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    Abstract
In Taiwan, colorectal cancer (CRC) is the second most common cancer and the cancer with the third highest mortality rate. This may be because of the difficulty of detecting the disease in the early stages, as well as the fact that colonoscopy, a typical method used in screening for CRC, causes discomfort to the recipient and is prone to technical interference. For the earlier detection of CRC, finding an easier screening method with a simpler collection procedure is essential. Thus, in the present study, plasma samples from patients with CRC were analyzed to determine the extent of methylation in SHISA3 DNA. Studies have suggested that SHISA3, a newly identified tumor suppressor, can regulate tumor growth, and that the inactivation of its DNA can be traced to epigenomic alterations in CRC. Another study reported the presence of hypermethylated SHISA3 DNA in CRC biopsy specimens. In the present study, the plasma of 30 patients with CRC and nine healthy controls was collected and analyzed for the concentration of cell-free DNA through bisulfite sequencing. The methylation rates were determined. Our results have shown that an increasing amount of cell-free DNA in the group of CRC patient's plasma compared to the healthy group. Moreover, patients with later stages of CRC had higher concentrations of cell-free DNA. Notably, the methylation rate of SHISA3 was higher in the plasma of the CRC group than in that of the healthy group. The results indicated that the presence of tumor cells does not reduce the degree of SHISA3 DNA in the peripheral blood of patients with CRC. In other words, the hypermethylation of SHISA3, which inactivates the gene, is a potential cause of tumorigenesis. Furthermore, the methylation rate of SHISA3 DNA was higher in the plasma of patients with stage II CRC than in that of those with stage I CRC. In conclusion, the combination of conventional testing and screening for SHISA3 hypermethylation in plasma could improve the rate at which CRC is detected.
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    Introduction


    According to the World Health Organization, colorectal cancer (CRC) was the third and second leading cause of cancer incidence and mortality, respectively, in 2018.[bookmark: ft1][1] In Taiwan, CRC is the most common cancer in men and the second most common cancer in women.[bookmark: ft2][2] The fecal occult blood test (FOBT), the main method by which CRC is screened in Taiwan, can be divided into two methods: the immunochemical FOBT and the guaiac FOBT. With both tests, the false-negative rate is always increased by variations in patients' dietary habits, as well as the amount of the samples and the conditions in which they are stored.[bookmark: ft3][3],[bookmark: ft4][4],[bookmark: ft5][5] Notably, the results of colonoscopy, a test for CRC typically administered after FOBT, are prone to interference from the operating technicians and patient pretreatment. Moreover, the discomfort that follows colonoscopy causes patients to fear the procedure. Therefore, to mitigate CRC morbidity and mortality, finding an easier screening approach with high specificity is essential.


    CRC is characterized by genomic and epigenomic alterations that lead to the deregulation of cancer-related genes. For example, oncogenes and tumor-suppressor genes can become activated and inactivated, respectively.[bookmark: ft6][6],[bookmark: ft7][7],[bookmark: ft8][8] One study indicated that the SHISA3 gene, a newly identified tumor suppressor, inhibits the invasion, migration, proliferation, and anchorage-independent growth of lung adenocarcinoma cells in mice.[bookmark: ft9][9] A follow-up study found that the SHISA3 gene plays critical roles in tumor progression in various cancers, including laryngeal squamous cell carcinoma and CRC.[bookmark: ft10][10],[bookmark: ft11][11] These studies have established that the inactivation of the gene is mainly caused by the epigenetic changes. In CRC, the hypermethylation of this gene leads to increased cell invasion and migration, further exacerbating tumor progression.[bookmark: ft11][11]


    Shisa is a transmembrane, transcription factor type protein that physically interacts with immature forms of the Frizzled receptors for Wnt ligands and fibroblast growth factor (FGF) receptors within the endoplasmic reticulum to inhibit their posttranslation maturation and trafficking to the cell surface.[bookmark: ft12][12],[bookmark: ft13][13],[bookmark: ft14][14],[bookmark: ft15][15],[bookmark: ft16][16] Xenopus Shisa, the founding member of the Shisa family, promotes head development by suppressing Wnt and FGF signaling.[bookmark: ft16][16] Several vertebrate homologues have been identified to play oncogenic and apoptotic roles.[bookmark: ft13][13],[bookmark: ft14][14],[bookmark: ft17][17],[bookmark: ft18][18],[bookmark: ft19][19],[bookmark: ft20][20],[bookmark: ft21][21] Shisa 3 protein inhibits tumorigenesis and metastasis in lung cancer by accelerating the degradation of β-catenin and thus counter-regulating the Wnt signaling pathway.[bookmark: ft9][9] A study demonstrated that hypermethylation contributes to SHISA3 inactivation, which occurs in the vast majority of CRC tumors. Thus, SHISA3 hypermethylation constitutes a potential diagnostic indicator for risk stratification. As such, it serves as a potential reference in the development of the optimal therapeutic intervention for patients with CRC.[bookmark: ft11][11]


    In the present study, to identify a biomarker for CRC that was much more convenient and accurate than existing ones, we assessed the presence of SHISA3 in the plasma of patients with CRC and determined the methylation rates. Correlations between cell-free methylation of SHISA3 DNA and CRC progression were observed. The clinical relevance of the findings to future research was also discussed.


    Materials and Methods


    Specimen collection


    The participants in the CRC group, who comprised 30 individuals with sporadic CRC, were enrolled between January 2019 and April 2020. The present study was conducted at the Neihu Branch of the Tri-Service General Hospital, Taipei, and the protocol was approved by the ethics committee of the same hospital (TSGHIRB No.: 2-108-05-023) [Table - 1]. All the participants received surgery for histologically verified colorectal adenocarcinoma without prior chemotherapy or radiotherapy. Peripheral blood samples were taken following surgical resection. Subsequently, the plasma was collected for DNA extraction, bisulfite conversion, and bisulfite sequencing polymerase chain reaction (PCR).
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        	Table 1: SHISA3 methylation with clinicopathological characteristics of patients with colorectal cancer
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    The healthy group comprised nine individuals whose colonoscopy, iFOBT, and physical examination results were normal and who had never received a carcinoma diagnosis. Peripheral blood samples were taken and collected for DNA extraction, bisulfite conversion, and bisulfite sequencing PCR (BSP). The plasma and the buffy coat were immediately isolated from the samples following collection before storage in a frost-free freezer at −80°C until use.


    DNA extraction


    Whole blood samples were collected using ethylenediaminetetraacetic acid tubes. Genomic DNA was isolated from the plasma and buffy coat using a commercially available DNA extraction kit (QIAamp DNA Blood Mini Kit, QIAGEN GmbH, Hilden, Germany). Subsequently, the quality of nucleic acid was determined by measuring the absorbance of ultraviolet light, and the extracted DNA was resuspended in 10 mM Tris (pH 8.0–9.0) with a 260/280 nm ratio between 1.60 and 1.90. It was then stored in a frost-free freezer at −80°C until use.


    Bisulfite conversion of genomic DNA


    Complete bisulfite conversion of DNA was performed using an EZ DNA methylation kit (Zymo Research, Freiburg im Breisgau, Germany); 2 μg of genomic DNA was used in one conversion reaction (the conversion efficiency ≥ 99%).[bookmark: ft22][22] The converted DNA was then stored in a frost-free freezer at −80°C until use.


    Methylation analysis by bisulfite pyrosequencing


    The template for the pyrosequencing assay was 20 ng of bisulfite-treated DNA. The PCR and sequencing primers were designed using PyroMark Assay Design Software (version 2.0; Qiagen, Hilden, Germany). PCR was performed using the designed primer (forward: GGAGGATGTATAGATTTAGGTAGGT, reverse: Biotin-CACCCACTCATCCCTTAATTCC) under the following cycling conditions: 10 min at 95°C, followed by 50 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C, respectively, and then 10 min at 72°C. To assess the specificity of the PCR assay, 5 μL of the PCR products was subjected to electrophoresis. PCR bands were evaluated semi-quantitatively by using ImageJ (version 1.53; Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). Next, 10–20 μL of PCR product and 2 μL of streptavidin-coated Sepharose beads (Streptavidin Sepharose High Performance; GE Healthcare) and the Biotage PyroMark Q24 Vacuum Workstation (Biotage Inc., Uppsala, Sweden) were used to synthesize the single-strand DNA. The single-strand DNA was then conjugated to 0.3 μM SHISA3 sequencing primer (ATGTATAGATTTAGGTAGGTT). The conjugated product was subjected to quantitative pyrosequencing analysis using the PyroMark Q24 system (Biotage Inc., Uppsala, Sweden). PyroMark Q24 software was used to measure the methylation frequencies of five consecutive CpG sites and provide internal controls for the assessment of bisulfite conversion efficiency in each assay. The methylation level of the SHISA3 gene for the individual samples was presented as the mean methylation percentage of the five CpG sites.


    Statistical analysis


    All analyses were performed using GraphPad Prism software (version 7; GraphPad Software, Inc., San Diego, CA, USA). Group comparisons were made using the two-tailed student's t-test or one-way analysis of variance, and a P ≤ 0.05 was considered statistically significant. Receiver-operating characteristic (ROC) curve analysis was used to determine the validity parameters and set the optimal cutoff values for the quantitative variables in the prediction of a CRC diagnosis.


    Results


    Increase in the concentration of cell-free DNA in the plasma of the colorectal cancer group with tumor progression


    Overall, the concentration of cell-free DNA, which was isolated from the plasma from the participants' blood samples, was higher in the CRC group (6.65 ng/mL) than in the healthy group [Figure - 1]. Using the classification system of the American Joint Committee on Cancer (AJCC), the participants in the CRC group were divided into four subgroups: stage I, II, III, and IV, respectively. The cell-free DNA concentration in early-stage CRC, that is, stages I and II was 9.83 and 8.81 ng/mL, respectively. The concentration in late-stage CRC, that is, stages III and IV was 10.09 and 55.69 ng/mL, respectively. Especially, there was a significant increase in the plasma of the patients at stage IV [Figure - 1].
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        	Figure 1: Cell-free DNA concentration in the plasma of patients with colorectal cancer of different stages. The cfDNA concentration in the healthy group was 6.65 ng/mL. Using the classification system of American Joint Committee on Cancer, the participants in the colorectal cancer group were divided into four subgroups (for colorectal cancer of stages I–IV), the cfDNA concentration of which was 9.83, 8.81, 10.09, and 55.69 ng/mL, respectively. The concentration increased gradually with tumor progression. All values displayed are means ± standard deviation. The difference of colorectal cancer groups was compared with the control group and analyzed using ANOVA. **P < 0.01, ns P > 0.05.
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    Electrophoresis was used to determine the presence of the SHISA3 gene in the plasma samples and PCR bands were evaluated semi-quantitatively by Image J. SHISA3 expression was restored in the plasma of the CRC (1.14 ± 0.21) and healthy participants (1.17 ± 0.22) [Figure - 2]a and [Figure - 2]b. No differences in the status of SHISA3 gene were noted between the both groups [Figure - 2]b. The data suggested that the inactivation of SHISA3 is not caused by its silencing. Notably, SHISA3 was expressed in the cell-free DNA of participants in both groups.
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        	Figure 2: Semi-quantitative polymerase chain reaction analysis of SHISA3 DNA in the plasma samples. (a) Agarose gel electrophoresis of polymerase chain reaction products. (b) Relative SHISA3 DNA levels were measured by the quantification of polymerase chain reaction band intensities using ImageJ v1.53 software. Fold change of SHISA3 DNA normalized to β-actin (= 1.0). All values displayed are means ± standard deviations. The difference of colorectal cancer groups was compared with the control group and analyzed by ANOVA. ns P > 0.05.
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    Methylation of the SHISA3 gene at individual CpG sites in the plasma samples


    Relevant study has analyzed the distribution of CpG islands in a region of −1 to +1 kb relative to the transcription start site of SHISA3. Four regions were amplified in the present study. In the patients with CRC, the region defined as BSP4, which contained 24 CpG sites, exhibited considerable hypermethylation. To determine the specific rates of DNA methylation, we performed a bisulfite pyrosequencing assay at these five CpG sites [Figure - 3]. In the healthy group, the mean rate was 4.69% (range 3.4%–5.6%). Mean rates in the participants with stage I, stage II, stage III, and stage IV CRC were 4.78% (range 3.4%–6.8%), 5.96% (range 4.0%–12.2%), 7.02% (range 2.8%–30.2%), and 5.3% (range 4.2%–6.2%), respectively [Figure - 3]. No significant between stage differences were observed. However, the methylation rate appeared to increase with tumor progression.
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        	Figure 3: Quantitative analysis of the methylation concentration of SHISA3 DNA in the plasma samples was performed using bisulfite pyrosequencing. In the healthy group, the methylation rate was 4.69%. In the participants with stage I and stage II colorectal cancer, the corresponding rates were 4.78% and 5.96%, respectively. In those with stage III and stage IV colorectal cancer, the corresponding rates were 7.02% and 5.2%, respectively. Data are presented as means and standard deviations. ns P > 0.05.
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    To identify the correlations between SHISA3 methylation and CRC progression, we determined the methylation rate at each of the five CpG sites. In contrast with the tumor biopsy shown before,[bookmark: ft23][23] the methylation rates in the five CpG sites were <10% in the plasma of the participants in both groups. However, in the plasma of 30 patients with CRC (range 3.23%–8.7%), the methylation rates in CpG sites 12–16 were slightly higher compared with those in the plasma of the healthy participants (range 1.89%–7.56%) [Figure - 4].
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        	Figure 4: SHISA3 methylation was detected at CpG sites 12–16 in the defined region. The methylation rate in the plasma samples was <10% for both groups. No significant between-group differences were observed. Data are presented as means and standard deviations. ns P > 0.05.
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    To compare the methylation rates at individual CpG sites in patients with different stages of CRC, further analysis was performed using the AJCC classification system [Figure - 5]. The mean methylation rates at CpG site 12 in patients with stage I, II, III, and IV CRC were 5.34%, 6.9%, 8.1%, and 5% (range 3%–8%, 3%–13%, 4%–31%, and 4%–6%), respectively. The corresponding rates at site 13 were 7.38%, 9.3%, 9.3%, and 8% (range: 6%–11%, 6%–15%, 3%–32%, and 7%–9%), respectively. At site 14, the corresponding rates were 5.88%, 6.2%, 7.6%, and 7.5% (range 4%–8%, 4%–13%, 4%–31%, and 5%–10%), respectively. At sites 15 and 16, the mean methylation rate was < 6% (range 2%–5.7%). The methylation rates in the plasma of the healthy participants at sites 12–16 were 6.44%, 7.5%, 4.8%, 1.9%, and 2.8% (range 4%–8%, 7%–9%, 1%–6%, 1%–3%, and 2%–4%), respectively. Overall, the methylation rates at sites 12–14 were higher than those at sites 15 and 16. Notably, although no significant between-stage differences were observed, the methylation rate increased with tumor development.
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        	Figure 5: Comparison of SHISA3 gene methylation at CpG sites 12–16 in the defined region for patients with different stages of colorectal cancer. The methylation rate at individual CpG sites was < 10% in both the healthy group and the colorectal cancer group (regardless of stage). No significant between-group differences were observed (P > 0.05). However, the methylation rate, except that in the patients with stage IV colorectal cancer, increased with tumor growth. Data are presented as means and standard deviations. ns: Nonsignificant.
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    ROC curve analysis of SHISA3 DNA hypermethylation in blood samples as an indicator of colorectal cancer


    To assess the diagnostic value of the proposed biomarker, the methylation of SHISA3 DNA in blood samples, nonparametric receiver operating characteristic (ROC) curves were generated by plotting the sensitivity versus 1 minus the specificity [Figure - 6]. The ROC curve analysis revealed that the area under the ROC curve (AUC) was 0.51 (standard error = 0.103 and 99% confidence interval 0.24–0.77). The AUC of 0.508 indicated that the biomarker could not differentiate between healthy patients and patients with CRC at all.
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        	Figure 6: Receiver operating characteristic curve of the proposed biomarker, methylation of the cell-free DNA of the SHISA3 gene. The higher the area under the ROC curve, the higher the predictive value of the biomarker. The AUC of 0.508 indicated that the biomarker could not differentiate between healthy patients and patients with colorectal cancer at all.
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    Discussion


    Inconvenience and discomfort during the screening process are the major reasons that rates of CRC morbidity and mortality are higher than those from other cancers. Cell-free DNA in cancer patients often bears similar genetic and epigenetic characteristics to the related tumor DNA, there is evidence that part of the cell-free DNA originates from the tumor biopsy.[bookmark: ft24][24] The cause of the above reasons and the fact that cell-free DNA can easily be isolated from the circulation of patients, makes it a promising candidate as a noninvasive biomarker of cancer.[bookmark: ft25][25] Many studies have shown that plasma cell-free DNA is strongly correlated with larger tumor size, tumor metastasis, and late stage.[bookmark: ft26][26],[bookmark: ft27][27],[bookmark: ft28][28] In particular, sharp increasing of cell-free DNA has been detected in the patient's plasma at stage IV.[bookmark: ft25][25] In the present study, we found that the concentration of cell-free DNA increased in the plasma of patients with CRC as the disease progressed [Figure - 1]. As mentioned, SHISA3, a tumor suppressor, was observed to inhibit the invasion, migration, proliferation, and anchorage-independent growth of lung adenocarcinoma cells in a mouse model.[bookmark: ft9][9],[bookmark: ft10][10] The fact that this gene was expressed in the blood samples of the CRC group and the expression levels were not lower than those in the healthy group was unexpected [Figure - 2]. These results indicate that the inhibition of SHISA3 in CRC is not caused by its down regulation or silencing. A 2015 study indicated that epigenetic regulation was the main cause of SHISA3 inactivation. Furthermore, SHISA3 was hypermethylated in the tumor biopsy specimens.[bookmark: ft11][11] In fact, relevant studies have shown that aberrant SHISA3 methylation has been detected in many kinds of cancer biopsy, such as nasopharyngeal carcinoma, laryngeal squamous cell carcinoma, breast cancer, and especially in CRC.[bookmark: ft10][10],[bookmark: ft23][23],[bookmark: ft29][29],[bookmark: ft30][30] In the present study, our study has also repeated the experiment and accessed the similar data. Therefore, we explored the mechanism of SHISA3 inactivation through the examination of blood samples.


    As mentioned, the CRC group was divided into four subgroups according to their cancer stages (I–IV). Although no significant between-subgroup differences in SHISA3 methylation were noted, methylation rates tended to increase with tumor progression [Figure - 3], indicating that SHISA3 methylation was a critical factor for SHISA3 inactivation. As shown in [Figure - 4], the methylation rates at CpG sites 12–14 were higher than those at sites 15 and 16. The methylation rate in the CRC population was not notably higher in the CRC group than that in the healthy group. Overall, no single CpG site specifically contributed to the observed increase in methylation rate as tumor stage progressed [Figure - 4]. As shown in [Figure - 5], the methylation rate at individual CpG sites exhibited a gradual increase with tumor progression, particularly with regard to patients in the stage II and stage III subgroups. In sum, CRC contributed to SHISA3 inactivation by DNA methylation at five individual CpG sites (sites 12–16) with tumor progression. Notably, the methylation rate was not higher in patients with stage IV CRC, perhaps because they were fewer in number.


    ROC curve analysis [Figure - 6] revealed an AUC of approximately 0.5, indicating that hypermethylation of SHISA3 DNA was not a suitable blood-based biomarker for CRC diagnosis. The rising trend and overall changes in the methylation rate with tumor progression (i.e., from stages I–IV) demonstrated that SHISA3 hypermethylation occurred in some cases [Figure - 5]. Specifically, patients C2, C13, and C26 had significantly higher methylation rates at individual CpG sites. SHISA3 methylation was comparable between patients C2 and C26, who both had stage II CRC. Furthermore, patient C13, who had stage III CRC, had a notably higher methylation rate than did patients C2 and C26. SHISA3 hypermethylation was observed in the blood samples of some of the patients in the CRC group. Further investigations with larger numbers of participants with CRC are warranted to definitively determine the feasibility of this proposed blood-based biomarker for CRC diagnosis.


    Conclusion


    Cell-free DNA concentration rose gradually with the tumor development in the CRC group. However, even under tumor development, SHISA3 expression remained detectable in the cell-free DNA, suggesting that epigenetic regulation contributed to gene inactivation. As mentioned, the SHISA3 methylation rate rose significantly with tumor progression in three participants with CRC, namely patients C2, C13, and C26. In sum, in the present study, a correlation between blood-based SHISA3 hypermethylation and tumor progression in CRC was established. The unique characteristics of the blood samples collected from these patients may aid in the identification of a potential biomarker for the diagnosis and staging of CRC. Future studies should recruit more participants and administer further tests, such as the hypothesis in the plasma of xenograft CRC mouse model and in conditional medium from human CRC cell lines. A combination of conventional screening procedures and the detection of SHISA3 hypermethylation in blood samples may constitute an alternative approach for CRC diagnosis.
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  Figure 1: Cell-free DNA concentration in the plasma of patients with colorectal cancer of different stages. The cfDNA concentration in the healthy group was 6.65 ng/mL. Using the classification system of American Joint Committee on Cancer, the participants in the colorectal cancer group were divided into four subgroups (for colorectal cancer of stages I–IV), the cfDNA concentration of which was 9.83, 8.81, 10.09, and 55.69 ng/mL, respectively. The concentration increased gradually with tumor progression. All values displayed are means ± standard deviation. The difference of colorectal cancer groups was compared with the control group and analyzed using ANOVA. **PP


  Figure: 2
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  Figure 2: Semi-quantitative polymerase chain reaction analysis of SHISA3SHISA3SHISA3P
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  Figure 3: Quantitative analysis of the methylation concentration of SHISA3P
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  Figure 4: SHISA3P


  Figure: 5
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  Figure 5: Comparison of SHISA3P
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  Figure 6: Receiver operating characteristic curve of the proposed biomarker, methylation of the cell-free DNA of the SHISA3
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  Table 1: SHISA3
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