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Abstract: Objectives: Human epidermal growth factor receptor 2 (HER2)-targeted therapies have demonstrated potential benefits for metastatic colorectal cancer (mCRC) patients with HER2 amplification, but are not satisfactory in cases of HER2 mutant CRCs. Methods: Consequently, further elucidation of amplifications and somatic mutations in erythroblastic oncogene B-2 (ERBB2) is imperative. Comprehensive genomic profiling was conducted on 2454 Chinese CRC cases to evaluate genomic alterations in 733 cancer-related genes, tumor mutational burden, microsatellite instability, and programmed death ligand 1 (PD-L1) expression. Results: Among 2454 CRC patients, 85 cases (3.46%) exhibited ERBB2 amplification, and 55 cases (2.24%) carried ERBB2 mutation. p.R678Q (28%), p.V8421 (24%), and p.S310F/Y (12%) were the most prevalent of the 16 detected mutation sites. In comparison to the ERBB2 altered (alt) group, KRAS/BRAF mutations were more prevalent in ERBB2 wild-type (wt) samples (ERBB2wt vs. ERBB2alt, KRAS: 50.9% vs. 25.6%, p < 0.05; BRAF: 8.5% vs. 2.3%, p < 0.05). 32.7% (18/55) of CRCs with ERBB2 mutation exhibited microsatellite instability high (MSI-H), while no cases with HER2 amplification displayed MSI-H. Mutant genes varied between ERBB2 copy number variation (CNV) and ERBB2 single nucleotide variant (SNV); TP53 alterations tended to co-occur with ERBB2 amplification (92.3%) as opposed to ERBB2 mutation (58.3%). KRAS and PIK3CA alterations were more prevalent in ERBB2 SNV cases (KRAS/PIK3CA: 45.8%/31.2%) compared to ERBB2 amplification cases (KRAS/PIK3CA: 14.1%/7.7%). Conclusion: Our study delineates the landscape of HER2 alterations in a large-scale cohort of CRC patients from China. These findings enhance our understanding of the molecular features of Chinese CRC patients and offer valuable implications for further investigation.
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Abbreviations



	CNV
	Copy number variation



	CRC
	Colorectal cancer



	ERBB2
	Erythroblastic oncogene B-2



	HER2
	Human epidermal growth factor receptor 2



	IHC
	Immunohistochemistry



	MSI
	Microsatellite instability



	MSS
	Microsatellite stability



	NGS
	Next generation sequencing



	PD-L1
	Programmed cell death-ligand 1



	SNVs
	Single nucleotide variant



	TMB
	Tumor mutational burden



	wt
	Wild-type





Introduction

Colorectal cancer (CRC) is one of the most prevalent gastrointestinal malignancies globally, holding the third-highest incidence and the second-highest tumor-related mortality rates [1–3]. In China, CRC ranks as the third most diagnosed cancer and the fifth leading cause of cancer-related deaths [4–7]. Despite notable progress in targeted therapeutics, the 5-year survival rate for individuals battling metastatic or advanced colorectal cancer remains dismally low, hovering around 14% [8]. Colorectal cancer poses a significant public health challenge and comprehensive precision oncology approaches, including genetic landscape characterization of cancer, offer potential treatment targets and are crucial to improving early detection methods, enhancing therapeutic outcomes, and ultimately raising the survival rates for CRC patients [9–13].

Human epidermal growth factor receptor 2 (HER2) encoded by the erythroblastic oncogene B-2 (ERBB2) gene is a transmembrane tyrosine kinase receptor protein [14,15]. Heterodimerization of HER2 with other epidermal growth factor family members initiates its downstream signaling cascade, leading to cell proliferation and tumorigenesis [16]. In recent years, HER2-targeted therapies have been reported as beneficial in HER2-positive metastatic colorectal cancer (mCRC). While the frequencies of HER2 alterations (gene amplification or mutations) in CRC in Western populations are relatively well described (approximately 5%) in large-scale research data, such reporting on the HER2 status in Chinese CRC patients remains limited [17], with literature numbers varying from 2.6% to 11.2% [18–21]. Given the less satisfactory clinical response to HER2-targeted therapy in HER2 mutant CRCs compared to those with HER2 amplification, there is a need for a deeper understanding of amplification and somatic mutations in ERBB2 [16]. Particularly, exploring the correlation between HER2 status and other oncogenes is essential for comprehensive elucidation [22].

In the current study, we aimed to comprehensively describe the HER2 profile of Chinese CRC patients. We investigated a large cohort of 2454 CRC patients of Chinese origin, with a focus on the HER2 status via next-generation sequencing (NGS) analysis. We specifically conducted a deep dive into the clinical characteristics and genomic features of the CRC with ERBB2 alterations to draw conclusions and strategic therapeutic considerations. Our study contributes to enhancing the comprehension of molecular characteristics specific to Chinese CRC patients, offering valuable cues for subsequent investigations on practical applications in triage, decision-making, and prognostics. The current study delves into the intricate landscape of ERBB2 alterations, encompassing amplifications and sequence variants in CRC.

Materials and Methods

Patients

A total of 2454 Chinese patients with pathologically confirmed CRC diagnosis were enrolled, Samples were sequenced and analyzed in the 3Dmed Lab (Shanghai, China) between January 2017 and June 2020. The study was approved by the Ethics Committee of Shanghai East Hospital, Tongji University School of Medicine (No. 2020-073). All participants provided written informed consent.

Tissue processing, DNA extractions, targeted sequencing and data processing

The sample processing and sequencing methods have been applied as previously described in detail [23], with small modifications. In brief, genomic DNA was extracted using the ReliaPrepTM FFPE gDNA Miniprep System (Promega, Madison, WI, USA) and quantified using the QubitTM dsDNA HS Assay Kit (Thermo Fisher Scientific, CA, USA). The next generation sequencing (NGS) library was constructed using the KAPA Hyper Prep Kit (KAPA Biosystems, Wilmington, MA, USA) and target capture was subjected to probe-based hybridization with a customized NGS panel, targeting 381 or 733 cancer-related genes.

Sequencing of captured libraries were analyzed using NovaSeq 6000 platform (Illumina, San Diego, CA, USA) with 100-bp paired-end reads and a mean coverage depth of 500×. Raw data of samples were aligned with the reference genome hg19 via the Burrows-Wheeler Aligner (v0.7.12). PCR duplicate reads were removed and sequence metrics were collected using Picard (v1.130) and SAMtools (v1.1.19), respectively. Variant calling was applied only in the targeted regions. An in-house developed R package was used to execute a variant detection model based on binomial tests to detect somatic single nucleotide variants (SNVs). Indels were detected through local realignment. Subsequently, variants were filtered based on the supporting read depth, strand bias, and base quality as described earlier [24]. An automated false positive filtering pipeline was then applied to all variants to ensure sensitivity and specificity at an allele frequency (AF) of ≥1%. Single-nucleotide polymorphisms (SNPs) and indels were annotated via ANNOVAR against the following databases: dbSNP (v138) (https://www.ncbi.nlm.nih.gov/snp/), ESP6500 (population frequency >0.015) (https://annovar.openbioinformatics.org/en/latest/user-guide/download/), and 1000 Genomes (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/). Only missense, stop-gain, frameshift and non-frameshift indel mutations were kept. Copy number variations (CNVs) and gene rearrangements were detected as described previously [24]. Because of China human genetic resources law and patient privacy requirements, the sequence data were not publicly available. However, they were available upon request from the corresponding authors for the study purpose.

Tumor mutational burden (TMB) analysis

TMB was defined as the number of somatic mutations in coding regions per megabase (muts/Mb) of genome examined. For better accuracy, two panels were used in this study, with the same method of TMB calculation. In order to increase the specificity, the mutations counted involved both synonymous and nonsynonymous mutations, as well as splicing variants, stop-gain and stop-loss. Indel variants involved both frameshift or non-frameshift insertions and deletions. Noncoding alterations were excluded.

Microsatellite instability (MSI) analysis

The MSI analysis method has been described previously [25]. An in-house developed R script was used to assess the distribution of read counts among various repeat lengths for each microsatellite locus in each sample. An MSI score was determined as the percentage of unstable loci. Any sample with an MSI score of ≥0.4 was classified as MSI-high, and otherwise as microsatellite stability (MSS).

Programmed cell death-ligand 1 (PD-L1) expression by immunohistochemistry (IHC)

FFPE tissue sections were subjected to assessment of PD-L1 expression using the PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies, China).

Statistical analysis

All the analyses were performed by GraphPad Prism 8.0 (GraphPad Software, USA) and R software (version 3.6.0, https://cran.r-project.org). The data were analyzed using t-test or one-way ANOVA to determine the differences between two groups; Fisher’s exact test was adopted to identify the association of two categorical variables. p values were two-tailed, and significance was defined as p < 0.05.

Results

Characteristics of the study population

In the present study, tumor tissues from a total of 2454 CRC patients with matched blood samples were sequenced and analyzed. As presented in Table 1, 60.2% were male patients, and the median age was 58 years (range, 17–90 years), the proportion of young CRC patients (defined as <50 years of age) was 26.9%. Of 2454 patients, 6.8% were confirmed to be with microsatellite instability (MSI)-high status, and 44.4% were programmed death ligand 1 (PD-L1) negative. The median tumor mutation burden (TMB) level was 7.26 muts/Mb. A total of 1975 (80.5%) tissue samples originated from the primary colon and rectum, and the remaining samples represented distant metastases obtained from liver (9.9%), lung (2.9) and other sites (6.8%).
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Molecular landscape of somatic genomic alterations in Chinese CRC patients

Gene mutations in TP53 (75.2%), APC (67.9%) and KRAS (49.6%) were observed mostly, followed by PIK3CA (16.6%), SMAD4 (16.1%), FBXW7 (12.1%), TCF7L2 (8.9%), ARID1A (8.4%), BRAF (8.2%). The prevalence of ERBB2 alteration was 5.4% (Fig. 1). The key signaling pathways alteration was seen in the EGFR/RAS/BRAF signaling pathway (74.4% (n = 1826) of CRC patients), followed by AKT/mTOR (39.2%, n = 963) and VEGFR (16.6%, n = 408) signaling pathways. The mutational frequencies in total, ERBB2 wild-type and ERBB2 altered samples were listed separately, with no analysis of the germline mutations.
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Figure 1: Heat graph of the common prevalent genomic changes and signaling pathways in 2454 Chinese colorectal cancer (CRC) patients. Genomic alterations involve stop-gain, missense, fusion, splice, frameshift, non-frameshift, and copy number variations (CNV) gain or loss. Alterations in the EGFR/RAS/BRAF pathway was observed most frequently, followed by AKT/mTOR/PI3K activation, VEGFR signaling mediated-angiogenesis and FGFR signaling pathway alterations.

Landscape and analysis of amplification and short variant mutations in ERBB2

The relative frequencies of ERBB2 amplification and sequence variants were assessed. A total of 133 samples (5.4%) expressed alterations affecting ERBB2: ERBB2 amplification (85 cases; 3.46% of 2454 patients), ERBB2 sequence variants (SNP/Indel) (55 cases; 2.24% of 2454 patients), cooccurring SNP/Indel and ERBB2 amplification alterations (Fig. 2). The ERBB2 alterations were not significantly associated with clinicopathological characteristics such as sex, tumor locations, or PD-L1expression level. Consistent with previous studies, we observed that among the HER2-mutated cases, 32.7% were MSI-H, whereas none of the HER2 amplification cases were MSI-H [26].
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Figure 2: Overview of the common genomic changes and signaling pathways in CRC patients with ERBB2 alterations. The mutational frequencies in 133 ERBB2-altered, 85 ERBB2-amplified and 55 ERBB2-mutated samples are represented.

Interestingly, ERBB2 alterations were more likely to occur in younger CRCs (p = 0.00061, Fig. 3A). Of the 85 samples with amplification of ERBB2, the median copy number was 30, ranging from 4 to 245. In the analysis of ERBB2 mutation sites, 16 somatic ERBB2 SNVs/indels were identified in 55 patients. The most frequent alterations occurred on exon 17, p.R 678Q (28%), followed by exon 21, p.V842I (24%) and p.S310F/Y (12%) (Figs. 3B and 3C).
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Figure 3: Comprehensive analysis of ERBB2 in CRC. (A) Relationship between HER2 status and age. (B) The frequency of ERBB2 mutational type in 55 ERBB2-mutated CRC samples. (C) Schematic diagram of domains and mutation sites of ERBB2 gene in CRC patients.

KRAS mutations were more frequent in ERBB2 wild-type (ERBB2wt) samples than those with ERBB2 alterations (50.9% vs. 25.6%). Furthermore, BRAF mutations occurred at a frequency of 8.5% in ERBB2wt samples, while in ERBB2 alteration samples, the frequency of BRAF mutations was significantly lower at 2.3%. Conversely, RNF43 mutations exhibited an increased frequency in ERBB2 alteration samples (12.0%) as opposed to ERBB2wt samples (6.3%). Mutation frequencies of various genes, including RARA, TOP2A, and ACVR2A, showed significant differences between ERBB2wt and alteration samples (Figs. 1 and 4A).
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Figure 4: Comparison of alternative driver genes depended on the HER2 status. (A) Differences of frequency of alternative driver genes between ERBB2 wild-type (wt) and ERBB2 alteration (alt) samples. (B) Differences of frequency of alternative driver genes between ERBB2 copy number variations (CNV) and ERBB2 somatic single nucleotide variant (SNV). Each dot represents one gene, red dots indicates statistical significance.

Additionally, we conducted a comparison of mutant genes between patients exhibiting ERBB2 copy number variation (CNV) and those with ERBB2 single nucleotide variation (SNV). TP53 alterations were significantly more likely to co-occur with ERBB2 amplification (92.3%) than with ERBB2 mutation (58.3%). Conversely, KRAS alterations were notably more prevalent in ERBB2 SNV samples (45.8%) compared to ERBB2 amplification samples (14.1%). Similar trends were observed for PIK3CA (CNV: 7.7% vs. SNV: 31.2%) (Figs. 2 and 4B).

Discussion

For the treatment of colorectal cancer Precision oncology has become increasingly important. HER2 is a promising target of mCRC, there have been several clinical trials conducted in HER2-positive mCRCs, and have shown encouraging results. CRC is one of the most common cancer types in China. Previous molecular profile studies mostly focused on the HER2 overexpression or gene amplification in Chinese CRC population [21,27]. Herein, we performed a comprehensive genome prefilling in a large sample of Chinese CRC patients, with a focus on ERBB2 amplification and somatic mutation analysis. Our findings provide a thorough comprehension of the relative frequencies and characteristics associated with these ERBB2 alterations, illuminating their potential implications in CRC.

Landscape of HER2 alteration in Chinese CRC patients

In the current study, the incidence of ERBB2 alteration was 5.4%, consistent with published data [17]. Among these 2454 patients, 3.46% carried ERBB2 amplification, and 2.24% carried ERBB2 mutation. In the reported data in Western populations (cBioPortal and MDACC), ERBB2 mutations were most commonly observed in the tyrosine kinase domain (46%), with mutations in exon 20 (20%), exon 19 (11%), and exon 21 (9%) across all cancers [28]. Additionally, 37% of HER2 mutations are reported in the extra-cellular domain. In colorectal cancer, the most prevalent HER2 mutations occurred in exon 21 (23%) and the extracellular domain (23%), while the V842I variant in exon 21 was most common (19%) [28]. In the current study on almost 3000 Chinese subjects, R678Q in the transmembrane domain was the most frequently observed HER2 mutation, followed by V842I in exon 21 and S310F/Y in the extracellular domain (Table 2). Knowing the clinical significance of the common and unique genomic changes among the Chinese and Western populations would be intriguing.
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HER2-targeted therapies in mCRC

Previous clinical studies have shown that HER2 targeted therapy might become a potential treatment option for HER2-overexpressed/amplified mCRC in the late-line setting [29–33]. For instance, MyPathway, a basket study investigated the efficacy and safety of pertuzumab and trastuzumab in solid tumors with HER-2-positive. A total of 57 patients with mCRC were enrolled, achieving an objective response rate (ORR) of 32%, and the median progression-free survival (PFS) was 2.9 months. Notably, subgroup analysis revealed that HER-2-positive and KRASwt patients had a longer median PFS (5.3 months) and median overall survival (mOS) (17 months), compared with KRAS mutant patients (mPFS: 1.4 months, mOS: 7 months), which indicated that patients cooccurring with HER2 amplification and KRAS mutation may have limited benefit from HER2-targeted therapy [29]. The combination of trastuzumab and lapatinib in the HERACLES-A study, resulted in an ORR of 30%, with a median PFS of 21 weeks and a median OS of 46 weeks in patients with KRASwt and HER2-positive mCRC [32]. Based on the previous study, HERACLES-B further explored the efficacy and safety of pertuzumab in combination with HER2-antibody-drug conjugate (ADC), trastuzumab-entansine (T-DM1) for RAS/BRAF wild- type and HER-2-positive colorectal cancer, while the ORR was only 9.7% with a median PFS of 4.1 months [33].

However, a novel HER2-ADC, T-DXd displayed a promising therapeutic actionability in patients with RAS/BRAF wild-type and HER2-positive mCRC, achieving an ORR of 45.3% (24/53), with a median PFS of 6.9 months. But unlike the T-DXd in patients with HER2-low breast cancer, patients with HER2 2+ or HER2 1+ mCRC had no confirmed objective response to T-DXd [34]. Moreover, in the MOUNTAINEER study, trastuzumab plus tucaninib (an anti-HER2 tyrosine kinase inhibitor) showed an impressive result that the ORR was 38.1% with a median PFS of 8.2 months, and a median OS of 24.1 months [35]. These findings have suggested that dual-target anti-HER2 treatment and HER2-ADC drugs might be a potential anti-HER2 strategy in HER2-overexpressed/amplified mCRC.

Several ERBB2 mutation sites showed sensitivity to HER2-targeted therapies in preclinical studies [36], however few articles explored the therapeutic options for mCRC patients with ERBB2 mutations. The SUMMIT [37] and MyPathway [29] basket trials showed prospective clinical data on the efficacy of HER2-targeted treatment in ERBB2 mutated mCRCs. In the SUMMIT trial, neratinib was administered to 125 patients with ERBB2 mutated advanced solid tumor, of which 12 were diagnosed with mCRC. Differently from the good activity in breast cancer, neratinib did not elicit any response in mCRC patients, indicating that the efficacy of single-agent pan-HER kinase inhibition may vary depending on the histology in this tumor type. Of note, two of three mCRC patients with V842I mutation achieved stable disease as best response [37]. In the MyPathway trial on pertuzumab and trastuzumab, three of 57 patients with ERBB2 amplified mCRCs harbored concurrent ERBB2 mutations. Of these, one had partial response as best response [29]. In addition, another case report presented a mCRC patient with ERBB2 mutation (L755S) and concurrent APC and BRAF alterations receiving a combination of 5-Fu and leucovorin plus trastuzumab, but progressed after only 6 weeks [38].

Here, we observed that the molecular features between ERBB2 amplification and ERBB2 mutation are distinct. For instance, TP53 alterations were more prevalent in cases with ERBB2 amplification (92.3%) vs. ERBB2 mutation (58.3%), while the incidence of KRAS positive in ERBB2 SNV samples reached up to 45.8%, higher than that in those with ERBB2 amplification (14.1%), so did the PIK3CA (CNV: 7.7% vs. SNV: 31.2%). The impact of these specific differences and mechanism of HER2 mutations on the effect of HER2-targeted treatments for CRC requires further investigation.

Relationship between HER2 alteration and clinical features, genomic changes and signaling pathways in CRC

We further assessed the correlations of HER2 alteration with clinicopathological features in CRC. Multiple studies have reported a connection between HER2 amplification and tumor location, nerve invasion, peritoneal metastasis and Duke’s stage [17,28,39,40]. A retrospective study conducted in Eastern China revealed that HER2 amplification was related to more extensive invasion of intestinal wall and higher TNM stage in CRC patients with stages I–III [21], while other reports did not find such association [27,41]. The HER2 status had no significant correlation with gender, tumor locations, or the expression level of PD-L1 in our cohort. However, we found that ERBB2 alterations were more prone to occur in younger patients with CRCs, which is an important finding given that incidence of younger patients with colorectal cancer have been increasing steadily [42].

The KRAS and BRAF status holds pivotal significance in tailoring treatment strategies and predicting the prognosis of colorectal cancer (CRC). Extensive investigations have explored the correlation between these oncogenes and HER2 in CRC. Prior studies have demonstrated a mutually exclusive relationship between KRAS mutations and HER2 amplification [43]. In a meta-analysis of 3256 patients with mCRC, HER2 amplification was associated with KRAS/BRAF wild-type status regardless of disease stage [44]. Similarly, in the PETACC-8 study, HER2 alterations were predominant in patients with KRASwt tumors compared with those with KRAS mutations (5.6% vs. 2.4%, p < 0.001) [45]. In Chinese population, a study of 139 CRC patients has shown that there is no relationship between HER2 amplification and KRAS status (p = 0.052), while the odds ratio was very low (0.279) [46]. Herein, we found that KRAS mutations or BRAF mutations occurred more frequently in ERBB2wt samples, as compared with ERBB2 alteration ones (ERBB2wt vs. ERBB2 alteration, KRAS: 50.9% vs. 25.6%, p < 0.05; BRAF: 8.5% vs. 2.3%, p < 0.05). Our findings suggest an exclusive relationship between KRAS/BRAF mutation and HER2 status.

MSI-H serves as a biomarker for the efficacy of immune checkpoint inhibitors in patients with mCRC. A retrospective study of 731 Chines CRC patients found that 48.3% (14/29) of cases with HER2 mutation were MSI-H, while no cases with HER2 amplification had MSI-H [26], such findings were also presented in our study, and the incidence of MSI-H in HER2 mutated cases was 32.7%. In the Western population, it has also been reported that there is a negative relationship between HER2 amplification and MSI-H [47]. Furthermore, in the small-sample (n = 25) MSI-H subgroup of previous study [26], patients with HER2 mutation had a significantly worse median progression free survival for anti-PD-1 treatment than those without HER2 alteration (p = 0.036). However, the internal relationship between HER2 mutation and MSI-H and the role of HER2 alterations in immunotherapy requires further study.

Our study further delved into the co-occurrence of ERBB2 alterations with mutations in other critical genes in CRC. The frequency of KRAS mutations was significantly higher in ERBB2 wild-type (ERBB2wt) samples, unveiling a potential interplay between KRAS and ERBB2 alterations. Conversely, BRAF mutations were more frequent in ERBB2wt samples, hinting at distinct mutational patterns associated with ERBB2 status. Additionally, RNF43 mutations exhibited an increased frequency in ERBB2 alteration samples, suggesting intricate genomic relationships that merit further exploration.

Comparative analysis between ERBB2 copy number variations (CNV) and single nucleotide variations (SNV) provided additional insights. TP53 alterations were notably enriched in ERBB2 amplification cases, implying potential co-occurrence patterns with TP53 mutations. Conversely, KRAS and PIK3CA mutations were more prevalent in ERBB2 SNV cases, indicating possible pathways of oncogenic cooperation distinct from CNV cases.

The overexpression of EGFR and HER2 has been reported to have significant impacts on the colorectal cancer (CRC) development and metastasis [48]. In the current study, we found that both in CRC patients and those with ERBB2 alterations, EGFR/RAS/BRAF pathway, AKT/mTOR/PI3K pathway, and VEGFR signaling pathway alterations were observed most frequently. As illustrated by Fig. 5, all these cellular signaling pathways were associated with HER2 causing tumor progression. Given that the three signaling pathways are the most important abnormal signaling pathways in colorectal cancer [49–51], combining HER2-targeted therapy with above pathway inhibitors may have potential efficacy in colorectal cancers with HER2 alterations.

[image: images]

Figure 5: HER2 associated signaling pathways.

The study had several limitations. Firstly, the HER2 alteration landscape was based on the NGS panel assay, though it contains most of the crucial genes in CRC, other potential genes may be overlooked. In addition, germline mutations were not involved in the analysis of HER2 alteration, thus comprehensive whole-genome profiling and integrated analysis of somatic and germline mutations need to be undertaken. Moreover, information on the treatment and prognosis matching genomics are limited, the implication of HER2 status on prognosis should be further explored by well-designed research in the future.

In this study, the use of comprehensive genomic profiling on this large cohort of Chinese CRC cases allowed us to describe the HER2 landscape of Chinese CRCs and better understand the relationship between HER2 status and other oncogenes. Since several HER2-targeted therapies have shown potential benefit for HER2-positive mCRC, HER2 alterations, especially ERBB2 mutation sites on the effect of current HER2-targeted treatments is worth further investigation.

Conclusions

In summary, our comprehensive analysis of ERBB2 alterations in CRC unravels intriguing associations and highlights potential therapeutic avenues. Further investigations into the functional consequences of these alterations and their interplay with other critical mutations are warranted to advance our understanding of CRC biology and pave the way for targeted therapeutic strategies.
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