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Patients and blood DNA samples
Blood samples from hepatocellular carcinoma (HCC) patients and matched controls were collected by the Indiana Biobank and by Dr. Naga Chalasani group (liver clinic at Indiana University). The whole blood was collected in a 6 ml EDTA tube and stored at -80°C until DNA isolation using the Gentra Puregene Blood Kit (QIAGEN). DNA concentration was quantified using PicoGreen protocol (Quant-iT™ PicoGreen® dsDNA Products, Invitrogen, P-7589) to accurately measure double-stranded DNA. Samples were obtained from three study groups: Study Group #1: blood samples collected from 24 HCC cases after conventional diagnosis (median = 2.3 years) and 24 matched healthy controls (Supplementary Table S1A); Study Group #2: blood samples collected from 21 HCC cases up to 4 years prior to conventional diagnosis (median = 313 days) and 21 matched healthy controls (Supplementary Table S1B); Study Group #3) blood samples collected from 13 HCC cases with underlying cirrhosis up to 2 years prior to conventional diagnosis (median = 97 days) and matched cirrhotic controls without HCC (Supplementary Table S1C). Cases were matched with controls on gender, age, ethnicity, hepatitis C infection, and diabetes. The presence or absence of HCC in our study was determined based on the AASLD criteria 1. All patients provided written informed consent, and the Ethics Committee from concerned institutions approved the study.

Illumina Infinium Human Methylation 450K BeadChip microarray
The Illumina microarray platform covers more than 485,000 methylation sites (CpG sequences) per sample at single-nucleotide resolution. This coverage corresponds to 99% of RefSeq genes (all known protein coding genes), with an average of 17 CpG sites per gene region. These CpG sites are distributed across regulatory gene regions including CpG islands (CpGI), islands’ shores and shelves, promoters, 5'UTR, first exon, gene body, and 3'UTR.

Genomic DNA from blood samples in post-diagnostic Study Group #1 and pre-diagnostic Study Group #2 was processed for genome-wide DNA methylation analysis using Infinium HumanMethylation 450K BeadChip as described previously 2. Briefly, bisulphite conversion of 500 ng of each DNA sample was performed using the EZ-96 DNA Methylation Kit according to the manufacturer's protocol (D5004, Zymo Research). Then, 4 μL of bisulphite-converted DNA was used for hybridization on the Infinium HumanMethylation 450K BeadChip, following the Illumina Infinium HD Methylation protocol (Illumina). Hybridization and scanning were performed by University of Chicago Genomics Facility. Raw data processing was performed using the Methylation module (version 1.9.0) of the GenomeStudio software (Illumina; version 2011.1) using HumanMethylation450_15017482_v.1.2.bpm manifest, which normalizes within-sample data using different internal controls that are present on the HumanMethylation 450K BeadChip and internal background probes. The methylation score for each CpG was represented as a beta value according to the fluorescent intensity ratio with any values between 0 (unmethylated) and 1 (completely methylated). Raw microarray data and processed data will be available from Gene Expression Omnibus (accession number for post-diagnostic Study Group #1: GSE113409, and for pre-diagnostic Study Group #2: GSE113392).

Bisulfite treatment of DNA
For validation of candidate genes selected based on the microarray data, DNA bisulfite conversion was performed as previously described 3, 4. Briefly, 2 μg of DNA was linearized with EcoRI and incubated for 3h at 37°C followed by purification using the Quick Clean PCR Purification Kit (GenScript) according to the manufacturer’s protocol. The purified DNA was then denatured with 3 M NaOH and incubated for 15 minutes at 37°C. Freshly prepared 3.6 M sodium bisulfite/1 mM hydroquinone mixture (pH 5.0) was added to denatured DNA and incubated for 2 minutes at 95°C and then 8h at 55°C followed by 2 minutes at 95°C and 2h at 55°C. DNA samples were then desalted and purified (Quick Clean PCR Purification Kit, GenScript). The purified DNA was again denatured with 3 M NaOH and incubated for 15 minutes at 37°C. The solution was neutralized by addition of ammonium acetate to a final concentration of 10 M and the DNA was precipitated with 95% ethanol and the pellet was resuspended in 50 μl of distilled water.

PCR amplification of bisulfite converted DNA and pyrosequencing
On Illumina 450K array, DNA from each case and control was labelled with fluorescent dyes and hybridized to the array. The intensity of fluorescence signal at each CpG site tiled on the array indicates the level of DNA binding which reflects methylation level (beta value) at a given site. Thus, the values obtained from the microarray are semi-quantitative and require further validation. We therefore performed quantitative validation of DNA methylation levels at selected CpG loci using pyrosequencing. Pyrosequencing quantitatively measures the percentage of methylation at a single CpG site resolution and requires only PCR of bisulfite converted genomic DNA. Such a simple method would be easily translatable to a clinical setting for detection of differences in DNA methylation patterns.
Specific bisulfite converted gene sequences were amplified with HotStar Taq DNA polymerase (Qiagen) using biotinylated primers listed in Supplementary Table S2. Amplification reactions contained 25 μg of bisulfite-treated genomic DNA, 0.2 μM forward and reverse primers (one of which was biotinylated), 0.2 mM of each dNTPs, 10x HotStar Taq buffer, 0.6U of HotStar Taq DNA polymerase, in a final volume of 25 μl. Amplification was performed in a thermocycler using the following conditions: denaturation at 95°C for 10 min, amplification for 40 cycles at 95°C for 1 min, annealing temperature for 2 min 30 s, 72°C for 1 min, and final extension at 72°C for 5 min. The biotinylated DNA strands were pyrosequenced in the PyroMarkTMQ24 instrument (Biotage, Qiagen) as previously described 5. Data were analyzed using PyroMarkTMQ24 software.



Statistical analysis

Microarray data
DNA was isolated from frozen whole blood (WBC DNA and potentially circulating tumor DNA) and bioinformatics analyses excluded marginal changes (less than 1%) that could account for circulating tumor DNA. Hence, the presented differences correspond to changes in DNA methylation of WBC population. For convenience, we refer to detected changes as “differences in blood DNA methylation”.
Raw methylation data from Human Methylation 450K microarrays were pre-processed using GenomeStudio and IMA (Illumina Methylation Analyzer for 450K, R/Bioconductor) including quality control, background correction, normalization, probe scaling, and adjustment for batch effect. Background subtraction and color correction to account for the dye bias seen in Infinium II probes was done by equalizing the intensities in the green and red channels to the average intensity across the two colors as measured by normalization control probes present on the BeadChip. The methylation level at each CpG was expressed as a beta value, which represents the fraction of methylated cytosines at that specific location. The median beta value across all cases or all controls was calculated for each CpG and a paired Wilcoxon test was used to assess differences between cases and controls (delta beta = differential methylation = median case – median control). A methylation difference with P ˂ 0.05 was considered statistically significant. Although false discovery rate (FDR) correction of the P values was not successful due to limited sample sizes, the selected differences were successfully validated by an independent quantitative method, namely pyrosequencing, and verified in independent Study Groups. Among statistically significant differences, we took into account only those that are variable in the population yet stable over time as identified by intraclass correlation coefficient (ICC) > 0.50 based on previously published data 6. The ICC is defined as the ratio of the between-subject variance to the total variance (between-subject + within-subject variance that reflects both temporal and assay variation). Stable variable methylated probes (ICC > 0.50) show a larger variation between individuals than within individuals 6. 

Probes that were not detected in >20 % of the samples were excluded from the analyses. One case sample was excluded from the analysis due to failing numerous quality control measures (>2SD lower than mean signals) for staining, target removal, extension, specificity, non-polymorphic and bisulfite conversion control probes. Missing data were first imputed using the k-nearest neighbors method as implemented in the R package “impute” for the principle components analysis only 7. We then used the empirical Bayes method of Johnson et al. 8 (commonly referred to as “ComBat”) to minimize potential chip-specific batch effects. Lastly, to adjust the distributions of beta values across probe type (Infinium I and II) and to enable joint analysis, we performed peak-based correction using two methods as described by Dedeurwaerder et al. 9 and Teschendorff et al. 10. We selected the beta-mixture quantile normalization (BMIQ) method 10, for the main analyses.

White blood cell type adjustment
Different WBCs need to be taken into account when analyzing DNA methylation in whole blood 11, 12. As WBC differentials were not available for our samples, we used HM450 methylation data obtained from purified CD4 T-cells, CD8 T-cells, CD19 B-cells, monocytes, natural killer (NK) cells, neutrophils and eosinophils, and whole PBMCs (n = 6 subjects) 12. We identified the probes that differed significantly between each individual cell type and PBMC (linear regression using beta values, P < 1e−07 and delta-beta > 0.05). This identified n = 10,082 unique probes, which were subsequently removed from the statistical analyses, assuming as a first approach that blood composition only marginally affected methylation patterns at other sites (n = 444,054 remaining probes). Genome-wide estimation of cell composition was also used to infer cell proportions using the reference based method 13.

Pyrosequencing
Non-parametric Mann–Whitney U-test was used to compare the difference in DNA methylation at every tested CpG site in the selected genes (probes) determined by pyrosequencing between the case group and the control group in all the Study Groups. The results were considered statistically significant when P < 0.05. 
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