suggesting
the loss of ARID1A protein expression as a predictive marker for poor prognosis CRC. However,
some conflicting data exist, according to which the loss of ARID1A by immunohistochemistry was
higher in primary CRCs with a frequency of 25.8% [49]. A higher prevalence of ARID1A mutation was
observed in 18 out of 46 (39%) microsatellite instable (MSI) CRC, with almost half of them harboring
the hotspot mutation c.5548delG7, indicating this mutation may play a role in MSI CRC [124].

It was reported that the ARID1A homolog, which is ARID1B, is required for the survival of
ARID1A-mutant cancer cell lines. The silencing of the ARID1B gene in a ARID1A-mutated ovarian clear
cell carcinoma line destabilized SWI/SNF and impaired the proliferation of the cells [125]. This indicates
that the presence of ARID1B is necessary for stabilizing the SWI/SNF complex in ARID1A-mutant cancer
cells. Additionally, the low ARID1B expression level in ARID1A-mutated patients was associated
with shorter progression-free survival, suggesting that a low ARID1B level could be a marker of
poor prognosis in OCCC with ARID1A mutations [126]. Recently, the depletion of ARID1B has
also been proved to increase radiosensitivity in an ARID1A mutant CRC cell line, providing a new
perspective for targeting ARID1B in combination with radiotherapy to enhance outcomes of patients
with ARID1A-mutant CRC patients [51].

The involvement of ARID1A in regulating chemoresistance in CRC has been explored by
overexpressing and silencing of this gene. Reduced ARID1A expression promotes cell proliferation
and suppresses 5-FU-induced apoptosis in an SW620 CRC cell line. Meanwhile, the depletion of
ARID1A in SW480 cells enhanced the proliferation and inhibited apoptosis upon 5-FU treatment [50].
Nevertheless, the depletion of ARID1A was performed by a siRNA approach, not by introducing
mutations that may cause loss of ARID1A mutation. In another study, a knockout ARID1A CRC
model was generated using a CRISPR/Cas9-mediated gene editing approach in the CRC cell line
harboring KRAS mutation [127]. Without ARID1A, the proliferation of these cell lines is seriously
impaired, indicating that ARID1A plays an essential role. On top of that, loss of ARID1A may lead to
disruption of KRAS/AP1-dependent enhancer activity, affecting the expression of target gene MEK/ERK
pathway [127]. Collectively, the relationship between either ARID1B or KRAS and the mutation
ARID1A presents a unique potential for the development of novel combination therapeutic approaches
in precision medicine.

9. Co-occurrence of the Less Frequently Mutated Genes

Cancers are polygenic diseases partly caused by various genomic changes that result in loss of
cell division regulation. Such changes contribute to one another in patterns of mutual exclusivity
or co-occurrence that influence prognosis and response to treatment. Many cases of co-occurring
genomic changes have been reported, indicating that certain alterations in the related pathways lead to
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complementary, rather than duplicate, effects [128]. Using the cBioportal tool [34,52], a combination
of the genes from Table 1 revealed that most of those less frequently mutated genes are concurrently
altered in CRC. Table 2 illustrates the significant co-occurrence feature of these genes in 3806 CRC
patients from 10 TCGA studies (http://bit.ly/2TJwIce).

Table 2. Significant co-occurrence of the less frequently mutated genes.

Gene A Gene B Log2 Odds Ratio q-Value Tendency

ARID1A FGFR3 >3 <0.001 Co-occurrence
RNF43 FGFR2 >3 <0.001 Co-occurrence
RNF43 FGFR3 >3 <0.001 Co-occurrence
LRP1 FGFR2 >3 <0.001 Co-occurrence

ARID1A FGFR2 2.99 <0.001 Co-occurrence
FGFR2 FGFR1 2.784 <0.001 Co-occurrence
RNF43 LRP1 2.618 <0.001 Co-occurrence
FGFR3 FGFR4 2.6 <0.001 Co-occurrence
FGFR2 FGFR4 2.532 <0.001 Co-occurrence

ARID1A RNF43 2.503 <0.001 Co-occurrence
FGFR2 FGFR3 2.413 0.001 Co-occurrence
LRP1 FGFR3 2.411 <0.001 Co-occurrence

RNF43 FGFR4 2.344 <0.001 Co-occurrence
LRP1B FGFR3 2.339 <0.001 Co-occurrence

ARID1A LRP1 2.202 <0.001 Co-occurrence
FGFR1 FGFR3 2.02 <0.001 Co-occurrence
FGFR1 FGFR4 1.974 0.001 Co-occurrence
FBXW7 FGFR3 1.926 <0.001 Co-occurrence
FBXW7 FGFR2 1.913 <0.001 Co-occurrence

LRP1 FGFR4 1.737 0.004 Co-occurrence
LRP1 LRP1B 1.651 <0.001 Co-occurrence

FBXW7 LRP1 1.568 <0.001 Co-occurrence
RNF43 FGFR1 1.459 <0.001 Co-occurrence

ARID1A LRP1B 1.447 <0.001 Co-occurrence
LRP1B FGFR2 1.41 0.005 Co-occurrence
FBXW7 FGFR4 1.318 0.002 Co-occurrence

LRP1 FGFR1 1.316 0.005 Co-occurrence
LRP1B FGFR4 1.247 0.016 Co-occurrence

ARID1A FBXW7 1.216 <0.001 Co-occurrence
RNF43 LRP1B 1.186 <0.001 Co-occurrence
LRP1B FGFR1 1.121 0.004 Co-occurrence
FBXW7 RNF43 1.111 <0.001 Co-occurrence
ARID1A FGFR4 1.031 0.032 Co-occurrence
ARID1A FGFR1 0.988 0.004 Co-occurrence
FGFR4 SMAD4 0.969 0.018 Co-occurrence
FBXW7 LRP1B 0.905 <0.001 Co-occurrence
FGFR3 SMAD4 0.824 0.036 Co-occurrence
FGFR1 SMAD4 0.726 0.01 Co-occurrence
FBXW7 FGFR1 0.691 0.016 Co-occurrence
LRP1B SMAD4 0.637 0.006 Co-occurrence

10. Other Genomic Alterations: Large Genomic Rearrangement and Deletions

Extensive research has focused on interrogating somatic point mutations in relation to their
clinical impact. However, there are several cancers that are driven by structural variants (SVs) or copy
number alterations (CNAs) [129]. In Lynch syndrome, large genomic rearrangements of the mismatch
repair (MMR) genes have been reported, with a variable frequency, depending on the population
studied, from 5% to 20% [130], and with MLH1 and MSH2 being the most affected genes [131]. A novel
large deletion in the MSH2 gene that resulted from Alu-mediated arrangement has been reported in
one of the Southern Italian patients (1.6% frequency) with an inherited predisposition to CRC [132].

http://bit.ly/2TJwIce
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Even though it was a rare incident, identification of the alterations may rule out the negative point
mutation in MMR genes of the Lynch syndrome patients, which is important to family members.

Most of the CNAs identified in CRC were either amplification of oncogenes or deletion of tumor
suppressor genes, such as MYC. The prevalence of MYC amplification of 8% to 25% was observed in
several studies [133,134]. This alteration was proven as an independent factor to be associate with
poor prognosis in CRC patients. However, other groups proved otherwise. A meta-analysis study
done in 2018 [135] and in a study of 334 Korean CRC patients [136] conclude that the cumulative
amplification status of MYC had no correlation with the outcome of patients. Collectively, these findings
indicate the uncertain role of MYC amplification in predicting the patients’ outcomes, which warrant
further investigation.

Due to gene amplification, overexpression of MYC may result in the activation of several
downstream genes, leading to a promotion of the cell cycle with DNA synthesis and an increase
in chromosomal aberration. These pathways can ultimately cause genomic instability and
chemoresistance [137]. Several promising MYC inhibition strategies in CRC have been explored.
MYC inhibition and resistance to chemotherapy were investigated through the development of
a novel 3D organoid culture model from the CRC patient. Hedgehog signals are involved in
regulating the nuclear translocation of GLI-1, which triggers the transcription of target genes, including
MYC. Combination therapy with hedgehog-inhibiting agents such as AY9944, GANT61 and 5-FU,
irinotecan, or oxaliplatin, decreased cell viability of CRC organoids compared to single treatment [138].
Taken together, the identification of selective MYC inhibitors is necessary in order to develop more
effective and less toxic therapeutic agents that can be used either alone or in combination with
conventional therapy.

11. Future Recommendations and Conclusions

Although the frequency of mutation in each gene discussed in this review was comparatively
low, based on the evidence listed in Table 1, all of them are hypothetically pertinent for the prognostic
assessment and identification of patients suitable for targeted therapies. Furthermore, based on TCGA
findings, 40% of TCGA patients harbor alterations in at least one of these genes [52], highlighting its
cumulative effect. It will be interesting to examine how the co-occurrence of alterations in the less
frequently altered genes will influence overall survival or disease-free survival, as well as the response
to chemotherapy.

CRC is a heterogeneous disease with many diverse sets of alterations in tumor suppressor genes
and oncogenes. With the advancement in next-generation sequencing, whole-genome sequencing
enables the profiling of the whole spectrum of genetic changes, including copy number alterations
and structural variants, hence refining the discovery of reliable biomarkers of chemo-responsiveness
or chemoresistance against targeted treatment in CRC. Finally, in our opinion, a comprehensive
molecular characterization, including the less frequently mutated genes, in combination with a better
understanding of the genes’ function, are necessary before this can be translated into clinical practice
to improve the management of CRC patients.

Author Contributions: Conceptualization, R.I.M.Y. and N.S.A.M; writing—original draft preparation, R.I.M.Y. and
F.Y.F.T.; writing—review and editing, N.S.A.M., N.A., and R.J.; visualization, N.S.A.M.; supervision, N.S.A.M.,
N.A., and R.J.; project administration, N.S.A.M.; funding acquisition, R.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This review was funded by the Long Research Grant Scheme (LRGS/2014/UKM-UKM/K/01) from the
Ministry of Higher Education Malaysia.

Acknowledgments: The authors thank Universiti Kebangsaan Malaysia (UKM) for administrative and
technical support.

Conflicts of Interest: The authors declare no conflict of interest.



Biomolecules 2020, 10, 476 13 of 20

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. Ca Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
[PubMed]

2. Arnold, M.; Sierra, M.S.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global patterns and trends in
colorectal cancer incidence and mortality. Gut 2017, 66, 683–691. [CrossRef] [PubMed]

3. Pourhoseingholi, M.A. Increased burden of colorectal cancer in Asia. World J. Gastrointest. Oncol. 2012, 4, 68.
[CrossRef] [PubMed]

4. Pourhoseingholi, M.A. Epidemiology and burden of colorectal cancer in Asia-Pacific region: What shall we
do now? Transl. Gastrointest. Cancer 2014, 3, 169–173.

5. Van Der Jeught, K.; Xu, H.C.; Li, Y.J.; Lu, X.B.; Ji, G. Drug resistance and new therapies in colorectal cancer.
World J. Gastroenterol 2018, 24, 3834–3848. [CrossRef] [PubMed]

6. Nigro, C.L.; Ricci, V.; Vivenza, D.; Granetto, C.; Fabozzi, T.; Miraglio, E.; Merlano, M.C. Prognostic and
predictive biomarkers in metastatic colorectal cancer anti-EGFR therapy. World J. Gastroenterol. 2016, 22,
6944–6954. [CrossRef] [PubMed]

7. Kamatham, S.; Shahjehan, F.; Kasi, P.M. Immune Checkpoint Inhibitors in Metastatic Colorectal Cancer:
Current Status, Recent Advances, and Future Directions. Curr. Colorectal. Cancer Rep. 2019, 15, 112–121.
[CrossRef]

8. Hammond, W.A.; Swaika, A.; Mody, K. Pharmacologic resistance in colorectal cancer: A review. Adv. Med.
Oncol. 2016, 8, 57–84. [CrossRef]

9. Longley, D.B.; Johnston, P.G. Molecular mechanisms of drug resistance. J. Pathol. 2005, 205, 275–292.
[CrossRef]

10. Wu, G.; Wilson, G.; George, J.; Liddle, C.; Hebbard, L.; Qiao, L. Overcoming treatment resistance in cancer:
Current understanding and tactics. Cancer Lett. 2017, 387, 69–76. [CrossRef]

11. Sandhu, J.; Lavingia, V.; Fakih, M. Systemic treatment for metastatic colorectal cancer in the era of precision
medicine. J. Surg. Oncol. 2019, 119, 564–582. [CrossRef] [PubMed]

12. Rachiglio, A.M.; Lambiase, M.; Fenizia, F.; Roma, C.; Cardone, C.; Iannaccone, A.; De Luca, A.; Carotenuto, M.;
Frezzetti, D.; Martinelli, E.; et al. Genomic Profiling of KRAS/NRAS/BRAF/PIK3CA Wild-Type Metastatic
Colorectal Cancer Patients Reveals Novel Mutations in Genes Potentially Associated with Resistance to
Anti-EGFR Agents. Cancers 2019, 11, 859. [CrossRef] [PubMed]

13. Cremolini, C.; Benelli, M.; Fontana, E.; Pagani, F.; Rossini, D.; Fucà, G.; Busico, A.; Conca, E.; Di Donato, S.;
Loupakis, F.; et al. Benefit from anti-EGFRs in RAS and BRAF wild-type metastatic transverse colon cancer:
A clinical and molecular proof of concept study. ESMO Open 2019, 4, e000489. [CrossRef] [PubMed]

14. García-Albéniz, X.; Alonso, V.; Escudero, P.; Méndez, M.; Gallego, J.; Rodríguez, J.R.; Salud, A.;
Fernández-Plana, J.; Manzano, H.; Zanui, M.; et al. Prospective Biomarker Study in Advanced RAS
Wild-Type Colorectal Cancer: POSIBA Trial (GEMCAD 10-02). Oncologist 2019, 24, e1115–e1122. [CrossRef]

15. Gao, Y.; Maria, A.; Na, N.; da Cruz Paula, A.; Gorelick, A.N.; Hechtman, J.F.; Carson, J.; Lefkowitz, R.A.;
Weigelt, B.; Taylor, B.S.; et al. V211D Mutation in MEK1 Causes Resistance to MEK Inhibitors in Colon
Cancer. Cancer Discov. 2019, 9, 1182–1191. [CrossRef]

16. Gbenedio, O.M.; Bonnans, C.; Grun, D.; Wang, C.-Y.; Hatch, A.J.; Mahoney, M.R.; Barras, D.; Matli, M.;
Miao, Y.; Garcia, K.C.; et al. RasGRP1 is a potential biomarker to stratify anti-EGFR therapy response in
colorectal cancer. Jci. Insight 2019, 5, 127552.

17. Mao, C.; Wu, X.-Y.; Yang, Z.-Y.; Threapleton, D.E.; Yuan, J.-Q.; Yu, Y.-Y.; Tang, J.-L. Concordant analysis of
KRAS, BRAF, PIK3CA mutations, and PTEN expression between primary colorectal cancer and matched
metastases. Sci. Rep. 2015, 5, 8065. [CrossRef]

18. Dienstmann, R.; Tabernero, J. Spectrum of Gene Mutations in Colorectal Cancer Implications for Treatment.
Cancer J. 2016, 22, 149–155. [CrossRef]

19. Du, Z.; Lovly, C.M. Mechanisms of receptor tyrosine kinase activation in cancer. Mol. Cancer 2018, 17, 58.
[CrossRef]

20. Malapelle, U.; Pisapia, P.; Sgariglia, R.; Vigliar, E.; Biglietto, M.; Carlomagno, C.; Giuffrè, G.; Bellevicine, C.;
Troncone, G. Less frequently mutated genes in colorectal cancer: Evidences from next-generation sequencing
of 653 routine cases. J. Clin. Pathol. 2016, 69, 767–771. [CrossRef]

http://dx.doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://dx.doi.org/10.1136/gutjnl-2015-310912
http://www.ncbi.nlm.nih.gov/pubmed/26818619
http://dx.doi.org/10.4251/wjgo.v4.i4.68
http://www.ncbi.nlm.nih.gov/pubmed/22532878
http://dx.doi.org/10.3748/wjg.v24.i34.3834
http://www.ncbi.nlm.nih.gov/pubmed/30228778
http://dx.doi.org/10.3748/wjg.v22.i30.6944
http://www.ncbi.nlm.nih.gov/pubmed/27570430
http://dx.doi.org/10.1007/s11888-019-00437-z
http://dx.doi.org/10.1177/1758834015614530
http://dx.doi.org/10.1002/path.1706
http://dx.doi.org/10.1016/j.canlet.2016.04.018
http://dx.doi.org/10.1002/jso.25421
http://www.ncbi.nlm.nih.gov/pubmed/30802315
http://dx.doi.org/10.3390/cancers11060859
http://www.ncbi.nlm.nih.gov/pubmed/31226844
http://dx.doi.org/10.1136/esmoopen-2019-000489
http://www.ncbi.nlm.nih.gov/pubmed/30962964
http://dx.doi.org/10.1634/theoncologist.2018-0728
http://dx.doi.org/10.1158/2159-8290.CD-19-0356
http://dx.doi.org/10.1038/srep08065
http://dx.doi.org/10.1097/PPO.0000000000000191
http://dx.doi.org/10.1186/s12943-018-0782-4
http://dx.doi.org/10.1136/jclinpath-2015-203403


Biomolecules 2020, 10, 476 14 of 20

21. Lawrence, M.S.; Stojanov, P.; Mermel, C.H.; Robinson, J.T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.;
Gabriel, S.B.; Lander, E.S.; Getz, G. Discovery and saturation analysis of cancer genes across 21 tumour types.
Nature 2014, 505, 495–501. [CrossRef]

22. Vogelstein, B.; Papadopoulos, N.; Velculescu, V.E.; Zhou, S.; Diaz, L.A.; Kinzler, K.W. Cancer genome
landscapes. Science 2013, 339, 1546–1558. [CrossRef]

23. The Cancer Genome Atlas Network Comprehensive molecular characterization of human colon and rectal
cancer. Nature 2012, 487, 330–337. [CrossRef]

24. Yu, J.; Wu, W.K.K.; Li, X.; He, J.; Li, X.-X.; Ng, S.S.M.; Yu, C.; Gao, Z.; Yang, J.; Li, M.; et al. Novel recurrently
mutated genes and a prognostic mutation signature in colorectal cancer. Gut 2015, 64, 636–645. [CrossRef]

25. Mei, Z.; Shao, Y.W.; Lin, P.; Cai, X.; Wang, B.; Ding, Y.; Ma, X.; Wu, X.; Xia, Y.; Zhu, D.; et al. SMAD4 and NF1
mutations as potential biomarkers for poor prognosis to cetuximab-based therapy in Chinese metastatic
colorectal cancer patients. BMC Cancer 2018, 18, 479. [CrossRef]

26. Sarshekeh, A.M.; Advani, S.; Overman, M.J.; Manyam, G.; Kee, B.K.; Fogelman, D.R.; Dasari, A.; Raghav, K.;
Vilar, E.; Manuel, S.; et al. Association of SMAD4 mutation with patient demographics, tumor characteristics,
and clinical outcomes in colorectal cancer. PLoS ONE 2017, 12, e0173345. [CrossRef] [PubMed]

27. Zhang, B.; Leng, C.; Wu, C.; Zhang, Z.; Dou, L.; Luo, X.; Zhang, B.; Chen, X.; Dou, L.; Dou, L.; et al. Smad4
sensitizes colorectal cancer to 5-fluorouracil through cell cycle arrest by inhibiting the PI3K/Akt/CDC2/survivin
cascade. Oncol. Rep. 2016, 35, 1807–1815. [CrossRef] [PubMed]

28. Giannakis, M.; Hodis, E.; Jasmine Mu, X.; Yamauchi, M.; Rosenbluh, J.; Cibulskis, K.; Saksena, G.;
Lawrence, M.S.; Qian, Z.R.; Nishihara, R.; et al. RNF43 is frequently mutated in colorectal and endometrial
cancers. Nat. Genet. 2014, 46, 1264–1266. [CrossRef] [PubMed]

29. Eto, T.; Miyake, K.; Nosho, K.; Ohmuraya, M.; Imamura, Y.; Arima, K.; Kanno, S.; Fu, L.; Kiyozumi, Y.;
Izumi, D.; et al. Impact of loss-of-function mutations at the RNF43 locus on colorectal cancer development
and progression. J. Pathol. 2018, 245, 445–455. [CrossRef]

30. Jiang, X.; Hao, H.X.; Growney, J.D.; Woolfenden, S.; Bottiglio, C.; Ng, N.; Lu, B.; Hsieh, M.H.; Bagdasarian, L.;
Meyer, R.; et al. Inactivating mutations of RNF43 confer Wnt dependency in pancreatic ductal adenocarcinoma.
Proc. Natl. Acad. Sci. USA 2013, 110, 12649–12654. [CrossRef]

31. Tai, D.; Wells, K.; Arcaroli, J.; Vanderbilt, C.; Aisner, D.L.; Messersmith, W.A.; Lieu, C.H. Targeting the WNT
Signaling Pathway in Cancer Therapeutics. Oncologist 2015, 20, 1189–1198. [CrossRef] [PubMed]

32. Neumeyer, V.; Grandl, M.; Dietl, A.; Brutau-Abia, A.; Allgäuer, M.; Kalali, B.; Zhang, Y.; Pan, K.-F.; Steiger, K.;
Vieth, M.; et al. Loss of endogenous RNF43 function enhances proliferation and tumour growth of intestinal
and gastric cells. Carcinogenesis 2019, 40, 551–559. [CrossRef] [PubMed]

33. Carter, J.H.; Cottrell, C.E.; McNulty, S.N.; Vigh-Conrad, K.A.; Lamp, S.; Heusel, J.W.; Duncavage, E.J. FGFR2
amplification in colorectal adenocarcinoma. Cold Spring Harb Mol. Case Stud. 2017, 3, a001495. [CrossRef]
[PubMed]

34. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.;
Larsson, E.; et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012, 2, 401–404. [CrossRef] [PubMed]

35. Helsten, T.; Elkin, S.; Arthur, E.; Tomson, B.N.; Carter, J.; Kurzrock, R. The FGFR landscape in cancer: Analysis
of 4,853 tumors by next-generation sequencing. Clin. Cancer Res. 2016, 22, 259–267. [CrossRef] [PubMed]

36. Xie, L.; Su, X.; Zhang, L.; Yin, X.; Tang, L.; Zhang, X.; Xu, Y.; Gao, Z.; Liu, K.; Zhou, M.; et al. FGFR2 Gene
Amplification in Gastric Cancer Predicts Sensitivity to the Selective FGFR Inhibitor AZD4547. Clin. Cancer
Res. 2013, 19, 2572–2583. [CrossRef]

37. Mathur, A.; Ware, C.; Davis, L.; Gazdar, A.; Pan, B.-S.; Lutterbach, B. FGFR2 is amplified in the NCI-H716
colorectal cancer cell line and is required for growth and survival. PLoS ONE 2014, 9, e98515. [CrossRef]

38. Mohd Yunos, R.-I.; Ab Mutalib, N.-S.; Sean, K.S.; Saidin, S.; Abdul Razak, M.R.; Mahamad Nadzir, N.;
Abd Razak, Z.; Mohamed Rose, I.; Sagap, I.; Mazlan, L.; et al. Whole exome sequencing identifies genomic
alterations in proximal and distal colorectal cancer. Prog. Microbes Mol. Biol. 2019, 2, 1–15. [CrossRef]

39. Jardim, D.L.; Wheler, J.J.; Hess, K.; Tsimberidou, A.M.; Zinner, R.; Janku, F.; Subbiah, V.; Naing, A.;
Piha-Paul, S.A.; Westin, S.N.; et al. FBXW7 mutations in patients with advanced cancers: Clinical and
molecular characteristics and outcomes with mTOR inhibitors. PLoS ONE 2014, 9, e89388. [CrossRef]

http://dx.doi.org/10.1038/nature12912
http://dx.doi.org/10.1126/science.1235122
http://dx.doi.org/10.1038/nature11252
http://dx.doi.org/10.1136/gutjnl-2013-306620
http://dx.doi.org/10.1186/s12885-018-4298-5
http://dx.doi.org/10.1371/journal.pone.0173345
http://www.ncbi.nlm.nih.gov/pubmed/28267766
http://dx.doi.org/10.3892/or.2015.4479
http://www.ncbi.nlm.nih.gov/pubmed/26647806
http://dx.doi.org/10.1038/ng.3127
http://www.ncbi.nlm.nih.gov/pubmed/25344691
http://dx.doi.org/10.1002/path.5098
http://dx.doi.org/10.1073/pnas.1307218110
http://dx.doi.org/10.1634/theoncologist.2015-0057
http://www.ncbi.nlm.nih.gov/pubmed/26306903
http://dx.doi.org/10.1093/carcin/bgy152
http://www.ncbi.nlm.nih.gov/pubmed/30380024
http://dx.doi.org/10.1101/mcs.a001495
http://www.ncbi.nlm.nih.gov/pubmed/28835367
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://dx.doi.org/10.1158/1078-0432.CCR-14-3212
http://www.ncbi.nlm.nih.gov/pubmed/26373574
http://dx.doi.org/10.1158/1078-0432.CCR-12-3898
http://dx.doi.org/10.1371/journal.pone.0098515
http://dx.doi.org/10.36877/pmmb.a0000036
http://dx.doi.org/10.1371/journal.pone.0089388


Biomolecules 2020, 10, 476 15 of 20

40. Chang, C.C.; Lin, H.H.; Lin, J.K.; Lin, C.C.; Lan, Y.T.; Wang, H.S.; Yang, S.H.; Chen, W.S.; Lin, T.C.; Jiang, J.K.;
et al. FBXW7 mutation analysis and its correlation with clinicopathological features and prognosis in
colorectal cancer patients. Int. J. Biol. Markers 2015, 30, e88–e95. [CrossRef]

41. Abdul, S.-N.; Ab Mutalib, N.-S.; Sean, K.S.; Syafruddin, S.E.; Ishak, M.; Sagap, I.; Mazlan, L.; Rose, I.M.;
Abu, N.; Mokhtar, N.M.; et al. Molecular Characterization of Somatic Alterations in Dukes’ B and C Colorectal
Cancers by Targeted Sequencing. Front. Pharm. 2017, 8, 465. [CrossRef] [PubMed]

42. Mao, J.-H.; Kim, I.-J.; Wu, D.; Climent, J.; Kang, H.C.; DelRosario, R.; Balmain, A. FBXW7 targets mTOR
for degradation and cooperates with PTEN in tumor suppression. Science 2008, 321, 1499–1502. [CrossRef]
[PubMed]

43. Valliyammai, N.; Nancy, N.K.; Sagar, T.G.; Rajkumar, T. Study of NOTCH1 and FBXW7 Mutations and Its
Prognostic Significance in South Indian T-Cell Acute Lymphoblastic Leukemia. J. Pediatr Hematol. Oncol.
2018, 40, e1–e8. [CrossRef] [PubMed]

44. Korphaisarn, K.; Morris, V.K.; Overman, M.J.; Fogelman, D.R.; Kee, B.K.; Raghav, K.P.S.; Manuel, S.;
Shureiqi, I.; Wolff, R.A.; Eng, C.; et al. FBXW7 missense mutation: A novel negative prognostic factor in
metastatic colorectal adenocarcinoma. Oncotarget 2017, 8, 39268–39279. [CrossRef]

45. Tong, J.; Tan, S.; Zou, F.; Yu, J.; Zhang, L. FBW7 mutations mediate resistance of colorectal cancer to targeted
therapies by blocking Mcl-1 degradation. Oncogene 2017, 36, 787–796. [CrossRef]

46. Boulagnon-Rombi, C.; Schneider, C.; Leandri, C.; Jeanne, A.; Grybek, V.; Bressenot, A.M.; Barbe, C.;
Marquet, B.; Nasri, S.; Coquelet, C.; et al. LRP1 expression in colon cancer predicts clinical outcome.
Oncotarget 2018, 9, 8849–8869. [CrossRef]

47. Salama, Y.; Lin, S.-Y.; Dhahri, D.; Hattori, K.; Heissig, B. The fibrinolytic factor tPA drives LRP1-mediated
melanoma growth and metastasis. FASEB J. 2019, 33, 3465–3480. [CrossRef]

48. Mehrvarz Sarshekeh, A.; Loree, J.M.; Manyam, G.C.; Pereira, A.A.L.; Raghav, K.P.S.; Lam, M.; Davis, J.S.;
Dasari, A.; Morris, V.K.; Menter, D.; et al. The characteristics of ARID1A mutations in colorectal cancer. J.
Clin. Oncol. 2018, 36, 3595. [CrossRef]

49. Wei, X.-L.; Wang, D.-S.; Xi, S.-Y.; Wu, W.-J.; Chen, D.-L.; Zeng, Z.-L.; Wang, R.-Y.; Huang, Y.-X.; Jin, Y.;
Wang, F.; et al. Clinicopathologic and prognostic relevance of ARID1A protein loss in colorectal cancer.
World J. Gastroenterol. 2014, 20, 18404–18412. [CrossRef]

50. Xie, C.; Fu, L.; Han, Y.; Li, Q.; Wang, E. Decreased ARID1A expression facilitates cell proliferation and
inhibits 5-fluorouracil-induced apoptosis in colorectal carcinoma. Tumor Biol. 2014, 35, 7921–7927. [CrossRef]

51. Niedermaier, B.; Sak, A.; Zernickel, E.; Xu, S.; Groneberg, M.; Stuschke, M. Targeting ARID1A-mutant
colorectal cancer: Depletion of ARID1B increases radiosensitivity and modulates DNA damage response.
Sci. Rep. 2019, 9, 18207. [CrossRef] [PubMed]

52. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal.
Sci. Signal. 2013, 6, pl1. [CrossRef] [PubMed]

53. Jung, B.; Staudacher, J.J.; Beauchamp, D. Transforming Growth Factor β Superfamily Signaling in
Development of Colorectal Cancer. Gastroenterology 2017, 152, 36–52. [CrossRef] [PubMed]

54. Weiss, A.; Attisano, L. The TGFbeta superfamily signaling pathway. Wiley Interdiscip Rev. Dev. Biol. 2013, 2,
47–63. [CrossRef] [PubMed]

55. Ikushima, H.; Miyazono, K. TGFB 2 signalling: A complex web in cancer progression. Nat. Rev. Cancer 2010,
10, 415–424. [CrossRef] [PubMed]

56. Heldin, C.H.; Vanlandewijck, M.; Moustakas, A. Regulation of EMT by TGFbeta in cancer. FEBS Lett. 2012,
586, 1959–1970. [CrossRef] [PubMed]

57. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-β family signalling.
Nature 2003, 425, 577–584. [CrossRef]

58. Zhao, M.; Mishra, L.; Deng, C.X. The role of TGF-β/SMAD4 signaling in cancer. Int. J. Biol. Sci. 2018, 14,
111–123. [CrossRef]

59. Petit, F.G.; Deng, C.; Jamin, S.P. Partial müllerian duct retention in Smad4 conditional mutant male mice. Int.
J. Biol. Sci. 2016, 12, 667–676. [CrossRef]

60. Freeman, T.J.; Smith, J.J.; Chen, X.; Washington, M.K.; Roland, J.T.; Means, A.L.; Eschrich, S.A.; Yeatman, T.J.;
Deane, N.G.; Beauchamp, R.D. Smad4-mediated signaling inhibits intestinal neoplasia by inhibiting
expression of β-catenin. Gastroenterology 2012, 142, 562–571.e2. [CrossRef]

http://dx.doi.org/10.5301/jbm.5000125
http://dx.doi.org/10.3389/fphar.2017.00465
http://www.ncbi.nlm.nih.gov/pubmed/28769798
http://dx.doi.org/10.1126/science.1162981
http://www.ncbi.nlm.nih.gov/pubmed/18787170
http://dx.doi.org/10.1097/MPH.0000000000001006
http://www.ncbi.nlm.nih.gov/pubmed/29200162
http://dx.doi.org/10.18632/oncotarget.16848
http://dx.doi.org/10.1038/onc.2016.247
http://dx.doi.org/10.18632/oncotarget.24225
http://dx.doi.org/10.1096/fj.201801339RRR
http://dx.doi.org/10.1200/JCO.2018.36.15_suppl.3595
http://dx.doi.org/10.3748/wjg.v20.i48.18404
http://dx.doi.org/10.1007/s13277-014-2074-y
http://dx.doi.org/10.1038/s41598-019-54757-z
http://www.ncbi.nlm.nih.gov/pubmed/31796878
http://dx.doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://dx.doi.org/10.1053/j.gastro.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27773809
http://dx.doi.org/10.1002/wdev.86
http://www.ncbi.nlm.nih.gov/pubmed/23799630
http://dx.doi.org/10.1038/nrc2853
http://www.ncbi.nlm.nih.gov/pubmed/20495575
http://dx.doi.org/10.1016/j.febslet.2012.02.037
http://www.ncbi.nlm.nih.gov/pubmed/22710176
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.7150/ijbs.23230
http://dx.doi.org/10.7150/ijbs.12300
http://dx.doi.org/10.1053/j.gastro.2011.11.026


Biomolecules 2020, 10, 476 16 of 20

61. Fleming, N.I.; Jorissen, R.N.; Mouradov, D.; Christie, M.; Sakthianandeswaren, A.; Palmieri, M.; Day, F.; Li, S.;
Tsui, C.; Lipton, L.; et al. SMAD2, SMAD3 and SMAD4 mutations in colorectal cancer. Cancer Res. 2013, 73,
725–735. [CrossRef] [PubMed]

62. Miyaki, M.; Iijima, T.; Konishi, M.; Sakai, K.; Ishii, A.; Yasuno, M.; Hishima, T.; Koike, M.; Shitara, N.;
Iwama, T.; et al. Higher frequency of Smad4 gene mutation in human colorectal cancer with distant metastasis.
Oncogene 1999, 18, 3098–3103. [CrossRef] [PubMed]

63. Losi, L.; Bouzourene, H.; Benhattar, J. Loss of Smad4 expression predicts liver metastasis in human colorectal
cancer. Oncol. Rep. 2007, 17, 1095–1099. [CrossRef] [PubMed]

64. Isaksson-Mettävainio, M.; Palmqvist, R.; Dahlin, A.M.; Van Guelpen, B.; Rutegård, J.; Öberg, Å.;
Henriksson, M.L. High SMAD4 levels appear in microsatellite instability and hypermethylated colon
cancers, and indicate a better prognosis. Int. J. Cancer 2012, 131, 779–788. [CrossRef] [PubMed]

65. Yoo, S.-Y.; Lee, J.-A.; Shin, Y.; Cho, N.-Y.; Bae, J.M.; Kang, G.H. Clinicopathological Characterization and
Prognostic Implication of SMAD4 Expression in Colorectal Carcinoma. J. Pathol. Transl. Med. 2019, 53,
289–297. [CrossRef] [PubMed]

66. Ashktorab, H.; Mokarram, P.; Azimi, H.; Olumi, H.; Varma, S.; Nickerson, M.L.; Brim, H. Targeted exome
sequencing reveals distinct pathogenic variants in Iranians with colorectal cancer. Oncotarget 2016, 8,
7852–7866. [CrossRef] [PubMed]

67. Boulay, J.-L.; Mild, G.; Lowy, A.; Reuter, J.; Lagrange, M.; Terracciano, L.; Laffer, U.; Herrmann, R.; Rochlitz, C.
SMAD4 is a predictive marker for 5-fluorouracil-based chemotherapy in patients with colorectal cancer. Br.
J. Cancer 2002, 87, 630–634. [CrossRef]

68. Wasserman, I.; Lee, L.H.; Ogino, S.; Marco, M.R.; Wu, C.; Chen, X.; Datta, J.; Sadot, E.; Szeglin, B.; Guillem, J.;
et al. SMAD4 loss in colorectal cancer patients correlates with recurrence, loss of immune infiltrate,
and chemoresistance. Clin. Cancer Res. 2018, 25, 1948–1956. [CrossRef]

69. Zhang, B.; Zhang, B.; Chen, X.; Bae, S.; Singh, K.; Washington, M.K.; Datta, P.K. Loss of Smad4 in colorectal
cancer induces resistance to 5-fluorouracil through activating Akt pathway. Br. J. Cancer 2014, 110, 946–957.
[CrossRef]

70. Zebisch, M.; Jones, E.Y. ZNRF3/RNF43 - A direct linkage of extracellular recognition and E3 ligase activity to
modulate cell surface signalling. Prog. Biophys. Mol. Biol. 2015, 118, 112–118. [CrossRef]

71. Tsukiyama, T.; Fukui, A.; Terai, S.; Fujioka, Y.; Shinada, K.; Takahashi, H.; Yamaguchi, T.P.; Ohba, Y.;
Hatakeyama, S. Molecular Role of RNF43 in Canonical and Noncanonical Wnt Signaling. Mol. Cell Biol.
2015, 35, 2007–2023. [CrossRef] [PubMed]

72. Serra, S.; Chetty, R. Rnf43. J. Clin. Pathol. 2018, 71, 1–6. [CrossRef] [PubMed]
73. Loregger, A.; Grandl, M.; Mejías-Luque, R.; Allgäuer, M.; Degenhart, K.; Haselmann, V.; Oikonomou, C.;

Hatzis, P.; Janssen, K.P.; Nitsche, U.; et al. The E3 ligase RNF43 inhibits Wnt signaling downstream of
mutated β-catenin by sequestering TCF4 to the nuclear membrane. Sci. Signal. 2015, 8, ra90. [CrossRef]
[PubMed]

74. Giannakis, M.; Mu, X.J.; Shukla, S.A.; Qian, Z.R.; Cohen, O.; Nishihara, R.; Bahl, S.; Cao, Y.; Amin-Mansour, A.;
Yamauchi, M.; et al. Genomic Correlates of Immune-Cell Infiltrates in Colorectal Carcinoma. Cell Rep. 2016,
15, 857–865. [CrossRef] [PubMed]

75. Hao, H.-X.; Jiang, X.; Cong, F. Control of Wnt Receptor Turnover by R-spondin-ZNRF3/RNF43 Signaling
Module and Its Dysregulation in Cancer. Cancers 2016, 8, 54. [CrossRef] [PubMed]

76. Bond, C.E.; McKeone, D.M.; Kalimutho, M.; Bettington, M.L.; Pearson, S.-A.; Dumenil, T.D.; Wockner, L.F.;
Burge, M.; Leggett, B.A.; Whitehall, V.L.J. RNF43 and ZNRF3 are commonly altered in serrated pathway
colorectal tumorigenesis. Oncotarget 2016, 7, 70589–70600. [CrossRef] [PubMed]

77. Yan, H.H.N.; Lai, J.C.W.; Ho, S.L.; Leung, W.K.; Law, W.L.; Lee, J.F.Y.; Chan, A.K.W.; Tsui, W.Y.; Chan, A.S.Y.;
Lee, B.C.H.; et al. RNF43 germline and somatic mutation in serrated neoplasia pathway and its association
with BRAF mutation. Gut 2017, 66, 1645–1656. [CrossRef]

78. Liu, J.; Pan, S.; Hsieh, M.H.; Ng, N.; Sun, F.; Wang, T.; Kasibhatla, S.; Schuller, A.G.; Li, A.G.; Cheng, D.; et al.
Targeting Wnt-driven cancer through the inhibition of Porcupine by LGK974. Proc. Natl Acad Sci. USA 2013,
110, 20224–20229. [CrossRef]

79. Bagheri, M.; Tabatabae Far, M.A.; Mirzaei, H.; Ghasemi, F. Evaluation of antitumor effects of aspirin and
LGK974 drugs on cellular signaling pathways, cell cycle and apoptosis in colorectal cancer cell lines compared
to oxaliplatin drug. Fundam Clin. Pharm. 2020, 34, 51–64. [CrossRef]

http://dx.doi.org/10.1158/0008-5472.CAN-12-2706
http://www.ncbi.nlm.nih.gov/pubmed/23139211
http://dx.doi.org/10.1038/sj.onc.1202642
http://www.ncbi.nlm.nih.gov/pubmed/10340381
http://dx.doi.org/10.3892/or.17.5.1095
http://www.ncbi.nlm.nih.gov/pubmed/17390050
http://dx.doi.org/10.1002/ijc.26473
http://www.ncbi.nlm.nih.gov/pubmed/21964812
http://dx.doi.org/10.4132/jptm.2019.06.07
http://www.ncbi.nlm.nih.gov/pubmed/31237997
http://dx.doi.org/10.18632/oncotarget.13977
http://www.ncbi.nlm.nih.gov/pubmed/28002797
http://dx.doi.org/10.1038/sj.bjc.6600511
http://dx.doi.org/10.1158/1078-0432.CCR-18-1726
http://dx.doi.org/10.1038/bjc.2013.789
http://dx.doi.org/10.1016/j.pbiomolbio.2015.04.006
http://dx.doi.org/10.1128/MCB.00159-15
http://www.ncbi.nlm.nih.gov/pubmed/25825523
http://dx.doi.org/10.1136/jclinpath-2017-204763
http://www.ncbi.nlm.nih.gov/pubmed/29018044
http://dx.doi.org/10.1126/scisignal.aac6757
http://www.ncbi.nlm.nih.gov/pubmed/26350900
http://dx.doi.org/10.1016/j.celrep.2016.03.075
http://www.ncbi.nlm.nih.gov/pubmed/27149842
http://dx.doi.org/10.3390/cancers8060054
http://www.ncbi.nlm.nih.gov/pubmed/27338477
http://dx.doi.org/10.18632/oncotarget.12130
http://www.ncbi.nlm.nih.gov/pubmed/27661107
http://dx.doi.org/10.1136/gutjnl-2016-311849
http://dx.doi.org/10.1073/pnas.1314239110
http://dx.doi.org/10.1111/fcp.12492


Biomolecules 2020, 10, 476 17 of 20

80. Porta, R.; Borea, R.; Coelho, A.; Khan, S.; Araújo, A.; Reclusa, P.; Franchina, T.; Van Der Steen, N.; Van Dam, P.;
Ferri, J.; et al. FGFR a promising druggable target in cancer: Molecular biology and new drugs. Crit. Rev.
Oncol. Hematol. 2017, 113, 256–267. [CrossRef]

81. Neilson, K.M.; Friesel, R. Ligand-independent activation of fibroblast growth factor receptors by point
mutations in the extracellular, transmembrane, and kinase domains. J. Biol. Chem. 1996, 271, 25049–25057.
[CrossRef] [PubMed]

82. Touat, M.; Ileana, E.; Postel-Vinay, S.; André, F.; Soria, J.C. Targeting FGFR signaling in cancer. Clin. Cancer
Res. 2015, 21, 2684–2694. [CrossRef] [PubMed]

83. Gallo, L.H.; Nelson, K.N.; Meyer, A.N.; Donoghue, D.J. Functions of Fibroblast Growth Factor Receptors
in cancer defined by novel translocations and mutations. Cytokine Growth Factor Rev. 2015, 26, 425–449.
[CrossRef] [PubMed]

84. Dienstmann, R.; Rodon, J.; Prat, A.; Perez-Garcia, J.; Adamo, B.; Felip, E.; Cortes, J.; Iafrate, A.J.; Nuciforo, P.;
Tabernero, J. Genomic aberrations in the FGFR pathway: Opportunities for targeted therapies in solid tumors.
Ann. Oncol. 2014, 25, 552–563. [CrossRef] [PubMed]

85. Turner, N.; Pearson, A.; Sharpe, R.; Lambros, M.; Geyer, F.; Lopez-Garcia, M.A.; Natrajan, R.; Marchio, C.;
Iorns, E.; Mackay, A.; et al. FGFR1 amplification drives endocrine therapy resistance and is a therapeutic
target in breast cancer. Cancer Res. 2010, 70, 2085–2094. [CrossRef] [PubMed]

86. Ware, K.E.; Marshall, M.E.; Heasley, L.R.; Marek, L.; Hinz, T.K.; Hercule, P.; Helfrich, B.A.; Doebele, R.C.;
Heasley, L.E. Rapidly Acquired Resistance to EGFR Tyrosine Kinase Inhibitors in NSCLC Cell Lines through
De-Repression of FGFR2 and FGFR3 Expression. PLoS ONE 2010, 5, e14117. [CrossRef]

87. Oliveras-Ferraros, C.; Cufí, S.; Queralt, B.; Vazquez-Martin, A.; Martin-Castillo, B.; De Llorens, R.;
Bosch-Barrera, J.; Brunet, J.; Menendez, J.A. Cross-suppression of EGFR ligands amphiregulin and epiregulin
and de-repression of FGFR3 signalling contribute to cetuximab resistance in wild-type KRAS tumour cells.
Br. J. Cancer 2012, 106, 1406–1414. [CrossRef]

88. Dieci, M.V.; Arnedos, M.; Andre, F.; Soria, J.C. Fibroblast growth factor receptor inhibitors as a cancer
treatment: From a biologic rationale to medical perspectives. Cancer Discov. 2013, 3, 264–279. [CrossRef]

89. Turkington, R.C.C.; Longley, D.B.B.; Allen, W.L.L.; Stevenson, L.; McLaughlin, K.; Dunne, P.D.D.;
Blayney, J.K.K.; Salto-Tellez, M.; Van Schaeybroeck, S.; Johnston, P.G.G.; et al. Fibroblast growth factor
receptor 4 (FGFR4): A targetable regulator of drug resistance in colorectal cancer. Cell Death Dis. 2014, 5,
e1046. [CrossRef]

90. Cheng, Y.; Chen, G.; Martinka, M.; Ho, V.; Li, G. Prognostic significance of Fbw7 in human melanoma and its
role in cell migration. J. Investig. Derm. 2013, 133, 1794–1802. [CrossRef]

91. Sailo, B.L.; Banik, K.; Girisa, S.; Bordoloi, D.; Fan, L.; Halim, C.E.; Wang, H.; Kumar, A.P.; Zheng, D.; Mao, X.;
et al. FBXW7 in cancer: What has been unraveled thus far? Cancers 2019, 11, 246. [CrossRef]

92. Yeh, C.H.; Bellon, M.; Nicot, C. FBXW7: A critical tumor suppressor of human cancers. Mol. Cancer 2018, 17,
115. [CrossRef] [PubMed]

93. Akhoondi, S.; Sun, D.; Von Der Lehr, N.; Apostolidou, S.; Klotz, K.; Maljukova, A.; Cepeda, D.; Fiegl, H.;
Dofou, D.; Marth, C.; et al. FBXW7/hCDC4 is a general tumor suppressor in human cancer. Cancer Res. 2007,
67, 9006–9012. [CrossRef] [PubMed]

94. Iwatsuki, M.; Mimori, K.; Lshii, H.; Yokobori, T.; Takatsuno, Y.; Sato, T.; Toh, H.; Onoyama, I.; Nakayama, K.I.;
Baba, H.; et al. Loss of FBXW7, a cell cycle regulating gene, in colorectal cancer: Clinical significance. Int J.
Cancer 2010, 126, 1828–1837. [CrossRef] [PubMed]

95. Minella, A.C.; Clurman, B.E. Mechanisms of tumor suppression by the SCFFbw7. Cell Cycle 2005, 4, 1356–1359.
[CrossRef]

96. Akhoondi, S.; Lindström, L.; Widschwendter, M.; Corcoran, M.; Bergh, J.; Spruck, C.; Grandér, D.; Sangfelt, O.
Inactivation of FBXW7/hCDC4-β expression by promoter hypermethylation is associated with favorable
prognosis in primary breast cancer. Breast Cancer Res. 2010, 12, R105. [CrossRef]

97. Jungang, Z.; Jun, T.; Wanfu, M.; Kaiming, R. FBXW7-mediated degradation of CCDC6 is impaired by ATM
during DNA damage response in lung cancer cells. Febs Lett. 2012, 586, 4257–4263. [CrossRef]

98. AACR Project GENIE Consortium AACR Project GENIE: Powering Precision Medicine through
an International Consortium. Cancer Discov. 2017, 7, 818–831. [CrossRef]

99. Welcker, M.; Clurman, B.E. FBW7 ubiquitin ligase: A tumour suppressor at the crossroads of cell division,
growth and differentiation. Nat. Rev. Cancer 2008, 8, 83–93. [CrossRef]

http://dx.doi.org/10.1016/j.critrevonc.2017.02.018
http://dx.doi.org/10.1074/jbc.271.40.25049
http://www.ncbi.nlm.nih.gov/pubmed/8798788
http://dx.doi.org/10.1158/1078-0432.CCR-14-2329
http://www.ncbi.nlm.nih.gov/pubmed/26078430
http://dx.doi.org/10.1016/j.cytogfr.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26003532
http://dx.doi.org/10.1093/annonc/mdt419
http://www.ncbi.nlm.nih.gov/pubmed/24265351
http://dx.doi.org/10.1158/0008-5472.CAN-09-3746
http://www.ncbi.nlm.nih.gov/pubmed/20179196
http://dx.doi.org/10.1371/journal.pone.0014117
http://dx.doi.org/10.1038/bjc.2012.103
http://dx.doi.org/10.1158/2159-8290.CD-12-0362
http://dx.doi.org/10.1038/cddis.2014.10
http://dx.doi.org/10.1038/jid.2013.58
http://dx.doi.org/10.3390/cancers11020246
http://dx.doi.org/10.1186/s12943-018-0857-2
http://www.ncbi.nlm.nih.gov/pubmed/30086763
http://dx.doi.org/10.1158/0008-5472.CAN-07-1320
http://www.ncbi.nlm.nih.gov/pubmed/17909001
http://dx.doi.org/10.1002/ijc.24879
http://www.ncbi.nlm.nih.gov/pubmed/19739118
http://dx.doi.org/10.4161/cc.4.10.2058
http://dx.doi.org/10.1186/bcr2788
http://dx.doi.org/10.1016/j.febslet.2012.10.029
http://dx.doi.org/10.1158/2159-8290.CD-17-0151
http://dx.doi.org/10.1038/nrc2290


Biomolecules 2020, 10, 476 18 of 20

100. Kogita, A.; Yoshioka, Y.; Sakai, K.; Togashi, Y.; Sogabe, S.; Nakai, T.; Okuno, K.; Nishio, K. Inter- and
intra-tumor profiling of multi-regional colon cancer and metastasis. Biochem. Biophys. Res. Commun. 2015,
458, 52–56. [CrossRef]

101. Lillis, A.P.; Van Duyn, L.B.; Murphy-Ullrich, J.E.; Strickland, D.K. LDL receptor-related protein 1: Unique
tissue-specific functions revealed by selective gene knockout studies. Physiol. Rev. 2008, 88, 887–918.
[CrossRef] [PubMed]

102. Rhoads, A.; Au, K.F. PacBio Sequencing and Its Applications. Genom. Proteom. Bioinform. 2015, 13, 278–289.
[CrossRef] [PubMed]

103. Etique, N.; Verzeaux, L.; Dedieu, S.; Emonard, H. Lrp-1: A checkpoint for the extracellular matrix proteolysis.
BioMed Res. Int. 2013, 2013, 152163. [CrossRef] [PubMed]

104. Xing, P.; Liao, Z.; Ren, Z.; Zhao, J.; Song, F.; Wang, G.; Chen, K.; Yang, J. Roles of low-density lipoprotein
receptor-related protein 1 in tumors. Chin. J. Cancer 2016, 35, 6. [CrossRef]

105. Meng, H.; Chen, G.; Zhang, X.; Wang, Z.; Thomas, D.G.; Giordano, T.J.; Beer, D.G.; Wang, M.M. Stromal
LRP1 in lung adenocarcinoma predicts clinical outcome. Clin. Cancer Res. 2011, 17, 2426–2433. [CrossRef]

106. Huang, X.Y.; Shi, G.M.; Devbhandari, R.P.; Ke, A.W.; Wang, Y.; Wang, X.Y.; Wang, Z.; Shi, Y.H.; Xiao, Y.S.;
Ding, Z.B.; et al. Low level of Low-density lipoprotein receptor-related protein 1 predicts an unfavorable
prognosis of hepatocellular carcinoma after curative resection. PLoS ONE 2012, 7, e32775. [CrossRef]

107. Baum, L.; Dong, Z.Y.; Choy, K.W.; Pang, C.P.; Ng, H.K. Low density lipoprotein receptor related protein gene
amplification and 766T polymorphism in astrocytomas. Neurosci. Lett. 1998, 256, 5–8. [CrossRef]

108. Catasús, L.; Llorente-Cortés, V.; Cuatrecasas, M.; Pons, C.; Espinosa, I.; Prat, J. Low-density lipoprotein
receptor-related protein 1 (LRP-1) is associated with highgrade, advanced stage and p53 and p16 alterations
in endometrial carcinomas. Histopathology 2011, 59, 567–571. [CrossRef]

109. Catasus, L.; Gallardo, A.; Llorente-Cortes, V.; Escuin, D.; Muñoz, J.; Tibau, A.; Peiro, G.; Barnadas, A.;
Lerma, E. Low-density lipoprotein receptor-related protein 1 is associated with proliferation and invasiveness
in Her-2/neu and triple-negative breast carcinomas. Hum. Pathol. 2011, 42, 1581–1588. [CrossRef]
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