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Objective

This study is aimed to develop multivariate prediction method in colorectal cancer (CRC) diagnosis.





Methodology

M3 gene expression was determined using Fecal DNA extraction kits and performed by qRT-PCR. Methylation-burden and KRAS-mutation were detected by using the corresponding kits. Receiver operating characteristic curve analysis and the area under the curve (AUC) was calculated to evaluate diagnostic performance using SPSS software.





Results

197 of CRC samples were enrolled to screen the best predictive combination among fecal immunochemical test (FIT), M3 expression and KRAS-mutation in feces, and Methylation-burden in blood. Single factor analysis showed that M3 expression showed the best diagnosis performance and fecal immunochemical test (FIT) showed the lowest AUC. Combination of two makers universally enhanced diagnostic performance, of which Methylation-burden and M3 alliance displayed the highest AUC value. Interestingly, combination of M3, Methylation-burden and KRAS-mutation reached the best performance for all patients (AUC: 0.920), especially for early CRC patients (AUC: 0.931), which possessed the same predictive efficiency with the combination of four factors.





Conclusion

Combined application of M3, Methylation-burden and KRAS-mutation might be the most reliable method for early CRC diagnosis.
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1 Introduction

Colorectal cancer ranks among the most prevalent malignant neoplasms (1, 2). According to the 2020 global cancer statistics, there were approximately 19.3 million new cancer cases and 9.9 million cancer-related deaths worldwide, with colorectal cancer being the third most common malignancy and the second leading cause of cancer-related mortality (3). Early detection and diagnosis are crucial for reducing the mortality of colorectal cancer (4). Currently, colonoscopy remains the gold standard for diagnosis of CRC, but its invasiveness and the complexity of bowel preparation are often deterrents for patients (5). To address these limitations, many patients are now interested in a two-step screening approach: first, a non-invasive fecal test, followed by a colonoscopy if the test is positive. However, non-invasive tests still often produce false positives for advanced adenomas and colorectal cancer. Therefore, the better non-invasive methods for early colorectal cancer diagnosis are needed.

Several diagnostic strategies for CRC have been widely developed, such as fecal immunochemical test (FIT), M3 gene from Lachnoclostridium and tumor methylation burden (6, 7). FIT has been widely used because it is not affected by the daily diet (8). Adjusting the Hb cut-off value of quantitative fecal immunochemical test (qFIT, measuring fecal hemoglobin levels) can help determine the need for colonoscopy and assess neoplasia risk. Although qFIT is commonly used for early screening, its low sensitivity is a major challenge in clinical practice (9). According to a recent study, CRC cells with genetic and epigenetic changes are shed into the stool and their DNA alterations can be detected, which may contribute to improve the detection sensitivity of FIT (10–12).

Besides, KRAS mutation mainly in Glycine 12 and 13 have been found in 30-40% CRC patients (13). Several researches have pointed that early development of CRC is closely associated with the methylation of promoter regions in CRC-related genes, such as NDRG Family Member 4 (NDRG4) (14). The detection of NDRG4 gene methylation in stool has also been proposed as a potential diagnostic biomarker for CRC screening (15). In fact, the detection rates for CRC and precancerous lesions were 31.86% and 33.80% respectively through colonoscopy following a positive multi-target stool FIT-DNA test, which is significantly elevated compared to 15.82% with colonoscopy alone. The combination of FIT and stool DNA testing has been widely applied in clinical early screening for CRC (16). Recently, metagenomic studies identified a novel fecal genetic marker, the M3 gene from Lachnoclostridium, which is significantly enriched in CRC and adenomas (17). The combination of the M3 gene with qFIT testing improves the diagnostic sensitivity for advanced adenomas (sensitivity: 56.8%; specificity: 79.6%) (17). However, whether the combination of the fecal M3 marker and multi-target stool FIT-DNA testing can achieve better sensitivity and specificity requires validation through large-scale clinical trials. Although a variety of prediction models have been designed to predict the prognosis and mortality of patients with CRC (18), a comprehensive prediction model trusted by most medical workers with several clinical indicators such as FIT, M3 and methylation to effectively predict the disease development of CRC patients is still needed at the present.

This study aims to evaluate various contemporary clinical diagnostic markers for colorectal cancer and employ multifactorial analysis to elucidate their significance in CRC diagnosis. By leveraging multiple models, the objective is to develop a more reliable diagnostic strategy.




2 Materials and methods



2.1 Patients, sampling and measurements

This project collected 197 patients from Beijing Electric Power Hospital, Shanghai Electric Power Hospital, and Shandong Electric Power Hospital from the start of the project until six months before the project’s conclusion (30 August 2022 to 31 July 2024). The sample size was determined by G-power analysis. All experiments were approved by medical ethics committee of Capital Medical University Electric Power Teaching Hospital (2022083010101). All enrolled participants must undergo a colonoscopy within one week after completing two qFIT tests. The inclusion criteria were (1) asymptomatic people aged 45–75 years who were enrolled in the program for physical examination, (2) FIT positive with a cut-off value of 20 μg hemoglobin per gram stool (g), (3) participants who were willing to undergo colonoscopy. The exclusion criteria were (1) use of antibiotics within the past 3 months, (2) on a vegetarian diet, (3) had an invasive medical intervention within the past 3 months and (4) had a history of other types of cancer. Detailed records of all enrolled patients’ basic clinical information will be maintained, including age, gender, smoking history, pathological examination results, complete blood count data, and other relevant pathological findings (Table 1). The workflow was shown as follows (Figure 1).


Table 1 | Clinical characteristics of the enrolled subjects.
	Characteristic
	Number
	%



	Gender


	Female
	79 (79/197)
	40.1%


	Male
	118 (118/197)
	59.9%


	Age


	<60
	83 (83/197)
	42.1%


	≥60
	114 (114/197)
	57.9%


	Patients


	Tumor
	121 (121/197)
	61.4%


	Normal
	76 (76/197)
	38.6%


	FIT


	<2
	157 (157/197)
	79.7%


	≥2
	40 (40/197)
	20.3%


	KRAS mutation


	Positive
	63 (63/197)
	32.0%


	Negative
	134 (134/197)
	68.0%


	M3 (△ct)


	<15.22
	64 (64/197)
	32.5%


	15.22~20.03
	54 (54/197)
	27.4%


	>20.03
	79 (79/197)
	40.1%


	Methylation


	Positive
	83 (83/197)
	42.1%


	Negative
	114 (114/197)
	57.9%







[image: Flowchart illustrating the process of patient recruitment and sample analysis. 197 cases enrolled lead to the preparation of fecal and serum samples. Fecal DNA is extracted for qFIT detection, KRAS mutation detection, and M3 gene expression detection. Serum DNA is used for methylation analysis. Outcomes include combinations of KRAS and qFIT, M3 and qFIT, and methylation and qFIT.]
Figure 1 | Workflow of this study.




2.2 Fecal DNA extraction

After obtaining the fecal samples, a portion of the frozen samples is homogenized and centrifuged at 14,000 g for 5 minutes at room temperature using the NucleoSpin Soil Kit (Machery-Nagel GmbH & Co., Düren, Germany). The supernatant is used as the source for mt-sDNA. Genomic DNA was isolated and extracted from the fecal samples using the QIAamp DNA Stool Mini Kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany). DNA concentration was measured with a NANO DROP 2000, and samples with concentrations below 10 ng/μl or OD260/OD280 ratios outside the range of 1.8–2.2 are re-extracted. All extracts were stored at −20°C until PCR amplification.




2.3 FIT test

FIT testing is performed using the Fujirebio quantitative fecal occult blood analyzer according to the manufacturer’s instructions. DNA from each fecal sample is sent in batches to separate laboratories for blinded analysis. The operators conducting the FIT tests have experience with at least 1,000 samples and remain blinded to other study-related results. Fecal samples with hemoglobin levels exceeding 100 ng/ml of buffer (or 20 μg hemoglobin per g of feces) are classified as positive. 100 ng/ml of buffer (or 20 μg hemoglobin per g of feces) were classified as positive. All enrolled samples undergo hemoglobin threshold classification, with thresholds set at 10 ng/ml, 50 ng/ml, 100 ng/ml, 200 ng/ml, and 400 ng/ml. 100 ng/ml was set as the final cutoff to determine a positive criterion.




2.4 Colonoscopy

The colonoscopy was performed by an experienced endoscopist, who examined the entire colon up to the cecum with an adequate withdrawal time. Both the pathologist and endoscopist were blinded to the qFIT results and study objectives. Adenomas were evaluated based on tumor number, size, and location: the right colon included the cecum, ascending colon, and proximal two-thirds of the transverse colon, while the left colon comprised the distal third of the transverse colon, descending colon, sigmoid colon, and rectum. Colonoscopy results with colitis, hyperplastic polyps, non-bleeding hemorrhoids, or diverticulosis were considered negative. Based on the colonoscopy findings, samples were classified as non-adenomatous polyps, other lesions, non-advanced adenomas, advanced adenomas, colorectal cancer, or advanced colorectal cancer.




2.5 KRAS mutation detection

Specifically, a KRAS mutation detection kit (PCR-capillary electrophoresis) was used to detect KRAS mutation using stool-based DNA, targeting common mutations such as Gly12Asp, Gly12Val, Gly12Ser, Gly12Cys, Gly12Ala, Gly12Arg, and Gly13Asp. The target gene was amplified via fluorescent quantitative PCR, and KRAS mutation status was determined using a capillary electrophoresis device (Yuewei). The PCR conditions were as follows: pre-denaturation at 95°C for 3 minutes (1 cycle), denaturation at 94°C for 15 seconds, followed by annealing and extension at 60°C for 45 seconds (45 cycles). The results were analyzed by the study’s biostatistician.




2.6 M3 detection

Fecal samples in patients were collected and stored in -20°C followed by DNA extraction. Then, specific primers targeting M3 were designed and used for qPCR amplification. The primer sequences were as followings: Forward, 5’-AATGGGAATGGAGCGGATTC-3’; Reverse, 5’-CCTGCACCAGCTTATCGTCAA-3’. After normalization with the ACTB gene, M3 expression pattern was trisected equally into three parts based on the ΔCT value (high expression: <15.22, moderate expression: 15.22 - 20.03, and low expression: >20.03). Relative mRNA levels of the target genes were calculated using the 2−ΔΔCT method.




2.7 Methylation detection

Stool-based DNA was used to detected methylation burden of SDC2 gene using methylation-specific PCR. DNA extraction and bisulfite conversion were performed according to the manufacturer’s protocol. PCR was then used to detect methylation-specific fragments, with the internal control gene ACTB utilized to assess the adequacy of DNA quantity in the samples. Methylation-specific real-time PCR amplification was conducted on an ABI 7500 real-time PCR system (Thermo Fisher Scientific, MA, USA). The PCR protocol consisted of an initial denaturation at 94°C for 20 minutes, followed by 45 cycles at 62°C for 5 seconds, 55.5°C for 35 seconds, 93°C for 30 seconds, and a final extension at 40°C for 5 seconds. Positive and negative controls were included in each reaction to quantify the methylation burden. Methylation results were interpreted strictly in accordance with the manufacturer’s guidelines.




2.8 Statistical analysis

A receiver operating characteristic (ROC) curve analysis was conducted, and the area under the curve (AUC) was calculated to evaluate diagnostic performance. A 95% confidence interval for the AUC was estimated using a nonparametric approach. All statistical analyses were carried out using IBM SPSS Statistics version 23. P<0.05 was defined as the statistically significant differences.





3 Results



3.1 Diagnostic accuracy of single biomarkers

This study enrolled a total of 197 patients, consisting of 121 tumor cases and 76 normal cases. Four biomarkers were evaluated and analyzed: FIT, KRAS mutation, m3 and Methylation, the most recognized standard in clinical CRC diagnosis. In the results, there were 40 FIT positive patients, accounting for 20.3%. The diagnostic performance was demonstrated for FIT with AUC value 0.59 in all patients, 0.579 in patients with early CRC (Stage I, no significant) and 0.621 in patients with advanced CRC (Stage II/III) (Figures 2A–C). The incidence of KRAS mutation in CRC patients was also detected and 63 cases accounting for 32% were positive, including G12C+, G12V+ and G13D+ as the most common. AUC value with ROC curves for KRAS was 0.643 in all patients, 0.649 in patients with early CRC (Stage I) and 0.625 in patients with advanced CRC (Stage II/III) (Figures 2D–F). Moreover, m3 bacterial genes were also evaluated in all these patients. The results showed that high levels of m3 were observed in 64 cases with △ct values of amplified m3 gene lower than 15.22, 54 cases interposed between 15.22 and 20.03 and △ct values of m3 gene in 79 cases were above 20.3, indicating the lower expression of m3 gene. The diagnosis performance for m3 was 0.824 in all patients, 0.823 in patients with early CRC (Stage I) and 0.825 in patients with advanced CRC (Stage II/III) (Figures 2G–I). Furthermore, 83 cases were detected with DNA methylation, and the AUC value for methylation was 0.778 in all patients, 0.779 in patients with early CRC (Stage I) and 0.776 in patients with advanced CRC (Stage II/III) (Figures 2J–L). From evidence above, it was found that m3 showed the highest diagnosed performance among these four indicators while FIT exhibited the worst performance with AUC value lower than 0.6.

[image: Twelve ROC curves depict diagnostic tests for different methods: FIT, KRAS, m3, and Methylation. Each method is analyzed for all stages, Stage I, and Stage II/III, showing varying AUC values and p-values. Sensitivity versus 1-Specificity is plotted, with the diagonal representing a random classifier. AUC values range from 0.590 to 0.825, indicating model performance, with higher values for m3 and Methylation. P-values indicate statistical significance, with lower values suggesting stronger evidence against the null hypothesis.]
Figure 2 | Diagnostic accuracy of single biomarkers. Diagnostic accuracy of FIT (A-C), KRAS (D-F), m3 (G-I) and Methylation (J-L) for all CRC patient diagnosis, and for early or advanced CRC diagnosis, which were displayed with ROC curve.




3.2 Diagnostic accuracy of random combinations of two variables

Next, the diagnosis performance of random combination of two variables were evaluated. As shown in Figure 3, it could be found that two indicators combination mostly showed better predictive performance than a single biomarker. The combination of FIT and KRAS demonstrated the lowest AUC value 0.699 in all patients, which was 0.696 in patients with early CRC and 0.719 in patients with advanced CRC (Figures 3A–C). Thus, the combination of FIT and KRAS were more suitable for patients with advanced CRC. Notably, the combination of FIT and m3 made no enhancement on the diagnosis performance with AUC value 0.824 equal to single m3 diagnosis (Figure 3D versus Figure 2G), and the diagnosis performance was 0.823 in patients with early CRC and 0.825 in patients with advanced CRC (Figures 3E, F). Once combined KRAS with m3, the AUC values elevated from 0.824 to 0.866 in all patients, which was 0.878 in patients with early CRC and 0.825 in patients with advanced CRC (Figures 3G–I), indicating that the combination of m3 and KRAS were more suitable for patients with early CRC. When combined methylation with FIT, KRAS and m3, respectively, the AUC values were 0.803, 0.824 and 0.903 in all patients (Figures 3J, M, P), respectively; For stage I CRC, the values were 0.779, 0.829 and 0.909 (Figures 3K, N, Q), which were 0.814, 0.811 and 0.886 in advanced CRC once combined methylation with FIT, KRAS and m3 (Figures 3L, O, R). Taken together, the combination of Methylation and m3 showed the highest AUC value for early CRC patients and advanced CRC patients, combinational marker for diagnosis showed better performance than single marker.

[image: Multiple ROC curves display the diagnostic performance of different biomarker combinations across various cancer stages. Each panel, labeled A to R, shows sensitivity versus 1-specificity, with results for combinations like FIT+KRAS and Methylation+M3. AUC values range from 0.699 to 0.909, indicating diagnostic accuracy, with p-values less than 0.001.]
Figure 3 | Diagnostic performance of random combinations of two variables, ranged by ROC. Diagnostic performance of the combination of (A-C) FIT and KRAS, (D-F) FIT and m3, (G-I) KRAS and m3, (J-L) Methylation and FIT, (M-O) Methylation and KRAS, (P-R) Methylation and m3 for all CRC patient diagnosis, and for early or advanced CRC diagnosis, which were displayed with ROC curve.




3.3 Diagnostic accuracy of random combinations of three variables

Then, ROC analysis was performed with random integration of three variables. As observed, AUC value of the model of FIT, KRAS and M3 integration was 0.864 in all patients, exhibiting no improvement over the AUC value compared to KRAS and M3 combination; AUC value of the model of FIT, KRAS and M3 integration was 0.878 in early CRC and 0.825 in advanced CRC (Figures 4A–C). Besides, it was shown that FIT, KRAS and methylation combination showed slight enhancement on the diagnosis performance with AUC value 0.841 compared to the combination of any two variables between them, which was 0.829 in early CRC and 0.842 in advanced CRC (Figures 4D–F). Interestingly, the combination of FIT, M3 and Methylation combination showed a higher AUC value (0.901) than the groups of FIT plus M3 or FIT plus methylation, while lower than the combination of M3 plus methylation (Figures 3, 4G); the combination of FIT, M3 and Methylation combination showed the AUC value 0.909 in early CRC and 0.886 in advanced CRC (Figures 4H, I). Noteworthy, KRAS, M3 and Methylation combination possessed the most predictive ability with AUC value elevated to 0.920 (Confidence Interval: 0.881-0.960), which were better than any pairwise combinations (Figure 4J); and this combination harbored the highest AUC value 0.931 in early CRC and 0.886 in advanced CRC (Figures 4K, L). It could be found from the results that the model of KRAS, M3 and methylation integration showed the most potential predictive ability for early CRC diagnosis.

[image: Twelve ROC curves compare the diagnostic performance of various biomarker combinations. Graphs A to C show FIT plus KRAS plus M3; D to F show FIT plus KRAS plus Methylation; G to I show FIT plus M3 plus Methylation; and J to L show KRAS plus M3 plus Methylation. Each grouping tests three conditions: all, Stage I, and Stage II/III. All curves have AUC values above 0.8, indicating strong predictive power.]
Figure 4 | Diagnostic accuracy of random combinations of three variables presented by ROC curve. Diagnostic performance of the combination of (A-C) FIT, KRAS and m3 combination, (D-F) FIT, KRAS and Methylation combination, (G-I) FIT, m3 and Methylation combination, and (J-L) KRAS, m3 and Methylation combination for all CRC patient diagnosis, and for early or advanced CRC diagnosis, which were displayed with ROC curve.




3.4 Diagnostic accuracy of the overall combination of the four variables

Subsequently, the four indicators were combined to evaluate AUC value from the ROC curve, and the result showed AUC value was 0.920 (Confidence Interval: 0.880-0.960), making no evident alteration comparing to the model established with KRAS, M3 and Methylation combination, indicating that FIT might make no significant contribution to diagnosis performance when KRAS, M3 and Methylation were used to predict CRC (Figure 5A); The combination of four indicators showed the highest AUC value 0.931 in early CRC and 0.886 in advanced CRC (Figures 5B, C). Taking into account that a smaller AUC confidence interval indicated more credible of the AUC value, the combination of KRAS, M3 and Methylation presented a better predictive efficiency than the combination of four factors. In addition to that, the combination of three indicators was suitable for CRC diagnosis in view of the clinical timeliness.

[image: Three ROC curves titled “FIT+KRAS+M3+Methylation” for different cancer stages. Chart A shows all stages with an AUC of 0.920. Chart B shows Stage I with an AUC of 0.931. Chart C shows Stage II/III with an AUC of 0.886. All have p-values less than 0.001.]
Figure 5 | ROC curve was used to show the diagnostic performance with the overall combination of the four variables. (A) Diagnostic performance of the combination of FIT, KRAS, m3 and methylation for all CRC patient diagnosis. (B) Diagnostic performance of the combination of FIT, KRAS, m3 and methylation for early CRC patient diagnosis. (C) Diagnostic performance of the combination of FIT, KRAS, m3 and methylation for advanced CRC patient diagnosis.





4 Discussion

Screening, early diagnosis, and treatment have been validated as effective strategies for reducing the incidence and mortality of colorectal cancer (19). Colonoscopy combined with pathological examination remains the gold standard for colorectal cancer screening (20). However, due to its invasive nature, high cost, and the requirement for professional endoscopists, it is not feasible for large-scale population screening (21). Various diagnostic methods for colorectal cancer, such as FIT, are currently available, yet their effectiveness and specificity are limited (22). Multivariable approaches represent a promising strategy to enhance the performance of cancer risk assessment diagnostic tools and have received FDA approval (23). Multitarget stool DNA tests (Mt-sDNA) are an FDA approved, noninvasive, high-sensitivity CRC screening strategy (Cologuard). Although Mt-sDNA has documented superior sensitivity for CRC, high grade dysplasia, advanced adenoma, and sessile serrated adenoma/polyps compared to FIT alone, albeit with somewhat lower specificity (22, 24). This study focuses on colorectal cancer patients and employs multivariate analysis to elucidate the specificity and sensitivity of common diagnostic methods, including FIT, KRAS mutation, M3 and Methylation, thereby providing a reference for clinical screening and diagnosis of colorectal cancer.

FIT is one of the screening technologies recommended by international authoritative colorectal cancer screening guidelines (25). By detecting hidden blood in stool, it has been widely used in colorectal cancer screening programs worldwide (26). However, its sensitivity for small polyps is only 7.6%, even the latest stool DNA tests have a sensitivity of only 17.2% for small polyps (22). In our results, we found that the diagnostic performance of FIT was not as prominent compared to other indicators. A mutation in the KRAS gene, occurring early in cancer development, is recognized as a driver mutation (27). KRAS mutations are present in approximately 40-45% of colorectal cancer patients, with the most frequent mutations being G12V+, G12D+, G14D+, G12C+, and G12A+ (28). Advancements in point mutation detection technology have enhanced the analysis of biopsy specimens and enabled the evaluation of ctDNA in plasma and serum. These developments permit the early and precise detection of KRAS mutations in colorectal cancer patients (29). Due to the presence of KRAS mutations, this group of CRC patients requires more precise and personalized treatment (30). In our results, the diagnostic performance of KRAS mutation for colorectal cancer was also significant. M3 is the world’s first non-invasive colorectal cancer risk detection method capable of detecting both large and small polyps (17). It has a sensitivity and specificity of 94% and 85%, respectively, comparable to colonoscopy (31). In our results, M3 showed the best diagnostic performance in both early and advanced CRC patients compared to other indicators.

In clinical, combinations of two or more biomarkers are frequently used to enhance the accuracy and efficiency of disease diagnosis (32). Previous studies have reported that the combined use of blood markers outperforms single biomarkers for the clinical diagnosis of CRC (23). In our study, any two markers combination showed better diagnosis performances than single markers. Notably, our results indicated that the combination of all four markers did not significantly enhance diagnostic performance compared to the combination of KRAS, M3, and Methylation alone, suggesting that the combination of KRAS, M3, and Methylation might be the most effective strategy for CRC diagnosis, especially for early CRC patients.

However, this study also had some limitations. First, given that the study population was from a single region, the model lacked generalizability. Second, no validation model was constructed, and more clinical samples needed to be collected for biomarker validation. Thirdly, more clinical experiments needed to be included for verification of this combination. Fourthly, sample size and potential bias in patient selection should be further analyzed, and this findings in this study need for validation in prospective cohorts. Finally, some factors encountered during the practical implementation (including cost, scalability and turnaround time) should be considered and compared with the existing commercial tests (Cologuard combined with FIT and DNA methylation).




5 Conclusion

In summary, combination of four CRC diagnosis markers-FIT, KRAS, M3 and methylation showed enhanced diagnosis accuracy compared to univariate markers. KRAS, M3, and methylation integration exhibited the best diagnosis performance and have the potential to serve as decision-support tools in CRC diagnostic. Nevertheless, additional large-scale studies are required to validate the clinical utility of the developed diagnostic platform.
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