DNA methylation profiles and biomarkers of oral squamous cell carcinoma
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Abstract
Oral squamous cell carcinoma (OSCC) constitutes >90% of oral cancers, and is the fourth leading cause of death due to cancer among men in Taiwan. However, most patients do not receive a diagnosis of OSCC until the late stages, which have a lower survival rate. The use of molecular marker analysis to identify early-stage OSCC would permit optimal timing for treatments and consequently prolong the survival. The aim of this study was to identify biomarkers of OSCC using the Illumina GoldenGate Methylation Cancer Panel, which comprised a total of 1,505 CpG sites covering 807 genes. Samples of buccal mucosa resected from 40 OSCC patients and normal tissue samples obtained from 15 patients (normal mucosa from OSCC patients or from patients undergoing surgery unrelated to OSCC) were analyzed. Fms-related tyrosine kinase 4 (FLT4) methylation exhibited a perfect specificity for detecting OSCC, with an area under the receiver operating characteristic curve of 0.91 for both all-stage and early-stage OSCC. Methylation of seven genes (ASCL1, FGF3, FLT4, GAS7, KDR, TERT, and TFPI2) constitutes the top-20 panels for detecting OSCC. The top-20 panels for detecting early-stage OSCC contain 8 genes: ADCYAP1, EPHA7, FLT4, GSTM2, KDR, MT1A, NPY, and TFPI2. FLT4 RNA expression and methylation level were validated using reverse-transcription PCR and a pyrosequencing methylation assay. The change in FLT4 expression was 2.14-fold for normal relative to OSCC samples (P<0.0001). Among the eight pyrosequenced CpG sites of FLT4, the methylation level was much higher in the OSCC samples. In conclusion, methylation statuses of selected genes, and especially FLT4, KDR, and TFPI2, might be of great potential as biomarkers for the early detection of buccal OSCC.


Introduction
Oral cancer has been the fourth leading cause of death due to cancer among males in Taiwan since 2003.1 The age-standardized mortality rate for oral cancer in 2010 was 15.2 per 100,000 males, which represents an increase of 25% compared to 2000 (12.2 per 100,000 males). The median age at death from oral cancer in 2010 was 56 years in men, which was the youngest age at death among the top-ten cancers in men. Moreover, oral cancer has had the highest rank in incidence and mortality rate among men aged 25~44 years in Taiwan since 2005.1
Oral squamous cell carcinoma (OSCC) constitutes more than 90% of oral cancers arising from the oral cavity.2 The treatment of OSCC with early detection has a good outcome, but the 5-year survival rate is <30% among patients with stage IV disease.3 Despite the ease of access to the oral cavity for clinical examination, OSCC is usually only diagnosed at advanced stages due to the patient’s lack of awareness of any major problems.4 The development of a convenient tool for detecting OSCC at an early stage would not only improve the survival of patients, but also reduce the associated medical expenses. This makes the search for biomarkers for early detection of OSCC an urgent priority. The common risk factors for OSCC in most countries are cigarette smoking and alcohol drinking, and certain biomarkers for OSCC due to these risk factors have been identified; however, the main risk factor for OSCC in Taiwan is chewing of betel-quid, and the biomarkers for OSCC due to betel-quid consumption may be quite different from those identified for other risk factors.5, 6
Epigenetic modifications, including DNA methylation and numerous histone modifications, are responsible for the altered gene expression patterns that allow for specific phenotypes.7 DNA methylation plays an important role in normal mammalian development, but aberrant methylation patterns are correlated with several differentiation-related diseases, including various types of human cancers. Investigation of the promoter methylation of tumor-suppressor genes in the setting of oral epithelial dysplasia seems appropriate, given the relatively high frequency of this epigenetic change in OSCC.8 Early epigenetic changes could predispose cells to further genetic abnormalities that may allow progression of the neoplastic process. Thus, identification of gene methylation as an appropriate marker may provide a sensitive method for OSCC detection.
The development of new technologies such as DNA microarray analysis and next-generation sequencing has enabled the expansion of DNA-methylation studies beyond just several candidate genes. Several methods of determining the occurrence of promoter methylation have been described in the literature, including methylation-specific PCR (MSP), combined bisulfite restriction analysis, bisulfite sequencing assay, pyrosequencing methylation assay, and microarray-based methylation analysis; the overwhelming majority of published data were obtained using the MSP method. Literature reviews9-11 have revealed a wide variation in the reported sensitivity and specificity for this method, ranging from 30% to 90%. Given the limited number of CpG sites detected by MSP and the inconsistent results obtained using this method, we developed a diagnostic tool for OSCC using a high-throughput, quantitative methylation platform—the Illumina GoldenGate Methylation Array—to allow a more comprehensive profiling of DNA methylation.


Results
Sample characteristics for the Illumina GoldenGate Methylation Array
Selected sample characteristics are presented in Table 1. The mean age at surgery of the 40 OSCC cases from whom tissue was obtained for analysis was 52.6 years (range, 36–73 years), while the mean age of the subjects in the normal control group was 47.2 years (range, 17–70 years). Of the 40 OSCC samples, 40% were obtained from patients who were regarded as having early-stage OSCC: 22.5% at stage I and 17.5% at stage II.

Identification of single CpG sites as biomarkers for OSCC
[bookmark: OLE_LINK2]Among 1,505 CpG sites screened in the array, 34 CpG sites covering 29 genes exhibited a reasonable ability to distinguish OSCC (n=40) and normal (n=15) samples, with a specificity and sensitivity of 70% (Table 2). Moreover, the specificity of FLT4, TFPI2, ASCL1, and KDR was 100%, while the sensitivities of these genes for detecting OSCC were 83%, 78%, 75%, and 70%, respectively. The areas under the receiving operating characteristic curves (AUCs) decreased after leave-one-out cross validation, leaving only FLT4 with an AUC of >0.8. The heat map of hierarchical cluster analysis for the 34 CpG sites is presented in Figure 1A. Of the three clusters, the right one comprised only OSCC samples, while most of the samples classified in the other two clusters were OSCC and normal samples. This implies that these 34 CpG sites are informative for detecting OSCC.
A subset analysis was conducted for the ability to detect early-stage OSCC (stages I and II). Among the 17 CpG sites covering 15 genes that had both a specificity and sensitivity of >70% to discriminate the early-stage OSCC (n=16) and normal samples (n=15), the top-3 informative CpG sites (FLT4_E206, KDR_E79, and TFPI2_P9) had a specificity of 100% and a sensitivity of 75% (Table 3). The AUCs decreased after leave-one-out cross validation, again leaving only FLT4, with an AUC of >0.8. The heat map presented in Figure 1B for distinguishing early-stage OSCC from normal samples shows three clusters (from left to right): (1) a mixture of OSCC and normal samples, (2) outnumbered by normal samples, and (3) OSCC samples only.
The hypermethylation status of the CpG sites in the Illumina GoldenGate Methylation Cancer Panel was found to be informative for detecting OSCC, while the hypomethylation status of the CpG sites was less informative (data not shown). The hypomethylation status of the studied CpG sites exhibited a good specificity but a poor sensitivity, and ERN1 was the only gene with an AUC of >0.70 (AUC=0.72, specificity=93%, and sensitivity=50%).

Identification of CpG panels as biomarkers for OSCC
Since there are numerous combinations for CpG panels, only the top-20 panels are listed in Tables 4 and 5. The top-20 CpG panels for detecting OSCC contain 7 genes: ASCL1, FGF3, FLT4, GAS7, KDR, TERT, and TFPI2 (Table 4). The best panel was the combination of FLT4 and ASCL1, with a specificity, sensitivity, and AUC of 100%, 90%, and 0.95, respectively. Adding ASCL1 to the panel increased the sensitivity from 82.5% to 90% for FLT4 alone (100% specificity). The best panel was followed by another three panels with the same performance, but with one extra CpG site that was considered redundant.
For detecting early-stage OSCC, the top-20 panels comprised 8 genes: ADCYAP1, EPHA7, FLT4, GSTM2, KDR, MT1A, NPY, and TFPI2 (Table 5). Three panels (KDR+GSTM2+MT1A, FLT4+GSTM2+MT1A, and GSTM2+MT1A+NPY) exhibited the same dissemination ability (specificity=86.7%, sensitivity=100%, and AUC=0.933), followed by FLT4 alone (specificity=100%, sensitivity=81.3%, and AUC=0.906).

Validation of FLT4 methylation by pyrosequencing assay
The methylation status of FLT4 appeared to be a promising candidate as a biomarker for detecting OSCC. In fact, FLT4_E206 was the top biomarker and after leave-one-out cross validation was the only CpG site with an AUC of >0.80 for detecting all-stage or early-stage OSCC (highest rank in Tables 2 and 3). We validated this finding both internally and externally using the pyrosequencing methylation assay. Among those subjected to Illumina GoldenGate Methylation Array analysis, 9 normal samples and 17 OSCC samples with available DNA left were used for internal validation. Another 28 OSCC tissue specimens obtained from Buddhist Tzu Chi General Hospital served as samples for external validation. Among the eight pyrosequenced CpG sites (+204, +206, +210, +225, +228, +237, +239, and +247) of FLT4, the differences in methylation levels between normal and OSCC samples were all statistically significant in the internal comparison (Fig. 2A and B). Six (+204, +206, +225, +228, +237, and +239) of the eight pyrosequenced CpG sites exhibited statistically significant differences between normal and OSCC samples in the external comparison (Fig. 2C). As expected, the methylation levels were much higher in the OSCC samples (median methylation percentage range for the eight CpG sites, 46–68%) than in the normal samples (median methylation percentage range, 10–23%).

Validation of FLT4 expression
Comparison of FLT4 RNA expression between 21 paired normal and OSCC samples yielded results that were in line with those obtained using the Illumina GoldenGate Methylation Array and pyrosequencing assays. The median change in FLT4 expression in normal samples relative to OSCC samples was 2.14-fold (interquartile range=3.21, P<0.0001; data not shown).

Discussion
Using an array approach, we observed that the methylation of CpG sites had both high sensitivity and specificity as biomarkers for detecting buccal OSCC. The hypermethylation of FLT4 had perfect specificity for detecting all-stage or early-stage OSCC, and a sensitivity and AUC of >0.80 and >0.90, respectively. In addition, using the selected CpG combination panels slightly improved the ability to detect OSCC.
Based on the selected CpG panels, we identified 12 genes (ADCYAP1, ASCL1, EPHA7, FGF3, FLT4, GAS7, GSTM2, KDR, MT1A, NPY, TERT, and TFPI2) with great potential for detecting OSCC. The functions of the selected genes strengthen their potential role as biomarkers. EPHA7,12 FGF3,13 and NPY14, 15 are related to tumor progression, GAS7 controls neuritogenesis,16 ASCL1 plays a role in the early stages of development of specific neural lineages,17 TERT regulates telomerase activity,18 ADCYAP1 is associated with hormone activity,19 GSTM2 belongs to a well-known phase II detoxifying enzyme family,20 MT1A regulates cell growth and differentiation,21 TFPI-2 counteracts the activity of several extracellular matrix-associated proteases22, 23 and suppresses tumor invasion and metastasis,24-26 and FLT4 and KDR are receptors for vascular endothelial growth factors.27-30 It has been reported that hypermethylations of EPHA7,31, 32 GSTM2,33 MT1A,34 NPY,35 and TERT35-37 are associated with cancers other than OSCC.
[bookmark: OLE_LINK1]Viet et al.9 used the Illumina GoldenGate Methylation Array to identify potential biomarkers for oral cancer by comparing the saliva samples of oral cancer patients before and after resection of their tumors. About one half of the identified genes (e.g., ADCYAP1, FGF3, GAS7, and KDR) also exhibited potential in our tissue samples as biomarkers of oral cancer. In a recent study, Jithesh et al.38 also employed the same array and suggested that EPHA5, GSTM2, HS3ST2, MME, MT1A, MYOD1, NPY, and PENK are potential biomarkers for detecting oral cancer, as in the present study. The only triple-hit gene among the studies of Viet et al.,9 Jithesh et al.,38 and ourselves was EPHA5. In addition, Nagata et al.39 reported that the aberrant methylation of a combination of ECAD, TMEFF2, RARβ, and MGMT from rinse samples can detect OSCC with a sensitivity and specificity of >90% by using noninvasive method to retrieve samples and a different methylation platform. However, with the exception of TMEFF2, the results were not consistent with those of the present study. These inconsistencies can be explained by several factors, including differences in the sample types analyzed (tissue versus saliva/oral rinse) and different mechanisms of tumorigenesis (betel-quid chewing has been confirmed as the main cause of OSCC in Taiwan,6 while alcohol and smoking are the main causes elsewhere). Furthermore, the influence of race/ethnicity, tumor heterogeneity, experimental design, the methylation array platform employed, and the smallness of the samples in the studies cannot be excluded.
The epigenetic signature associated with human papillomavirus (HPV)-driven head and neck squamous cell carcinoma (HNSCC) has been described recently,40, 41 and it appears that HPV-16 might be a good prognostic biomarker for oropharyngeal cancer.42 The status of HPV infection was not available for the present samples, and so it was not possible to evaluate the influence of HPV on the performance of biomarkers. However, it has been shown that HPV does not play an important role in the tumorigenesis of betel-quid-related oral cancers.43
The prefect specificity and high sensitivity of the biomarkers observed in the present study is very promising. However, the application of biomarkers to disease screening or detection relies not only on their accuracy, but also on their convenience. The tissue samples used in the present study were obtained using an invasive method, which is generally considered inconvenient for fast cancer screening. Gene methylation in saliva has been tested for the follow-up and early detection of still-curable relapses in HNSCC patients.44 In addition, the methylation biomarkers selected in the present study should be examined for other oral cancer sites such as tongue, with a view to their further application.
In conclusion, methylation statuses of selected genes, and especially FLT4, KDR, and TFPI2, might be of great potential as biomarkers for the early detection of buccal OSCC. These candidate biomarkers provide a prospective application for screening and diagnosis; however, further studies are needed to evaluate samples obtained using noninvasive methods.


Materials and Methods
Illumina GoldenGate Methylation Array
Eight hundred and seven cancer-related genes (1,505 CpG sites) were profiled in the Illumina GoldenGate Methylation Cancer Panel35 by applying the bisulfite sequencing technology on a microarray platform. The background normalization algorithm is used to minimize background variation within the microarray by using built-in negative control signals. The  value is used to estimate the methylation level of the CpG locus using the ratio of intensities between methylated and unmethylated alleles.35

Tissue specimens for the methylation array profiling
Oral specimens were obtained from the tissue bank of China Medical University Hospital, Taiwan. The study was approved by the Ethics Committee of each participating hospital. Oral tissues from male individuals were collected and assigned to either the case group or the normal control group. The case group comprised resected tumor tissue harvested from 40 OSCC patients. The control group comprised tissue samples harvested from 15 patients; in 10 cases the normal tissue was taken from an area near the tumor lesions in the oral cavities of OSCC patients in the case group, and in 5 cases the normal tissues were taken from the oral cavities of patients undergoing surgery unrelated to OSCC.

Tissue specimens for pyrosequencing methylation assay and quantitative reverse-transcription PCR
A subset of 26 samples (9 normal and 17 OSCC tissues) among those oral specimens that were subjected to the Illumina GoldenGate Methylation Array (Illumina, Inc.) were also pyrosequenced. Another 28 fresh OSCC tissues that were obtained from Buddhist Tzu Chi General Hospital served as the external validation samples; 21 of these OSCC tissue samples accompanying their corresponding nontumor oral tissues were used for measuring RNA expression level using quantitative reverse-transcription PCR.

Pyrosequencing methylation assay
Genomic DNA of tissues was isolated using Gentra Puregene Tissue Kit (Qiagen) and 500 ng of each genomic DNA was bisulfite-modified using EZ DNA methylation kit (Zymo Research). Pyrosequencing primers were designed for the region of interest using Pyromark Assay Design v2.0 (Qiagen): forward, 5’-TTGGTAGGGGAGGGGGTAT-3’; reverse, 5’-biotin-CCCCCCCCTTCCTCATCCC-3’; sequencing primer, 5’-GGATAAGGTGGTTTTGGT-3’. Pyrosequencing assay was carried out using the PyroMark Gold Q96 Reagents (Qiagen) in PyroMark Q24 System (Qiagen) according to the manufacturer’s instructions.

Quantitative reverse-transcription PCR
Total RNA was extracted from fresh tissues using TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using Superscript III Reverse Transcriptase (Invitrogen). PCR was carried out using ABI StepOne real-time PCR system as the following steps: 95°C for 5 min, followed by 50 cycles of successive incubation at 95°C for 30 sec, 62°C for 15 sec, and 68°C for 30 sec. FLT4 cDNA was amplified with the following primers: forward, 5’-TGTGGAGGGAAAGAATAAGACTGT-3’; reverse, 5’-GCCCACCTTGTTGGAGAC-3’. GAPDH cDNA was amplified with the following primers: forward, 5’-TTGACGGTGCCATGGAATTT-3’; reverse, 5’-GCCATCAATGACCCCTTCATT-3’. The expression of FLT4 was normalized against that of GAPDH.

Statistical analyses
Statistical analyses were performed using SAS v9.3 (SAS Institutes), and the heat maps were generated by the gplots package in R.

Selection of biomarkers for detecting tumor and normal samples
The AUC was calculated for each CpG site to evaluate the accuracy. Leave-one-out cross validation was conducted to test the reliability without collecting new samples. Moreover, a subset analysis was conducted for the ability to distinguish early-stage OSCC (n=16) and normal (n=15) samples.

Cluster analysis of methylation levels
The normalized methylation levels in  values for profiled CpG sites were presented in a heat map and analyzed with a hierarchical agglomerative cluster method for differential methylation between tumor and normal samples. In the cluster analysis, we used Manhattan distance to measure the distance between observed values and defined clusters by the method of complete linkage. 

Validation of FLT4 methylation status and RNA expression
Quantitative methylation levels between different types of tumor and normal samples measured by pyrosequencing assay were compared by Mann-Whitney U test. Wilcoxon signed rank test was used to test the difference in fold-change of RNA expression. 
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Figure legends

Figure 1. Hierarchical clustering heat maps and dendrograms for distinguishing (A) OSCC from normal samples and (B) early-stage OSCC from normal samples. Mean  values from the selected CpG sites were used for hierarchical agglomerative clustering based on the Manhattan distance and complete linkage. Low, medium, and high methylation levels are indicated in green, black, and red, respectively.

Figure 2. Box plots of methylation levels of 8 FLT4 CpG sites determined by pyrosequencing methylation assay. (A) Normal samples. (B) OSCC samples for internal validation. (C) OSCC samples for external validation. In each box plot, the whiskers represent the 10th and 90th percentiles, the lower and upper limits of the box indicate the 25th and 75th percentiles. An asterisk mark (*) indicates that the difference between normal and tumor samples reaches statistical significance.




Table 1. Characteristics of OSCC patients and normal specimens in the Illumina GoldenGate Methylation Array analysis
	
	OSCC group
(n=40)
	Normal group *
(n=15)

	Characteristics 
	
	

	age (years), mean  SE
	52.6  9.6
	47.2  14.6

	Pathological Stage
	n
	%
	n
	%

	Normal
	-
	-
	5
	33.3%

	I
	9
	22.5%
	8
	53.3%

	II
	7
	17.5%
	-
	-

	III
	10
	25.0%
	2
	13.3%

	IV
	14
	35.0%
	-
	-


SE: standard error
* 10 samples are the normal tissues adjacent to OSCC tissues

Table 2. The performance of a single CpG site for detecting OSCC
	
	
	Discrimination statistics
	
	Cross validation *

	Rank †
	CpG site
	SPE
	SEN
	AUC
	(95% CI)
	
	AUC
	(95% CI)

	1
	FLT4_E206_F
	1.00 
	0.83 
	0.91
	(0.85,
	0.97)
	
	0.83
	(0.71,
	0.94)

	2
	TFPI2_P9_F
	1.00 
	0.78 
	0.89
	(0.82,
	0.95)
	
	0.78
	(0.64,
	0.91)

	3
	ASCL1_E24_F
	1.00 
	0.75 
	0.88
	(0.81,
	0.94)
	
	0.75
	(0.61,
	0.89)

	4
	ADCYAP1_P455_R
	0.87 
	0.88 
	0.87
	(0.77,
	0.97)
	
	0.76
	(0.58,
	0.94)

	5
	MT1A_P49_R
	0.87 
	0.85 
	0.86
	(0.75,
	0.96)
	
	0.74
	(0.56,
	0.92)

	7
	ESR1_P151_R
	0.80 
	0.90 
	0.85
	(0.74,
	0.96)
	
	0.72
	(0.52,
	0.92)

	7
	KDR_E79_F
	1.00 
	0.70 
	0.85
	(0.78,
	0.92)
	
	0.70
	(0.56,
	0.84)

	7
	MYOD1_E156_F
	0.80 
	0.90 
	0.85
	(0.74,
	0.96)
	
	0.72
	(0.52,
	0.92)

	10
	EPHA5_E158_R
	0.87 
	0.83 
	0.85
	(0.74,
	0.95)
	
	0.72
	(0.54,
	0.89)

	10
	NPY_E31_R
	0.87 
	0.83 
	0.85
	(0.74,
	0.95)
	
	0.72
	(0.54,
	0.89)

	10
	RASGRF1_E16_F
	0.87 
	0.83 
	0.85
	(0.74,
	0.95)
	
	0.72
	(0.54,
	0.89)

	12.5
	GAS7_E148_F
	0.93 
	0.75 
	0.84
	(0.75,
	0.94)
	
	0.70
	(0.54,
	0.86)

	12.5
	TERT_E20_F
	0.93 
	0.75 
	0.84
	(0.75,
	0.94)
	
	0.70
	(0.54,
	0.86)

	15
	EPHA7_E6_F
	0.87 
	0.80 
	0.83
	(0.72,
	0.94)
	
	0.69
	(0.51,
	0.87)

	15
	HOXA5_P1324_F
	0.87 
	0.80 
	0.83
	(0.72,
	0.94)
	
	0.69
	(0.51,
	0.87)

	15
	NTRK3_P752_F
	0.87 
	0.80 
	0.83
	(0.72,
	0.94)
	
	0.69
	(0.51,
	0.87)

	17.5
	EPHA7_P205_R
	0.87 
	0.78 
	0.82
	(0.71,
	0.93)
	
	0.67
	(0.49,
	0.85)

	17.5
	MYH11_P22_F
	0.87 
	0.78 
	0.82
	(0.71,
	0.93)
	
	0.67
	(0.49,
	0.85)

	19.5
	FGF3_P171_R
	0.93 
	0.70 
	0.82
	(0.72,
	0.91)
	
	0.65
	(0.49,
	0.82)

	19.5
	HS3ST2_P171_F
	0.73 
	0.90 
	0.82
	(0.69,
	0.94)
	
	0.66
	(0.44,
	0.88)

	21.5
	GABRB3_E42_F
	0.80 
	0.83 
	0.81
	(0.69,
	0.93)
	
	0.66
	(0.46,
	0.86)

	21.5
	TFPI2_P152_R
	0.80 
	0.83 
	0.81
	(0.69,
	0.93)
	
	0.66
	(0.46,
	0.86)

	23.5
	BMP3_E147_F
	0.87 
	0.75 
	0.81
	(0.70,
	0.92)
	
	0.65
	(0.47,
	0.83)

	23.5
	GPX3_E178_F
	0.87 
	0.75 
	0.81
	(0.70,
	0.92)
	
	0.65
	(0.47,
	0.83)

	25
	PENK_P447_R
	0.73 
	0.88 
	0.80
	(0.68,
	0.93)
	
	0.64
	(0.43,
	0.86)

	26
	HOXB13_P17_R
	0.80 
	0.80 
	0.80
	(0.68,
	0.92)
	
	0.64
	(0.44,
	0.84)

	27.5
	HS3ST2_P546_F
	0.73 
	0.85 
	0.79
	(0.66,
	0.92)
	
	0.62
	(0.41,
	0.84)

	27.5
	TERT_P360_R
	0.73 
	0.85 
	0.79
	(0.66,
	0.92)
	
	0.62
	(0.41,
	0.84)

	29
	CHGA_E52_F
	0.80 
	0.78 
	0.79
	(0.66,
	0.91)
	
	0.62
	(0.43,
	0.81)

	30
	FRZB_E186_R
	0.87 
	0.70 
	0.78
	(0.67,
	0.90)
	
	0.61
	(0.43,
	0.78)

	31
	IHH_E186_F
	0.80 
	0.75 
	0.78
	(0.65,
	0.90)
	
	0.60
	(0.41,
	0.79)

	32.5
	ISL1_E87_R
	0.73 
	0.75 
	0.74
	(0.61,
	0.88)
	
	0.55
	(0.35,
	0.75)

	32.5
	ISL1_P379_F
	0.73 
	0.75 
	0.74
	(0.61,
	0.88)
	
	0.55
	(0.35,
	0.75)

	34
	MME_P388_F
	0.73 
	0.73 
	0.73
	(0.59,
	0.86)
	
	0.53
	(0.33,
	0.73)


SPE=specificity; SEN=sensitivity; AUC=area under the ROC curve, CI=confidence interval
† ranked by AUC (an average rank is assigned for tied AUCs)
* leave-one-out cross validation 

Table 3. The performance of a single CpG site for detecting early-stage OSCC
	
	
	Discrimination statistics
	
	Cross validation *

	Rank †
	CpG site
	SPE
	SEN
	AUC
	(95% CI)
	
	AUC
	(95% CI)

	1
	FLT4_E206_F
	1.00
	0.81
	0.91
	(0.81,
	1.00)
	
	0.81
	(0.62,
	1.00)

	2.5
	KDR_E79_F
	1.00
	0.75
	0.88
	(0.77,
	0.98)
	
	0.75
	(0.53,
	0.97)

	2.5
	TFPI2_P9_F
	1.00
	0.75
	0.88
	(0.77,
	0.98)
	
	0.75
	(0.53,
	0.97)

	5
	GSTM2_E153_F
	0.87
	0.81
	0.81
	(0.67,
	0.95)
	
	0.65
	(0.42,
	0.88)

	5
	MT1A_P49_R
	0.87
	0.81
	0.84
	(0.71,
	0.97)
	
	0.70
	(0.48,
	0.93)

	5
	NPY_E31_R
	0.87
	0.81
	0.84
	(0.71,
	0.97)
	
	0.70
	(0.48,
	0.93)

	8.5
	ADCYAP1_P455_R
	0.87
	0.75
	0.81
	(0.67,
	0.95)
	
	0.65
	(0.42,
	0.88)

	8.5
	EPHA7_E6_F
	0.87
	0.75
	0.81
	(0.67,
	0.95)
	
	0.65
	(0.42,
	0.88)

	8.5
	ESR1_P151_R
	0.80
	0.88
	0.84
	(0.70,
	0.97)
	
	0.70
	(0.47,
	0.93)

	8.5
	MYOD1_E156_F
	0.80
	0.88
	0.84
	(0.70,
	0.97)
	
	0.70
	(0.47,
	0.93)

	11.5
	HOXB13_P17_R
	0.80
	0.81
	0.81
	(0.66,
	0.95)
	
	0.65
	(0.42,
	0.88)

	11.5
	TFPI2_P152_R
	0.80
	0.81
	0.81
	(0.66,
	0.95)
	
	0.65
	(0.42,
	0.88)

	13.5
	HS3ST2_P171_F
	0.73
	0.88
	0.80
	(0.66,
	0.95)
	
	0.64
	(0.40,
	0.88)

	13.5
	PENK_P447_R
	0.73
	0.88
	0.80
	(0.66,
	0.95)
	
	0.64
	(0.40,
	0.88)

	15
	GABRB3_E42_F
	0.80
	0.75
	0.78
	(0.62,
	0.93)
	
	0.60
	(0.36,
	0.84)

	16.5
	HS3ST2_P546_F
	0.73
	0.75
	0.74
	(0.58,
	0.90)
	
	0.55
	(0.31,
	0.79)

	16.5
	TERT_P360_R
	0.73
	0.75
	0.74
	(0.58,
	0.90)
	
	0.55
	(0.31,
	0.79)


SPE=specificity; SEN=sensitivity; AUC=area under the ROC curve, CI=confidence interval
† ranked by AUC (an average rank is assigned for tied AUCs)
* leave-one-out cross validation

Table 4. The performance of a panel of CpG sites for detecting OSCC
	Rank †
	Panel of CpG sites
	Specificity
	Sensitivity
	AUC

	1
	FLT4_E206_F + ASCL1_E24_F
	100.0%
	90.0%
	0.950

	3
	FLT4_E206_F + ASCL1_E24_F + KDR_E79_F
	100.0%
	90.0%
	0.950

	3
	TFPI2_P9_F + ASCL1_E24_F + KDR_E79_F
	100.0%
	90.0%
	0.950

	3
	FLT4_E206_F + TFPI2_P9_F + ASCL1_E24_F
	100.0%
	90.0%
	0.950

	5.5
	FLT4_E206_F + KDR_E79_F
	100.0%
	87.5%
	0.938

	5.5
	TFPI2_P9_F + ASCL1_E24_F
	100.0%
	87.5%
	0.938

	7
	FLT4_E206_F + TFPI2_P9_F + KDR_E79_F
	100.0%
	87.5%
	0.938

	8
	FLT4_E206_F + TFPI2_P9_F
	100.0%
	85.0%
	0.920

	13
	FLT4_E206_F + ASCL1_E24_F + TERT_E20_F
	93.3%
	90.0%
	0.917

	13
	FLT4_E206_F + ASCL1_E24_F + FGF3_P171_R
	93.3%
	90.0%
	0.917

	13
	ASCL1_E24_F + KDR_E79_F + TERT_E20_F
	93.3%
	90.0%
	0.917

	13
	ASCL1_E24_F + KDR_E79_F + FGF3_P171_R
	93.3%
	90.0%
	0.917

	13
	FLT4_E206_F + ASCL1_E24_F + GAS7_E148_F
	93.3%
	90.0%
	0.917

	13
	FLT4_E206_F + TFPI2_P9_F + GAS7_E148_F
	93.3%
	90.0%
	0.917

	13
	TFPI2_P9_F + ASCL1_E24_F + FGF3_P171_R
	93.3%
	90.0%
	0.917

	13
	TFPI2_P9_F + KDR_E79_F + GAS7_E148_F
	93.3%
	90.0%
	0.917

	13
	FLT4_E206_F + KDR_E79_F + GAS7_E148_F
	93.3%
	90.0%
	0.917

	18
	FLT4_E206_F
	100.0%
	82.5%
	0.913

	19.5
	TFPI2_P9_F + KDR_E79_F
	100.0%
	82.5%
	0.913

	19.5
	ASCL1_E24_F + KDR_E79_F
	100.0%
	82.5%
	0.913


† ranked by AUC and then the number of CpG sites in each combination (average rank is assigned if tied)

Table 5. The performance of a panel of CpG sites for detecting early-stage OSCC
	Rank †
	Panel of CpG sites
	Specificity
	Sensitivity
	AUC

	2
	KDR_E79_F + GSTM2_E153_F + MT1A_P49_R
	86.7%
	100.0%
	0.933

	2
	FLT4_E206_F + GSTM2_E153_F + MT1A_P49_R
	86.7%
	100.0%
	0.933

	2
	GSTM2_E153_F + MT1A_P49_R + NPY_E31_R
	86.7%
	100.0%
	0.933

	4
	FLT4_E206_F
	100.0%
	81.3%
	0.906

	6
	KDR_E79_F + TFPI2_P9_F
	100.0%
	81.3%
	0.906

	6
	FLT4_E206_F + KDR_E79_F
	100.0%
	81.3%
	0.906

	6
	FLT4_E206_F + TFPI2_P9_F
	100.0%
	81.3%
	0.906

	8
	FLT4_E206_F + KDR_E79_F + TFPI2_P9_F
	100.0%
	81.3%
	0.906

	10.5
	GSTM2_E153_F + NPY_E31_R
	86.7%
	93.8%
	0.902

	10.5
	KDR_E79_F + GSTM2_E153_F
	86.7%
	93.8%
	0.902

	10.5
	FLT4_E206_F + GSTM2_E153_F
	86.7%
	93.8%
	0.902

	10.5
	GSTM2_E153_F + MT1A_P49_R
	86.7%
	93.8%
	0.902

	20
	FLT4_E206_F + GSTM2_E153_F + EPHA7_E6_F
	86.7%
	93.8%
	0.902

	20
	FLT4_E206_F + GSTM2_E153_F + ADCYAP1_P455_R
	86.7%
	93.8%
	0.902

	20
	FLT4_E206_F + TFPI2_P9_F +  GSTM2_E153_F
	86.7%
	93.8%
	0.902

	20
	TFPI2_P9_F + GSTM2_E153_F + MT1A_P49_R
	86.7%
	93.8%
	0.902

	20
	KDR_E79_F + TFPI2_P9_F + GSTM2_E153_F
	86.7%
	93.8%
	0.902

	20
	GSTM2_E153_F + MT1A_P49_R + EPHA7_E6_F
	86.7%
	93.8%
	0.902

	20
	GSTM2_E153_F + NPY_E31_R + EPHA7_E6_F
	86.7%
	93.8%
	0.902

	20
	KDR_E79_F + GSTM2_E153_F + NPY_E31_R
	86.7%
	93.8%
	0.902

	20
	FLT4_E206_F + GSTM2_E153_F + NPY_E31_R
	86.7%
	93.8%
	0.902

	20
	FLT4_E206_F + KDR_E79_F + GSTM2_E153_F
	86.7%
	93.8%
	0.902

	20
	GSTM2_E153_F + NPY_E31_R + ADCYAP1_P455_R
	86.7%
	93.8%
	0.902

	20
	KDR_E79_F + GSTM2_E153_F + ADCYAP1_P455_R
	86.7%
	93.8%
	0.902

	20
	KDR_E79_F + GSTM2_E153_F + EPHA7_E6_F
	86.7%
	93.8%
	0.902

	20
	GSTM2_E153_F + MT1A_P49_R + ADCYAP1_P455_R
	86.7%
	93.8%
	0.902

	20
	TFPI2_P9_F + GSTM2_E153_F + NPY_E31_R
	86.7%
	93.8%
	0.902


† ranked by AUC and then the number of CpG sites in each combination (average rank is assigned if tied)
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