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Abstract

:

Simple Summary


Colorectal cancer (CRC) is the second leading cause of cancer deaths worldwide. Genetic alterations promote cancer development and its spread to distant sites. Medications that counteract the effects of these alterations/mutations, called targeted therapies, are used to treat CRC. Immunotherapy, another class of medications that promotes immune system mediated recognition and destruction of cancer cells, is used for treatment of a small subset of CRC patients. Here we review the current state of knowledge and ongoing research into biomarkers, targeted therapy, and immunotherapy for CRC treatment.




Abstract


Colorectal cancer (CRC) is the second leading cause of cancer deaths worldwide. Although the overall incidence of CRC is decreasing, the incidence of young-onset CRC, characterized by a diagnosis of CRC before age 50, is increasing. Outcomes for CRC patients are improving, partly due to comprehensive molecular characterization of tumors and novel therapeutic strategies. Advances in genomic and transcriptomic analyses using blood- and tumor-tissue-based sequencing have facilitated identification of distinct tumor subtypes harboring unique biological characteristics and therapeutic vulnerabilities. These insights have led to the development and incorporation of targeted therapies and immunotherapy in CRC treatment. In this review, we discuss the molecular landscape and key oncogenes/tumor suppressors contributing to CRC tumorigenesis, metastasis, and therapeutic resistance. We also discuss personalized therapeutic strategies for subsets of CRC patients and provide an overview of evolving novel treatments being evaluated in clinical trials.
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1. Introduction


Colorectal cancer (CRC) is the third most common cancer in the US and the second most common cause of cancer specific mortality worldwide [1,2]. Risk factors for CRC include a variety of modifiable factors such as diet, alcohol, and tobacco use, along with non-modifiable risk factors such as sporadic or inherited genetic alterations [3]. While the overall incidence and mortality of CRC has been decreasing for decades, there has been an increase in CRC incidence in adults under age 50 (young-onset CRC) and also a slight increase in mortality in this subgroup since the early 2000s [1,4]. In addition, researchers have identified differences in CRC outcomes based on tumor biology, such as primary colonic tumor sidedness and colonic versus rectal cancers [5,6]. These initial insights provided a foundation for researchers to further investigate the molecular landscape of CRC. In this review, we discuss genomic and transcriptomic analysis techniques that facilitated identification of driver molecular alterations and biomarkers in CRC. We also discuss the implementation of targeted therapies and immunotherapies in the personalized treatment of CRC patients.




2. Molecular Diagnostic Techniques


2.1. Genomic Sequencing


There are a multitude of molecular testing methods available to detect molecular alterations and determine targeted therapy and immunotherapy candidacy for CRC patients. Clinical guidelines, such as those provided by the American Society of Clinical Oncology and the National Comprehensive Cancer Network, recommend genomic sequencing in patients with metastatic or advanced CRC, using next generation sequencing (NGS) [7,8]. Tumor tissue NGS is performed directly on biopsy samples or surgical specimens, while blood based NGS testing assesses circulating tumor DNA (ctDNA). Tumor tissue NGS is preferred when feasible compared to ctDNA analysis since ctDNA may not be detectable in up to 15% of patients due to factors such as tumor burden and location, among others [9]. For example, an analysis of plasma ctDNA NGS relative to tissue NGS of peritoneal metastases in patients with gastrointestinal malignancies found a concordance of only 18% [10]. Nonetheless, ctDNA results are available sooner than tumor tissue NGS, and can expedite treatment decisions and clinical trial enrollment. In a study comparing gastrointestinal cancer trial enrollment in two large studies in Japan, median time to obtain tissue NGS results after sample collection was 19 days relative to 7 days for blood ctDNA NGS. In addition, there was also a delay in obtaining tissue biopsies relative to blood draws. Overall, these delays resulted in a total median time for trial enrollment with tissue NGS of 33 days relative to 11 days for blood NGS [11]. A unique benefit of ctDNA analysis is the potential role for minimal residual disease (MRD) detection following curative intent treatments. In CRC patients who underwent curative intent surgery without signs of macroscopic disease, ctDNA-based MRD analysis that included serial surveillance analysis demonstrated a specificity of 100% and a sensitivity of 91% for disease recurrence, relative to a specificity of 80.7% and sensitivity of 35% with CEA analysis [12].




2.2. Transcriptomics


The addition of transcriptomic data to genomic analysis has allowed researchers to identify distinct CRC molecular subtypes known as consensus molecular subtypes (CMS) [13]. CMS1 is characterized by immune activation and microsatellite instability-high (MSI-H), suggesting susceptibility to immunotherapy. The other characterized CMS subtypes provide a basis for the development of future targeted therapies and are distinguished as follows: CMS2 demonstrates wingless and Int-1 (WNT) and MYC activation, CMS3 demonstrates metabolic dysregulation, and CMS4 is notable for transforming growth factor beta (TGFß) activation with angiogenesis and stromal invasion [14].




2.3. Proteomics


Proteomic data has been used to refine existing genomic profiles of CRC patients. Combined proteogenomic analysis of CRC tumors by The Cancer Genome Atlas (TCGA) has shown that mRNA transcript levels do not correlate with protein levels, and chromosome 20q amplification results in the greatest change in both mRNA and protein abundance [15]. Five distinct proteomic subtypes of CRC have been identified, labeled as proteomic subtypes A through E. Proteomic subtypes B and C overlap with the TCGA MSI subtype, while the other three subtypes are associated with chromosomal instability [15]. Further, phosphoproteomic analysis in prospectively collected paired tumor and normal adjacent tissues has identified Rb phosphorylation as an oncogenic driver and potential therapeutic target [16]. In this study, multi-omics analysis incorporating multiple existing classification systems such as the aforementioned CMS and proteomic subtypes led to the identification of three unified multi-omics subtypes (UMS) labeled as MSI, CIN, and mesenchymal [16]. In the UMS MSI subtype, an increase in glycolysis enzymes was associated with decreased CD8+ T cell tumor infiltration, suggesting potential for therapeutic inhibition of glycolytic enzymes in MSI tumors that are resistant to immunotherapy [16]. Additional proteomic studies have demonstrated that the facilitates chromatin transcription (FACT) complex promotes 5-Fluorouracil (5-FU) resistance in dMMR CRC tumors by recruiting DNA damage repair proteins, including APE1, in the setting of 5-FU-induced DNA damage [17]. FACT is elevated in multiple tumor types and is associated with poor survival [18,19]. Curaxins are small molecules that trap the FACT complex within chromatin, leading to p53 activation and NF-κB inhibition, resulting in anti-tumor activity [20].




2.4. Multi-Omics


Multi-omics analysis of CRC tumors has facilitated novel immunologic and microbiologic insights in CRC. An immune signature panel of 20 genes encompassing type 1 T helper cell and cytotoxic immune activation, termed the Immunologic Constant of Rejection (ICR), was found to be associated with overall survival (OS) independent of MSI and CMS [21]. Through deep T cell receptor sequencing, the ICR is hypothesized to derive prognostic relevance by capturing the presence of tumor-enriched clonal T cell populations [21]. 16S bacterial rRNA gene sequencing has identified that relative abundance of specific microbes can impact prognosis in CRC. For instance, Ruminococcus bromii has been associated with favorable outcomes, while Fusobacterium nucleatum is associated with worse outcomes [21]. Combining the ICR and microbiome signature into a composite score, mICRoScore, can identify patients with improved survival in CRC [21]. Single-cell RNA sequencing has identified that while both deficient mismatch repair (dMMR) and MMR proficient tumors have myeloid inflammatory foci, only dMMR tumors have multicellular foci of CXCR3 chemokine positive cells [22]. Insights such as these can facilitate advances in prognostication and therapeutic development in CRC.





3. Potentially Targetable Genomic Alterations


3.1. VEGF


Vascular endothelial growth factor (VEGF) is a signaling protein that promotes angiogenesis and cellular proliferation when bound to VEGF receptors on endothelial cells [23] (Figure 1). Bevacizumab is an anti-VEGF humanized monoclonal antibody used in first-line metastatic CRC (mCRC) treatment in conjunction with fluorouracil-based chemotherapy [24,25] (Table 1) (Figure 2). The role of maintenance bevacizumab in mCRC was investigated in CAIRO3, a study of capecitabine plus bevacizumab maintenance versus observation in patients with disease stabilization/response to first-line capecitabine, oxaliplatin, and bevacizumab. In both groups at progression, patients again received capecitabine, oxaliplatin, and bevacizumab until second progression. The primary endpoint, median time to second progression, was 8.6 months (95% CI 7.0–10.1 months) in the observation group compared to 11.6 months (95% CI 10.0–13.3 months) in the capecitabine plus bevacizumab maintenance group with a hazard ratio of 0.64 (95% CI 0.53–0.77) [26]. Therapeutic resistance to VEGF inhibition is thought to be mediated by tumor microenvironment changes and alternative angiogenic pathways, such as HGF/Met and SDF-1/CXCR-4, among others; however, studies demonstrate that there is efficacy in the continuation of bevacizumab in subsequent line treatment [27]. The ML18147 trial supports continuation of bevacizumab in second-line treatment for mCRC refractory to first-line chemotherapy with bevacizumab. In this phase III trial of 820 mCRC patients with progression on first-line bevacizumab plus chemotherapy, patients were treated with second-line chemotherapy with or without bevacizumab. Median OS was 11.2 months (95% CI 10.4–12.2 months) for the chemotherapy plus bevacizumab group compared to 9.8 months (95% CI 8.9–10.7 months) for the chemotherapy alone group with a hazard ratio of 0.81 (95% CI 0.69–0.94). In the bevacizumab group relative to the chemotherapy alone group, several toxicities were noted, including bleeding, gastrointestinal perforation, and venous thromboembolism [28].



Regorafenib was the first multiple receptor tyrosine kinase inhibitor, which includes inhibition of the VEGF receptor, to demonstrate a survival benefit in mCRC that had progressed on standard-of-care therapy with fluoropyrimidines, oxaliplatin- and irinotecan-based chemotherapy, an anti-VEGF agent, and anti-EGFR therapy (if RAS/BRAF wild-type). In the phase III CORRECT trial, 760 mCRC patients with previous treatment/progression were randomized to regorafenib versus placebo. Median OS was 6.4 months in the regorafenib group relative to 5.0 months in the placebo group with a hazard ratio of 0.77 (95% CI 0.64–0.94). The most common adverse events included hand–foot cutaneous reactions, fatigue, diarrhea, and hypertension [29] (Table 1). These encouraging results led to FDA approval of regorafenib for refractory mCRC in September 2012 [30]. More recently, a narrower-spectrum VEGF-receptor-targeted therapy, fruquintinib, has been studied in refractory mCRC and obtained FDA approval in November 2023. FRESCO-2 was a global phase III study of 691 patients with previously treated mCRC randomly assigned in a 2:1 ratio to receive VEGF receptor inhibitor fruquintinib versus placebo, respectively. Median OS was 7.4 months (95% CI 6.7–8.2 months) in the fruquintinib group versus 4.8 months (95% CI 4.0–5.8 months) in the placebo group with a hazard ratio of 0.66 (95% CI 0.55–0.80). The most common grade 3 or greater adverse events in the fruquintinib group included hypertension, asthenia, and hand–foot syndrome [31] (Table 1).




3.2. EGFR


Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase involved in downstream activation of multiple cellular proliferation pathways, such as the MAPK and PI3K pathways, which leads to tumorigenesis [32,33]. Cetuximab and panitumumab are anti-EGFR monoclonal antibodies used in the treatment of mCRC (Figure 1). Notably, constitutively activating mutations in genes that encode downstream signaling proteins of the RAS mitogen activated protein kinase (MAPK) pathway, such as KRAS and BRAF, decrease sensitivity to EGFR inhibitors [34,35]. In the PRIME trial of fluorouracil, leucovorin, and oxaliplatin with or without panitumumab, among patients with wild type KRAS, combined chemotherapy and panitumumab demonstrated a progression-free survival (PFS) of 9.6 months relative to 8.0 months with chemotherapy alone with a hazard ratio of 0.80 (95% CI 0.66–0.97). In contrast, among patients with KRAS mutations, combined chemotherapy and panitumumab demonstrated a PFS of 7.3 months relative to 8.8 months with chemotherapy alone with a hazard ratio of 1.29 (95% CI 1.04–1.62) [36] (Table 1). In addition, right-sided colon tumors, which have increased prevalence of KRAS and BRAF mutations and are associated with worse prognosis compared to left-sided colon tumors, respond poorly to EGFR inhibition [37]. In retrospective analysis of the CRYSTAL trial evaluating fluorouracil, leucovorin, and irinotecan (FOLFIRI) with or without cetuximab and the FIRE-3 trial comparing FOLFIRI with either cetuximab or bevacizumab, there was minimal efficacy noted with cetuximab among patients with right-sided colon tumors [38]. Thus, while EGFR inhibition is a mainstay in mCRC treatment, consideration must be given to mutational profiles and primary tumor sidedness when evaluating suitability of treatment regimens (Figure 2).



EGFR-inhibitor-acquired resistance is associated with the development of RAS mutant clonal cancer cell populations that regress upon EGFR inhibitor cessation, providing rationale for potential benefit from EGFR inhibitor rechallenge [39]. Cetuximab rechallenge with irinotecan as third-line therapy was assessed in a phase II single-arm study of 28 patients with RAS/BRAF wild-type mCRC previously treated with first-line irinotecan- and cetuximab-containing regimens and second-line oxaliplatin- and bevacizumab-containing regimens. The response rate with cetuximab rechallenge plus irinotecan was 21% (95% CI 10–40%). RAS mutations were noted by ctDNA in 48% of patients prior to rechallenge, and among patients with partial response there were no RAS mutations. Additionally, those with RAS wild type ctDNA had a median PFS of 4.0 months relative to 1.9 months for those with RAS mutant ctDNA with a hazard ratio of 0.44 (95% CI 0.18–0.98) [40]. In the phase II single-arm CHRONOS trial, patients with RAS wild-type mCRC previously treated with anti-EGFR regimens underwent ctDNA screening to guide EGFR rechallenge with panitumumab in the third-line setting. Of 52 screened patients, 31% carried a ctDNA RAS, RAF, or EGFR mutation and were excluded. Among the 27 patients that were treated with panitumumab, 30% achieved partial response and 63% achieved disease control [41]. Recently, researchers analyzed mutational signatures of RAS/BRAF/EGFR wild-type mCRC patients pooled from three large, randomized trials who were treated with EGFR inhibition and chemotherapy in the first-line setting and EGFR inhibition alone in the third-line setting, and also analyzed transcriptional changes in a CRC cell line resistant to chemotherapy plus cetuximab. Findings from this study suggest that transcriptional changes account for resistance to combination chemotherapy plus EGFR inhibition, whereas acquired MAPK mutations account for resistance to EGFR inhibition alone [42].




3.3. BRAF


BRAF is a gene encoding a protein kinase involved in MAPK signaling, which is involved in cellular proliferation and survival [43] (Figure 1). Mutations in BRAF are seen in up to 10% of CRC patients, 95% of which are BRAF V600E mutations [44]. BRAF V600E is a constitutively activating mutation, promoting uncontrolled cellular replication and carcinogenesis [44]. BRAF V600E mutant CRC is associated with right-sided primary tumors and worse prognosis compared to BRAF wild type CRC [45]. Among BRAF V600E mutant CRC patients, those additionally harboring dMMR have improved outcomes relative to patients with intact MMR [46].



Currently, RAF inhibitor encorafenib plus cetuximab is approved for previously treated BRAF V600E mutant mCRC based on the phase III BEACON trial [47] (Table 1). In this study, 665 patients with previously treated BRAFV600E mutant mCRC were treated with either a triplet (encorafenib, binimetinib, and cetuximab) or doublet (encorafenib and cetuximab) or control (cetuximab plus chemotherapy). Median OS was 9.3 months with both triplet and doublet therapy, compared with 5.9 months for the control group. In addition to a similar median OS, doublet therapy demonstrated fewer adverse events, with 65.8% grade 3 or greater adverse events with triplet therapy compared to 57.4% for doublet therapy [48,49]. With comparable efficacy to triplet therapy and a better toxicity profile, doublet (encorafenib plus cetuximab) has become the standard of care for previously treated BRAF V600E mutant mCRC (Figure 2).



The BREAKWATER trial is a phase III study with a planned enrollment of 870 treatment-naive patients with BRAF V600E mutant mCRC investigating the efficacy of BRAF inhibition in the first-line setting. Treatment arms include encorafenib plus cetuximab versus encorafenib plus cetuximab plus chemotherapy versus control chemotherapy with or without cetuximab [50]. BREAKWATER safety lead-in and preliminary efficacy data demonstrate acceptable safety profiles with encorafenib plus cetuximab plus chemotherapy and favorable overall response rates relative to historical outcomes with current first-line standard-of-care regimens [51].



Combinations of immunotherapy and BRAF inhibitor are being investigated in BRAF V600E mutant CRC in patients with and without dMMR/MSI-H [52,53,54,55]. Downstream to BRAF in the MAPK pathway are extracellular signal-regulated kinases 1/2 (ERK1/2), thought to be involved in the acquired resistance to BRAF inhibitor therapy [56]. Multiple phase I and phase II trials are evaluating treatment with ERK inhibitors alone or in combination with BRAF inhibitors [57]. One ongoing trial, NeoBRAF, is investigating BRAF inhibitors in the neoadjuvant and adjuvant setting, which supports ongoing attempts to apply targeted therapies in earlier stages of disease [58] (Table 2).



Acquired resistance to BRAF inhibitors is thought to be due to feedback reactivation of MAPK signaling and mutations in MAPK pathway genes, such as MAP2K1, GNAS, KRAS, and MEK, among others [44]. In ctDNA analysis of specimens from the BEACON trial, the most common alterations noted with both doublet and triplet therapy were KRAS and NRAS mutations and MET amplification. The doublet arm demonstrated a greater rate of MAP2K1 mutations at 16.1% relative to only 3.6% in the triplet arm [59]. Ongoing trials to overcome acquired resistance to BRAF inhibition, in addition to combination with ERK inhibition as noted above, include inhibition of SHP2, a phosphatase upstream in the MAPK pathway, and inhibition of MUC1-C, a transmembrane oncogenic signaling protein [60,61].




3.4. KRAS


Kirsten rat sarcoma (KRAS) is an oncogene encoding a guanosine triphosphatase signal transduction protein in the MAPK pathway [62] (Figure 1). KRAS mutations are a poor prognostic indicator and are associated with right-sided primary tumors and anti-EGFR treatment resistance [62]. KRAS mutations are associated with inferior outcomes among patients with microsatellite stable (MSS) tumors; however, this effect is not seen in MSI-H CRC tumors [63]. Mutations in KRAS are seen in approximately 40% of CRC patients, with KRAS G12C, a mutation involving substitution of glycine at codon 12 for cysteine, occurring in about 3% of CRC patients. KRAS G12C leads to a constitutively active protein conformation that promotes tumorigenesis [62,64]. While KRAS G12C inhibitors have shown benefit in non-small cell lung cancer, there has been limited efficacy as monotherapy in mCRC trials. In CodeBreaK100, a phase I trial of 129 patients with KRAS G12C-mutated solid tumors treated with KRAS G12C inhibitor sotorasib, of the 42 patients with CRC only 3 patients (7.1%) had a disease response [65]. Similar results were shown in the phase II CodeBreaK100 study. Of the 62 patients with KRAS G12C mutant CRC, only 6 patients (9.7%) had a disease response with sotorasib monotherapy [66] (Table 1).



Despite lackluster KRAS G12C inhibitor monotherapy efficacy in CRC, recent studies have shown encouraging results with combined targeted therapy approaches (Figure 2). Through preclinical investigation of a KRAS G12C mutant CRC cell line, upregulation of EGFR signaling was found to be a potential mechanism of resistance to KRAS G12C inhibition [67]. In KRYSTAL-1, a phase I/II trial of KRAS G12C mutant mCRC patients, treatment with monotherapy KRAS G12C inhibitor adagrasib was compared to adagrasib plus cetuximab. Adagrasib monotherapy demonstrated a 19% response rate, compared to a 46% response rate in the combination group [68]. To further investigate this favorable response, investigators have initiated KRYSTAL-10, a phase III trial of adagrasib plus cetuximab versus chemotherapy in patients with previously treated KRAS G12C mutant mCRC [69]. In addition, sotorasib is also being investigated in combination with panitumumab in patients with previously treated KRAS G12C CRC in the ongoing phase III CodeBreak 300 trial [70]. Other ongoing trials investigating novel targeted therapies in KRAS mutant CRC include trials of KRAS G12D inhibitors and pan-KRAS inhibitors, among others [71,72,73,74] (Table 2).



Mechanisms of acquired resistance to KRAS G12C inhibitors include MAPK pathway mutations, transformation from adenocarcinoma to squamous histology, alternative KRAS alterations, and a high degree of KRAS G12C amplification [75]. As with efforts to overcome BRAF-inhibition-acquired resistance, combination with SHP2 inhibition is being evaluated as one method to overcome acquired resistance to KRAS G12C inhibition. The ongoing KRYSTAL 2 trial is evaluating adagrasib plus SHP2 inhibitor (TNO155) in advanced solid tumors, including CRC, with KRAS G12C mutations [76]. Other proposed mechanisms of resistance to KRAS G12C inhibition, such as PI3K/AKT/mTOR pathway and associated upstream receptor tyrosine kinase mutations, are being targeted with the addition of mTOR inhibitor, everolimus, and IGF1 receptor inhibitor, linsitinib [77]. Combination therapy with CDK4/6 inhibitors and immunotherapy to overcome KRAS G12C inhibitor resistance is also under pre-clinical investigation [78,79].




3.5. MSI/MMR


MSI-H, dMMR, and elevated tumor mutation burden (TMB) are three biomarkers associated with immunotherapy efficacy in CRC. Errors in DNA replication are repaired by the mismatch repair (MMR) system, composed of a series of protein complexes involved in DNA replication error recognition, excision, and repair [80]. Mutations in genes encoding MMR proteins can lead to a malfunction, or deficiency, in the ability of the MMR system to function properly, known as dMMR. Patients with dMMR tumors can accumulate DNA mutations at high rates, particularly in DNA segments known as microsatellites, short DNA sequences that are repeated in tandem [81]. Accumulation of microsatellite mutations leads to variability in microsatellite length and sequence, both of which can be detected and quantified as MSI-H. As such, MSI-H is often seen as a result of, and in concordance with, dMMR [82]. TMB refers to the quantity of mutations noted in a tumor sample that, when elevated, is associated with increased neoantigen production and increased T cell infiltration into the tumor microenvironment, which results in increased response to immunotherapy [83]. While dMMR is seen in 10–20% of CRCs, it is only noted in approximately 3.5% of metastatic CRCs [84]. Similarly, MSI-H is seen in 10–15% of CRCs and 2.7% of mCRCs [85]. MSI-H CRC has been associated with primary lesions in the proximal colon and an improved prognosis compared to MSS CRC [86].



Currently approved immunotherapy agents for mCRC include monotherapy with anti-PD-1 antibodies pembrolizumab or nivolumab, and combination nivolumab plus anti-CTLA-4 antibody, ipilimumab, in dMMR or MSI-H mCRC (Figure 1). Nivolumab demonstrated encouraging results in previously treated dMMR/MSI-H mCRC in the phase II CheckMate 142 trial. In this study, nivolumab was administered to 74 patients with previously treated dMMR/MSI-H mCRC. The overall response rate (ORR) was 31.1% (95% CI 20.8–42.9%) and the most common adverse events included fatigue and gastrointestinal side effects. Based on results from this study, nivolumab obtained FDA approval for previously treated MSI-H/dMMR mCRC in July 2017 [87,88] (Table 1). In contrast to pembrolizumab, first-line nivolumab monotherapy has not been assessed. Combination nivolumab plus ipilimumab was evaluated in previously treated MSI-H/dMMR mCRC in a cohort of patients in CheckMate 142. Of the 119 patients treated with combination nivolumab plus ipilimumab, the ORR was 55% (95% CI 45.2–63.8%) with a PFS of 71% at 12 months. Grade 3 or greater adverse events occurred in 32% of patients [89] (Table 1). With these improved outcomes relative to nivolumab monotherapy, in July 2018, the FDA approved nivolumab plus ipilimumab for previously treated MSI-H/dMMR mCRC [90]. Although there is higher efficacy with combination nivolumab plus ipilimumab compared to nivolumab monotherapy, combination therapy results in a higher rate of immunotherapy-related adverse events with multiorgan involvement [91].



Pembrolizumab was the first FDA-approved immunotherapy agent for previously treated MSI-H/dMMR mCRC in May 2017 [92,93,94]. This was a tissue-agnostic approval for all MSI-H/dMMR solid tumors and the first tissue-agnostic approval for any cancer drug. This groundbreaking approval led to further tumor-specific and first-line treatment trials. Pembrolizumab efficacy in first-line treatment of MSI-H mCRC was evaluated in KEYNOTE-177. In this phase III trial, 307 patients with previously untreated MSI-H CRC were randomized to treatment with pembrolizumab versus chemotherapy. The ORR was 43.8% in the pembrolizumab group relative to 33.1% in the chemotherapy group. Median PFS was 16.5 months with pembrolizumab versus 8.2 months with chemotherapy with a hazard ratio of 0.60 (95% CI 0.45–0.80). Grade 3 or greater treatment-related adverse events occurred in 22% of patients in the pembrolizumab group, with gastrointestinal side effects and fatigue being the most common. This was a favorable adverse event profile compared to chemotherapy, which demonstrated a grade 3 or greater treatment-related adverse event rate of 66% [95]. Based on these encouraging results, pembrolizumab was approved as a first-line treatment option for MSI-H mCRC patients (Figure 2).



There has been recent progress with immunotherapy in non-metastatic CRC. The NICHE trial evaluating neoadjuvant nivolumab plus ipilimumab in locally advanced dMMR and MMR-stable CRC demonstrated a response rate of 100% among dMMR patients and a pathologic complete response in 69% (95% CI 53–85%) of patients. Grade 3 immunotherapy-related adverse events occurred in 12% of patients [96]. Similarly impressive results were demonstrated in NICHE-2, a trial with a larger cohort of 112 patients with dMMR CRC [97]. PD-1 inhibitor dostarlimab also demonstrated encouraging results in the neoadjuvant setting. In a phase II trial of 12 patients with dMMR locally advanced rectal adenocarcinoma, neoadjuvant dostarlimab resulted in a clinical complete response in 100% of patients and no patients received subsequent chemoradiation or surgery as a result of their complete response by the time of study publication [94]. There were no grade 3 or greater adverse events reported [98]. Immunotherapy is currently being evaluated in the adjuvant setting in the ATOMIC trial, a phase III trial of PD-L1 inhibitor atezolizumab combined with chemotherapy versus chemotherapy alone in patients with dMMR resected stage III CRC [99]. There are numerous ongoing trials with novel immunotherapy agents both in the metastatic setting and in the neoadjuvant/adjuvant settings [100,101,102,103] (Table 2).



Resistance to immunotherapy is multifactorial and in part driven by the tumor microenvironment [104,105]. MSS CRC tumors, which are considered poorly responsive to immunotherapy, display greater levels of tumor-associated macrophages than MSI-H tumors [104]. TCGA analysis across 31 solid tumor types demonstrates that increased Wnt/B-catenin signaling pathway activation has been associated with decreased T cell tumor infiltration which is associated with decreased immunotherapy efficacy [105].




3.6. HER2


Human epidermal growth factor receptor 2 (HER2) is a gene encoding a receptor tyrosine kinase that functions through dimerization with other receptor tyrosine kinases and is involved in downstream activation of multiple cellular proliferation pathways, including MAPK and PI3K, among others (Figure 1). HER2 gene amplification and/or overexpression of the HER2 protein can result in increased downstream proliferative signaling. HER2 amplification has been noted in up to 6% of CRC cases [106]. HER2-activating mutations have also been identified in about 3% of mCRCs [107]. Clinically, HER2-positive CRC has been associated with distal colorectal primary lesions and with lung and brain metastases [108]. Regarding associated molecular alterations, HER2 amplification occurs with RAS mutations in 20% of cases [109]. Meanwhile, HER2-mutant CRC is associated with high TMB and MSI-H tumors [107].



Dual HER2 inhibition with anti-HER2 antibody, trastuzumab, and small molecule HER2 and EGFR inhibitor, lapatinib, was investigated in HERACLES, a phase II trial in 33 patients with previously treated HER2 positive mCRC. Results demonstrated an ORR of 31% (95% CI 16–49%). Grade 3 adverse events were noted in 22% of patients, with toxicities including fatigue, skin rash, and hyperbilirubinemia [110] (Table 1). A subset analysis of HER2-amplified mCRC was performed on patients from MyPathway, a phase II basket trial of HER2-amplified advanced solid tumors treated with trastuzumab plus pertuzumab, an anti-HER2 antibody that prevents HER2/HER3 heterodimerization. Among 57 patients with HER2-amplified mCRC treated with trastuzumab and pertuzumab, the ORR was 32% (95% CI 20–45%). Grade 3 or greater adverse events occurred in 37% of patients, the most common of which were abdominal pain and hypokalemia [111]. Despite the encouraging and potentially similar outcomes with trastuzumab plus lapatinib and trastuzumab plus pertuzumab in the HERACLES and MyPathway trials, there were less robust outcomes with trastuzumab plus pertuzumab noted in the TAPUR study, a phase II basket trial of targeted therapies in patients with advanced cancers and genomic alterations. Of the 28 patients with HER2-amplified CRC treated with trastuzumab plus pertuzumab, the ORR was 14% (95% CI 4–33%) [112]. MOUNTAINEER was a phase II trial investigating trastuzumab plus tucatinib, a small molecule selective HER2 inhibitor, in patients with previously treated HER2-positive mCRC. Of the 84 patients evaluated, the ORR was 38% (95% CI 28–49%). Common adverse events included gastrointestinal side effects, fatigue, abdominal pain, infusion reactions, and fevers [113]. Resistance to HER2 therapy is associated with increased activation or mutation of downstream signaling proteins, such as PI3K or RAS [108]. In addition, HER2 mutations and HER3 overexpression have also been associated with HER2 therapy resistance [114].



In addition to dual HER2 inhibition, antibody–drug conjugates (ADCs) have demonstrated efficacy in this subset of mCRC patients (Figure 2). Fam-trastuzumab deruxtecan is an ADC composed of trastuzumab linked to topoisomerase I inhibitor deruxtecan. In the phase II trial DESTINY-CRC01, trastuzumab deruxtecan was evaluated in 78 patients with previously treated HER2-overexpressing mCRC. The ORR was 45.3% (95% CI 31.6–59.6%) and responses were seen among patients who had previously received and progressed on anti-HER2 therapies. While there was a robust response rate of 57.5% among patients with HER2 3+ IHC disease, only one of thirteen patients (7.6%) with HER2 2+ IHC disease responded and no patients in the HER2 1+ IHC group responded. Grade 3 or greater adverse events that occurred most commonly were neutropenia in 22% of patients and anemia in 14% of patients. Five patients (6%) had interstitial lung disease or pneumonitis, two of whom died and were classified as drug-related deaths [115]. Ongoing trials are investigating established HER2 therapies in earlier lines of treatment, as with first-line tucatinib plus trastuzumab plus chemotherapy in MOUNTAINEER-03, along with novel HER2-targeted therapy agents that have the potential to become standard-of-care options in the future [116,117,118,119,120,121,122] (Table 2).




3.7. RET


RET, an abbreviation for “rearranged during transfection”, is a gene that encodes a receptor tyrosine kinase (Figure 1). Chromosomal rearrangement can result in a fusion RET kinase that is constitutively activated, leading to downstream MAPK pathway activation that promotes tumorigenesis [123]. RET fusions have been identified in 0.2% of CRC [124]. RET fusion kinase has been associated with young patients without a prior smoking history in NSCLC [125]. However, RET fusions in mCRC have been associated with older age and also with MSI-H disease [126]. A RET inhibitor, selpercatinib, was FDA approved in September 2022 for patients with RET gene fusions and previously treated advanced or metastatic solid tumors [127] (Figure 2). This tissue-agnostic approval was based on the Libretto-001 trial. In this phase I/II basket trial, 45 patients with RET-fusion-positive solid tumors were treated with selpercatinib with an ORR of 43.9% (95% CI 28.5–60.3%). Grade 3 or greater treatment-related adverse events included hypertension (22%), ALT elevation (16%) and AST elevation (13%) [128] (Table 1). Regarding RET-fusion-positive CRC patients, 22% of patients in this study with CRC had a response rate of 20.0%. Despite the lower response rate, the median duration of response was 9.2 months.




3.8. NTRK


Neurotrophic tyrosine receptor kinase (NTRK) genes encode tropomyosin receptor kinase (Trk) proteins involved in neuronal development and downstream MAPK and PI3K pathway signaling (Figure 1). Chromosomal translocations involving NTRK genes can result in constitutively active Trk proteins, promoting oncogenesis [129]. NTRK fusions have been identified in approximately 0.7% of CRCs [130]. Clinically, CRCs with NTRK alterations have been associated with a poor prognosis and right-sided disease [131]. Among NTRK-altered CRC patients, there is an elevated median TMB relative to the general CRC population [130]. In addition, approximately 75% of mCRC patients with NTRK alterations are MSI-H and almost 50% have MMR mutations [130]. While these findings suggest possible benefits of immunotherapy in patients with NTRK alterations, the sparsity of patients in this subgroup has limited investigation to individual case reports which have demonstrated mixed responses [132].



In November 2018, the FDA approved the NTRK inhibitor Larotrectinib for NTRK-fusion-positive solid tumors based on the LOXO-TRK-14001, SCOUT, and NAVIGATE trials (Figure 2). Among the 55 patients to receive larotrectinib, there was a 75% response rate (95% CI 61–85%). There were four patients with colon cancer among all three trials. Although CRC subgroup analysis was not performed, all solid tumor subgroups demonstrated responses [133] (Table 1). Common adverse events included fatigue, gastrointestinal side effects, and transaminitis [134]. Subsequently, in August 2019, the FDA approved a second NTRK inhibitor, entrectinib, for patients with NTRK-fusion-positive solid tumors based on the ALKA, STARTRK-1, and STARTRK-2 trials (Figure 1). Through these trials, 54 patients treated with entrectinib demonstrated a response rate of 57% (95% CI 43–71%). Similar to data for larotrectinib, there were four patients with CRC among all three trials and subgroup analysis was not performed [135]. Common adverse events of entrectinib, similar to larotrectinib, included fatigue and gastrointestinal side effects, as well as cognitive and visual disorders [136].





 





Table 1. Systemic therapy options in colorectal cancer. CAPOX = capecitabine plus oxaliplatin. FOLFOX = fluorouracil plus oxaliplatin. FOLFIRI = fluorouracil plus irinotecan. FOLFOXIRI = fluorouracil plus oxaliplatin plus irinotecan. MSI-H = high microsatellite instability. dMMR = mismatch repair deficient.
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Therapeutic Class

	
Therapeutic Agent

	
Molecular Target

	
Reference






	
Targeted Therapy

	
Bevacizumab

	
VEGF

	
[24,25]




	
Regorafenib

	
Multiple kinases: VEGFR1-3, PDGFR, RAF, FGFR1-2, among others

	
[29]




	
Fruquintinib

	
VEGFR1-3 kinases

	
[31]




	
Cetuximab, Panitumumab

	
EGFR

	
[36,38]




	
Encorafenib

	
BRAFV600E

	
[47]




	
Adagrasib, Sotorasib

	
KRASG12C

	
[68,70]




	
Trastuzumab

	
HER2 extracellular domain (ECD) IV; inhibits ligand-independent HER2 signaling

	
[110]




	
Pertuzumab

	
HER2 ECD II; inhibits ligand-dependent HER2 signaling

	
[111]




	
Trastuzumab Deruxtecan

	
HER2-directed antibody-drug (chemotherapy) conjugate (ADC)

	
[115]




	
Lapatinib

	
EGFR and HER2 kinases

	
[110]




	
Tucatinib

	
HER2 kinase

	
[113]




	
Selpercatinib

	
RET

	
[127]




	
Larotrectinib, Entrectinib

	
NTRK

	
[133,135]




	
Immunotherapy (MSI-H/dMMR)

	
Pembrolizumab, Nivolumab

	
PD-1

	
[87,92]




	
Ipilimumab

	
CTLA-4

	
[89]




	
Chemotherapy

	
CAPOX, FOLFOX, FOLFIRI, FOLFOXIRI

	
[24,26,36,38]











 





Table 2. Select ongoing trials of targeted therapy and immunotherapy in CRC.
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Molecular Alteration Targeted

	
ClinicalTrials.gov Identifier and Trial Name (If Applicable)

	
Trial Phase

	
Experimental Agent(s)

	
Disease Stage(s)

	
Line of Treatment

	
Estimated Study Completion Date






	
BRAF

	
NCT05510895 (NeoBRAF)

	
II

	
Encorafenib plus Binimetinib plus Cetuximab

	
Resectable T3-4,N−/+,M0

	
Neoadjuvant and Adjuvant

	
January 2025




	
NCT05743036

	
I/II

	
ZN-c3 plus Encorafenib plus Cetuximab

	
Stage IV

	
2L+

	
September 2026




	
NCT05308446

	
II

	
Cetuximab plus Encorafenib plus Nivolumab

	
Stage IV

	
2L+

	
August 2024




	
NCT05127759

	
II

	
HLX208

	
Stage IV

	
2L+

	
February 2025




	
KRAS

	
NCT05593328

	
II

	
Onvansertib plus FOLFIRI plus Bevacizumab

	
Stage IV

	
2L+

	
April 2026




	
NCT05631574

	
I

	
BMF-219

	
Advanced

	
2L+

	
October 2026




	
NCT04117087

	
I

	
KRAS peptide vaccine plus Nivolumab plus Ipilimumab

	
Stage IV

	
3L+

	
December 2024




	
NCT05379985

	
I

	
RMC-6236

	
Advanced

	
2L+

	
December 2025




	
NCT05737706

	
I/II

	
MRTX1133

	
Advanced

	
2L+

	
August 2026




	
MSI-H/dMMR

	
NCT04895722

	
II

	
Pembrolizumab plus Quavonlimab or Favezelimab or Vibostolimab or MK-4830

	
Stage IV

	
1L+

	
October 2025




	
NCT05652894

	
III

	
HX008

	
Stage IV

	
1L

	
October 2028




	
NCT04988191

	
I/II

	
Toripalimab plus Bevacizumab plus Irinotecan

	
Resectable T3-4 rectal or T1-2 rectal within 12cm of anal verge or T4a-b colon

	
Neoadjuvant and Adjuvant

	
December 2023




	
NCT05371197

	
II

	
Envafolimab

	
Resectable T3-4,N1-2, M0

	
Neoadjuvant

	
December 2024




	
HER2

	
NCT05578287 (DETECT)

	
II

	
Disitamab Vedotin, Tislelizumab, Capecitabine, and Celecoxib

	
Stage IV

	
2L+

	
December 2025




	
NCT05350917

	
II

	
Disitamab Vedotin, Tislelizumab, and Pyrotinib Maleate

	
Advanced

	
2L+

	
June 2026




	
NCT05785325

	
II

	
RC48-ADC plus Bevacizumab

	
Stage IV

	
2L+

	
December 2024




	
NCT03929666

	
II

	
Zanidatamab plus chemotherapy

	
Advanced

	
1L

	
April 2024




	
NCT05673512

	
II/III

	
IAH0968 plus CAPEOX

	
Advanced

	
1L

	
March 2026




	
NCT05253651 (MOUNTAINEER-03)

	
III

	
Tucatinib plus trastuzumab plus mFOLFOX6

	
Stage IV

	
1L

	
April 2028




	
NCT05356897 (3T Study)

	
II

	
Tucatinib plus Trastuzumab plus TAS-102

	
Stage IV

	
2L+

	
May 2029










3.9. Other Targeted Therapies


Ongoing studies in CRC are investigating additional targeted therapies that have demonstrated efficacy in other malignancies. PIK3CA is a gene encoding for p110a involved in the PI3K/AKT/mTOR cellular proliferation and survival signaling pathway. Mutations in PIK3CA are known to promote carcinogenesis in CRC and are identified in approximately 20% of CRC patients [137,138]. Alpelisib is a PIK3CA inhibitor currently used in breast cancer treatment [139]. Alpelisib as an adjunctive treatment was studied in a phase II trial of 102 patients with previously treated advanced BRAF-mutant CRC treated with encorafenib plus cetuximab with or without alpelisib. On planned PFS analysis, triplet therapy demonstrated a median PFS of 5.4 months (95% CI 4.1–7.2 months) compared to a median PFS of 4.2 months (95% CI 3.4–5.4 months) with doublet therapy with a hazard ratio of 0.69 (95% CI 0.43–1.11) [140]. Alpelisib monotherapy was also evaluated in a phase IA basket trial of 134 patients with PIK3CA-mutated advanced solid tumors. Among the 35 patients with CRC, while only 2 patients demonstrated response, 10 patients were noted to have stable disease, together yielding a disease control rate of 34.3% (95% CI 19.1–52.2%). The most common adverse events included hyperglycemia, nausea, decreased appetite, and diarrhea [141].



The FGFR inhibitor pemigatinib has been evaluated in FGFR-altered mCRC in the phase II ACCRU-GI-1701 trial. No objective responses were observed among the 12 patients treated with pemigatinib [142]. C-Ros oncogene 1, receptor tyrosine kinase (ROS1) rearrangements, while commonly targeted in lung cancer, are quite rare to even detect on NGS in CRC at a rate of 0.08% among 40,589 patients screened with genomic profiling. However, one index patient with ROS1-rearranged chemotherapy refractory mCRC treated with ROS1 inhibitor crizotinib experienced a sustained partial response of 15 months [143]. Similarly, anaplastic lymphoma kinase (ALK) rearrangements, more commonly targeted in lung cancer, have rarely been noted in CRC. A case report of ALK-rearranged mCRC treated with the ALK inhibitor alectinib demonstrated a partial response for 8 months [144].





4. Young-Onset CRC


Young-onset CRC is a subset of CRC occurring in individuals under 50 years of age. Clinically, young-onset CRC has a greater propensity than standard-onset CRC to be associated with left-sided disease, abdominal pain, and rectal bleeding [145]. It is associated with worse outcomes and has distinct molecular alterations compared to average-onset CRC [4,146,147]. Patients with young-onset CRC have a higher prevalence of germline mutations in known oncogenes, such as MUTYH, SMAD4, BRCA1, BRCA2, and PALB2 among others, and therefore patients are recommended to undergo genetic testing/counseling [147]. An estimated 16–35% of young-onset CRC cases have been associated with hereditary cancer syndromes, 34–71% of which are cases of Lynch syndrome [146]. Lynch syndrome is characterized by germline mutations in DNA mismatch repair genes [148]. The second most common hereditary form of CRC is familial adenomatous polyposis, characterized by APC gene mutations, and approximately 20% of young-onset CRCs have a pattern of familial inheritance without a specific heritable mutation identified [149]. Unfortunately, only a minority of patients currently undergo the recommended genetic counseling, and thus, hereditary CRC is thought to be underdiagnosed even in young-onset CRC [150]. From TCGA analysis, young-onset CRC was noted to have a higher propensity of mutations in the MMR and PI3K pathway genes compared to patients with average-onset CRC, yet with the addition of proteomic analysis, only two MMR proteins, MSH2 and MSH6, were found to have decreased expression in young-onset CRC [151]. Using multi-omics analysis, which integrates genomic, transcriptomic, and proteomic analysis, researchers have identified dysregulated redox status to be a distinct molecular profile in young-onset sporadic MSS CRC via the NRF2-mediated oxidative stress response pathway and CXCL12-CXCR4 signaling, among other mechanisms [152].




5. Conclusions and Future Directions


In conclusion, the rapid growth of molecular analysis techniques, targeted therapies, and immunotherapy has brought personalized medicine to the forefront of CRC treatment and improved patient outcomes. With the high burden of CRC globally and specifically the worsening outcomes in early-onset CRC, there is an unmet need for better understanding the molecular mechanisms underlying CRC development, which will facilitate development of novel therapeutic strategies against CRC.
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Figure 1. Select targeted therapy and immunotherapy agents used in CRC treatment. Created with BioRender.com. 
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Figure 2. Flowchart depicting systemic therapy options in metastatic colorectal cancer based on tumor mutational status/sidedness. Created with BioRender.com. 
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