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Abstract

:

Purpose: Next-generation sequencing (NGS) technology detects specific mutations that can provide treatment opportunities for colorectal cancer (CRC) patients. Patients and Methods: We analyzed the mutation frequencies of common actionable genes and their association with clinicopathological characteristics and oncologic outcomes using targeted NGS in 107 Saudi Arabian patients without a family history of CRC. Results: Approximately 98% of patients had genetic alterations. Frequent mutations were observed in BRCA2 (79%), CHEK1 (78%), ATM (76%), PMS2 (76%), ATR (74%), and MYCL (73%). The APC gene was not included in the panel. Statistical analysis using the Cox proportional hazards model revealed an unusual positive association between poorly differentiated tumors and survival rates (p = 0.025). Although no significant univariate associations between specific mutations or overall mutation rate and overall survival were found, our preliminary analysis of the molecular markers for CRC in a predominantly Arab population can provide insights into the molecular pathways that play a significant role in the underlying disease progression. Conclusions: These results may help optimize personalized therapy when drugs specific to a patient’s mutation profile have already been developed.






Keywords:


BRCA2; PIK3CA; KRAS; colorectal cancer; somatic mutations; NGS; Saudi population; Saudi genome












1. Introduction


Colorectal cancer (CRC) is a malignant tumor of the large intestine (colon and rectum). In CRC, a gradual accumulation of genetic and epigenetic changes results in the transformation of normal colonic mucosa into invasive cancer [1]. It is the third most common cancer worldwide and the second highest cause of cancer-related deaths in most Western countries [2]. North America, northern and western Europe, and Australia have high incidence rates of CRC [3]. On a global scale, CRC accounts for 9.4% and 10.1% of all cancers in men and women, respectively. In the Gulf Cooperation Council (GCC) countries, CRC is the second most common cancer among both genders, with a reported 2.3-fold and 2.7-fold increase in recent years in newly diagnosed CRC cases among males and females, respectively [4]. In Saudi Arabia (SA), CRC cases were last reported at a frequency of 10.1% in men and 9.3% in women, which are close to global prevalence rates [5]. Currently, screening for CRC involves the detection of early-stage CRCs and pre-cancerous lesions in asymptomatic people, before it advances to later states and the patients are rendered ineligible for treatment [6]. In SA, despite its increasing incidence rates of CRC, there are no national screening policies for CRC [7,8,9,10,11]. Protocols that aid rapid detection and diagnosis of CRC in SA are therefore urgently required.



CRC presents as sporadic, inherited, or familial cancer. Sporadic CRC accounts for 70–75% of all diagnosed CRCs and is characterized by the absence of family history. Early-onset CRC cases in the Arab population are thought to be sporadic, and necessitate the evaluation of the primary molecular mechanisms and environmental factors. Inherited CRC accounts for 5–10% of all diagnosed CRCs [12]. Patients are often diagnosed with inherited syndromes such as familial adenomatous polyposis (FAP), MUTYH-associated polyposis (MAP), and hamartomatous polyposis syndromes, along with non-polyp-associated syndromes, such as Lynch syndrome (HNPCC), which increase the risk of development of CRC. Lastly, the least-understood pattern is known as “familial” CRC, accounting for ~25% of cases. In this category, CRC patients have a family history of the disease, but there is no clear pattern that is consistent with any of the known inherited syndromes [13].



The molecular assessment of malignant tumors is an important tool in the understanding of molecular pathways involved in the disease. With the advent of precision cancer therapy and personalized medicine [14], molecular profiling of tumors unravels information on patient diagnosis and prognosis that can be predictive of a successful therapeutic outcome [15,16,17]. Next-generation sequencing (NGS) has enabled the exploration of somatic-protein-altered mutations for many cancer types. Data regarding missense mutations within coding genes have been intensively accumulated [8,17,18]. NGS studies have led to the discovery of novel mutations, altered genes, and genomic rearrangements that have been used to evaluate CRC tumor response to standard therapy [14]. As an example, deregulation of the VEGF receptor and platelet-derived growth factor (PDGF) receptor is now known to be associated with CRC tumor progression and metastasis [19,20]. Accordingly, treatment with anti-VEGF drugs that inhibit angiogenesis, especially bevacizumab and ramucirumab, has improved therapeutic outcomes in metastatic CRC [2,21]. Anti-epidermal growth factor receptor (EGFR) agents, including cetuximab and panitumumab, in combination with chemotherapy, may also improve the survival of CRC patients with wild-type RAS tumors, but are ineffective in CRC tumors containing RAS mutations [15,17,22,23,24].



The Oncomine™ Comprehensive Assay v3 (OCAv3) covers 161 cancer-associated genes, allowing the detection of single nucleotide variants (SNV), multiple-nucleotide variants (MNV), and small insertions/deletions (indel). The OCAv3 has been routinely implemented in some clinical settings to assist oncologists’ decisions on therapeutic courses. The performance of OCAv3 has recently been used to focus treatment options for refractory metastatic colorectal cancer [25]. Developing a comprehensive, robust, accurate diagnostic tool for CRC requires an in-depth knowledge of population variants to distinguish disease-related mutations from rare variants without functional consequences. In the absence of such comparisons, NGS may give rise to false positive or negative results, resulting in incorrect decisions for clinical management and treatment regimens (false positives) or in undiagnosed conditions (false negatives) [21]. NGS approaches can prevent such errors by covering unexplored mutations in non-coding regions. Establishing a reliable NGS analytical system that considers variations specific to ethnic and population subgroups, where comparisons are drawn to healthy populations of the same ethnicity, is critical for accurate analysis [26,27,28,29].



Here, we conducted a cohort study involving sporadic CRC cases. We report somatic mutations in Saudi Arabian CRC cases, determined using targeted sequencing. We also describe the mutational profile of patients with CRCs using a targeted NGS approach and analyze their potential correlations with clinicopathological factors. In addition, we aimed to assess the biological and clinical significance of low variant allele frequency (VAF) for small variants and to compare them with those of The Cancer Genome Atlas (TCGA), a publicly available archive.




2. Materials and Methods


Sample Selection


A total of 107 tissue samples were collected from King Fahad Medical City (KFMC) and King Abdullah University Hospital (KAUH). All clinical data were retrieved from electronic medical records. Essential demographic and disease-specific characteristics were extracted after the complete anonymization of data. Archived pathology specimens were reviewed by a board-certified pathologist (MF). CRC areas with a high tumor cell content (at least 70%) from unstained formalin-fixed paraffin-embedded (FFPE) tissue specimens were obtained for microdissection. The inclusion criteria were: (a) Saudi Arabian patients, (b) patients with no known genetic predisposition to CRC, (c) patients who had not received neoadjuvant chemotherapy, and (d) pathologically confirmed adenocarcinoma of the colon or rectum. DNA and RNA were extracted using RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE, and the concentration was quantified using the Qubit™ ds High-Sensitive Assay kit on the Qubit fluorometer. All library preparation was performed manually according to manufacturer’s instructions. Multiplex PCR amplification was conducted using a DNA concentration of approximately 20 ng. For sequencing, prepared libraries were loaded according to manufacturer’s instructions and prepared using the Ion Chef™ System. Sequencing was performed using the Ion S5™ XL Sequencer. The data was mapped to human genome assembly 19, embedded as the standard reference genome in the Ion Reporter™ Software 5.18. Workflow Version: 4.2, which was used for initial automated analysis. Additionally, coverage analysis reports from the Ion Reporter™ Software providing measurements of mapped reads, mean depth, uniformity and alignment over a target region were used for quality assessment of the sequencing reactions.





3. Results


3.1. Cohort Demographics and Clinical Management


This study was reviewed and approved by the Institutional Review Board of KFMC. In total, 107 patients with CRC were included in this study. FFPE tissues for colorectal cancer (CRC) were collected from the Department of Pathology at KFMC, King Saud University (KSU), and King Saud Medical City (KSMC). The detailed clinicopathological characteristics of the study cohort are shown in Table 1. Therapy administered to patients constituted neoadjuvant chemoradiotherapy, and only one of the patients received regorafenib.




3.2. Mutational Profile Analysis


Of the patients studied, 87% (93/107) had somatic mutations, which were more frequent in the BRCA2 (79%), CHEK1 (78%), ATM (76%), PMS2 (76%), ATR (74%), and MYCL (73%) genes. Genes with a mutation frequency > 1% are presented in Figure 1. Mismatch repair and APC screening were not performed in our NGS panel. Compared to the mutation frequencies reported in the TCGA CRC dataset, the mutation frequency in TP53 (72%) was higher in our cohort, the frequencies of PIK3CA (25%) and FBXW7 (21%) mutations were relatively equal, and the frequency of mutation in KRAS (37%) was relatively lower.




3.3. BRCA2 Mutation


Approximately 80% (84/107) of the patients carried BRCA2 mutations, showing 352 different variants. The missense mutation c.7397T>C (p.Val2466Ala), was the most common mutation and was observed in 78 patients (74.3%). Studies of breast and ovarian cancers have described this mutation as benign [30], and its clinical significance remains unknown. The second most common BRCA2 mutation in this cohort was the BRCA2 N372H non-conservative amino acid substitution polymorphism (asparagine to histidine substitution) as shown in Figure 2. This mutation has been associated with an elevated risk of overall cancer in predominantly Caucasian and African cohorts, with specific relationships already characterized in non-Hodgkin lymphoma and ovarian cancer [31]. This mutation was present in 52 patients (49.5%, Figure 2), and is the only recognized common non-synonymous polymorphism in the BRCA2 gene [32].



In contrast, in the TCGA dataset, BRCA2 was not among the top 50 most frequently mutated genes. Approximately 13% of the samples in the TCGA dataset had mutations in the BRCA2 gene, accounting for 53 mutations. Interestingly, the mutations observed in our cohorts were not identified in the TCGA dataset. Studies have identified BRCA1 and BRCA2 variants among early-onset CRC (1.3%) [33], high-risk CRC (0.2%) [34], and unselected CRC patients (1.0%) [35] at a higher frequency. However, definitive proof of causality between CRC and its association with BRCA1 and BRCA2 pathogenic variants has not been established in the existing literature.




3.4. TP53 Mutations


A total of 96 different TP53 variants were detected among 77 patients (73.3%), showing key differences from those observed in the TCGA dataset (55%). Among the most common polymorphisms were those affecting proline 72 (p.Pro72Arg n = 66; p.Pro72Cys n = 1). p.Pro72Arg has previously been studied, but it did not appear to predict the risk of colon cancer in the Iranian Azeri population [36], and p.Pro72Cys appears to be similarly benign. Variants were also seen in arginine residues 273 and 282 (p.Arg273His n = 4; p.Arg282Trp n = 4), which fall within a known hotspot in a TP53 DNA binding domain. These mutations are associated with Li-Fraumeni syndrome [37]. We observed only a single case of p.Arg282Gln (Figure 3), which is pathogenic and has been observed at high frequency in other colorectal cancer cohorts [38].



In the TCGA data, the most common variants in TP53 were p.Arg175His (n = 17) and p.Arg213Ter (n = 13), both associated with Li-Fraumeni syndrome [37], p.Arg248Trp (n = 13), which falls within the same hotspot as p.Arg273His and p.Arg282Trp, and p.Arg273His (n = 12), as in our own cohort (supplementary). p.Pro72Arg is one of the more than 200 single-nucleotide polymorphisms (SNPs) reported at the TP53 locus, with studies reporting inconsistencies in the association between this SNP and increased risk of cancer.



p.Arg175His, p.Arg248Trp, and p.Arg273His are three of the eight hotspot mutations (germline and somatic) reported in TP53 that have been shown to have an increased likelihood of presentation with a classic Li–Fraumeni syndrome (LFS) phenotype, earlier age of first breast cancer onset, and shorter time to diagnosis of any cancer [39]. p.Arg175 and p.Arg273 have also been shown to play a critical role in submucosal invasion and metastasis of intestinal tumors through a gain-of-function mechanism [40].




3.5. KRAS Mutation


A total of 35 variants of KRAS were found in 40 (37.38%) patients, compared to 39.9% of patients in the TCGA dataset (Figure 4). The most common alterations were on the Gly 12 residue, which was substituted with Asp (n = 15), Ser (n = 5) Arg (n = 2), Val (n = 2), or Ala (n = 1). In recent studies of Saudi Arabian cohorts, 35–56% of patients carried KRAS mutations, placing our cohort towards the lower end of reported mutation frequencies for Arab cohorts [41]. Consistent with these studies, KRAS-G12D (glycine to aspartate) was the most common point mutation. Similarly, in the TCGA data, the Gly 12 residue was the most commonly altered residue, with variants observed in 102 patients, including substitutions with Asp (n = 48), Val (n = 33), Cys (n = 8), Ser (n = 7), Ala (n = 4), Arg (n = 1), and Phe (n = 1). The second most common altered residue was Gly 13, where eighteen and two cases showed substitutions with Asp and Cys, respectively, in the TCGA data, and three cases and one case showed substitutions with Asp and Ser, respectively, in our data.



KRAS codon 12 and 13 alterations are associated with colorectal liver metastasis [42], with an estimated 98% of KRAS mutations involving residues 12, 13, and 61 [43]. KRAS G12D mutations appear to lead to better overall survival (OS) rates than other KRAS mutations such as KRAS-G12C among CRC patients [44]. Our results did echo this correlation, although the difference between OS in patients with and without KRAS-G12D was not significant (p > 0.05).




3.6. PIK3CA Mutation


Mutations affecting the PIK3CA gene were found in 27 patients (25.7%), comprising 36 different variants (Figure 5). The most common mutation was in exon 9, including four cases of p.Glu545Lys. In the TCGA dataset, 29% of analyzed samples show simple somatic mutations where glutamic acid residue 545 was replaced by Lys, Ala, Gln, and Gly in 16, 4, 2, and 2 patients, respectively. Exon 9 (E545K) is the most common hotspot for PIK3CA mutation in CRC patients. In an Iranian CRC cohort, exon 9 mutations were associated with poorer survival, higher tumor stage, and greater tumor differentiation [45].




3.7. Survival Curves


Survival curves were plotted and stratified by categorical variables (AJCC stage, AJCC grade, presence or absence of pathogenic variant (PV) in each gene of interest (BRCA2, TP53 or KRAS), presence of frequent specific KRAS mutations (KRAS-12D, KRAS-G12S, KRAS-G13D), tumor location, tumor grade, and TMB category) (Figure 6). A heat map of mutations was also constructed to visualize mutation frequency and show correlation in mutation frequencies between different genes (Figure 7). None of the univariate survival curves showed significant negative relationships between survival over time and categorical variables using log-rank tests (p > 0.05). However, the Cox proportional hazards model employed in our analysis revealed a rather unexpected and intriguing relationship between tumor grade and subsequent survival outcomes across time intervals. Specifically, the model indicated that poorly differentiated tumors were linked to a notably higher likelihood of survival over the defined time period (p = 0.025).



This finding challenges conventional expectations, as one would typically assume that poorly differentiated tumors, indicative of a higher degree of malignancy, would correlate with a poorer prognosis and lower chances of survival. However, our results suggest a contrary trend, implying that certain factors associated with poorly differentiated tumors might actually be conferring a survival advantage over the specified time span.



This unexpected association requires further exploration and investigation into the underlying mechanisms at play. It underscores the complexity of interactions within the context of tumor biology and the potential influence of various factors on the survival trajectory of patients with poorly differentiated tumors. This discovery invites researchers and clinicians to delve deeper into the intricate interplay of molecular, genetic, and clinical variables that might contribute to this counterintuitive outcome, potentially offering novel insights into improving patient prognoses.





4. Discussion


This study describes the molecular basis of CRC in a cohort of Saudi Arabians using targeted NGS sequencing. The emergence of large, publicly available databases, such as the TCGA, with extensive genomic and epigenomic data provides a wealth of annotation resources for the comparison of population-based cohorts to identify genetic variants associated with CRC based on ethnicity. Although not included in our NGS panel, previous studies have revealed the role of APC in 96% of the cases evaluated in the Saudi Arabian population cohort, along with the TP53 gene [46]. KRAS or PIK3CA mutations were significantly associated with poor survival in cases with wild-type TP53 [47]. Other genes that have shown alterations in Saudi Arabian population cohorts are extensively reviewed by Younis et al. [41]. Deriving a list of common somatic mutations from our population cohort for which precision drugs have been developed will assist in the planning and development of treatment regimens for specific CRC patients (personalized therapy). For example, identifying patients with KRAS mutations could help to place patients on new precision drugs specifically developed for their genotypes, such as KRAS-G12C inhibitors AMG510 (sotorasib) [48] and MRTX849 (adagrasib) [42], and the EGFR inhibitor cetuximab, which shows a greater response rate in patients with the KRAS-G13D mutation [30]. Furthermore, microsatellite instability is considered an indication for immunotherapy and prescription of platinum drugs [49].



Mutations at residues 12 and 13 of KRAS, which are associated with CRC metastasis, occurred with significantly higher frequency in the present study (38% of cases) than in the TCGA dataset (13.11% and 7.52% respectively), but within the midrange of KRAS mutation frequencies observed in CRC cohorts worldwide [41]. AMG 510 is an inhibitory agent currently under development and may become available for patients with KRAS-G12C tumors. Preclinical studies have shown regression of KRAS-G12C tumors and improved antitumor efficacy of chemotherapy and targeted agents with AMG 510 [48]. The frequency of the PIK3CA E545K mutation was lower than that observed in the TCGA dataset (8.25% vs. 29.2%, respectively).



In our cohort, a majority of patients had either a high or very high tumor mutational burden (TMB), including 34 patients with high TMB (between 13 and 100 mu/Mb) and 55 patients with very high TMB (>100 mu/Mb). Exceptionally high TMB is indicative of the hereditary cancer syndrome associated with the inactivation of MLH1, MSH2, MSH6, PMS2 or other genes. Although we excluded familial CRC cases in our cohort, patients with very high TMB results may require germline genetic testing [50]. The clinical utility of TMB remains a contentious issue, but it may be wise to look at cases with high TMB, as almost all colorectal tumors arising in patients with Lynch syndrome and sporadic CRCs have high TMB due to MLH1 promoter hypermethylation [51,52].



Of specific note are mutations of the BRCA2 gene, which was not in the top 50 mutated genes in the TCGA dataset but was positive in 80% (84/107) of the patients analyzed in this study and included 352 different variants. In the context of the TCGA dataset, mutations within BRCA2 were detected in approximately 13% of the samples, resulting in a total of 53 distinct mutations. Intriguingly, the specific mutations we observed in our study’s cohorts were absent from the TCGA dataset. Existing studies have documented variations in BRCA1 and BRCA2 among early-onset CRC (1.3%), high-risk CRC (0.2%), and a general cohort of CRC patients (1.0%) at a relatively higher frequency. However, it is important to note that the current literature does not provide conclusive evidence establishing a direct causal relationship between CRC and the presence of pathogenic variants in BRCA1 and BRCA2.



This is a surprising finding of our study, as the results of previous research on the association of BRCA mutations with the risk of CRC were negative or inconclusive. In a systematic review of 18 studies and a meta-analysis of 14 studies, the risk of colorectal cancer was shown to be moderately elevated in BRCA1 (a 1.49-fold higher risk of CRC in BRCA1 mutation carriers) but not in BRCA2 mutation carriers [53]. However, in a recent meta-analysis of nine studies, no increase in colorectal cancer was found among patients carrying a BRCA mutation [54]. In addition, a comprehensive review of alterations in CRC in SA cohorts did not include the BRCA genes [41]. Reports link p.Val2466Ala, the most frequent mutation found in our cohort, with familial breast cancer in SA [55]. Based on this preliminary data, it is important to investigate the role of BRCA2 in the Saudi Arabian population and specifically the CRC population, which might be the target of future studies.



The genes ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR), both members of the PI3K family, are integral to the maintenance of chromosome integrity and genome stability. ATR identifies single-strand DNA breaks induced by UV radiation that proceed to phosphorylate CHEK1 (Ser345), triggering cell cycle arrest and inhibition of DNA replication. The ATM gene, which produces a damage recognition protein, becomes activated in response to DNA damage caused by ionizing radiation or reactive oxygen. Once phosphorylated by ATM, the CHEK2 gene orchestrates the activation of various proteins contributing to cell-cycle arrest, apoptosis, DNA repair, and centrosome duplication.



Existing research has pointed to the influence of SNPs within DNA repair genes, not only impacting an individual’s susceptibility to breast cancer [55,56], but also influencing lung cancer [57] and pancreatic cancer [58]. At the ATM locus, the presence of rs664677 and rs609429 in a homozygous state was linked to heightened breast cancer risk [59].



It is important to emphasize that despite the comprehensive knowledge in this domain, there is currently a gap in data exploring the potential relationship between genetic variants within the ATR-CHEK1 and ATM-CHEK2 pathways and their impact on susceptibility to colorectal cancer. In our study, we found elevated mutational frequencies of CHEK1 (78%), ATM (76%), ATR (74%) among our cohort, which may further reveal the impact of these genes in CRC.



In the case of the TP53 gene, although a higher percentage showed mutations in our cohort versus the TCGA cohort (73.3% vs. 55% respectively), the most common two SNPs were those affecting proline residue 72 (p.Pro72Arg n = 66; p.Pro72Cys n = 1), which are both considered benign [36],. Additionally, other SNPs in the DNA binding domain of TP53 have been associated with Li-Fraumeni syndrome, and CRC patients with mutant p53 have been shown to have worse OS than those with WT p53 [60]. This difference in mutational frequency, as well as in the distribution in codons between our study and the TCGA data set, may be attributable to differences in the sample selection (exclusion of familial CRC cases) and ethnicity. Several cancer susceptibility genes have pleiotropic effects, increasing the risk of a spectrum of cancers to varying degrees [61]. KRAS mutations are known predictive markers of a negative response to EGFR inhibitors, such as cetuximab or panitumumab [62,63,64]. However, the prognostic role of KRAS mutations in disease-free survival and overall survival in CRC patients remains controversial.



In the analysis of survival data from our cohort, none of the survival curves showed significant differences based on one or more mutations in BRCA2, TP53, or KRAS and survival over time. This is probably because we did not differentiate patient variables, as described in Caucasian patient cohorts, from mutations that appear benign in these other contexts.



One of the key limitations of our study using the panels of mutations identified during the diagnosis and profiling of CRCs is the limited coverage of relevant genes. For example, the panel used here lacks analysis of the APC, SMAD4, and other genes that have been implicated in CRC and are frequently referred to as the driver genes [65]. In future studies, the choice of panel genes should have a strong basis, and already known polymorphisms in selected genes should be considered.




5. Conclusions


In conclusion, we describe the characterization of the molecular basis for CRC in SA using targeted NGS sequencing. We present a mutational landscape of actionable genes in CRC for the SA population in patients without a familial history of CRC. Additionally, we address the clinical relevance of low VAF variants. A comprehensive analysis of population-specific molecular markers for CRC can provide insights into the disease progression and pave the way for the drafting of recommendations and guidelines warranting the use of gene panels in routine diagnostic procedures.







Author Contributions


Conceptualization, M.A.; Methodology, E.A., N.K.S. and H.A.R.; Software, N.K.S.; Data curation, M.F., S.M., S.A., A.F. and M.A.; Writing—review & editing, M.A., E.A., D.B., N.K.S. and H.A.R.; Supervision, C.A.E.H. and M.A.; Project administration, M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by King Fahad Medical City IRF# 021-001 (EA). S.M. and N.K.S. were supported by the National Science Foundation (NSF) grants 2041984, 2135954, and 2316223 and National Institutes of Health (NIH) grant R01AI173172.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board of King Fahad Medical City (protocol code 19-315 and date of approval 17 February 2021.




Informed Consent Statement


Patient consent was waived due to the nature of the nature of the IRB approval (exempted).




Data Availability Statement


The datasets presented in this article are not readily available because of the restriction in the Saudi Arabia law. Requests to access the datasets should be directed to the corresponding author and after getting approval from the NBEC https://ncbe.kacst.edu.sa/en/ (accessed on 20 July 2023).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Binalmatrefa, G.; Rodríguez-Moranta, F.; Teule, A.; Medina-Hayas, M. Colorectal cancer: From prevention to personalized medicine. WJG 2014, 20, 6786–6808. [Google Scholar]

	



Sanz-Garcia, E.; Grasselli, J.; Argiles, G.; Elez, M.E.; Tabernero, J. Current and advancing treatments for metastatic colorectal cancer. Expert Opin. Biol. Ther. 2016, 16, 93–110. [Google Scholar] [CrossRef]

	



Helewa, R.M.; Turner, D.; Wirtzfeld, D.; Park, J.; Hochman, D.; Czaykowski, P.; Singh, H.; Shu, E.; Xue, L.; McKay, A. Does geography influence the treatment and outcomes of colorectal cancer? A population-based analysis. World J. Surg. Oncol. 2013, 11, 14. [Google Scholar] [CrossRef]

	



Arafa, M.A.; Farhat, K. Colorectal Cancer in the Arab World—Screening Practices and Future Prospects. Asian Pac. J. Cancer Prev. APJCP 2015, 16, 7425–7430. [Google Scholar] [CrossRef]

	



Almatroudi, A. The Incidence Rate of Colorectal Cancer in Saudi Arabia: An Observational Descriptive Epidemiological Analysis. Int. J. Gen. Med. 2020, 13, 977–979. [Google Scholar] [CrossRef]

	



Rey, J.M.; Ducros, V.; Pujol, P.; Wang, Q.; Buisine, M.P.; Aissaoui, H.; Maudelonde, T.; Olschwang, S. Improving Mutation Screening in Patients with Colorectal Cancer Predisposition Using Next-Generation. JMD 2017, 19, 589–601. [Google Scholar] [CrossRef]

	



Alsanea, N.; Almadi, M.A.; Abduljabbar, A.S.; Alhomoud, S.; Alshaban, T.A.; Alsuhaibani, A.; Alzahrani, A.; Batwa, F.; Hassan, A.-H.; Hibbert, D.; et al. National Guidelines for Colorectal Cancer Screening in Saudi Arabia with strength of recommendations and quality of evidence. Ann. Saudi Med. 2015, 35, 189–195. [Google Scholar] [CrossRef]

	



Alqahtani, M.; Edwards, C.; Buzzacott, N.; Carpenter, K.; Alsaleh, K.; Alsheikh, A.; Abozeed, W.; Mashhour, M.; Almousa, A.; Housawi, Y.; et al. Screening for Lynch syndrome in young Saudi colorectal cancer patients using microsatellite instability testing and next generation sequencing. Fam. Cancer 2018, 17, 197–203. [Google Scholar] [CrossRef]

	



Mosli, M.H.; Al-Ahwal, M.S. Colorectal cancer in the Kingdom of Saudi Arabia: Need for screening. Asian Pac. J. Cancer Prev. 2012, 13, 3809–3813. [Google Scholar]

	



Alsanea, N.; Abduljabbar, A.S.; Alhomoud, S.; Ashari, L.H.; Hibbert, D.; Bazarbashi, S. Colorectal cancer in Saudi Arabia: Incidence, survival, demographics and implications for national policies. Ann. Saudi Med. 2015, 35, 196–202. [Google Scholar] [CrossRef]

	



Almadi, M.A.; Barkun, A.N. Initial guidelines for colorectal cancer screening in Saudi Arabia: A beginning. Ann. Saudi Med. 2015, 35, 341–342. [Google Scholar] [CrossRef] [PubMed]

	



Brandão, C.; Lage, J. Management of Patients with Hereditary Colorectal Cancer Syndromes. Port. J. Gastroenterol. 2015, 22, 204–212. [Google Scholar] [CrossRef] [PubMed]

	



AlZaabi, A. Colorectal Cancer in the Arab World. In Cancer in the Arab World; Al-Shamsi, H.O., Abu-Gheida, I.H., Iqbal, F., Al-Awadhi, A., Eds.; Springer: Singapore, 2022; pp. 363–379. [Google Scholar]

	



Cummings, C.A.; Peters, E.; Lacroix, L.; Andre, F.; Lackner, M.R. The Role of Next-Generation Sequencing in Enabling Personalized Oncology Therapy. Clin. Transl. Sci. 2016, 9, 283–289. [Google Scholar] [CrossRef] [PubMed]

	



Jauhri, M.; Bhatnagar, A.; Gupta, S.; Shokeen, Y.; Minhas, S.; Aggarwal, S. Targeted molecular profiling of rare genetic alterations in colorectal cancer using next-generation sequencing. Med. Oncol. 2016, 33, 106. [Google Scholar] [CrossRef]

	



Zhang, L.; Chen, L.; Sah, S.; Latham, G.J.; Patel, R.; Song, Q.; Koeppen, H.; Tam, R.; Schleifman, E.; Mashhedi, H.; et al. Profiling cancer gene mutations in clinical formalin-fixed, paraffin-embedded colorectal tumor specimens using targeted next-generation sequencing. Oncologist 2014, 19, 336–343. [Google Scholar] [CrossRef]

	



Harlé, A.; Filhine-Tresarrieu, P.; Husson, M.; Boidot, R.; Rouyer, M.; Dubois, C.; Leroux, A.; Merlin, J.L. Rare RAS Mutations in Metastatic Colorectal Cancer Detected During Routine RAS Genotyping Using Next Generation Sequencing. Target Oncol. 2016, 11, 363–370. [Google Scholar] [CrossRef]

	



Timmermann, B.; Kerick, M.; Roehr, C.; Fischer, A.; Isau, M.; Boerno, S.T.; Wunderlich, A.; Barmeyer, C.; Seemann, P.; Koenig, J.; et al. Somatic mutation profiles of MSI and MSS colorectal cancer identified by whole exome next generation sequencing and bioinformatics analysis. PLoS ONE 2010, 5, e15661. [Google Scholar] [CrossRef]

	



Dakowicz, D.; Zajkowska, M.; Mroczko, B. Relationship between VEGF Family Members, Their Receptors and Cell Death in the Neoplastic Transformation of Colorectal Cancer. Int. J. Mol. Sci. 2022, 23, 6. [Google Scholar] [CrossRef]

	



Moench, R.; Gasser, M.; Nawalaniec, K.; Grimmig, T.; Ajay, A.K.; de Souza, L.C.R.; Cao, M.; Luo, Y.; Hoegger, P.; Ribas, C.M.; et al. Platelet-derived growth factor (PDGF) cross-signaling via non-corresponding receptors indicates bypassed signaling in colorectal cancer. Oncotarget 2022, 13, 1140–1152. [Google Scholar] [CrossRef]

	



Ciombor, K.K.; Haraldsdottir, S.; Goldberg, R.M. How Can Next-Generation Sequencing (Genomics) Help Us in Treating Colorectal Cancer? Curr. Color. Cancer Rep. 2014, 10, 372–379. [Google Scholar] [CrossRef]

	



Zhang, H.; Zheng, X.; Ji, T.; Fu, L.; Bai, D.; Liao, Y.; Zhang, H.; Ding, Y.; Zheng, L. Comparative screening of K-ras mutations in colorectal cancer and lung cancer patients using a novel real-time PCR with ADx-K-ras kit and Sanger DNA sequencing. Cell Biochem. Biophys. 2012, 62, 415–420. [Google Scholar] [CrossRef] [PubMed]

	



Kothari, N.; Schell, M.J.; Teer, J.K.; Yeatman, T.; Shibata, D.; Kim, R. Comparison of KRAS mutation analysis of colorectal cancer samples by standard testing and next-generation sequencing. J. Clin. Pathol. 2014, 67, 764–767. [Google Scholar] [CrossRef] [PubMed]

	



Gao, J.; Wu, H.; Wang, L.; Zhang, H.; Duan, H.; Lu, J.; Liang, Z. Validation of targeted next-generation sequencing for RAS mutation detection in FFPE colorectal cancer tissues: Comparison with Sanger sequencing and ARMS-Scorpion real-time PCR. BMJ Open 2016, 6, e009532. [Google Scholar] [CrossRef] [PubMed]

	



Vestergaard, L.K.; Oliveira, D.N.P.; Poulsen, T.S.; Høgdall, C.K.; Høgdall, E.V. Oncomine™ Comprehensive Assay v3 vs. Oncomine™ Comprehensive Assay Plus. Cancers 2021, 13, 5230. [Google Scholar] [CrossRef]

	



Di, J.; Yang, H.; Jiang, B.; Wang, Z.; Ji, J.; Su, X. Whole exome sequencing reveals intertumor heterogeneity and distinct genetic origins of sporadic synchronous colorectal cancer. Int. J. Cancer 2018, 142, 927–939. [Google Scholar] [CrossRef] [PubMed]

	



Disciglio, V.; Devecchi, A.; Palumbo, O.; Carella, M.; Penso, D.; Milione, M.; Valle, G.; Pierotti, M.A.; Vitellaro, M.; Bertario, L.; et al. Whole exome sequencing and single nucleotide polymorphism array analyses to identify germline alterations in genes associated with testosterone metabolism in a patient with androgen insensitivity syndrome and early-onset colorectal cancer. Chin. J. Cancer 2016, 35, 51. [Google Scholar] [CrossRef]

	



Morrow, J.B.; Dallo, F.J.; Julka, M. Community-based colorectal cancer screening trials with multi-ethnic groups: A systematic review. J. Community Health 2010, 35, 592–601. [Google Scholar] [CrossRef]

	



Cronan, T.A.; Devos-Comby, L.; Villalta, I.; Gallagher, R. Ethnic differences in colorectal cancer screening. J. Psychosoc. Oncol. 2008, 26, 63–86. [Google Scholar] [CrossRef]

	



Baskin, Y.; Calibasi, G.; Amirfallah, A.; Dagdeviren, Y.K.; Canda, A.E.; Sarioglu, S.; Sagol, O.; Ellidokuz, H.; Oztop, I.; Yilmaz, U. KRAS and BRAF mutation frequencies in a series of Turkish colorectal cancer patients. Transl. Cancer Res. 2014, 3, 160–166. [Google Scholar]

	



Xue, W.Q.; He, Y.Q.; Zhu, J.H.; Ma, J.Q.; He, J.; Jia, W.H. Association of BRCA2 N372H polymorphism with cancer susceptibility: A comprehensive review and meta-analysis. Sci. Rep. 2014, 4, 6791. [Google Scholar] [CrossRef]

	



Li, Q.; Guan, R.; Qiao, Y.; Liu, C.; He, N.; Zhang, X.; Jia, X.; Sun, H.; Yu, J.; Xu, L. Association between the BRCA2 rs144848 polymorphism and cancer susceptibility: A meta-analysis. Oncotarget 2017, 8, 39818–39832. [Google Scholar] [CrossRef] [PubMed]

	



Pearlman, R.; Frankel, W.L.; Swanson, B.; Zhao, W.; Yilmaz, A.; Miller, K.; Bacher, J.; Bigley, C.; Nelsen, L.; Goodfellow, P.J.; et al. Prevalence and Spectrum of Germline Cancer Susceptibility Gene Mutations Among Patients With Early-Onset Colorectal Cancer. JAMA Oncol. 2017, 3, 464–471. [Google Scholar] [CrossRef] [PubMed]

	



Stoffel, E.M.; Koeppe, E.; Everett, J.; Ulintz, P.; Kiel, M.; Osborne, J.; Williams, L.; Hanson, K.; Gruber, S.B.; Rozek, L.S. Germline Genetic Features of Young Individuals with Colorectal Cancer. Gastroenterology 2018, 154, 897–905. [Google Scholar] [CrossRef] [PubMed]

	



Yurgelun, M.B.; Kulke, M.H.; Fuchs, C.S.; Allen, B.A.; Uno, H.; Hornick, J.L.; Ukaegbu, C.I.; Brais, L.K.; McNamara, P.G.; Mayer, R.J.; et al. Cancer Susceptibility Gene Mutations in Individuals with Colorectal Cancer. J. Clin. Oncol. 2017, 35, 1086–1095. [Google Scholar] [CrossRef]

	



Asadi, M.; Shanaehbandi, D.; Zarintan, A.; Pedram, N.; Baradaran, B.; Zafari, V.; Shirmohamadi, M.; Hashemzadeh, S. TP53 Gene Pro72Arg (rs1042522) Single Nucleotide Polymorphism as Not a Risk Factor for Colorectal Cancer in the Iranian Azari Population. Asian Pac. J. Cancer Prev. APJCP 2017, 18, 3423–3427. [Google Scholar]

	



Ruijs, M.W.; Verhoef, S.; Rookus, M.A.; Pruntel, R.; van der Hout, A.H.; Hogervorst, F.B.; Kluijt, I.; Sijmons, R.H.; Aalfs, C.M.; Wagner, A.; et al. TP53 germline mutation testing in 180 families suspected of Li-Fraumeni syndrome: Mutation detection rate and relative frequency of cancers in different familial phenotypes. J. Med. Gene 2010, 47, 421–428. [Google Scholar] [CrossRef]

	



Manoharan, V.; Karunanayake, E.H.; Tennekoon, K.H.; De Silva, S.; Imthikab, A.I.A.; De Silva, K.; Angunawela, P.; Vishwakula, S.; Lunec, J. Pattern of nucleotide variants of TP53 and their correlation with the expression of p53 and its downstream proteins in a Sri Lankan cohort of breast and colorectal cancer patients. BMC Cancer 2020, 20, 72. [Google Scholar] [CrossRef]

	



Fortuno, C.; Pesaran, T.; Dolinsky, J.; Yussuf, A.; McGoldrick, K.; Kho, P.F.; James, P.A.; Spurdle, A.B. p53 major hotspot variants are associated with poorer prognostic features in hereditary cancer patients. Cancer Genet. 2019, 235–236, 21–27. [Google Scholar] [CrossRef]

	



Nakayama, M.; Oshima, M. Mutant p53 in colon cancer. J. Mol. Cell Biol. 2019, 11, 267–276. [Google Scholar] [CrossRef]

	



Younis, N.S.; AlMasoud, E.S.; Al Khawajah, F.; Alghazal, F.J.; AlMofarfesh, H.M.; Al-Khalaf, L.H.; Al Otaibi, M.S.; Alkhamis, S.M.; Al Naser, Z.A.; Al Mousa, Z.H.; et al. Potential genetic biomarker of Saudi Arabian patients with colorectal cancer. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 3109–3126. [Google Scholar] [CrossRef]

	



Margonis, G.A.; Kim, Y.; Spolverato, G.; Ejaz, A.; Gupta, R.; Cosgrove, D.; Anders, R.; Karagkounis, G.; Choti, M.A.; Pawlik, T.M. Association Between Specific Mutations in KRAS Codon 12 and Colorectal Liver Metastasis. JAMA Surg. 2015, 150, 722–729. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Guo, Z.; Wang, F.; Fu, L. KRAS mutation: From undruggable to druggable in cancer. Signal Transduct. Target. Ther. 2021, 6, 386. [Google Scholar] [CrossRef] [PubMed]

	



Koulouridi, A.; Karagianni, M.; Messaritakis, I.; Sfakianaki, M.; Voutsina, A.; Trypaki, M.; Bachlitzanaki, M.; Koustas, E.; Karamouzis, M.V.; Ntavatzikos, A.; et al. Prognostic Value of KRAS Mutations in Colorectal Cancer Patients. Cancersm 2022, 14, 3320. [Google Scholar] [CrossRef] [PubMed]

	



Ranjbar, R.; Mohammadpour, S.; Esfahani, A.T.; Namazian, S.; Yaghob-Taleghani, M.; Baghaei, K.; Tabatabaei, S.A.M.; Pasharavesh, L.; Nazemalhosseini-Mojarad, E. Prevalence and prognostic role of PIK3CA E545K mutation in Iranian colorectal cancer patients. Gastroenterol. Hepatol. Bed Bench 2019, 12, S22–S29. [Google Scholar]

	



Zhang, L.; Shay, J.W. Multiple Roles of APC and its Therapeutic Implications in Colorectal Cancer. J. Natl. Cancer Inst. 2017, 109, djw332. [Google Scholar] [CrossRef]

	



Almuzzaini, B.; Alghamdi, J.; Alomani, A.; AlGhamdi, S.; Alsharm, A.A.; Alshieban, S.; Sayed, A.; Alhejaily, A.G.; Aljaser, F.S.; Abudawood, M.; et al. Identification of Novel Mutations in Colorectal Cancer Patients Using AmpliSeq Comprehensive Cancer Panel. J. Pers. Med. 2021, 11, 535. [Google Scholar] [CrossRef]

	



Canon, J.; Rex, K.; Saiki, A.Y.; Mohr, C.; Cooke, K.; Bagal, D.; Gaida, K.; Holt, T.; Knutson, C.G.; Koppada, N.; et al. The clinical KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity. Nature 2019, 575, 217–223. [Google Scholar] [CrossRef]

	



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

	



Mighton, C.; Lerner-Ellis, J.P. Principles of molecular testing for hereditary cancer. Genes Chromosomes Cancer 2022, 61, 356. [Google Scholar] [CrossRef]

	



Vanderwalde, A.; Spetzler, D.; Xiao, N.; Gatalica, Z.; Marshall, J. Microsatellite instability status determined by next-generation sequencing and compared with PD-L1 and tumor mutational burden in 11,348 patients. Cancer Med. 2018, 7, 746–756. [Google Scholar] [CrossRef]

	



Shia, J. The diversity of tumours with microsatellite instability: Molecular mechanisms and impact upon microsatellite instability testing and mismatch repair protein immunohistochemistry. Histopathology 2021, 78, 485–497. [Google Scholar] [CrossRef]

	



Oh, M.; McBride, A.; Yun, S.; Bhattacharjee, S.; Slack, M.; Martin, J.R.; Jeter, J.; Abraham, I. BRCA1 and BRCA2 Gene Mutations and Colorectal Cancer Risk: Systematic Review and Meta-analysis. JNCI J. Natl. Cancer Inst. 2018, 110, 1178–1189. [Google Scholar] [CrossRef] [PubMed]

	



Cullinane, C.M.; Creavin, B.; O’connell, E.P.; Kelly, L.; O’Sullivan, M.J.; Corrigan, M.A.; Redmond, H.P. Risk of colorectal cancer associated with BRCA1 and/or BRCA2 mutation carriers: Systematic review and meta-analysis. Br. J. Surg. 2020, 107, 951–959. [Google Scholar] [CrossRef] [PubMed]

	



Lin, W.Y.; Brock, I.W.; Connley, D.; Cramp, H.; Tucker, R.; Slate, J.; Reed, M.W.; Balasubramanian, S.P.; Cannon-Albright, L.A.; Camp, N.J.; et al. Associations of ATR and CHEK1 single nucleotide polymorphisms with breast cancer. PLoS ONE 2013, 8, e68578. [Google Scholar] [CrossRef]

	



Angele, S.; Romestaing, P.; Moullan, N.; Vuillaume, M.; Chapot, B.; Friesen, M.; Jongmans, W.; Cox, D.G.; Pisani, P.; Gerard, J.P.; et al. ATM haplotypes and cellular response to DNA damage: Association with breast cancer risk and clinical radiosensitivity. Cancer Res. 2003, 63, 8717–8725. [Google Scholar] [PubMed]

	



Su, D.; Ma, S.; Liu, P.; Jiang, Z.; Lv, W.; Zhang, Y.; Deng, Q.; Smith, S.; Yu, H. Genetic polymorphisms and treatment response in advanced non-small cell lung cancer. Lung Cancer 2007, 56, 281–288. [Google Scholar] [CrossRef]

	



Okazaki, T.; Jiao, L.; Chang, P.; Evans, D.B.; Abbruzzese, J.L.; Li, D. Single-nucleotide polymorphisms of DNA damage response genes are associated with overall survival in patients with pancreatic cancer. Clin. Cancer Res. 2008, 14, 2042–2048. [Google Scholar] [CrossRef]

	



Merdad, A.; Gari, M.A.; Hussein, S.; Al-Khayat, S.; Tashkandi, H.; Al-Maghrabi, J.; Al-Thubaiti, F.; Hussein, I.R.; Koumosani, T.; Shaer, N.; et al. Characterization of familial breast cancer in Saudi Arabia. BMC Genom. 2015, 16, S3. [Google Scholar] [CrossRef]

	



Ho, V.; Chung, L.; Lim, S.H.; Ma, Y.; Wang, B.; Lea, V.; Abubakar, A.; Ng, W.; Lee, M.; Roberts, T.L.; et al. Prognostic Impact of TP53 Mutations and Tumor Mutational Load in Colorectal Cancer. Gastrointest. Dis. 2022, 4, 165–179. [Google Scholar] [CrossRef]

	



Rahman, N. Realizing the promise of cancer predisposition genes. Nature 2014, 505, 302–308. [Google Scholar] [CrossRef]

	



Heinemann, V.; Stintzing, S.; Kirchner, T.; Boeck, S.; Jung, A. Clinical relevance of EGFR- and KRAS-status in colorectal cancer patients treated with monoclonal antibodies directed against the EGFR. Cancer Treat. Rev. 2009, 35, 262–271. [Google Scholar] [CrossRef] [PubMed]

	



Saoudi Gonzalez, N.; López, D.; Gómez, D.; Ros, J.; Baraibar, I.; Salva, F.; Tabernero, J.; Élez, E. Pharmacokinetics and pharmacodynamics of approved monoclonal antibody therapy for colorectal cancer. Expert Opin. Drug Metab. Toxicol. 2022, 18, 755–767. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.; Wang, L.; Qiu, H.; Zhang, M.; Sun, L.; Peng, P.; Yu, Q.; Yuan, X. Mechanisms of resistance to anti-EGFR therapy in colorectal cancer. Oncotarget 2017, 8, 3980–4000. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.; Sun, W.; Zhou, Y.; Li, P.; Chen, F.; Chen, H.; Xia, D.; Xu, E.; Lai, M.; Wu, Y.; et al. Mutations of key driver genes in colorectal cancer progression and metastasis. Cancer Metastasis Rev. 2018, 37, 173–178. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 13 02993 g001] 





Figure 1. Mutation profile of patients with CRC. Oncoplot of the top 30 most frequently mutated genes in 107 patients. The figure lists genes with a mutation frequency >1%. 
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Figure 2. Gene map of BRCA2 showing mutation rate hotspot loci. The gene map shows the mutation profile of 107 patients and the affected genes. The genomic profile was altered in 93 of the 107 patients analyzed. The figure lists genes with a mutation frequency of 1%. 
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Figure 3. Gene map of TP53 showing mutation rate hotspot loci. The gene map represents the mutation profile of 107 patients and the affected genes. In all, the genomic profile was altered in 71.9% of the patents. The figure lists genes with a mutation frequency >1%. 
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Figure 4. Gene map of KRAS showing mutation rate hotspot loci. The gene map represents the mutation profile of 107 patients and the affected genes. In all, the genomic profile was altered in 37.3% of the patients. The figure enlists genes with a mutation frequency of >1%. 
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Figure 5. Gene map of PIK3CA showing mutation rate hotspot loci. The gene map shows the mutation profile of 107 patients and the affected genes. The genomic profile was altered in 24.3% of the patients. The figure lists genes with a mutation frequency >1%. 
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Figure 6. (a) Kaplan–Meier survival curves stratified by categorical variables (AJCC staging, AJCC grade, presence or absence of PV in each gene of interest (BRCA2, TP53, or KRAS). (b). Kaplan–Meier survival curves for specific KRAS mutations (KRAS-12D, KRAS-G12S, KRAS-G13D), tumor location, tumor grade, and TMB category. 
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Figure 7. Heat map showing potentially correlated genes harboring mutations. 
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Table 1. Clinicopathological characteristics of the 107 CRC patients.
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Gender

	
Female

	
F = 55




	
Male

	
M = 52




	
Age (yrs)

	
Mean (sd)

	
58 (14.5)




	
Range

	
95–20




	
Pathological Diagnosis

	
Adenocarcinoma

	
106




	
Unknown CRC

	
1




	
Location

	
Right colon

	
56




	
Left colon

	
45




	
Transverse colon

	
6




	
Histological grade

	
Well-differentiated

	
16




	
Moderately differentiated

	
84




	
Poorly differentiated

	
6




	
Unknown

	
1




	
Microvascular invasion

	
Present

	
30




	
Absent

	
76




	
Unknown

	
1




	
AJCC Stage

	
0

	
1




	
1

	
10




	
2

	
36




	
3

	
36




	
4

	
22




	
Unknown

	
2
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