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In 2023, colorectal cancer (CRC) is the third most diagnosed malignancy and the third leading cause of cancer death worldwide. At the time of the initial visit, 20% of patients diagnosed with CRC have metastatic CRC (mCRC), and another 25% who present with localized disease will later develop metastases. Despite the improvement in response rates with various modulation strategies such as chemotherapy combined with targeted therapy, radiotherapy, and immunotherapy, the prognosis of mCRC is poor, with a 5-year survival rate of 14%, and the primary reason for treatment failure is believed to be the development of resistance to therapies. Herein, we provide an overview of the main mechanisms of resistance in mCRC and specifically highlight the role of drug transports, EGFR, and HGF/c-MET signaling pathway in mediating mCRC resistance, as well as discuss recent therapeutic approaches to reverse resistance caused by drug transports and resistance to anti-EGFR blockade caused by mutations in EGFR and alteration in HGF/c-MET signaling pathway.
Keywords: metastatic colorectal cancer, resistance, anti-EGFR, anti-MET, ABC drug transporters, tyrosine kinase inhibitors
1 INTRODUCTION
In the United States, colorectal cancer (CRC) is the third most frequently diagnosed cancer and the third most common cause of cancer death in men and women (Siegel et al., 2023). Notably, during the past decades, the incidence of CRC in people younger than 50 years has gradually increased by 1%–2% annually, with a more advanced stage (Siegel et al., 2023). Given that approximately 30% of CRCs are associated with hereditary factors, no single risk factor could account for most cases of CRC (Brenner et al., 2014). The well-established risk factors may include smoking, obesity, high-fat or caloric diet, as well as lack of physical activity (Brenner et al., 2014). Currently, CRC is managed by a multi-model based treatment strategy, including surgery, radiotherapy, traditional chemotherapy, and the recently developed immunotherapy and targeted therapy (Dekker et al., 2019). However, due to the heterogeneity and complexity of CRC itself, there is still an unmet need to achieve a satisfactory overall survival (OS), which is evidenced by the fact that 50% of CRC patients will ultimately develop metastatic disease with a median survival of 2–3 years (Nielsen et al., 2014; Krasteva and Georgieva, 2022). The primary locations where metastasis from CRC to specific sites frequently occurs are lymph nodes, liver, lungs, and peritoneum (Riihimaki et al., 2016).
Currently, recommended treatments for local-regional CRCs include surgical resection, embolization to block the tumor blood supply, and radiotherapy (Young et al., 2014; Seager et al., 2021; Gogoi et al., 2022). However, due to the existence of circulating tumor cells and the related satellite metastasis, adjuvant systemic therapy is of potential importance to improve OS (Basch et al., 2023; Yu et al., 2023). Once metastasis has been identified, the commonly applied adjuvant treatments include chemotherapy, targeted therapy, and immunotherapy (Figure 1). Also, radiation therapy presents a viable treatment option for CRC patients with oligometastasis in the liver and lungs (Tam and Wu, 2019; Mohamad et al., 2022) For chemotherapy, the standard treatment regimen includes fluoropyrimidines (either intravenous fluorouracil (5-FU) or oral capecitabine) in combination with oxaliplatin (OX, DNA alkylating agent) or irinotecan (DNA topoisomerase I (TOP 1) inhibitor) (FOLFOX or CAPOX) or (FOLFIRI or CAPIRI) regimens, and a combination drug in a pill form called TAS-102 or Lonsurf (trifluridine and tipiracil) (Prager et al., 2023). According to the current guidelines, the folic acid derivative, leucovorin together with 5-FU combined with oxaliplatin (FOLFOX) or 5-FU combined with irinotecan (FOLFIRI) are recommended as the first-line therapy for patients with mismatch repair proficient (pMMR), microsatellite stable (MSS) metastatic CRC (mCRC) (Morris et al., 2023). Oxaliplatin-based regimens (FOLFOX or CAPOX) or irinotecan-based regimens (FOLFIRI or CAPIRI) plus the vascular endothelial growth factor (VEGF) inhibitor bevacizumab as an alternative option in first-line treatment for patients with advanced colon cancer (Cervantes et al., 2023). Bevacizumab has been identified to extend the OS of mCRC together with trifluridine-tipiracil treatment (Prager et al., 2023). Other than that, aflibercept, also known as ziv-aflibercept, ramucirumab, and regorafenib were also approved by the FDA as the anti-VEGF antibodies to treat CRC (Grothey et al., 2013; Ohishi et al., 2023). Cetuximab and panitumumab are well-developed monoclonal antibodies (mAbs) targeting epidermal growth factor receptor (EGFR) that have been approved by the FDA, which are used to treat mCRC patients with RAS wild type (WT) (Van Cutsem et al., 2016). Cetuximab, which inhibits EGFR, plus encorafenib, a small molecule BRAF inhibitor, could also improve the progression-free survival (PFS) for CRC patients with a BRAF V600E mutation (Tabernero et al., 2021). Notably, because systemic administration of chemotherapeutic drugs could cause numerous adverse effects, immunotherapy targeting cancer-specific markers is attracting more attention. Thus, due to the expression of the immunosuppressive molecules blocking antitumor immunity, programmed cell death-1 (PD-1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4), on the surface of activated immune cells, the immune checkpoint inhibitors, anti-PD-1 such as pembrolizumab and nivolumab, and anti-CTLA-4 antibodies ipilimumab were also approved by FDA only for patients with microsatellite instability-high/mismatch repair deficient (MSI-H/MMR-D) mCRC and exhibited multiple efficacies in CRC patients (Myint and Goel, 2017). However, in the setting of MSS or pMMR, which comprises 95% of mCRC (Biller and Schrag, 2021), multiple actively recruiting clinical trials (Table 1) are currently evaluating combining immune checkpoint blockade with other modalities to stimulate an immunogenic response and turn “immune-cold” tumors into “immune-hot” to overcome the resistance of MSS/pMMR mCRC to immunotherapy (Wu et al., 2023). It should be noted that this strategy has not been successful in evoking immunogenic response in any phase 3 clinical trials (Eng et al., 2019; Tabernero et al., 2022). Also, hundreds of clinical trials are currently active or recruiting mCRC patients to test the safety and efficacy of new drugs and new combinations with the ultimate objective of further improving the OS of mCRC patients. Selected trials are summarized in Table 1.
[image: Figure 1]FIGURE 1 | First- and second-line treatment for patients with unresectable mCRC according to molecular subtype. Different factors influence the choice of first-line therapy for mCRC, including existing comorbidities, age of the patient, tumor location (left versus right), and molecular profile (RAS/BRAF and microsatellite instability (MSI) status). The choice of second-line therapy depends on the systemic therapies given in the first-line setting.
TABLE 1 | Selected examples of ongoing clinical trials for mCRC.
[image: Table 1]As in the cases of conquering many other cancers, treatment resistance, which occurs in 90% of patients with metastatic cancer (Longley and Johnston, 2005), is one of the major problems that oncologists in CRC management confront. Over the past 2 decades, significant progress has been made in comprehending the mechanisms contributing to intrinsic and acquired treatment resistance in mCRC. The main mechanisms of drug resistance in mCRC include disturbance of drug targets, drug metabolism, and drug transportation, and alterations in cell death and carcinogenesis signaling pathways, and tumor immune microenvironment. Numerous thorough and insightful reviews providing a detailed description of these mechanisms have been published, and readers keen on the topic are advised to refer to these excellent reviews (Xie et al., 2020; Wang et al., 2022b; Grassilli and Cerrito, 2022). Furthermore, recently the impact of the angiogenesis fibroblast growth factor receptors (FGFR) signaling pathway has gained attention in CRC (Dienstmann et al., 2014; Luo et al., 2020; Ioffe et al., 2021). Colon cancer cell lines exhibit amplification in FGFR (Mathur et al., 2014; Jiang et al., 2017), and FGFR were found as mediators of colon cancer cell progression (Henriksson et al., 2011). Additionally, the identification of FGFR3 overexpression was found to be related to the unfavorable prognosis of mCRC, implying it is a potential therapeutic target (Fromme and Schildhaus, 2018). Thus, multiple studies are investigating the efficacy of FGFR inhibitors in colorectal cancer, while some have not yet been applied in clinical research (Jiang et al., 2017; Yang et al., 2020a; Yamamoto et al., 2020; Liu et al., 2022).
Given the accumulating literature regarding this field, the present review will briefly pinpoint the aforementioned mechanisms underlying treatment resistance in mCRC. Subsequently, strategies to overcome resistance caused by drug transporters and approaches to reverse anti-EGFR resistance mediated by EGFR mutations in mCRC will be illustrated. Also, we will discuss approaches targeting the c-MET/HGF signaling pathway and their application in mCRC, including preclinical and clinical research, hoping to provide insightful views on fighting against this lethal disease.
2 MECHANISMS OF TREATMENT RESISTANCE IN MCRC
2.1 Disturbance of drug target/metabolism
5-FU needs to be transported into the cells and perform its function by diffusion or highly binding with nucleobase carrier (Griffith and Jarvis, 1996). It is metabolized through anabolic and catabolic pathways (Sethy and Kundu, 2021). In the anabolic route, with the involvement of thymidine phosphorylase (TP), uridine phosphorylase (UP), uridine kinase (UK), orotate phosphribosyl transferase (OPRT) and phosphoribosyl pyrophosphate (PRPP), 5-FU is converted to active metabolites, such as fluorouridine triphosphate (FUTP), fluorouridine diphosphate (FUDP), FUDP-sugars, fluorodeoxyuridine monophosphate (FdUMP) (Longley et al., 2003; Peters, 2020). Then, these fluoronucleotide metabolites exert their function by inhibiting the fundamental target enzyme thymidylate synthase (TS) activity and by RNA and DNA misincorporation, thereby inducing DNA/RNA impairment and cell death (Longley et al., 2003; Sethy and Kundu, 2021). In the catabolic route, 5-FU is converted into dihydro fluorouracil (DHFU) by dihydropyrimidine dehydrogenase (DPD) (mostly in the liver), forming α-fluoro-β- alanine (FBAL) and α-fluoro-β-ureido propionic acid (FUPA) which are excreted through kidneys (Longley et al., 2003). Interruption of 5-FU conversions mentioned above could affect its activation and lead to therapy resistance (Peters, 2020). Among the metabolic enzymes that could potentially affect the activation of 5-FU, the key factors related to 5-FU resistance are TS, DPD, and TP (Sethy and Kundu, 2021). In vitro, TS mRNA level was increased in 5-FU resistant CRC cells. Elevated TS expression was reported to be associated with poor OS rate in patients with mCRC (Kamoshida et al., 2004). In addition, acquired 5-FU resistance is identified to be correlated with TS gene amplification and mutations. Therefore, it indicates that once enhanced TS amplification is detected in the tumors, 5-FU may not be an ideal treatment option (Wang et al., 2004; Zhang et al., 2008). Moreover, elevated DPD expression is also considered a major cause of 5-FU resistance (Kornmann et al., 2003; Soong et al., 2008). DPD inhibition, on the other hand, has been shown to re-sensitize CRC to 5-FU both in vitro and in vivo, indicating that interference of DPD could be an approach to overcome 5-FU resistance (Zhang et al., 2020). TP catalyzes the conversion of 5-FU to its active form, 5-fluoro-2′-deoxyuridine. It has been reported that elevated TP expression is a promising phenotype for 5-FU response and is correlated with prolonged PFS in CRC patients (Lindskog et al., 2014). Furthermore, low activity of UK, UP, uridine 5’-monophosphate synthase (UMPS), and uridine monophosphate kinase (UMPK) as well as OPRT have also been related to 5-FU resistance (Fujii et al., 2003; Humeniuk et al., 2009; Griffith et al., 2013; Peters, 2020). Conversely, high UP and OPRT activity have been validated to contribute to 5-FU sensitivity (Houghton and Houghton, 1983; Schwartz et al., 1985).
Irinotecan inhibits DNA TOP 1, resulting in misalignment and therefore inhibiting DNA replication and transcription (Cuya et al., 2017; Kciuk et al., 2020). Irinotecan can be activated by carboxylesterase 1/2 (CES1/2) and catalyzed to a more active metabolite SN-38, both of which could form an inhibitory complex with TOP1 and DNA (Takano and Sugiyama, 2017). Meanwhile, cytochrome P450 isoforms 3A4 and 3A5 (CYP3A4/5) catalyze the degradation of irinotecan. It has been found that an increase in CYP3A4/5 activity or a decrease in CES1/2 activity is correlated with irinotecan resistance (Trumpi et al., 2015). Uridine diphosphate glucuronosyltransferase 1As (UGT1As) can glucuronidate SN-38 and form an inactive SN-38 glucuronide. Therefore, the genetic polymorphisms of UGT1A have also been related to irinotecan resistance (Takano and Sugiyama, 2017; de Man et al., 2018).
Oxaliplatin is a platinum DNA alkylating reagent widely used in CRC treatment. It has been shown that oxaliplatin could present a cross-resistance with cisplatin and carboplatin (Peters, 2020). Thio-containing molecules, such as glutathione (GSH), have been found to form conjugates with platinum compounds, thereby blocking their activity (Hamaguchi et al., 1993). On the other hand, decreased GSH level was found to enhance oxaliplatin sensitivity (Mohn et al., 2010).
2.2 Cell death signaling pathways
Apoptosis is a programmed cell death process. It is a homeostatic mechanism to maintain the cell population. B-cell lymphoma 2 (Bcl-2), a well-established apoptosis marker, has been shown to promote CRC progression and treatment resistance (Ramesh and Medema, 2020). The myeloid cell leukemia 1 (Mcl-1), a pro-survival member of the Bcl-2 protein family, has been reported to confer chemoresistance by translocating to the nucleus (Fu et al., 2022). Inhibitor of apoptosis proteins (IAPs) are also critical for CRC treatment resistance. On the one hand, cellular IAP1 and IAP2 could contribute to the tumor necrosis factor-alpha (TNF-α) induced nuclear factor kappa-B (NF-κB) activation and therefore promote cell proliferation (McCann et al., 2021). On the other hand, an X-linked inhibitor of apoptosis protein (XIAP) could inhibit apoptosis by suppressing caspase3/7 and caspase-9 (Lippa et al., 2007; McCann et al., 2021). Additionally, chemotherapies induce apoptosis by upregulating tumor suppression genes such as p53 (TP53). However, up to 60% of CRC patients harbor the mutated p53, which has been reported to be associated with poor prognosis and chemotherapy resistance (Iacopetta, 2003; Boyer et al., 2004; Robles et al., 2016). On the contrary, CRCs with WT p53 were found to be more sensitive to oxaliplatin and irinotecan treatment (Manic et al., 2003; Weekes et al., 2010). Furthermore, it was reported that tumor cells with mutant p53 were resistant to the cytotoxic effect induced by CD8+ T cells (Michel et al., 2021). As a matter of fact, since p53 status was related to reduced immune cell infiltration and programmed death-ligand 1 (PD-L1) expression, p53 mutation has been recognized as a negative indicator for treatment response (Li et al., 2020a).
Autophagy is a catabolic process in which cellular organelles are degraded while the constituent metabolites are recycled to promote cell survival (Mizushima and Komatsu, 2011). Therefore, it is believed that anti-cancer treatment-induced stress could induce autophagy, which in turn contributes to treatment resistance (Smith and Macleod, 2019). In CRC, autophagy markers Beclin-1 and Ras-related in brain 7 (Rab-7) have been correlated with treatment resistance and poor survival (Koustas et al., 2019). Interleukin-6 (IL-6) in the tumor microenvironment (TME) has also been identified to trigger autophagy via the Janus kinase 2/Beclin-1 (JAK2/BECN1) pathway. Specifically, BECN1 Y333 phosphorylation could be adopted as a marker for CRC prognosis and chemotherapy resistance (Hu et al., 2021). Additionally, pharmacological and genetic inhibition of autophagy by inhibiting the vacuolar protein sorting 34 kinase has been demonstrated to induce natural killer (NK) cells and T cells infiltration within the CRC TME and therefore improve survival in a mouse model (Noman et al., 2020). Ferroptosis is a unique pattern of cell death hallmarked by iron-dependent phospholipid peroxidation (Jiang et al., 2021). It has been indicated that Lipocalin 2, an iron homeostasis-regulating protein, is overexpressed in CRC and related to 5-FU treatment resistance (Chaudhary et al., 2021). Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key regulator that plays pivotal roles in lipid peroxidation (Dong et al., 2020). It has been indicated that Nrf2 regulated heme oxygenase-1 (HO-1) activation could promote 5-FU treatment resistance in CRC (Kang et al., 2014).
2.3 Tumor microenvironment
TME is composed of various infiltrated tumor-associated cells and the cytokines secreted by those cells. In CRC, TME is shaped specifically for tumor progression and treatment resistance (Bruijns et al., 2014; Chen et al., 2021). As one of the critical components of TME, cancer-associated fibroblasts (CAF) have been identified to promote CRC resistance and relapse in multiple ways. Proteomic analysis has revealed that CAF-derived C-C motif chemokine ligand 2 (CCL-2) induced the upregulation of FGFR4 expression in CRC cells. Elevated FGFR4 accumulation activates the β-catenin pathway, further contributing to the 5-FU and oxaliplatin resistance (Liu et al., 2013). Meanwhile, CAF activity is also regulated by proinflammatory factors such as interleukin-1β (IL-1β) and transforming growth factor β (TGFβ). It has been indicated that IL-1β and TGFβ could recruit CAF to the TME (Guillén Díaz-Maroto et al., 2019), which subsequently induces the carcinogenesis pathways within CRC cells, including JAK/STAT, PI3K/Akt, and activates hedgehog transcription factor GLI2, leading to cancer stem cells (CSCs) proliferation and intrinsic chemotherapy resistance (Tang et al., 2018; Guillén Díaz-Maroto et al., 2019; Linares et al., 2023). In addition, CAF could secrete a variety of tumor-nourishing cytokines. CAF-activated interleukin 6/8 (IL-6/8)/JAK pathway has been related to the stabilization of bromodomain and extra-terminal protein family member 4 (BRD4), resulting in the resistance to bromodomain and extra-terminal motif (BET) inhibitors (Wang et al., 2021b). CAF-derived interleukin 17A (IL-17A) was reported to promote CRC cancer-initiating cells renewal and tumor growth (Lotti et al., 2013). Meanwhile, CAF-secreted exosomes have been identified to convey micro-RNAs (miRNA) that could contribute to tumor metastasis and chemotherapy resistance (Hu et al., 2019; Zhang et al., 2021a).
Another subset of tumor infiltration cells within the CRC TME is the myeloid-derived suppressor cells (MDSCs). MDSCs are mainly composed of immature granulocytic cells and monocytic cells (Wang et al., 2020). It has been observed that MDSC could inhibit T-cell function by secreting arginase I, which is essential for T-cell proliferation. In addition, MDSC also impairs the function of NK cells by producing nitric oxide (Rodriguez et al., 2004; Toor et al., 2016; Stiff et al., 2018). Therefore, MDSCs contribute to the immunotherapy resistance in CRCs. It has been demonstrated that CRCs bearing KRAS G12D mutation repressed the expression of interferon regulatory factor 2 (IRF2), which in turn induced the expression of CXC motif chemokine ligand 3 (CXCL3). CXCL3 binds with the CXC chemokine receptor type 2 (CXCR2) receptors on MDSCs, promoting their migration toward the TME. This mechanism is highly correlated with the resistance to anti-PD1 therapy (Liao et al., 2019). By targeting a receptor of TNF-related apoptosis-inducing ligand (TRAIL) that was highly expressed on MDSCs, a significantly induced CD8+ T-cell infiltration within the TME was observed, simultaneously with the depletion of MDSCs (Tang et al., 2022).
Tumor-associated macrophages (TAM) are also actively involved in the TME regulation. MDSCs together with proinflammatory cytokines could polarize TAM from the anti-tumor M1 into the pro-tumor M2 subtype (Sun et al., 2023). In CRCs, mutant KRAS positively correlated with the infiltration of TAM. Such gain-of-function mutation of KRAS in CRC cells reprogrammed TAM by secreting tumor-derived colony-stimulating factor 2 and lactate to promote tumor progression as well as develop resistance to EGFR inhibitors such as cetuximab (Liu et al., 2021). In addition, TAM-derived ornithine decarboxylase has been identified to be related to 5-FU resistance (Zhang et al., 2016).
2.4 Epigenetic mechanisms
2.4.1 DNA methylation
DNA methylation is an epigenetic change that induces the covalent transfer of methyl groups to DNA and thus affects the modulation of the transcription, suppressing expression (Romero-Garcia et al., 2020). As one of the crucial epigenetic phenomena, it occurs in the cytosine of CpG dinucleotide island, driving the progression of CRC and chemoresistance (Patnaik and Anupriya, 2019). DNA methylation has been proven to confer resistance to multiple chemotherapy treatments such as 5-FU, irinotecan, and oxaliplatin. CpG-methylation was found to contribute to the downregulation of miR34a, which results in the upregulation of colony-stimulating factor 1 receptor (CSF1R) expression and resistance to 5-FU in CRC (Shi et al., 2020). Additionally, researchers applied the reduced representation bisulfite sequencing (RRBS) in irinotecan and oxaliplatin-resistant cell lines and found DNA methylation contributed to the aberrant regulation of Alu elements, which was important for chemoresistance (Lin et al., 2015). Furthermore, MDSCs were reported to be regulated by DNA methylation through an IRF8-independent mechanism, resulting in the accumulation of MDSCs and the progression of CRC (Smith et al., 2020).
2.4.2 Non-coding RNAs
Non-coding RNAs (ncRNAs) could transcript without protein-coding potential. miRNA and long noncoding RNAs (lncRNAs) are known RNAs that participate in CRC resistance. For instance, in the cetuximab-resistant CRC cells, approximately 280 ncRNA transcripts were found to be downregulated (Jing et al., 2019).
miRNAs were found to regulate the drug resistance by affecting the apoptosis. For instance, overexpression of miR-21 in CRC was found to display effects on decreasing 5-FU-induced G2/M cell cycle arrest as well as apoptosis, which correlates with 5-FU resistance (Valeri et al., 2010). MiR-23a is related to the microsatellite instability (MSI) of CRC. The ectopic expression of miR-23a was elevated in MSI CRC cells or tissues compared to the MSS CRC cells. Ectopic expression of miR-23a increases the survival of CRC cells but reduces the viability and promotes cell apoptosis when miR-23a was downregulated upon being treated with 5-FU (Li et al., 2015). MiR-10b was proven to inhibit the pro-apoptotic BIM, a Bcl-2 family member, and results in the chemoresistance of 5-FU in CRC cells (Nishida et al., 2012). MiR-520g was shown to confer resistance of 5-FU and oxaliplatin-induced apoptosis both in vitro and in vivo. Furthermore, it was found to mediate the resistance by downregulating the p21 expression (Zhang et al., 2015). Furthermore, miR-100 and miR-125b were overexpressed in cetuximab-resistant CRC cells and repressed Wnt/β-catenin negative regulators, leading to the upregulation of Wnt signaling pathway and CRC treatment resistance (Lu et al., 2017). Meanwhile, the repression of miRNA expression also promotes chemoresistance. MiR-181a, miR-135a, and miR-302c were found to be repressed mediated by DNA methylation and promote the microsatellite unstable CRC development as well as 5-FU resistance (Shi et al., 2018).
LncRNAs are noncoding RNAs longer than 200 nucleotides. It has been demonstrated that lncRNAs were participated in each stage of gene expression, such as transcription, posttranscription, RNA editing, and cell cycle regulation (Li et al., 2014). LncRNAs have also been reported to regulate CRC resistance by affecting several key mechanisms such as ABC transporters and multiple signaling pathways. For instance, Histone H3 methylation and deacetylation were found to promote the elevation of colorectal cancer-associated lncRNA (CCAL), followed by the activation of Wnt/β-catenin signaling pathway and ultimately the increase of ABCB1 expression (Ma et al., 2016). LncRNA CACS15 was discovered to be upregulated in oxaliplatin resistance of CRC cells by regulating the miR-145/ABCC1 axis (Gao et al., 2019). LncRNA miR100HG was observed to be overexpressed in acquired cetuximab resistance in CRC. Researchers found miR100HG conferred cetuximab resistance by regulating Wnt signaling (Lu et al., 2017). Furthermore, lncRNA nuclear-enriched abundant transcript 1 (NEAT1) was discovered to activate Wnt signaling by interacting with DEAD-Box Helicase 5 (DDX5) protein and contribute to CRC progression (Hirukawa et al., 2019). Lnc-RP11-536 K7.3 were found to promote proliferation and oxaliplatin resistance in CRC via SRY-Box Transcription factor 2 (SOX2)/Ubiquitin Specific Peptidase 7(USP7)/HIF-1α signaling axis (Li et al., 2021). lncRNA ELFN1 antisense RNA 1 (ELFN1-AS1) has been identified to mediate the downregulation of Meis Homeobox 1 (MEIS1) gene via the Enhancer of Zeste 2 Polycomb Repressive Complex 2 (EZH2)/DNA (cytosine-5)-methyltransferase 3A (DNMT3a) axis and promote the oxaliplatin resistance in CRC (Li et al., 2022). In addition, research has shown that CCALs could promote oxaliplatin resistance by transferring from CAFs to the cancer cells by exosomes secretion, which ultimately suppresses the CRC cell apoptosis and induces CRC resistance (Deng et al., 2020). Additionally, CAFs were found to promote CRC resistance by transferring lncRNA H19 which activated the β-catenin pathway by competing with the miR-141 that inhibited the stemness of CRC cells (Ren et al., 2018).
2.5 Alterations of carcinogenesis signaling pathways
2.5.1 EGFR families
EGFR is a transmembrane glycoprotein and belongs to the ErbB family, which includes EGFR (ErbB-1), HER2 (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB4) (Ohishi et al., 2023). Among these receptors, EGFR is the most investigated and is involved in multiple cellular pathways such as PI3K/Akt/PTEN/mTOR and RAS/RAF/MEK/ERK (Figure 2) (Liu et al., 2018). Overactivation of EGFR pathways has been observed in multiple malignant tumors including CRC. Therefore, therapies targeting EGFR and its downstream targets have been adopted for CRC treatment (Cully et al., 2006; Meriggi et al., 2009).
[image: Figure 2]FIGURE 2 | Main signaling pathways involved in mCRC resistance. Activating mutations in the EGFR and its downstream effectors such as RAS, BRAF, and PIK3CA, the loss of PTEN, activation of RAS/MAPK, PIK3/Akt, Wnt/β-catenin, JAK/STAT, TGF-β/SMAD pathways as well as IGF-1 molecular pathway correlated with the progression of CRC and resistance to chemotherapy and anti-EGFR in mCRC.
RAS/RAF/MEK/ERK is a canonical pathway that transmits the extracellular signals to the intracellular targets. The extracellular-single-regulated kinases (ERK) is the most important subfamily of mitogen-activated protein kinases (MAPK) for cell proliferation (Fang and Richardson, 2005). By regulating cell growth, survival, and differentiation, ERK/MAPK was considered crucially involved in regulating cell metabolism (Degirmenci et al., 2020). Notably, 40% of the CRC cases harbor KRAS mutation (Yu et al., 2022). 10%–15% of CRC has been identified with BRAF mutation (Corcoran et al., 2012). Specifically, KRAS and BRAF mutations were so prevalent in mCRC that it is attributed to the resistance of anti-EGFR agents such as cetuximab and panitumumab (Li et al., 2020b). On the other hand, because RAS activates the downstream RAF/MEK/ERK cascade, the blockage of MEK has been previously considered as an alternative strategy to overcome anti-EGFR resistance (Santarpia et al., 2012; Yu et al., 2022). However, the observed MEK inhibitors (MEKi) outcomes were not as promising as expected. It could be related to the reactivation of receptor tyrosine kinases (RTKs) following the MEK inhibition, which is regulated by growth factor receptor-bound protein 7-polo-like kinase-1 (GRB7-PLK1) and ultimately leads to the resistance to MEK inhibitors (Yu et al., 2022). In addition, the MEK/ERK pathway also contributes to the expansion of PD-L1-promoted colorectal CSCs. PD-L1 is well-known for assisting the escape of tumor cells from immune surveillance. By interacting with high mobility group AT-hook 1 (HMGA1), PD-L1 activation could induce MEK/ERK and PI3K/Akt pathways to facilitate CSC expansion (Wei et al., 2019).
PI3K/Akt/mTOR is another crucial pathway downstream of EGFR and is closely related to CRC progression and treatment resistance. PI3K is a heterodimeric molecule that is activated by EGFR signaling. Akt is a serine/threonine protein kinase (Ser/Thr kinase) situated downstream of PI3K and mediates the effects of PI3K on tumor progression. mTOR is the mammalian target of rapamycin, which is downstream of Akt and promotes protein translation, growth, and angiogenesis (Johnson et al., 2010). PI3K/Akt activation has been reported in 60%–70% of CRC patients (Malinowsky et al., 2014). Mutation of the PIK3CA gene and the loss of PTEN (the negative regulator of PI3K/Akt pathway) have been identified as the potential causes for the resistance to anti-EGFR agents in CRC (Chalhoub and Baker, 2009; Sanaei et al., 2022). Other than that, PI3K/Akt signaling also conferred cetuximab resistance by mediating the loss of mismatch repair gene mutL homolog 1 (MLH1) (Han et al., 2020). In addition, activation of PI3K/Akt signaling was found to mediate the 5-FU resistance by the upregulation of HIF-1α (Dong et al., 2022).
Members of the human epidermal growth factor receptor (HER) are related to cancer cell differentiation, proliferation as well as migration (Paul and Hristova, 2019; Ye et al., 2022). HER2 (ERBB2) amplification and mutation are frequently correlated with EGFR-targeted therapy resistance (Suwaidan et al., 2022). Amplification of HER2 has been found in around 3% of patients with mCRC and 5% of patients with KRAS and NRAS WT tumors (Strickler et al., 2022). Researchers also revealed that mCRC patients with elevated HER2 expression demonstrated poor responses to anti-EGFR therapy such as cetuximab (Bertotti et al., 2011), which is related to lung metastases and poor OS (Sartore-Bianchi et al., 2019). HER3 (ERBB3) is also expressed aberrantly in CRC (Yonesaka, 2021). It was proved that HER3 could bind to the neuregulin family which consists of EGF-like family ligands and induce HER3 activation. Furthermore, HER3 has six docking sites for the p85 subunit of PI3K, which facilitate the binding of HER3 and PI3K, followed by the activation of the PI3K/Akt pathway (Kawakami and Yonesaka, 2016). In cetuximab resistant mCRC samples, higher HER3 expression was associated with poor OS. Thus, HER3 has been considered as a predictive marker to evaluate cetuximab treatment response (Cushman et al., 2015). HER4 (ERBB4) was found to bind with HER3 ligands and EGFR ligands and contribute to CRC progression (Ye et al., 2022). HER4 expression was upregulated in aggressive CRC cell lines. It enhances CRC growth via Ras and WNT signaling (Williams et al., 2015). Furthermore, HER4 expression has been associated with worse outcomes such as lymph node metastasis through epithelial–mesenchymal transition (EMT) (Jia et al., 2020).
2.5.2 Wnt/β-catenin
The Wnt/β-catenin pathway is correlated with cell survival, proliferation, differentiation as well as migration (Neiheisel et al., 2022). After binding with its receptors LRP5/6, Wnt activates the cytoplasmic protein Disheveled (DVL) and suppresses the complex of glycogen synthase kinase 3β (GSK3β)/CK1α/AXIN/adenomatous polyposis (APC). Thereby, it inhibits the degradation of β-catenin. The stabilized β-catenin could subsequently translocate to the nucleus and bind with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors and induce the following gene transcription, which is vital for carcinogenesis (Zhang and Wang, 2020). The dysregulation of this pathway has been identified to promote CSCs renewal, cell proliferation, and differentiation, and is closely related to CRC progression and treatment resistance (Yamamoto et al., 2022; Zhao et al., 2022). Wnt/β-catenin induced CRC treatment resistance has been attributed to mainly three aspects: highly metastatic CSCs, regulation of non-coding RNA, and TME regulation (Zhao et al., 2022). For instance, doublecortin-like kinase 1 (DCLK1), a cancer stem cell marker could confer the 5-FU resistance in CRC via the aberrant activation of Wnt/β-catenin signaling (Wang et al., 2022a). Cetuximab resistance was found to be related to the upregulation of miR-199b-3p via the activation of the Wnt/β-catenin pathway (Han et al., 2022). CAF was reported to induce the increase of miR-92a-3p in CRC cells, followed by the activation of the Wnt/β-catenin pathway, enhanced cell stemness, EMT, CRC metastasis, and 5-FU resistance (Hu et al., 2019). Besides, 5-FU resistance in CRC was also associated with the increased HIF-1α expression via the aberrant activation of Wnt/β-catenin signaling (Dong et al., 2022).
2.5.3 TGF-β
TGF-β actively regulates tumor migration, invasion, EMT, angiogenesis, and therapy resistance (Maslankova et al., 2022). In the TGF-β/SMAD pathway, the binding of TGF-β with its ligand TβII could recruit and phosphorylate TβRI and mediate the following activation of SMAD2/3. SMAD4 could bind to the activated SMAD2/3 and ultimately regulate gene transcription. The non-SMAD signaling of TGF-β pathway is also vital in regulating tumorigenesis, mediating with the involvement of pathways such as PI3K/Akt/mTOR as well as RAS/RAF/MEK/ERK (Zhang et al., 2021b). In the progression of CRC, TGF-β switches its role from tumor suppressor to tumor promoter (Chiavarina et al., 2021). It has been reported that TGF-induced EMT could increase the stemness and PD-L1 expression on cancer cells, contributing to 5-FU resistance in CRC (Soundararajan et al., 2019; Jiang and Zhan, 2020). TGF-β could also be activated by the mediator protein complex subunit 12 (MED12), which may upregulate the mesenchymal marker expression and induce chemotherapy resistance in CRC (Brunen et al., 2013). TGF-β has also been shown to cooperate with micro-RNA and mediate OX resistance in CRC. By cooperating with MiR-34a, TGF-β has been reported to inhibit macro-autophagy and induce oxaliplatin resistance (Sun et al., 2017a).
2.5.4 JAK/STAT
JAK/STAT signaling pathway is involved in the control of stem cell maintenance and inflammatory responses (Thomas et al., 2015) and is crucial for cell migration, growth as well as differentiation (Wang et al., 2021a). Upon activation, JAKs become docking sites for STATs, thereby assisting the translocation of STATs from the cytoplasm to the nucleus to initiate transcription (Slattery et al., 2013). Activation of the JAK/STAT pathway was correlated with the progression of CRC. STATs could upregulate the expression of apoptosis inhibitors (BCL-xa Mcl-1), cell cycle regulators (cyclins D1/D2, c-Myc), and inducers of angiogenesis (VEGF) (Buettner et al., 2002). For instance, aberrant activation of JAK/STAT could downregulate cytoplasmic polyadenylation element binding proteins (CPEBs) 3 and induce CRC cell proliferation, migration, and invasion (Fang et al., 2020). Researchers found that JAK2/STAT3 signaling was activated in radioresistant CRC tissues and induced radioresistance by elevating cyclin D2 (CCDN2) expression, which resulted in the persistent growth of CSCs, intact cell cycle and proliferation as well as low levels of DNA damage accumulation (Park et al., 2019). In addition, STAT3 expression was reported to be positively related to the resistance of 5-FU-based chemoradiotherapy (Spitzner et al., 2014). Besides, protein tyrosine phosphatase receptor type D (PTPRD), a phosphatase in JAK/STAT signaling, was closely related to Bevacizumab resistance due to its deleterious mutations (Hsu et al., 2018).
2.5.5 IGFs
The insulin-like growth factors (IGFs) are mitogens that regulate key physiological processes such as cell proliferation, differentiation, and apoptosis mediated by the interaction of IGF-1 receptor (IGF-1R) (Yu and Rohan, 2000). IGF-1R has been validated as the upstream of EGFR and is involved in multiple pathways including Ras/Raf/MAP kinase and PI3K/Akt (Hu et al., 2008; Scartozzi et al., 2010). Increasing evidence shows that the IGF-1 molecular pathway also promotes tumor metastasis, treatment resistance, and poor prognosis in malignant tumors including CRC (Yu and Rohan, 2000; Wu et al., 2002; Sun et al., 2017b). For instance, a clinical study showed CRC patients with KRAS WT and positive IGF-1 have worse responses than negative IGF-1 patients to cetuximab and irinotecan treatments (Scartozzi et al., 2010). Researchers also discovered that IGF-1/IGF-1R polymorphisms could be the prognostic/predictive markers for the efficacy of cetuximab in mCRC patients with WT KRAS (Winder et al., 2010). IGF-binding protein-3 (IGFBP3) was found to be a modulator of IGF-signaling and able to inhibit tumor cell invasion. Additional evidence showed that matrix metallopeptidase (MMP7) in CRC cells mediates the IGFBP3 degradation and results in the IGF-dependent CRC progression (Gallego et al., 2009; Massoner et al., 2009).
3 DRUG TRANSPORTERS
Drug transporters play dynamic roles in regulating the absorption, distribution, metabolism, and excretion of drugs. Besides, they are also actively involved in the multidrug resistance (MDR) when they are activated to pump drugs out of the cells (Wang et al., 2022b). In general, there are two major superfamily membrane transporters that contain more than 400 types of drug transporters: the adenosine triphosphate (ATP)-binding cassette (ABC) transporters and solute carrier (SLC) transporters (Giacomini et al., 2010). The ABC transporter superfamily includes 48 membrane proteins that could be divided into 7 sub-families, from ABC-A to ABC-G (Moore et al., 2023). The MDR in CRC is mainly attributed to the overexpression of ABC transporters, resulting in decreased intracellular drug concentration and diminished therapeutic efficacy (Ceballos et al., 2019). P-glycoprotein (P-gp), encoded by the MDR1/ABCB1 gene, is a phosphoglycoprotein. Overexpression of the P-gp protein was extensively found in CRC cell lines and specimens that were resistant to 5-FU, doxorubicin, and oxaliplatin (Zhou et al., 2017; Du et al., 2018; Wang et al., 2022b). In addition, P-gp has also been reported to pump irinotecan and metabolites out of the cells (Trumpi et al., 2015). High expression of P-gp has been detected at the time of CRC diagnosis, correlating with inherent resistance in several colon cancer cell lines to anti-cancer drugs (Fojo et al., 1987; Spoelstra et al., 1991; Meschini et al., 2000). ABC sub-family A transporters, a group of well-known cholesterol transporters, are also related to CRC resistance. ABC-A transporters have been identified to regulate EMT and induce chemoresistance in CRC (Alketbi et al., 2023). It has been reported that increased ABCA2, ABCA1, and ABCA5 expressions were found in chemo-resistance CRC cell lines. When inhibiting the activity of ABCA5, it may re-sensitize the chemo-resistant CRC cells to 5-FU and oxaliplatin treatment (Ravindranathan et al., 2019). Multidrug resistance proteins (MRPs) belong to the C family of ABC transporters (Sodani et al., 2012). Overexpression of MRP2 has been identified in platinum-resistant cancer cell lines (Taniguchi et al., 1996). MRP8/ABCC11 and ABCC5 have been reported to confer 5-FU resistance by transporting the active monophosphorylated metabolites in CRC (Pratt et al., 2005). In addition, FOXM1, as the key transcription factor, was reported to bind to the promoter of ABCC10 and induce 5-FU resistance in CRC cells. FOXM1 and/or ABCC10 inhibition could sensitize resistant CRC cells to 5-FU (Xie et al., 2017). Furthermore, FOXM1 overexpression has been correlated with EMT induction and P-gp overexpression (Yang et al., 2020b).
3.1 Strategies to overcome resistance mediated by drug transporters in mCRC
Due to the crucial role played by ABC transporters in cancer chemoresistance, over the years, extensive efforts have been made to develop therapeutic approaches to block or modulate their activity to increase the concentration of anti-cancer drugs within the cells and re-establish the drug sensitivity of resistant cancer cells (Kathawala et al., 2015). In this context, different approaches to counteract the activity of ABC transporters in tumor cells have been reported in the literature which include inhibition of the efflux function of the transporters, downregulation of the expression of the transporters by arresting the transcription factors regulating their expression, or blockade of the transporter-induced signaling pathways (Kathawala et al., 2015). Numerous small molecules ABC transporters inhibitors or modulators directed mainly against P-gp have been developed. However, none of these inhibitors have been approved in clinical trials mainly because they exhibit either high toxicities and low specificity or poor therapeutic efficacy (Ozols et al., 1987; Ferry et al., 1996; Baer et al., 2002; Rubin et al., 2002; Seiden et al., 2002; Friedenberg et al., 2006; Gandhi et al., 2007; Kelly et al., 2011). These include first-generation MDR modulators (such as verapamil, cyclosporine A, and quinine), second-generation MDR modulators (such as valspodar and biricodar), and third-generation MDR modulators (such as elacridar, laniquidar, zosuquidar, and tariquidar). Researchers also exploited natural products to develop the fourth generation of ABC transporter inhibitors. These inhibitors show promise for use with chemotherapeutic agents, serving as effective chemosensitizers specifically targeting cancer cells exhibiting MDR (Karthikeyan and Hoti, 2015; Martins-Gomes and Silva, 2023). For instance, the natural compound S-Adenosylmethionine (AdoMet) was reported to reverse the 5-FU-induced upregulation of P-gp in CRC cell lines, HCT 116 p53+/+ and LoVo (Mosca et al., 2021). Furthermore, the antitumor efficacy of oxaliplatin was enhanced by ursolic acid, a pentacyclic triterpenic acid found in various natural plants. This enhancement was achieved by downregulating the mRNA and protein levels of P-gp and ABCG2, demonstrated in both in vitro and in vivo models of CRC using HCT8 and SW480 cells (Zhang et al., 2018). The doxorubicin resistance in P-gp-overexpressing human colon carcinoma cells, SW620 Ad300, was also reversed by phenylpropanoid piperazines derived from a fungal isolate from the gastrointestinal tract of the Australian marine-derived Mugil mullet (Mohamed et al., 2020). Also, the polyhydroxy-flavonoid quercetin (Que) has been shown to significantly improve doxorubicin toxicity in SW620/Ad300 cells via inhibiting the expression of the glutamine transporter solute sarrier family 1, member 5 (SLC1A5) which in turn significantly downregulated the ATP-driven efflux activity of P-gp, leading to the intracellular accumulation of doxorubicin (Zhou et al., 2020).
Tyrosine kinase inhibitors (TKIs) have been reported to act as inhibitors of ABC transporters and chemosensitizers in MDR that enhance the therapeutic efficacy of standard chemotherapeutic agents by combination therapy (Wu and Fu, 2018). The structures of compounds reviewed in this review are shown in Figure 3. For instance, it has been reported that imatinib, nilotinib, and ponatinib reversed the P-gp-, ABCG2-, and ABCC10-mediated MDR by inhibiting their efflux activity (Kathawala et al., 2015; Wu and Fu, 2018). Lapatinib was also reported to significantly reduce the MDR mediated by the overexpression of P-gp, ABCC1, ABCG2, and ABCC10 by inhibiting their transport function (Dai et al., 2008; Kuang et al., 2010; Ma et al., 2014) whereas afatinib reversed the chemoresistance mediated by ABCG2 but not P-gp or ABCC1 by suppressing the expression and the function of ABCG2 in vitro and in vivo (Wang et al., 2014). Regorafenib was also reported to reverse the P-gp- (Wang et al., 2017b) and ABCG2-mediated MDR (Zhang et al., 2019) in vitro in CRC cell line SW620/Ad300 (overexpressing P-gp) and S1-M1-80 (overexpressing ABCG2), respectively. Regorafenib did not affect the expression level and cellular localization of P-gp and ABCG2 but attenuated the efflux activity of the transporters and interfered with their ATPase activity (Wang et al., 2017b; Zhang et al., 2019). In vivo, regorafenib combined with either paclitaxel or topotecan showed an additive antitumor effect on the growth of the parental colorectal SW620 tumors and S1 tumors, respectively. However, in the SW620/Ad300 (P-gp-overexpressing) and S1-M1-80 (ABCG2-overexpressing) colon cancer xenograft models, the combination of regorafenib and paclitaxel or the combination of regorafenib and topotecan resulted in a synergistic antitumor effect which demonstrated that regorafenib overcame the resistance of paclitaxel to P-gp-overexpressing SW620/Ad300 tumors and the resistance of topotecan to ABCG2-overexpressing S1-M1-80 tumors in mice (Wang et al., 2017b; Zhang et al., 2019).
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Gao et al. reported that sapitinib, a non-selective inhibitor of EGFR that inhibits both HER2 and HER3 (Barlaam et al., 2013) could reverse MDR to the P-gp substrates, paclitaxel and doxorubicin. This resulted in increased efficacy in P-gp-overexpressing doxorubicin-selected SW620/Ad300 cells and HEK293 cells transfected with the P-gp gene in vitro (Gao et al., 2020). In the SW620/Ad300 cells, the addition of 1 µM of sapitinib resulted in a 13- and 100-fold increase in the potency of paclitaxel and doxorubicin, respectively, similar to the inhibitor of P-gp, verapamil. Furthermore, when 5 µM of sapitinib was used, it boosted the potency of paclitaxel by even more (162-fold) compared to the non-resistant parental cell line, SW620. Also, the incubation of HEK293/ABCB1 cells with 1 and 5 µM of sapitinib significantly increased the cytotoxic efficacy of paclitaxel by 14- and 25-fold, respectively, compared to the parental cells HEK293/pcDNA3.1. Sapitinib reversed P-gp-mediated resistance to paclitaxel and doxorubicin by inhibiting the function but not the expression or subcellular localization of the P-gp protein. In vitro, sapitinib increased the intracellular accumulation of [3H]-paclitaxel in SW620/Ad300 cells compared to SW620/Ad300 cells incubated with the vehicle and to the parental SW620 cell, which do not overexpress the P-gp transporter. Furthermore, sapitinib stimulated the ATPase activity of the P-gp transporter in a concentration-dependent manner (Gao et al., 2020).
Fan et al. reported that Lazertinib, the recently approved EGFR TKI, specifically potentiated the efficacy of the MDR transporters substrates, mitoxantrone and topotecan in the mitoxantrone-resistant ABCG2-overexpressing colon carcinoma cell line S1-M1-80 but not in the parental sensitive colon carcinoma S1 (Fan et al., 2022). Lazertinib blocked the drug efflux function of ABCG2 and significantly increased the intracellular accumulation of doxorubicin, a known substrate of ABCG2 in the resistant S1-M1-80 cells in a dose-dependent manner. In contrast, the accumulation of doxorubicin in the parental S1 cells was not affected by lazertinib. Furthermore, the ATPase activity of ABCG2 and P-gp was stimulated by lazertinib; however, their mRNA expression or protein expression levels were not affected by lazertinib treatment in the MDR cells nor their plasma membrane localization in cancer cells. Fan et al. also demonstrated that the MDR reversal effect of lazertinib was unrelated to the inhibition of the EGFR signaling pathway as the expressions of total or phosphorylated Akt and ERK1/2 were not significantly changed in the MDR S1-MI-80 cells (Fan et al., 2022).
Another VEGF TKI, vatalanib that failed the Phase III clinical trial in combination with standard FOLFOX chemotherapy in the first-line treatment of patients with mCRC (NCT00056459) (Hecht et al., 2011), was found to inhibit the efflux function of P-gp and ABCG2 in the P-gp and ABCG2-overexpressing colon cancer cells HCT116 and without altering the ABCG2/P-gp mRNA or protein expression levels or the phosphorylation of Akt and ERK1/2. Also, vatalanib sensitized the colon cancer cell lines to SN-38, a substrate of P-gp and ABCG2, under hypoxic growth conditions (To et al., 2015). Noteworthy is that several TKIs were also shown to behave as substrates of ABC transporters at low concentrations and to modulate the expression of some ABC transporters directly or indirectly (Beretta et al., 2017). For instance, continuous exposure (up to 100 days) of the human colon adenocarcinoma cells Caco2 with imatinib (10 μM) was reported to cause an upregulation of the expression of ABCG2 (maximal ∼17-fold) and P-gp (maximal ∼5-fold) and ∼50% reduction in the intracellular accumulation of imatinib (Burger et al., 2005). The fact that TKIs can function either as inhibitors or substrates for ABC transporters necessitates thorough research into TKI chemosensitizing effects. This research could offer a compelling basis for effectively combining TKIs with standard therapy to combat chemoresistance in CRC.
The phosphoinositide 3-kinase gamma isoform (PI3Kγ) inhibitor, IPI-549 (eganelisib) could also reverse the P-gp-mediated MDR in SW620/Ad300 cells and sensitize SW620/Ad300 cells to P-gp substrates, doxorubicin, vincristine, paclitaxel, and colchicine (De Vera et al., 2019). In vitro, IPI-549 increased the intracellular concentration of [3H]-paclitaxel by inhibiting the efflux of paclitaxel out of SW620/Ad300 cells and stimulating P-gp-mediated ATPase activity. Exposing SW620/Ad300 cells to 10 μM IPI-549 for more than 72 h did not cause a significant change in the expression of P-gp, and the subcellular localization of P-gp on the cellular membrane remained unchanged (De Vera et al., 2019). In vivo, IPI549 improved the anti-tumor efficacy of paclitaxel in tumor xenograft model of P-gp-overexpressing SW620/Ad300 colon cancer with a ratio of growth inhibition for tumor volume (IRV) = 74% and for tumor weight (IRW) = 72%, compared to 42% IRV and 37% IRW for the paclitaxel alone treatment (De Vera et al., 2019). IPI-549 is now under investigation in clinical trials in triple-negative breast cancer (TNBC), renal cell cancer (RCC) as well as head and neck squamous cell carcinoma.
4 ALTERATIONS IN EGFR
Low expression of EGFR or its key low-affinity ligands, amphiregulin (AREG) and epiregulin (EREG) causes loss of target for anti-EGFR therapy in CRC (Jacobs et al., 2009; Seligmann et al., 2016). Several clinical studies have found that low expression levels of AREG and EREG are related to the low response rate to cetuximab in KRAS-WT CRC patients, but not in CRC patients with KRAS-mutation (Khambata-Ford et al., 2007; Jacobs et al., 2009). Furthermore, mutations in the extracellular domain (ECD) of the EGFR, such as S492R, G465E, R451C, and K467T, may be found in those receiving cetuximab and was responsible for their cetuximab-resistance (Montagut et al., 2012; Arena et al., 2015; Bertotti et al., 2015; Morelli et al., 2015). On the other hand, cells overexpressing EGFR S464L, G465R, and I491M mutants are resistant to cetuximab and panitumumab (Arena et al., 2015). Also, Liao demonstrated that increased methylation at R198 and R200 of the ECD of EGFR by protein arginine methyltransferase 1 (PRMT1) sustained signaling activation in the presence of cetuximab and conferred resistance to cetuximab treatment in both mouse orthotopic CRC xenograft model and CRC patients (Liao et al., 2015).
4.1 Strategies to overcome resistance caused by mutations in EGFR in mCRC
A second-generation FDA-approved human EGFR mAb, necitumumab has been shown to bind to EGFR that harbors all reported cetuximab- and panitumumab-resistant mutations except for those at position G441 (Bagchi et al., 2018). Necitumumab showed clinical efficacy in a phase II study (NCT00835185) in combination with FOLFOX as a first-line treatment for patients with treatment-naïve, locally advanced, or mCRC with an objective response rate (ORR) of 63.6% and a complete response (CR) observed in 4 out of 44 patients enrolled in the study (Elez et al., 2016). The clinical outcome of first-line necitumumab and FOLFOX regimen was better in CRC patients whose tumors were KRAS-WT compared with those whose tumors harbored KRAS exon 2 mutations (Elez et al., 2016). However, necitumumab is still to be evaluated clinically in CRC tumors with mutated EGFR.
Oligoclonal combination inhibitors that can bind to the mutated ECD of EGFR are new approaches to targeting EGFR that are expected to overcome resistance caused by EGFR ECD mutations. For instance, MM-151 is an oligoclonal combination of three fully human mAbs (P1X, P2X, and P3X) targeted against distinct, nonoverlapping epitopes on EGFR that overcomes signal amplification driven by both low- and high-affinity EGFR ligands (Kearns et al., 2015). In preclinical studies, MM-151 has been shown to outperform currently approved and investigational mAbs, displaying superior EGFR signal amplification inhibition, enhanced downregulation of the EGFR, and engagement of innate immune responses (Kearns et al., 2015). Napolitano et al. demonstrated that MM-151 has a significantly better antitumor activity as compared to cetuximab in an in vivo study in three RAS WT human colon cancer xenografts, SW48, LIM1215, and CACO2 (Napolitano et al., 2017b). Most importantly, the superior activity of MM-151 has also been demonstrated in cetuximab-refractory CRC models with five partial responses (PR) and two stable diseases (SD) in seven mice bearing SW48 or LIM1215 xenografts, respectively, and PR in all seven mice bearing CACO2 xenografts (Napolitano et al., 2017b). Furthermore, MM-151 showed efficacy against CRC tumors derived from patients who develop secondary resistance to EGFR blockade by cetuximab or panitumumab due to mutations in the ECD of EGFR (Arena et al., 2016). Arena et al. also showed that MM-151 is active against all known EGFR ECD mutants and is comparable in efficacy to panitumumab against cetuximab-resistant variants that retain sensitivity to panitumumab, particularly EGFR K467T and S492R (Arena et al., 2016). Moreover, Arena et al. showed that MM-151 decreased and stabilized EGFR ECD mutations in circulating cell-free tumor DNA (ctDNA) of mCRC patients who developed EGFR ECD mutations as a result of treatment with cetuximab or panitumumab (Arena et al., 2016). Preliminary results of the Phase I clinical trial (NCT01520389) of MM-151 alone and in combination with irinotecan in patients with solid tumors including patients with refractory mCRC, suggest an acceptable tolerability profile and provide evidence of objective clinical activity of MM151 (Lieu et al., 2015).
Sym004 is another mixture of two chimeric human–mouse mAbs (futuximab and modotuximab), recognizing nonoverlapping epitopes on EGFR ECD III (Koefoed et al., 2011). Sym004 is superior to cetuximab and panitumumab in both in vitro and in vivo preclinical studies in tumors showing EGFR ligand–dependent growth (Pedersen et al., 2010; Napolitano et al., 2017a). Sym004 also demonstrated efficacy in cetuximab-resistant CRC xenograft models harboring mutations in EGFR, S492R EGFR-mutant DCR7, and G465R EGFR-mutant LIM1215 (Sanchez-Martin et al., 2016). Furthermore, Napolitano et al. reported that Sym004 could induce a significant reduction in c-MET, Akt, and MAPK phosphorylation in cetuximab-resistant CRC cancer cells (GEO-CR and SW48-CR) even in the presence of the high-affinity ligand TGFα (Napolitano et al., 2017a). Sym004 has shown clinically meaningful rates of PR (13%) and minor tumor regression (44%) of target lesions in the Phase I trial (NCT01117428) in patients with KRAS WT mCRC and acquired resistance to anti-EGFR inhibitors (Dienstmann et al., 2015). However, although Sym004 monotherapy has decreased EGFR ECD in ctDNA of patients enrolled in Phase II of the study (NCT02083653), it did not improve OS or PFS in an unselected population of patients with mCRC and acquired anti-EGFR resistance (Montagut et al., 2018). It is worth noting that the study identified a ctDNA molecularly defined subgroup of patients (RAS/BRAF/EGFR ECD-mutation negative) for whom prior anti-EGFR therapy had failed and Sym004 had improved OS by 5.5 months (Montagut et al., 2018).
5 ALTERATIONS IN HGF/C-MET SIGNALING PATHWAY
The Hepatocyte growth factor/scatter factor (HGF/SF) and its receptor mesenchymal-epithelial transition factor (c-MET) are also critical in CRC progression, metastasis as well as treatment resistance (Yao et al., 2019). Upon the activation by HGF, the MET receptor stimulates the following signaling cascades such as ERK1/2/MAPK, PI3K/Akt, mTOR, STAT, NF-κB, and subsequently attributes to stem cell survival, proliferation, and organogenesis (Boccaccio and Comoglio, 2006; Comoglio et al., 2008; Della Corte et al., 2014; Joosten et al., 2020). MET was discovered to be overexpressed in primary CRC, found in about 1.7% of all CRCs (Raghav et al., 2016), indicating it could be an important prognostic marker for early-stage invasion and regional disease metastasis (Takeuchi et al., 2003). Functionally, MET has been shown to cross react with EGFR and possibly substitute their activity (Karamouzis et al., 2009). Joosten et al. demonstrated that HGF/MET signaling can fully substitute EGFR signals to maintain and expand normal and neoplastic mouse and human CRC stem cells. Furthermore, they observed that the growth inhibition caused by EGFR inhibition can be fully bypassed by HGF stimulation (Joosten et al., 2017; Joosten et al., 2019). Thus, MET is more frequently related to the resistance of EGFR inhibition; up to 22.6% of CRCs that are refractory to anti-EGFR therapy harbor MET amplification (Raghav et al., 2016). For instance, a previous study has proved that the MET amplification could induce cetuximab or panitumumab resistance in metastasis CRC patients without KRAS mutations (Bardelli et al., 2013). TGF-α, as the EGFR ligand, was found to be overexpressed through the EGFR-MET interaction and ultimately contributed to cetuximab resistance in colorectal cancer cells (Troiani et al., 2013). Moreover, CD44, a MET co-receptor and a prime transcriptional target of Wnt signaling and highly expressed by intestinal stem cells and adenoma, could be overexpressed upon the activation of the WNT pathway, which mediated the overexpression of MET. The activation of HGF/MET/CD44 signaling has been reported to promote metastasis CRC resistance to EGFR inhibitors (Joosten et al., 2020). Additionally, upregulated HGF was found to induce cetuximab resistance in CRC cells via the binding with SRY-Box Transcription Factor 8 (SOX8), indicating the crucial role of SOX8/HGF/MET in the CRC therapy resistance (Piao et al., 2022). Preclinical and clinical findings suggested that EGFR/MET activation through HGF-induced cetuximab resistance (Liska et al., 2011; Takahashi et al., 2014; Yonesaka et al., 2015). Recently, Kim et al. reported that PFS and OS were significantly shorter in mCRC patients receiving cetuximab + FOLFIRI who had high baseline plasma HGF levels vs. patients with low baseline HGF group (Kim et al., 2022).
5.1 Strategies to target the HGF/c-MET pathway in mCRC
Promising progress has been made to overcome resistance to anti-EGFR therapy via targeting the c-MET/HGF pathway using mAbs against the c-MET receptor and its only ligand HGF as well as selective small molecule c-MET inhibitors and multitargeted small-molecule TKIs. Hu et al. reported that the anti-HGF mAb ficlatuzumab significantly inhibited the c-MET activation and rescued the capacity of cetuximab to inhibit the phosphorylation of EGFR in cetuximab-resistant CRC cell lines LM1215, SW48, and DiFi (Hu et al., 2016). Rilotumumab, a fully human anti-HGF mAb that neutralizes HGF-dependent c-MET signaling, has been investigated in phase Ib/II trial (NCT00788957) in combination with panitumumab in previously treated patients with KRAS-WT mCRC. The addition of rilotumumab to panitumumab has increased the ORR by 10 percentage points compared with panitumumab alone (31% vs. 21%), however; the improvement in ORR did not translate into significant PFS and OS benefits (Van Cutsem et al., 2014). Furthermore, negative study data have been published for onartuzumab, which is a humanized, monovalent anti-c-MET antibody that impedes HGF-MET binding and subsequent activation by HGF and does not affect the intrinsic kinase activity of c-MET (Martens et al., 2006; Merchant et al., 2013). In a Phase II (NCT01418222) study in chemonaïve mCRC patients (Bendell et al., 2013), the addition of onartuzumab to the VEGF inhibitor bevacizumab plus mFOLFOX-6 did not significantly improve efficacy outcomes even in MET-positive populations (Bendell et al., 2017).
Anti-MET mAbs have also been used for drug conjugation, resulting in anti-MET antibody-drug conjugates (ADCs) that are independent of MET gene copy number, instead relying on c-MET target expression for activity. For instance, telisotuzumab vedotin (ABBV-399) and TR1801-ADC are two anti-MET ADCs that have been preclinically validated in in vitro and in vivo models for CRC. Telisotuzumab vedotin composed of the c-MET mAb, ABT-700 conjugated to monomethyl auristatin E (MMAE), a tubulin polymerization inhibitor via a cleavable valine–citrulline linker (Wang et al., 2017a). In vivo, telisotuzumab vedotin demonstrated synergistic antitumor potency in combination with FOLFIRI in SW-48 xenograft tumors in mice (Wang et al., 2017a). TR1801-ADC was constructed by site-specific conjugation of the DNA-crosslinking agent, pyrrolobenzodiazepine (PBD) tesirine (SG3249) to engineered cysteines on the constant region of the heavy chain of the humanized anti-MET mAb hD12 (Gymnopoulos et al., 2020). In PDX models of CRCs with moderate to high c-MET expression, a single dose of 1 mg/kg of TR1801-ADC resulted in complete tumor regression lasting for a period of 4 weeks, with no indications of tumor recurrence (Gymnopoulos et al., 2020).
SRI 31215 is a small molecule inhibitor of the trypsin-like serine proteases, matriptase, hepsin, and HGF activator (HGFA), the principal proteases required for HGF activation (Owusu et al., 2016; Venukadasula et al., 2016). SRI 31215 inhibited the activation of the tumor-associated fibroblast, pro-HGF, the inactive precursor of HGF in colon cancer cells, blocked the crosstalk between DU145 colon cancer cells and tumor-associated fibroblasts, prevented fibroblast-dependent EMT and migration of cancer cells, and overcame fibroblast-induced resistance to cetuximab and gefitinib in HGF-producing RKO colon cancer cells (Owusu et al., 2016).
On the other hand, tivantinib is a non-ATP competitive that was initially described as a selective small molecule c-MET receptor TKI that can disrupt both ligand-dependent c-MET activity and constitutively active c-MET and inhibit the downstream c-MET effectors (Munshi et al., 2010). However, several studies revealed that independent of c-MET signaling, tivantinib also disrupted microtubule dynamics, induced G2/M arrest and apoptosis, overcame ABC transporter–mediated multidrug-resistant, and acted as a microtubule polymerization inhibitor by binding to tubulin via the colchicine-binding site (Basilico et al., 2013; Aoyama et al., 2014; Calles et al., 2015). A single oral dose of 200 mg/kg of tivantinib inhibited the phosphorylation of constitutive c-MET and the growth of c-MET-dependent human colon HT29 xenograft tumors (Munshi et al., 2010). In Phase I/II combination study with irinotecan and cetuximab in selected patients with KRAS WT locally advanced or mCRC (NCT01075048), the addition of tivantinib did not improve PFS, the primary endpoint (Eng et al., 2016). Nevertheless, in the same study, tivantinib in combination with cetuximab and irinotecan significantly improved ORR (54% vs. 30%), PFS (7.9 vs. 5.8 months), and OS (22.3 vs. 17.6 months) compared with placebo in the subgroup of patients whose tumor was MET-high (Eng et al., 2016). Also, among patients with PTEN-low tumors, the addition of tivantinib to cetuximab and irinotecan significantly improved ORR (58% vs. 18%), PFS (11.1 vs. 5.3 months) and OS (25.1 vs. 8.3 months) compared with placebo (Eng et al., 2016). The results seen in patients with MET-high tumors align with findings from Phase II and III clinical trials in patients with advanced hepatocellular carcinoma (HCC) and non-squamous non-small cell lung cancer (NSCLC), respectively, that showed significant PFS and OS benefits associated with tivantinib in patients with MET-high tumors (Santoro et al., 2013; Scagliotti et al., 2015). Combining tivantinib and cetuximab in patients with EGFR-resistant MET-high KRAS WT mCRC in Phase II trial (NCT01892527) suggested efficacy with 10% of patients achieving objective response, including 3 confirmed PR and 1 confirmed CR (Rimassa et al., 2019).
Capmatinib is an ATP-competitive and highly selective small molecule c-MET receptor TKI that demonstrated inhibition of MET activation in cancer cells whose growth is driven by MET amplification, MET overexpression, MET exon 14 skipping mutations, and HGF-mediated activation (Baltschukat et al., 2019). In vitro, capmatinib sensitized CRC cells to cetuximab in the presence of HGF by abrogating the effect of HGF on EGFR and MET downstream signaling pathways (Kim et al., 2022). In the Phase Ib dose escalation study (NCT02205398), 6 out of 13 c-MET positive mCRC patients whose tumors have become resistant to anti-EGFR treatment treated with capmatinib plus cetuximab achieved stable disease (disease control rate (DCR) of 46.2%) (Delord et al., 2020). However, the study was temporarily halted before initiating the dose expansion part, due to difficulties in identifying patients who met the eligibility criteria.
Savolitinib is a selective and potent c-MET inhibitor that showed synergistic tumor inhibition in c-MET amplified CRC PDX preclinical models in combination with the anti-VEGF inhibitor apatinib (Chen et al., 2018). Recently, Gu and others reported that savolitinib significantly decreased the viability and suppressed primary and secondary sphere formation by ABHD5-knockdown CRC cells, HCT116 (Gu et al., 2021). In vivo, savolitinib significantly inhibited tumor growth of subcutaneous ABHD5-knockdown HCT116 xenograft models (Gu et al., 2021). The intracellular lipolytic factor, a/b-hydrolase domain-containing 5 (ABHD5), has been identified as a novel tumor suppressor in CRC, and its loss significantly promotes CRC tumorigenesis and metastasis (Ou et al., 2014). Gu et al. showed that loss of ABHD5 promotes YAP-induced c-MET overexpression which in turn increases and sustains the stemness of CRC cells and promotes the development and progression of CRCs (Gu et al., 2021). c-MET inhibition using savolitinib significantly suppressed sphere formation by the patient-derived CRC cells with low ABHD5 and high MET expression, indicating that inhibiting c-MET is an effective strategy for eradicating the CRC stem cell compartment, characterized as low ABHD5 and high c-MET expression (Gu et al., 2021). Also, savolitinib significantly suppressed the HGF-stimulated expansion of human CRC stem cells into organoids (Joosten et al., 2019). In a first-in-human Phase I study (NCT01773018) in patients with locally advanced or metastatic solid tumors, savolitinib showed signs of clinical efficacy in CRC tumor type; one MET-amplified CRC patient achieved SD as a best response (Gan et al., 2019). A phase II study (NCT03592641) evaluated the efficacy of savolitinib in heavily treated patients with RAS WT and MET-amplified mCRC, however; the study was terminated due to inadequate accrual rate with only five patients were eligible for enrollment.
Bardelli and others showed that the multi-kinase inhibitor, crizotinib could overcome primary and secondary resistance to anti-EGFR caused by MET amplification in patient-derived CRC xenografts (Bardelli et al., 2013). Also, crizotinib was found to sensitize cetuximab-resistant KRAS mutant CRC cell lines LoVo, HCT116, and DLD1 to radiation therapy (Cuneo et al., 2019). Cuneo et al. showed that pretreatment of cetuximab-resistant KRAS mutant CRC cell lines with crizotinib blocked radiation-induced c-MET phosphorylation, attenuated radiation-induced Akt activation, increased radiation-induced DNA damage, and prolonged DNA double-strand break repair (Cuneo et al., 2019). Interestingly, by seeding a human CRC cell line (HCA-7) in a three-dimensional (3D) culture system in type-I collagen as single cell suspension, Li et al. generated de novo and acquired cetuximab resistant CRC cell lines, SC and CC-CR, respectively, that are WT for KRAS, BRAF, PIK3CA, and EGFR, and not amplified MET, but with increased MET/RON tyrosine phosphorylation (Li et al., 2017; Graves-Deal et al., 2019). Crizotinib can overcome cetuximab resistance in these cells, and the combination of crizotinib and cetuximab significantly inhibited the 3D colony growth of SC and CC-CR and the SC subcutaneous xenograft growth and decreased phosphorylation of MET tyrosine, ERK1/2, and Akt (Li et al., 2017; Graves-Deal et al., 2019). Furthermore, both SC and CC-CR are also resistant to panitumumab and MM-151; however, crizotinib can restore panitumumab and MM-151 sensitivity in SC and CC-CR (Graves-Deal et al., 2019). Furthermore, Lev and others reported that crizotinib synergizes with the DNA crosslinker, mitomycin C in vitro against CRC cells HT-29, HCT-116, SW-480, and DLD-1 and in vivo in HT-29 xenograft model, indicating a promising combination approach for the treatment of advanced CRC (Lev et al., 2017). Moreover, crizotinib can synergistically increase the MEK-inhibitor AZD6244-induced apoptosis and growth inhibition in vitro and in vivo in KRAS-mutated CRC cells (Van Schaeybroeck et al., 2014). Schaeybroeck et al. demonstrated that MEK inhibitors block the activity of the ERK-dependent metalloprotease ADAM17 (Van Schaeybroeck et al., 2011), which subsequently enhances c-MET-JAK1/2-STAT3 signaling that is essential for the survival of KRAS-mutated CRC but not WT KRAS (Van Schaeybroeck et al., 2014). Thus, targeting both MEK (binimetinib) and c-MET (crizotinib) was evaluated in CRC patients with RAS mutant or RAS WT and aberrant c-MET in a completed Phase I clinical trial (NCT02510001), however; final results from this trial are awaited.
Merestinib, another MET kinase inhibitor that can also inhibit other receptor tyrosine kinases has just finished its Phase Ia/b study (Saleh et al., 2020) in combination with ramucirumab in patients with mCRC previously treated with oxaliplatin and/or irinotecan. The combination of merestinib plus ramucirumab was tolerable and the overall disease control rate was 52% with approximately 50% of patients achieving SD. The median PFS was 3.3 months, and the median OS was 8.9 months (Saleh et al., 2020).
Cabozantinib is a promiscuous inhibitor of MET tyrosine kinase that has undergone extensive testing in CRC. Cabozantinib also targets receptor tyrosine kinases central to cancer cell growth and tumor angiogenesis, including RET, AXL, TIE2, and VEGFR2 (Song et al., 2015). Similar to crizotinib, cabozantinib, as reported by Deal and others and measured by 3D colony growth and activation state of MET, RON, ERK1/2 can overcome de novo and acquired resistance to cetuximab in SC and CC-CR cells mentioned earlier (Graves-Deal et al., 2019). Also, cabozantinib showed significantly greater tumor growth inhibition, significantly reduced tumor vascularity, and glucose uptake, and significantly increased autophagy in CRC PDX mouse models when compared to regorafenib (Scott et al., 2018). Although both cabozantinib and regorafenib have antiangiogenic properties via VEGFR2 and TIE2 inhibition and share similar kinase target profiles, regorafenib does not inhibit MET, which could explain the observed differences in treatment effects of cabozantinib and regorafenib in CRC cells. The efficacy and safety of cabozantinib have been tested in a Phase II study (NCT03542877) in heavily pretreated patients with refractory mCRC. Among the 40 patients evaluable for response, 18 patients met the 12-week PFS primary endpoint, with one patient achieving a PR, and 27 patients achieving SD as the best response (Scott et al., 2022). The ORR and the DCR were 2.5% and 70%, respectively and the median PFS and the median OS were 3.0 and 8.3 months, respectively. Patients with RAS WT mCRC experienced improved PFS and OS compared to patients with RAS mutant mCRC; PFS and OS for RAS WT patients were 4.9 and 10.4 months, respectively, and PFS and OS for RAS mutant mutant patients were 2.7 and 7.0 months, respectively (Scott et al., 2022). Also, a Phase Ib/II clinical trial (NCT02008383) evaluated cabozantinib with or without panitumumab in chemo-refractory, KRAS WT mCRC patients who had received prior treatment with fluoropyrimidine, oxaliplatin, irinotecan, and bevacizumab. Strickler et al. reported that 4 of 25 patients treated with cabozantinib plus panitumumab had PRs, including one patient with EGFR-resistant disease, and the median PFS observed in the EGFR refractory population and median OS were 3.7 and 12.1 months, respectively (Strickler et al., 2021). On the other hand, 2 of 4 patients treated with cabozantinib alone had SD and 2 had progressive disease (PD) as the best response (Jia et al., 2022). Of the 29 patients tested in (NCT02008383), 9 had MET amplification detected in their baseline (ctDNA), and 5 of those 9 patients were treated with cabozantinib and panitumumab combination therapy while 4 patients were treated with cabozantinib monotherapy. Intriguingly, of the 9 patients with MET amplification, 6 experienced clinical benefit; 1 PR and 3 SD in the cabozantinib and panitumumab combination group, and 2 SD in the cabozantinib alone group (Jia et al., 2022). The median PFS and median OS for MET-amplified patients was 3.7 and 5.7 months, respectively compared to median PFS and median OS of 2.5 and 12.1 months, respectively, in patients without MET amplification (Jia et al., 2022). Preclinically, cabozantinib was able to inhibit tumor growth, augment the immune response, and increase the immunogenicity in the human immune system (HIS)-BRGS mice implanted with MSS-CRC PDX tumors when combined with the anti-PD-1 mAb nivolumab (Lang et al., 2022). Lang et al. demonstrated that cabozantinib in combination with nivolumab significantly increased human T-cell infiltration with increased production of Granzyme B+ (GrB+) and TNFα+IFNγ+ double-producing CD4+ T cells among the tumor-infiltrating leukocytes (TILs), increased PD-L1 expression, along with HLA class I and II on tumor cells and decreased expression of TIM-3 on the CD4+ T cells, an indicative of a less exhausted T-cell pool in the HIS-BRGS mice (Lang et al., 2022). Lang et al. also reported that cabozantinib alone was able to increase the frequency of regulatory T cells (Tregs) among CD4+ T cells in TILs and upregulate the expression of PD-1 on the tumors of the HIS-BRGS mice (Lang et al., 2022). However, in contrast to Lang et al. findings, Kwilas and others reported that cabozantinib monotherapy significantly reduced the frequency of Tregs and MDSCs in the spleen (Kwilas et al., 2014) but significantly increased infiltrating CD8+ T cells of human carcinoembryonic antigen (CEA)-Tg C57/BL6 mice as well as significantly upregulated the expression of MHC-I molecules on tumor cells of the murine colon carcinoma cell line MC38-CEA, thus increasing the potential for antigen presentation and T-cell recognition of the tumor cells (Kwilas et al., 2014). Similarly, clinical data from the Phase II trial in patients with platinum-refractory metastatic urothelial carcinoma showed a reduction in the percentage of Tregs in the CD4+ T-cell population upon treatment with cabozantinib (Apolo et al., 2020). Also, cabozantinib can induce intratumoral neutrophil infiltration and generate a potent antitumor innate immune response resulting in rapid tumor eradication in CRC tumors in a PDX model and murine hepatocellular carcinoma (Esteban-Fabro et al., 2022) and prostate cancer models (Patnaik et al., 2017). Because cabozantinib can enhance both MHC class I and class II-mediated antigen presentation within the TME, it has demonstrated an immune regulatory effect with recruiting CD8+ T cells while reducing the presence of immunosuppressive cells (Tregs and MDSCs). Therefore, multiple ongoing clinical trials have combined cabozantinib with immune checkpoint inhibitors to generate a more permissive immune environment. For instance, patients with refractory metastatic pMMR/MSS CRC are being recruited for a Phase II study (NCT04963283) to assess the combination of cabozantinib and nivolumab. Also, cabozantinib is currently being evaluated in a Phase Ib study (NCT03170960) in combination with atezolizumab, anti-PD-L1 mAb in subjects with various tumor types, including CRC. Furthermore, evaluation of cabozantinib in combination with the anti-PD-L1 durvalumab with or without tremelimumab in advanced chemo-refractory pMMR/MSS gastroesophageal cancer and other gastrointestinal malignancies including CRC is currently ongoing in a Phase I/II trial (CAMILLA trial, NCT03539822). The results from the phase Ib part of the phase I/II trial (NCT03539822) demonstrated a favorable safety and suggested synergy between cabozantinib and durvalumab with ORR and DCR of 23.5% and 88.2%, respectively, and median PFS and median OS of 4.6 and 9.6 months, respectively among patients with CRC (n = 17) (Saeed et al., 2023). Interestingly, patients with a baseline PD-L1 combined positive score (CPS) of 5 or higher, low tumor CD68 and high CD4 protein levels had significantly improved ORR, PFS, and OS. Thus, PD-L1 CPS of 5 or more could be a predictive of response to this combination therapy. The recommended phase 2 dose (RP2D) for cabozantinib was 40 mg daily and the trial was expanded to a phase II multi-cohort, multi-center trial of 117 patients (Saeed et al., 2023). 36 heavily treated pMMR/MSS CRC patients were enrolled and received 40 mg QD of cabozantinib and 1,500 mg IV every 4 weeks (Q4W) of durvalumab in the phase II CRC cohort of the CAMILLA study. The preliminary interim results of the phase II CRC cohort of the CAMILLA study reported an ORR of 27.6%, confirmed partial response (PRc) of 21%, DCR of 86.2%, median PFS of 4.4 months, and median OS of 9.1 months among 29 patients evaluable for efficacy. Interestingly, of the 21% (7 out of 29 patients) who achieved PRc/SD > 6 months, one patient had KRAS G12V tumor mutation along with mutations in ARID1A and IDH1. Furthermore, in the RAS WT subgroup, the ORR (PRc) was 50.0%, the DCR was 83.3%, the median PFS was 6.3 months, and the median OS was not reached (Saeed et al., 2022). Furthermore, a phase I trial (NCT04868773) assessing the combination of cabozantinib with trifluridine/tipiracil (TAS-102) in mCRC patients is currently ongoing. Tepotinib is another nonselective c-MET inhibitor that is being investigated in a Phase II study (NCT04647838) in patients with solid cancers harboring c-MET amplification or exon 14 mutation who progressed after standard treatment for metastatic disease, including mCRC. A Phase II study (NCT04515394) also evaluated the preliminary antitumor activity of tepotinib in combination with cetuximab in patients with RAS/BRAF WT mCRC having acquired resistance to anti-EGFR due to MET amplification. However, the study was terminated early due to difficulties in identifying suitable participants for screening in the study.
6 FUTURE DIRECTIONS AND CONCLUSION
The molecular subtyping for selecting the appropriate patient population for participation in clinical trials is also crucial to adequately test the validity of many targeting approaches. In clinical trials, the efficacy of signal transduction inhibitors may seem inadequate if evaluated in an unselected or improperly selected group of patients. Siemann et al. reported that most clinical trials testing c-MET inhibitors in cancer have yielded little benefit to patients and have not adequately tested the concept of c-MET pathway inhibition due to the lack of appropriate patient selection criteria (Hughes and Siemann, 2018). Siemann et al. also argued that c-MET mutation, c-MET amplification, or total c-MET expression, but not phospho-MET expression, have been used as markers for patient selection in these trials, which led to the inclusion of a large proportion of patients who will not benefit from the c-MET inhibitor, resulting in trial failure. Furthermore, because c-MET inhibitors are designed to reduce the phosphorylation of c-MET, c-MET phosphorylation is the most accurate biomarker for c-MET pathway activity and should be used as the inclusion criterion in clinical trials of c-MET inhibition (Hughes and Siemann, 2018).
Taken together, while the overall prognosis for CRC, especially in the metastatic setting, remains poor due to the intrinsic and acquired resistance to chemotherapy, targeted therapy, and immunotherapy, advances in our understanding of the resistance mechanisms of mCRC paved the way for new targeted biologic therapies and small molecules in both preclinical and clinical stages of development. Because mCRC is a heterogeneous disease resulting from the activation of different signaling pathways, combining chemotherapy with novel inhibitors targeting dysregulated pathways is necessary for a better outcome to prevent and overcome resistance. Combining standard chemotherapy with inhibitors of ABC drug transporters and combining EGFR-targeted therapy with inhibitors of c-MET can overcome drug resistance in preclinical models of advanced CRC, however; further clinical studies are needed to evaluate the clinical significance of these combination therapies in enhancing patient outcomes. Also, advances in diagnosis, gene detection methods such as ctDNA, and patient stratification based on the molecular profile of the tumors have enabled personalized care and led to improved outcomes for some subtypes of mCRC.
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