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Abstract

:

Colorectal cancer (CRC) is the third most common cancer worldwide. The incidence and mortality rates of CRC are significantly higher in Taiwan than in other developed countries. Genes involved in CRC tumorigenesis differ depending on whether the tumor occurs on the left or right side of the colon, and genomic analysis is a keystone in the study and treatment of CRC subtypes. However, few studies have focused on the genetic landscape of Taiwanese patients with CRC. This study comprehensively analyzed the genomes of 141 Taiwanese patients with CRC through whole-exome sequencing. Significant genomic differences related to the site of CRC development were observed. Blood metabolomic profiling and polygenic risk score analysis were performed to identify potential biomarkers for the early identification and prevention of CRC in the Taiwanese population. Our findings provide vital clues for establishing population-specific treatments and health policies for CRC prevention in Taiwan.






Keywords:


colorectal cancer; whole exome sequence; polygenic risk score; metabolomic profiling












1. Introduction


Colorectal cancer (CRC) is the third most common cancer worldwide and has a high mortality rate at advanced stages. Compared to other developed countries, the incidence and mortality rates of CRC are higher in Taiwan, where CRC has been the most common type of malignancy and the third leading cause of cancer-related deaths since 1996. According to data from the Taiwanese Ministry of Health and Welfare, CRC incidence in Taiwan increased from 32.38 to 66.32 per 100,000 individuals between the years 2000 and 2017. Mortality rates also increased from 20.6 per 100,000 individuals in 2009 to 27.3 per 100,000 individuals in 2019 [1]. As with most cancers, CRC is not a monolithic disease with a single cause but rather involves several possible genetic mechanisms. Mutations of genes involved in signaling pathways, including APC (the Wnt pathway), KRAS (the EGFR/MAPK pathway), PIK3CA (the PI3K/Akt pathway) and SMAD-2/3/4 (the TGF-beta pathway), are commonly associated with various CRC subtypes [2]. In addition, mutations in TP53 and DNA mismatch repair genes play key roles in certain types of CRC. These different mechanisms are not completely independent of each other, and multiple mechanisms may or may not be involved in different cases of CRC, thereby adding another layer of molecular complexity to the disease. Because of these characteristics, developing general all-purpose treatments for CRC can be difficult; a precision medicine approach might be more suitable. However, few studies have examined the genetic landscape of Taiwanese CRC patients, and this lack of data may impede the development of such an approach.



The colon is commonly divided into the left and right sides. The left side includes the region between the splenic flexure and the upper anal canal; the right side refers to the proximal colon, including the cecum, ascending colon, and transverse colon. The embryological origins and biological characteristics differ considerably between these two sides. As a consequence, the epidemiological, pathological, cytogenetic, and molecular features of left-sided CRC (LCRC) differ substantially from those of right-sided CRC (RCRC) [3]. Hu et al. found that RCRC contained more aggressive molecular markers than in LCRC, including the overexpression of oncogenic micro-RNAs such as miR-10b, higher microsatellite instability (MSI), and several BRAF and KRAS mutations [4]. In addition, the prognoses of RCRC and LCRC differ significantly [5,6,7,8,9,10]. Prognostic differences have been mainly observed in patients with stage III CRC and metastatic CRC [9,10]. Likewise, targeted treatments for metastatic LCRC and RCRC are also different. For example, anti-epidermal growth factor receptor (anti-EGFR) treatment is recommended for patients with wild-type RAS LCRC, whereas anti-vascular endothelial growth factor (anti-VEGF) treatment is preferred for patients with metastatic wild-type RAS RCRC [11,12,13]. Recognizing the differences between LCRC and RCRC is crucial for understanding CRC progression and designing suitable therapeutic strategies.



Because CRC has a strong genetic basis, a polygenic risk score (PRS) may facilitate the development of strategies for the early detection and prevention of CRC. Law et al. developed a PRS based on 79 single-nucleotide polymorphisms (SNPs) that were identified through genome-wide association studies in the European population [14]. They found that individuals in the top 1% of the PRS scale had a considerably higher risk of developing CRC (2.6-fold) compared with the general population. Metabolomic approaches have also been increasingly applied to understand carcinogenesis and aid the development of therapeutic methods. In general, the metabolic phenotypes of cancer cells are different from those of normal cells, and alterations in blood metabolite levels are observed in most cancer types, including CRC [15]. Studies have extensively explored the metabolic phenotypes of many cancer types but not of CRC. However, because of the diversity in the genetic backgrounds of individuals of different ethnicities, the applicability of the PRS and metabolomics to Asian cohorts remains debatable. The effect of tumor sidedness, i.e., LCRC or RCRC, on both PRS and blood metabolomic changes is also not clear.



In this study, we explored the genomic landscape of tumor sidedness in Taiwanese patients with CRC and examined differences between Taiwanese and Caucasian patients. The PRS for CRC developed by Law et al. was applicable to the Taiwanese population, with younger CRC patients exhibiting higher PRSs. LCRC and RCRC were successfully differentiated in blood metabolomic profiling, with sarcosine constituting a presumed biomarker. Our study provides several new findings relevant to the development of precision medicine treatments for CRC, particularly for the Asian population.




2. Materials and Methods


2.1. Clinical Specimens


Blood samples, as well as CRC tissues and adjacent normal tissues, were prospectively collected from 141 patients with CRC from Kaohsiung Medical University, Chung-Ho Memorial Hospital (KMUH), Tri-Service General Hospital, and Chung Shan Medical University Hospital between 2016 and 2020. An additional 326 patients were later recruited for the polygenic risk score (PRS) study. The patients’ clinical information, comprising their age, sex, histology, cancer stage, and primary tumor location, was collected. TNM staging was performed according to the criteria established by the American Joint Commission on Cancer and the Union for International Cancer Control [16]. We included treatment-naive patients who were newly diagnosed with CRC and who were undergoing primary surgery for CRC. We excluded patients who had received neoadjuvant chemotherapy. The Research Ethics Committee of KMUH approved the study protocol (KMUHIRB-G(II)-20200029), and all patients provided written informed consent to participate.




2.2. Genomic Data Acquisition


Whole-exome sequencing of both tumor and adjacent normal tissues was conducted by Genomics, Inc. (Taipei, Taiwan). Genomic DNA was isolated from frozen tissues using a taco™ Total DNA Extraction Kit (GeneReach Biotechnology Corp., Taichung, Taiwan). The ratios of the absorbances at 260 nm and 280 nm (A260/280) of the isolated DNA samples were measured on an Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA), and samples with A260/280 ratios between 1.7 and 2.0 were deemed to be of sufficient quality for exome sequencing. An Agilent SureSelectXT Human All Exon V6 + Cosmic Target Enrichment System was used for exome capture. The concentrations of all libraries were quantified with an Invitrogen Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Paired-end sequencing was performed using an Illumina NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA). The minimum sequence depth of the target regions was 300×. Whole-genome sequences and genotyping data of healthy controls were directly obtained from the Taiwan Biobank [17,18].




2.3. Detection of Somatic Mutations in CRC Tumor Samples


DNA sequencing reads were passed through the Trim Galore! wrapper script (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/, accessed on 29 January 2022) for quality control. Reads that passed the quality control process were then aligned against the GRCh38 version of the human reference genome with BWA-MEM v0.7.15 [19]. The aligned sequences were processed using the GATK suite [20]. FixMateInformation was used to verify and correct the alignment as necessary. Subsequently, duplicate reads were categorized and marked using the program markDuplicate, which also allowed a base quality score recalibration. Somatic mutations in the cleaned sequences were then determined using MuTect2 [21]. Somatic mutations identified at this stage still contained a considerable number of false signals. Thus, we used the panel of normals (PON) approach to filter out these false signals. We used 515 whole-genome sequences from the Taiwan Biobank to establish our PON in the noise detection mode of MuTect2, a somatic variant caller. Somatic mutations originally determined using MuTect2 were compared against the PON, and mutations present in at least two samples of the PON were discarded. Finally, errors in read orientation and sample contamination were removed using the Learn Read Orientation Model and Calculate Contamination in the GATK Suite, respectively.




2.4. Microsatellite Instability (MSI) Detection and Tumor Mutational Burden (TMB)


MSI is often caused by DNA mismatch repair and is associated with several cancer types, including CRC. The samples were classified into MSI-high and MSI-stable groups using the binary predictor described in [22]. TMB is a measure of the number of somatic mutations within a tumor and is presented as the number of somatic mutations per coding sequence length [23].




2.5. Metabolomic Profiling


Serum samples obtained from patients with CRC were prepared according to established protocols [24]. Raw nuclear magnetic resonance (NMR) free induction decay data were acquired using the cpmgpr1d pulse sequence on a Bruker Avance 800-MHz spectrometer (Bruker, Karlsruhe, Germany). Line broadening (0.3 Hz) was applied to all free induction decay data prior to the Fourier transform in Bruker Topspin v3.5pl7. The spectral phase was manually corrected within the program. The water region between 4 and 5 ppm was removed from all spectra. Baseline correction, resonance signal alignment, and intelligent binning were performed using the Rnmr1D package within the R statistical environment v3.5 [25]. Putative assignment of the sarcosine signal was based on the Human Metabolome Database [26]. Supervised partial least squares discriminant analysis (PLS-DA) was performed using the R package mixOmics v6.1.1 to differentiate between LCRC and RCRC metabolomic profiles [27].




2.6. Polygenic Risk Analysis


Genotypes of 467 patients with CRC and 1000 controls without a history of cancer were obtained from the Taiwan Biobank. The weighted PRS was calculated with PLINK v1.9 [28] based on the weights of 79 SNPs shown in [14]. All relevant SNPs were included in the calculations, regardless of their imputation quality. SNPs with missing data were excluded.





3. Results


3.1. Genomic Landscape of the Taiwanese CRC Cohort


To prevent potential bias resulting from presurgical treatment, we selected 95 treatment-naive patients undergoing primary surgery for colorectal adenocarcinoma. Figure 1 presents the findings in the Taiwanese CRC cohort on genes known to play crucial roles in CRC carcinogenesis. Driver mutations of the Taiwanese cohort were located in FOLR3, KRAS, OR10G9, OR10H1, SPATA3, TP53, APC, SPAG8, SOX9, RLIM, PIK3CA, and TCF7L2 (q ≤ 0.01). Although many of these genes, such as APC, KRAS, TP53, and PIK3CA, are canonical CRC oncogenes, several distinct features potentially specific to the Taiwanese cohort were identified. Mutations in APC were observed in 62% of the samples, which is lower than the APC mutation rate of 75% (Chi-square test, p-value = 0.03) reported for Caucasians in The Cancer Genome Atlas (TCGA) (Figure 2a). Moreover, the RAS/BRAF mutation rate of the Taiwanese cohort was lower than that of the Caucasian cohort in the TCGA (Chi-square test, p-value = 0.0005). However, our Taiwanese cohort exhibited a higher rate of MSI than the Caucasian cohort (12/141 vs. 7/173, respectively; Chi-square test, p-value = 0.01), as shown in Table 1. RCRC patients had a later age of onset and a higher rate of poorly differentiated tumors compared to LCRC patients. There was no difference in the gender composition, BMI distribution, TMB, or cancer stage between LCRC and RCRC patients. Notably, 9 (~10%) out of 95 patients in the Taiwanese cohort did not exhibit any canonical mutation; of these 9 patients, 6 had LCRC, whereas 3 had RCRC. A mutual exclusivity analysis of the major driver mutations revealed that APC and TP53 mutations co-occurred most frequently in the Taiwanese cohort (Figure 2a). Mutually exclusive mutations include APC vs. PIK3CA and KRAS vs. FOLR3. However, the TCGA Caucasian cohort exhibited a different pattern, with PIK3CA and KRAS mutations having the most frequent co-occurrence, whereas PIK3CA mutations are mutually exclusive with TP53 mutations (Figure 2b,c). These results suggest the involvement of different driver genes and alternative carcinogenic pathways between the Caucasian and Taiwanese cohorts.




3.2. Comparison of Genetic Features between LCRC and RCRC in the Taiwanese and Caucasian Cohorts


In the Taiwanese cohort, PIK3CA and KRAS mutations were more commonly observed in LCRC, whereas APC mutations were more commonly observed in RCRC (Table 2). TP53 mutations, on the other hand, were observed at similar frequencies between LCRC and RCRC in the Taiwanese cohort. The opposite was true for the TCGA Caucasian cohort, with APC mutations occurring more often in LCRC, whereas KRAS and PIK3CA mutations were more commonly observed in RCRC. TP53 mutations were also more often observed in LCRC compared to RCRC in Caucasians (Chi-square test, p-value = 0.19). When comparing the same TNM stages between different cohorts, Caucasians generally had higher mutation rates for all genes, with the exception of KRAS and PIK3CA in advanced-stage (TNM III + IV) LCRC. Detailed examination revealed that KRAS mutation rates of Taiwanese are especially low in early-stage (TNM I + II) RCRC.



The differences between LCRC and RCRC in the Taiwanese cohort were not only limited to canonical genes but also extended to those involved in DNA stability. Among the 12 MSI-high patients, 11 had RCRC, in agreement with previous studies [29]. Likewise, the overall TMB was higher in RCRC compared to LCRC (Student’s t-test, p-value > 0.05). In addition, SMAD2 and SMAD4 mutations, which are associated with chromosomal stability, were observed more frequently in LCRC and RCRC, respectively (Chi-square test, p-value = 0.78). Our results suggest that when discussing tumor sidedness, the genetic differences between Taiwanese and Caucasians may reside in the canonical CRC genes instead of genes involved in the maintenance of DNA stability.




3.3. Metabolomic Profiling of LCRC and RCRC


We employed a chemometric approach for the blood metabolomic profiling of patients with LCRC and RCRC. The binned intensities of each NMR resonance signal across all spectra were used for the PLS-DA, which is presented in Figure 3a. A moderate separation was observed between LCRC and RCRC, and the area under the receiver operating characteristic curve using the full spectral data was 0.8 (Figure 3b). Among the top five candidates, only the bin at approximately 3.605 ppm had significant signal amplitude and was investigated further (see the Supplementary Figure S1). We observed a significant difference in the 3.605-ppm signal intensities between LCRC and RCRC samples (Figure 3c). By comparing these with the Human Metabolome Database (https://hmdb.ca, accessed on 18 June 2021), the signals most likely originated from sarcosine, which has been implicated in several cancer types.




3.4. PRS of Taiwanese Subjects


We examined the PRS values of 467 patients with CRC (see the Supplementary Table S1) and compared them to the PRS values of 1000 controls without cancer history. Data for the controls were obtained from the Taiwan Biobank. Using the SNPs and weights identified by Law et al., we found that patients with CRC had higher PRS values than did the controls (Student’s t-test, p-value = 7.09 × 10−7 (Figure 4a), suggesting that the PRS values originally developed using European data may be applicable to the Taiwanese population. The association between the PRS values and early CRC onset was expected because a higher PRS value reflects a higher risk of CRC development early in life (Figure 4b). This trend was not observed in the control group. We did not detect differences in PRS values between LCRC and RCRC (Figure 4c). On the other hand, KRAS mutations were positively associated with the PRS values (Figure 4d). After adjustments were made for age and gender, patients with PRS values in the top 5% showed a significant CRC odds ratio of 1.82 compared with the remaining patients. Surprisingly, when we applied our data on a PRS based on the East Asian population, no statistical differences were observed between CRC patients and healthy controls in terms of PRS values (Student’s t-test, p-value = 0.18) (see Supplementary Figure S2) [30].





4. Discussion


To the best of our knowledge, this is one of the few studies on CRC conducted in Asian populations to also leverage information from a population biobank. The genomic landscape of the Taiwanese cohort differed considerably from that of the Caucasian TCGA cohort. The genomic characteristics of LCRC and RCRC in the Taiwanese cohort were also distinct from those in the Caucasian cohort, possibly reflecting ethnic differences in treatment outcomes between patients in the East and the West. For example, the MSI rate of the Taiwanese CRC cohort was only half of that of the Caucasian cohort. The APC mutation rate, one of the most crucial genetic factors in CRC, was lower in the Taiwanese CRC cohort than in the Caucasian cohort. A similar trend was observed in the TP53, KRAS, and PIK3CA mutation rates. Both the MSI and oncogene results were consistent with those of previous studies conducted on Chinese patients with CRC [31,32]. However, TP53 mutations were more dominant than APC mutations in the Chinese cohort, whereas the opposite was true for the Taiwanese cohort. This discrepancy suggests subtle differences in genetic mechanisms involved in CRC pathogenesis between Chinese and Taiwanese patients.



Of particular interest is the comparison between our cohort and a Japanese CRC cohort [33]. The APC and TP53 mutation rates in the Japanese cohort were even higher than those in the Caucasian cohort; however, the prevalence of CRC in both Japan and Western countries was lower than that in Taiwan. These comparative observations suggest a smaller-than-expected contribution of canonical CRC genes to CRC prevalence. Additional genes and non-genetic factors, such as diet and environmental status, may contribute significantly to high CRC prevalence in Asia.



The differences among populations extend to the genomic landscapes of LCRC and RCRC. In the Taiwanese CRC cohort, APC mutations were more common in RCRC, whereas KRAS and PIK3CA mutations were more common in LCRC. Although the TP53 mutation rates were comparable between LCRC and RCRC, the rates were significantly increased in patients with LCRC in the advanced stages (III and IV). In contrast, both APC and TP53 mutations were significantly associated with LCRC in the Japanese cohort. Although the differences may be subtle, they highlight the diversity of genomic features among different Asian cohorts with CRC and indicate the potential need for population-specific profiling and treatment strategies.



Cancer risk is determined by the complex interplay of environmental and genetic factors. Although genes such as TP53, KRAS, and APC play crucial mechanistic roles in CRC pathogenesis, they alone may not be sufficient to correctly estimate CRC risk in different populations. A PRS accounting for a wider set of genes that may not have apparent mechanistic associations with disease has been widely employed as a tool for estimating disease risk, including the risks of several cancer types [34]. Our results demonstrate the advantages of using PRS to estimate cancer risk. Although the PRS used in Figure 4 was not specifically developed for all Asian populations, it reflected differences between the control and CRC groups. Surprisingly, the PRS based on SNPs identified by He et al., which presumably was targeted in the East Asian population, fared worse in differentiating CRC vs. normal groups in our cohort. One possible explanation lies in the different numbers of SNPs used to calculate the PRS; Law et al. identified a total of 79 SNPs, whereas He et al. identified only 19 SNPs. A larger number of SNPs may improve the accuracy of the resulting PRS [35]. Regardless, our results suggest that the PRS based on SNPs identified in one cohort may be applicable to other cohorts with different ethnic distributions.



The unexpected association between PRS and KRAS somatic mutations was notable. Because the PRS was calculated from germline data, this association may indicate that certain genotypes can affect the susceptibility of specific oncogenes to mutations. Because of the importance of KRAS in CRC carcinogenesis, understanding biological mechanisms underlying the association between KRAS and other genes may provide opportunities to develop novel CRC treatments for our population.



The inclusion of metabolomic data complements our genomic findings. Similar to patients with cancer in general, patients with CRC have considerably different serum metabolic profiles from those of controls without cancer [36]. However, metabolomic differences between LCRC and RCRC remain unclear. In this study, the raw chemometric profile of the serum NMR spectra was able to differentiate between LCRC and RCRC (Figure 3). This is particularly notable because we expected that any differences between tumor sidedness would be diluted by the systemic nature of human blood circulation. The higher level of the presumed sarcosine signal observed for LCRC (compared with that noted for RCRC) warrants further investigation. Sarcosine has recently been implicated in the methylation of genes associated with several diseases, including CRC [37,38,39]. In one study, the incubation of prostate cells with sarcosine stimulated DNA methyltransferases (DNMTs), resulting in increases in global DNA methylation [37]. In another study, aberrant DNMT expression was reported to be associated with CRC and was proposed as a potential therapeutic target [40]. The different levels of sarcosine between patients with LCRC and RCRC may indicate discrepancies in the methylation status of the genome.



The differences observed among different subgroups in our cohort highlight the need for the development of personalized CRC interventions, even for individuals within relatively homogeneous populations. Genetic and metabolic differences observed between LCRC and RCRC are particularly compelling because they provide clues to potential mechanisms that can be targeted in different individuals.



This study has several limitations. First, the number of CRC cases is relatively small due to the requirement to collect treatment-naïve participants and may limit the statistical power. Second, the distribution of the number of cases across different cancer stages is not identical between LCRC and RCRC because of the small sample size. Third, because a regional cohort was used, the results may not be generalizable to other cohorts. Further investigations using larger cohorts with finer stratification and preferably different ethnic constitutions are warranted.




5. Conclusions


In this study, we examined a Taiwanese CRC cohort and compared its characteristics with cohorts from other countries. We observed significant differences in driver gene mutation rates between the Taiwanese and the Caucasian cohorts. PRS values based on germline gene polymorphisms were higher for CRC cases compared to controls. Blood metabolome results were able to differentiate between LCRC and RCRC. Our data suggests that germline mutations and the blood metabolome can be further developed as both preventive and diagnostic biomarkers for CRC.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells11030527/s1, Figure S1: Spectral regions of the top 5 contributors of the PLS-DA loadings plot.title; Figure S2: PRS of patients with CRC and controls based on the East Asian population; Table S1: The clinicohystopathological data of the 467 CRC patients for PRS analysistitle.





Author Contributions


Conceptualization, M.-W.S. and J.-Y.W.; methodology, M.-W.S., C.-K.C., and C.-W.L.; software, M.-W.S., C.-K.C., and C.-W.L.; validation, M.-W.S., C.-K.C., C.-W.L., H.-W.C., and J.-Y.W.; formal analysis, M.-W.S., C.-K.C., and C.-W.L.; investigation, M.-W.S., C.-K.C., H.-W.C., and J.-Y.W.; resources, M.-W.S., C.-K.C., H.-W.C., and J.-Y.W.; data curation, M.-W.S., C.-K.C., C.-W.L., H.-W.C., T.-N.T., W.-C.S., Y.-C.C., T.-K.C., C.-W.H., H.-L.T., C.-C.W., H.-C.C., B.-H.S., and J.-Y.W.; writing—original draft preparation, M.-W.S., C.-K.C., and J.-Y.W.; writing—review and editing, M.-W.S., C.-K.C., H.-W.C., and J.-Y.W.; visualization, M.-W.S., and C.-K.C.; supervision, J.-Y.W.; project administration, T.-N.T., and J.-Y.W.; funding acquisition, M.-W.S., C.-K.C., H.-W.C., and J.-Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Ministry of Science and Technology (MOST 109-2314-B-037-035, MOST 109-2314-B-037-040, MOST 109-2314-B-037-046-MY3, MOST110-2314-B-037-097), the Ministry of Health and Welfare (MOHW107-TDU-B-212-123006, MOHW107-TDU-B-212-114026B, MOHW108-TDU-B-212-133006, MOHW109-TDU-B-212-134026, MOHW109-TDU-B-212-114006, MOHW110-TDU-B-212-1140026), and the Kaohsiung Medical University Hospital (KMUH110-0R37, KMUH110-0R38, KMUH110-0M34, KMUH110-0M35, KMUH110-0M36, KMUHSA11013, KMUH-DK(C)110010, KMUH-DK(B)110004-3) and KMU Center for Cancer Research (KMU-TC109A04-1) and KMU Center for Liquid Biopsy and Cohort Research Center Grant (KMU-TC109B05) and KMU Office for Industry-Academic Collaboration (S109036). In addition, this study was supported by the Grant of Taiwan Precision Medicine Initiative, Academia Sinica, Taiwan, R.O.C. Part of the research was funded through the Tobacco Health and Welfare Surcharge.




Institutional Review Board Statement


The Research Ethics Committee of KMUHIRB-G(II)-20200029 approved the study protocol.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ministry of Health and Welfare, Taiwan, Republic of China. Cause of Death Statistics by Year (in Chinese). Available online: https://dep.mohw.gov.tw/dos/lp-5069-113.html (accessed on 18 June 2021).

	



Koveitypour, Z.; Panahi, F.; Vakilian, M.; Peymani, M.; Forootan, F.S.; Esfahani, M.H.N.; Ghaedi, K. Signaling pathways involved in colorectal cancer progression. Cell Biosci. 2019, 9, 1–14. [Google Scholar] [CrossRef]

	



Bufill, J.A. Colorectal Cancer: Evidence for Distinct Genetic Categories Based on Proximal or Distal Tumor Location. Ann. Intern. Med. 1990, 113, 779–788. [Google Scholar] [CrossRef]

	



Hu, W.; Yang, Y.; Li, X.; Huang, M.; Xu, F.; Ge, W.; Zhang, S.; Zheng, S. Multi-omics Approach Reveals Distinct Differences in Left- and Right-Sided Colon Cancer. Mol. Cancer Res. 2017, 16, 476–485. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.W.; Tsai, H.L.; Huang, M.Y.; Huang, C.M.; Yeh, Y.S.; Ma, C.J.; Wang, J.Y. Different clinicopathologic features and favorable outcomes of patients with stage III left-sided colon cancer. World J. Surg. Oncol. 2015, 13, 257. [Google Scholar] [CrossRef]

	



Cascinu, S.; Poli, D.; Zaniboni, A.; Lonardi, S.; Labianca, R.; Sobrero, A.; Rosati, G.; Di Bartolomeo, M.; Scartozzi, M.; Zagonel, V.; et al. The prognostic impact of primary tumour location in patients with stage II and stage III colon cancer receiving adjuvant therapy. A GISCAD analysis from three large randomised trials. Eur. J. Cancer 2019, 111, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Ulanja, M.B.; Rishi, M.; Beutler, B.D.; Sharma, M.; Patterson, D.R.; Gullapalli, N.; Ambika, S. Colon Cancer Sidedness, Presentation, and Survival at Different Stages. J. Oncol. 2019, 2019, 1–12. [Google Scholar] [CrossRef]

	



Ha, G.W.; Kim, J.H.; Lee, M.R. Oncologic Effects of Primary Tumor-Sidedness on Patients with Stages 1–3 Colon Cancer: A Meta-Analysis. Ann. Surg. Oncol. 2019, 26, 1366–1375. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.; Lopez, N.E.; Eisenstein, S.; Schnickel, G.T.; Sicklick, J.K.; Ramamoorthy, S.L.; Clary, B.M. Synchronous metastatic colon cancer and the importance of primary tumor laterality–A National Cancer Database analysis of right- versus left-sided colon cancer. Am. J. Surg. 2019, 220, 408–414. [Google Scholar] [CrossRef]

	



Ahmed, S.; Pahwa, P.; Le, D.; Chalchal, H.; Chandra-Kanthan, S.; Iqbal, N.; Fields, A. Primary Tumor Location and Survival in the General Population With Metastatic Colorectal Cancer. Clin. Color. Cancer 2018, 17, e201–e206. [Google Scholar] [CrossRef]

	



Ciombor, K.K.; Bekaii-Saab, T. A Comprehensive Review of Sequencing and Combination Strategies of Targeted Agents in Metastatic Colorectal Cancer. Oncologist 2018, 23, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, D.; Lueza, B.; Douillard, J.-Y.; Peeters, M.; Lenz, H.-J.; Venook, A.; Heinemann, V.; Van Cutsem, E.; Pignon, J.-P.; Tabernero, J.; et al. Prognostic and predictive value of primary tumour side in patients with RAS wild-type metastatic colorectal cancer treated with chemotherapy and EGFR directed antibodies in six randomized trials. Ann. Oncol. 2017, 28, 1713–1729. [Google Scholar] [CrossRef]

	



You, X.-H.; Jiang, Y.-H.; Fang, Z.; Sun, F.; Li, Y.; Wang, W.; Xia, Z.-J.; Wang, X.-Z.; Ying, H.-Q. Chemotherapy plus bevacizumab as an optimal first-line therapeutic treatment for patients with right-sided metastatic colon cancer: A meta-analysis of first-line clinical trials. ESMO Open 2020, 5, e000605. [Google Scholar] [CrossRef]

	



Law, P.J.; Timofeeva, M.; Fernandez-Rozadilla, C.; Broderick, P.; Studd, J.; Fernandez-Tajes, J.; Farrington, S.; Svinti, V.; Palles, C.; The PRACTICAL Consortium; et al. Association analyses identify 31 new risk loci for colorectal cancer susceptibility. Nat. Commun. 2019, 10, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Levine, A.J.; Puzio-Kuter, A.M. The Control of the Metabolic Switch in Cancers by Oncogenes and Tumor Suppressor Genes. Science 2010, 330, 1340–1344. [Google Scholar] [CrossRef] [PubMed]

	



Edge, S.B.; Compton, C.C. The American Joint Committee on Cancer: The 7th Edition of the AJCC Cancer Staging Manual and the Future of TNM. Ann. Surg. Oncol. 2010, 17, 1471–1474. [Google Scholar] [CrossRef] [PubMed]

	



Wei, C.-Y.; Yang, J.-H.; Yeh, E.-C.; Tsai, M.-F.; Kao, H.-J.; Lo, C.-Z.; Chang, L.-P.; Lin, W.-J.; Hsieh, F.-J.; Belsare, S.; et al. Genetic profiles of 103,106 individuals in the Taiwan Biobank provide insights into the health and history of Han Chinese. NPJ Genom. Med. 2021, 6, 1–10. [Google Scholar] [CrossRef]

	



Chen, C.-H.; Yang, J.-H.; Chiang, C.W.; Hsiung, C.-N.; Wu, P.-E.; Chang, L.-C.; Chu, H.-W.; Chang, J.; Song, I.W.; Yang, S.-L.; et al. Population structure of Han Chinese in the modern Taiwanese population based on 10,000 participants in the Taiwan Biobank project. Hum. Mol. Genet. 2016, 25, 5321–5331. [Google Scholar] [CrossRef]

	



Li, H. Aligning Sequence Reads, Clone Sequences and Assembly Contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997. [Google Scholar] [CrossRef]

	



McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 2010, 20, 1297–1303. [Google Scholar] [CrossRef]

	



Cibulskis, K.; Lawrence, M.S.; Carter, S.L.; Sivachenko, A.; Jaffe, D.B.; Sougnez, C.; Gabriel, S.B.; Meyerson, M.L.; Lander, E.S.; Getz, G. Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples. Nat. Biotechnol. 2013, 31, 213–219. [Google Scholar] [CrossRef]

	



Cortes-Ciriano, I.; Lee, S.; Park, W.-Y.; Kim, T.-M.; Park, P.J. A molecular portrait of microsatellite instability across multiple cancers. Nat. Commun. 2017, 8, 15180. [Google Scholar] [CrossRef] [PubMed]

	



Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.; Chmielecki, J.; et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational burden. Genome Med. 2017, 9, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Su, M.-W.; Chang, C.-K.; Lin, C.-W.; Ling, S.-J.; Hsiung, C.-N.; Chu, H.-W.; Wu, P.-E.; Shen, C.-Y. Blood multiomics reveal insights into population clusters with low prevalence of diabetes, dyslipidemia and hypertension. PLoS ONE 2020, 15, e0229922. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, D.; Deborde, C.; Lefebvre, M.; Maucourt, M.; Moing, A. NMRProcFlow: A graphical and interactive tool dedicated to 1D spectra processing for NMR-based metabolomics. Metabolomics 2017, 13, 36. [Google Scholar] [CrossRef]

	



Psychogios, N.; Hau, D.D.; Peng, J.; Guo, A.C.; Mandal, R.; Bouatra, S.; Sinelnikov, I.; Krishnamurthy, R.; Eisner, R.; Gautam, B.; et al. The Human Serum Metabolome. PLoS ONE 2011, 6, e16957. [Google Scholar] [CrossRef] [PubMed]

	



Rohart, F.; Le Cao, K.-A.; Gonzalez, I.; Dejean, S.; Abadi, A.J.; Gautier, B.; Bartolo, F.; Monget, P.; Coquery, J.; Yao, F.Z.; et al. mixOmics: Omics Data Integration Project. R Package Version 6.1.1. Available online: http://www.bioconductor.org/packages/release/bioc/html/mixOmics.html (accessed on 18 June 2021).

	



Chang, C.C.; Chow, C.C.; Tellier, L.C.A.M.; Vattikuti, S.; Purcell, S.M.; Lee, J.J. Software and supporting material for “Second-generation PLINK: Rising to the challenge of larger and richer datasets”. GigaSci. Database 2015. [Google Scholar] [CrossRef]

	



Raut, C.P.; Pawlik, T.M.; Rodriguez-Bigas, M.A. Clinicopathologic features in colorectal cancer patients with microsatellite instability. Mutat. Res. 2004, 568, 275–282. [Google Scholar] [CrossRef] [PubMed]

	



He, C.-Y.; Chen, L.-Z.; Wang, Z.-X.; Sun, L.-P.; Peng, J.-J.; Wu, M.-Q.; Wang, T.-M.; Li, Y.-Q.; Yang, X.-H.; Zhou, D.-L.; et al. Performance of common genetic variants in risk prediction for colorectal cancer in Chinese: A two-stage and multicenter study. Genomics 2021, 113, 867–873. [Google Scholar] [CrossRef]

	



Ma, R.; Jing, C.; Zhang, Y.; Cao, H.; Liu, S.; Wang, Z.; Chen, D.; Zhang, J.; Wu, Y.; Wu, J.; et al. The somatic mutation landscape of Chinese Colorectal Cancer. J. Cancer 2020, 11, 1038–1046. [Google Scholar] [CrossRef]

	



Liu, Z.; Yang, C.; Li, X.; Luo, W.; Roy, B.; Xiong, T.; Zhang, X.; Yang, H.; Wang, J.; Ye, Z.; et al. The landscape of somatic mutation in sporadic Chinese colorectal cancer. Oncotarget 2018, 9, 27412–27422. [Google Scholar] [CrossRef]

	



Nagahashi, M.; Wakai, T.; Shimada, Y.; Ichikawa, H.; Kameyama, H.; Kobayashi, T.; Sakata, J.; Yagi, R.; Sato, N.; Kitagawa, Y.; et al. Genomic landscape of colorectal cancer in Japan: Clinical implications of comprehensive genomic sequencing for precision medicine. Genome Med. 2016, 8, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Yanes, T.; McInerney-Leo, A.M.; Law, M.H.; Cummings, S. The emerging field of polygenic risk scores and perspective for use in clinical care. Hum. Mol. Genet. 2020, 29, R165–R176. [Google Scholar] [CrossRef] [PubMed]

	



He, P.; Lei, X.; Yuan, D.; Zhu, Z.; Huang, S. Accumulation of minor alleles and risk prediction in schizophrenia. Sci. Rep. 2017, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Bertini, I.; Cacciatore, S.; Jensen, B.V.; Schou, J.K.; Johansen, J.S.; Kruhøffer, M.; Luchinat, C.; Nielsen, D.L.; Turano, P. Metabolomic NMR Fingerprinting to Identify and Predict Survival of Patients with Metastatic Colorectal Cancer. Cancer Res. 2012, 72, 356–364. [Google Scholar] [CrossRef]

	



Strmiska, V.; Michalek, P.; Lackova, Z.; Guran, R.; Krizkova, S.; Vaníčková, L.; Zitka, O.; Stiborova, M.; Eckschlager, T.; Klejdus, B.; et al. Sarcosine is a prostate epigenetic modifier that elicits aberrant methylation patterns through the SAM e-Dnmts axis. Mol. Oncol. 2019, 13, 1002–1017. [Google Scholar] [CrossRef]

	



Shen, H.-Y.; Weltha, L.; Cook, J.M.; Gesese, R.; Omi, W.; Baer, S.B.; Rose, R.M.; Reemmer, J.; Boison, D. Sarcosine Suppresses Epileptogenesis in Rats With Effects on Hippocampal DNA Methylation. Front. Mol. Neurosci. 2020, 13. [Google Scholar] [CrossRef]

	



Pundir, C.S.; Deswal, R.; Kumar, P. Quantitative analysis of sarcosine with special emphasis on biosensors: A review. Biomarkers 2019, 24, 415–422. [Google Scholar] [CrossRef]

	



Cervena, K.; Siskova, A.; Buchler, T.; Vodicka, P.; Vymetalkova, V. Methylation-Based Therapies for Colorectal Cancer. Cells 2020, 9, 1540. [Google Scholar] [CrossRef]








[image: Cells 11 00527 g001 550] 





Figure 1. Genomic landscape of the Taiwanese CRC cohort. 
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Figure 2. Genetic comparison of the Taiwanese CRC cohort with the Caucasian cohort in the TCGA. (a) Co-bar plots of the mutational frequencies of genes in the two cohorts. (b) Somatic gene interactions in the Taiwanese cohort. (c) Somatic gene interactions in the Caucasian cohort. 
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Figure 3. Metabolomic profiling of LCRC and RCRC: (a) PLS-DA plot based on all spectral signals; (b) response operator curve differentiating between LCRC and RCRC based on all spectral signals; (c) box plot of the putative signal from sarcosine at 3.605 ppm. 
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Figure 4. (a) PRS values of patients with CRC and controls. (b) Correlation of PRS values and the age of onset of CRC. For the 467 CRC patients, the regression line slope is −0.0022 (p-value = 0.2). For the 1000 control samples, the regression line slope is −1 × 10−4 (p-value = 0.94). (c) PRS differences between LCRC and RCRC (Student’s t-test; p-value = 0.31). (d) PRS differences between CRC patients with wild-type KRAS and mutant KRAS (Student’s t-test; p-value = 0.008). 
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Table 1. Characteristics of the Taiwanese CRC cohort.
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LCRC

	
RCRC

	
Both

	
Total

	
p-Value




	

	
n = 80

	
n = 59

	
n = 2

	
n = 141

	






	
Age, Mean (SD)

	
63.1 (12.3)

	
68.5 (10.8)

	
57.5 (0.7)

	
65.2 (11.9)

	
<0.01




	
Gender, Male (%)

	
47 (58.8%)

	
30 (50.8%)

	
1 (50.0%)

	
78 (55.3%)

	




	
BMI, Mean (SD)

	
24.0 (3.9)

	
23.2 (3.6)

	
21.2 (0.2)

	
23.6 (3.8)

	




	
Grade, n (%)

	

	

	

	

	
<0.01




	
I Well differentiated

	
1 (1.2%)

	
4 (6.8%)

	
2 (100%)

	
7 (5.0%)

	




	
II Moderate differentiated

	
72 (90.0%)

	
44 (74.6%)

	
0 (0%)

	
116 (82.3%)

	




	
III Poorly differentiated

	
2 (2.5%)

	
9 (15.3%)

	
0 (0%)

	
11 (7.8%)

	




	
Stage, n (%)

	

	

	

	

	




	
I

	
7 (8.8%)

	
3 (5.1%)

	
0 (0%)

	
10 (7.1%)

	




	
II

	
23 (28.8%)

	
21 (35.6%)

	
1 (50%)

	
45 (31.9%)

	




	
III

	
34 (42.5%)

	
22 (37.3%)

	
1 (50%)

	
57 (40.4%)

	




	
IV

	
11 (13.8%)

	
4 (6.8%)

	
0 (0%)

	
15 (10.6%)

	




	
TMB, Mean (SD)

	
12.9 (48.2)

	
21.0 (52.8)

	
2.66 (0.44)

	
16.2 (49.8)

	




	
MSI, MSI.H (%)

	
1 (1.2%)

	
11 (18.6%)

	
0 (0%)

	
12 (8.5%)

	
<0.01








RCRC, right-sided CRC; LCRC, left-sided CRC; TMB, tumor mutational burden (per megabase); MSI, microsatellite instability. “Both” denotes tumor growth in both left and right sides of the colon.
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Table 2. Comparison of genetic mutation rates in LCRC and RCRC.
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Taiwanese Cohort

	
LCRC (n = 59)

	
RCRC (n = 35)






	
TNM stage

	
I + II (n = 26)

	
III + IV (n = 33)

	
overall

	
I + II (n = 16)

	
III + IV (n = 19)

	
overall




	
APC

	
54%

	
61%

	
58%

	
62%

	
76%

	
71%




	
TP53

	
38%

	
55%

	
47%

	
38%

	
53%

	
43%




	
KRAS

	
31%

	
36%

	
34%

	
6%

	
35%

	
20%




	
PIK3CA

	
23%

	
18%

	
20%

	
6%

	
12%

	
9%




	
TCGA Caucasian

	
LCRC (n = 67)

	
RCRC (n = 85)




	
TNM stage

	
I + II (n = 34)

	
III + IV (n = 33)

	

	
I + II (n = 48)

	
III + IV (n = 37)

	




	
APC

	
85%

	
91%

	
88%

	
71%

	
68%

	
69%




	
TP53

	
71%

	
85%

	
78%

	
46%

	
70%

	
57%




	
KRAS

	
44%

	
24%

	
34%

	
52%

	
54%

	
53%




	
PIK3CA

	
27%

	
6%

	
16%

	
38%

	
43%

	
40%








LCRC, left-sided CRC; RCRC, right-sided CRC; TCGA, The Cancer Genome Atlas.
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