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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common can-
cer and the third leading cause of cancer-associated deaths in men 
worldwide.1 An increase in HCC incidence has been observed in 
the US recently, where HCC has one of the fastest growing death 
rates for any cancer in both men and women.2,3 The initiation 
and development of HCC is a multi-step process with accumu-
lated genetic and epigenetic alterations resulting from diverse 
etiologies, including hepatitis B (HBV) and hepatitis C virus 
(HCV) infections, alcohol abuse, non-alcoholic steatohepatitis, 
and exposure to environmental carcinogens, such as aflatoxin B

1
 

Hepatocellular carcinoma (HCC) incidence has increased in the US and also has one of the fastest growing death rates of 
any cancer. The purpose of the current study was to discover novel genome-wide aberrant DNA methylation patterns 
in HCC tumors that are predominantly HCV-related. Infinium HumanMethylation 450K BeadChip arrays were used 
to examine genome-wide DNA methylation profiles in 66 pairs of HCC tumor and adjacent non-tumor tissues. After 
Bonferroni adjustment, a total of 130,512 CpG sites significantly differed in methylation level in tumor compared with 
non-tumor tissues, with 28,017 CpG sites hypermethylated and 102,495 hypomethylated in tumor tissues. Absolute 
tumor/non-tumor methylation differences ≥ 20% were found in 24.9% of the hypermethylated and 43.1% of the 
hypomethylated CpG sites; almost 10,000 CpG sites have ≥ 30% DNA methylation differences. Most (60.1%) significantly 
hypermethylated CpG sites are located in CpG islands, with 21.6% in CpG shores and 3.6% in shelves. In contrast, only a 
small proportion (8.2%) of significantly hypomethylated CpG sites are situated in islands, while most are found in open 
sea (60.2%), shore (17.3%) or shelf (14.3%) regions. A total of 2,568 significant CpG sites (2,441 hypermethylated and 127 
hypomethylated) covering 589 genes are located within 684 differentially methylated regions defined as regions with 
at least two significant CpG sites displaying > 20% methylation differences in the same direction within 250-bp. The top 
500 significant CpG sites can significantly distinguish HCC tumor from adjacent tissues with one misclassification. Within 
adjacent non-tumor tissues, we also identified 75 CpG sites significantly associated with gender, 228 with HCV infection, 
17,207 with cirrhosis, and 56 with both HCV infection and cirrhosis after multiple comparisons adjustment. Aberrant 
DNA methylation profiles across the genome were identified in tumor tissues from US HCC cases that are predominantly 
related to HCV infection. These results demonstrate the significance of aberrant DNA methylation in HCC tumorigenesis.
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). These aberrant biological changes may lead to the activa-

tion of oncogenes and inactivation of tumor suppressive genes, 
which are among the key regulators of hepatocarcinogenesis.

Altered DNA methylation (hyper- or hypo-methylation) is 
one of the early events and the most consistent epigenetic change 
observed in HCC. Global DNA hypomethylation, particularly 
in repeated sequences and transposable elements, largely affects 
intergenic and intronic regions of the genome and plays a critical 
role in increasing chromosomal instability.4 Hypermethylation 
of promoter regions of crucial genes (such as tumor suppres-
sor, DNA repair and cell cycle control genes) can repress rel-
evant gene expression and downregulate biological functions 
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genome-wide DNA methylation profiles. It includes 485,764 
CpG sites from 21,231 genes covering 96% of CpG islands 
and 99% of RefSeq genes with multiple probes per gene from 
the UCSC database.6,18-20 The overall congruence with pyrose-
quencing data are also very good.20 The 450K BeadChips span 
not only CpG islands, but also CpG shores and CpG shelves. 
Application of the arrays to analyze DNA from cancer cell lines 
and tissues indicate that it is an efficient, robust and afford-
able tool in assessing epigenetic changes across the human 
genome.6,18-20 In the current study, we applied these arrays to 
determine aberrant DNA methylation in predominantly HCV-
related HCC in the US. The identification of novel DNA 
methylation markers contributes to our understanding of HCC 
pathogenesis, and should lead to improvements in early diagno-
sis and treatment.

Results

Clinical and pathological characteristics of HCC patients. 
Clinical and pathological characteristics are described in Table 1. 
The average age at HCC diagnosis is 59.5 ± 14.6 y. Most patients 
are male (76%) and Caucasian (52%). Approximately 20% 
of cases are positive for HBV and 29% are positive for HCV. 
Twenty-nine percent are negative for both HBV and HCV and 
6% are positive for both HBV and HCV. A total of 36 cases 
(55%) smoked and 36 cases (55%) consumed alcohol. Among 
the 66 HCC patients, 73% have pathologically defined cirrhosis 
and 61% have tumors grade III or IV.

Comparison of β-value density by the two chemical assays 
in Infinium Methylation 450K technology. The design of 
Infinium Methylation 450K arrays comprises two chemical 
assays (Infinium I and Infinium II), which may differ in their 
sensitivity for detecting extreme methylation values (i.e., 0 and 1) 
as previously reported.19 We compared the distribution of β-value 
density between the two chemical assays. The β-value density 
plots display a bimodal distribution for Infinium I and Infinium 
II assays (Fig. S1A). Consistent with previous observations, there 
are two peaks for less methylated and extensively methylated CpG 
sites.19 A shift toward the center of methylation was observed for 
the Infinium II assay data (Fig. S1C) compared with that of the 
Infinium I assay (Fig. S1B), and the same shifting pattern was 
observed for tumor and adjacent non-tumor tissues. Because we 
conducted probe-level analyses of the differences between tumor 
tissues and adjacent normal tissues, any shift between the two 
assays will not impact differences.

Genome-wide DNA methylation profiles differentiate 
HCC tumor from non-tumor tissues. Methylation of 130,512 
(27.5%) CpG sites out of 473,929 across the entire genome (cov-
ering 13,790 genes) significantly differed between HCC tumor 
and adjacent non-tumor tissues after Bonferroni correction for 
multiple comparisons. Among all significant CpG sites, 28,017 
(21%) are significantly hypermethylated (covering 5,774 genes), 
and 102,495 (79%) are significantly hypomethylated (covering 
11,606 genes) in HCC tumor tissues. A volcano plot displaying 
the mean DNA methylation differences for all CpG sites is given 
in Fig. S2. These data confirm that aberrant DNA methylation 

and is associated with an increased risk of HCC.5 Aberrant 
DNA methylation has been frequently found in CpG islands, 
as well as CpG shores (regions up to 2 kb from the islands) and 
CpG shelves (2–4 kb from the islands),6 and may contribute to 
tumorigenesis.7-9

Prior studies have used a range of methods to investigate 
methylation in 1,500 to 27,000 CpG sites in HCC tumor/adja-
cent tissues from Japan,10,11 Korea,12 France,13 Germany14 and 
the US15 but with relatively small sample sizes of 5 to 38 cases. 
Our own prior study used the Illumina HumanMethylation 
27K arrays to investigate methylation in 62 Taiwan HCC cases, 
predominantly with HBV infection (www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE37988).16 While a powerful tool, 
the 27K array only provides information on 27,578 CpG sites 
representing a small part of the entire genome and mainly covers 
promoter regions.14,17 Four recent reports demonstrate the accu-
racy and reproducibility of the Infinium HumanMethylation 
450K BeadChip arrays that more comprehensively examines 

Table 1. Clinical and pathological characteristics of 66 US HCC patients

Variables No. of Cases (%)

Age at diagnosis, mean ± SD 59.5 ± 14.6

Age 
< 60 y 
≥ 60 y

 
33 (50.0) 
33 (50.0)

Gender 
Male 

Female

 
50 (75.8) 
16 (24.2)

Ethnicity 
Caucasian 

African-American 
Hispanic 

Asian 
Unknown/Other

 
34 (51.5) 

6 (9.1) 
6 (9.1) 

14 (21.2) 
6 (9.1)

Viral infection 
HBV (−), HCV (−) 
HBV (−), HCV (+) 
HBV (+), HCV (−) 
HBV (+), HCV (+) 

Missing

 
19 (28.9) 
19 (28.9) 
13 (19.7) 

4 (6.0) 
11 (16.5)

Cigarette smoking 
No 
Yes 

Missing

 
26 (39.3) 
36 (54.6) 

4 (6.1)

Alcohol drinking 
No 
Yes 

Missing

 
27 (40.9) 
36 (54.6) 

3 (4.5)

Cirrhosis 
No 
Yes 

Missing

 
17 (25.9) 
48 (72.7) 

1 (1.4)

Tumor grade* 
I-II 
III 
IV 

Missing

 
23 (34.9) 
22 (33.4) 
18 (27.2) 

3 (4.5)

*Edmondson and Steiner grade.
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(2,441/3,921) of significantly hypermethylated CpG sites are 
located within 839 DMRs defined as regions with at least two 
significant CpG sites displaying > 20% methylation differences 
in the same direction within 250 bp.21 A total of 569 genes (with 
2 to 29 CpG sites per gene) harbor 655 hypermethylated DMRs. 
Others (184 DMRs) are located within non-coding regions. 
There are 127 (18.3%) significantly hypomethylated CpG sites 
within 56 DMRs, which include 29 DMRs covering 20 genes 
(with 2 to 16 CpG sites per gene), and 27 DMRs located within 
non-coding regions. The genome-wide distribution of signifi-
cant CpG sites within DMRs is shown in Figure S4. The hyper-
methylated DMRs (blue lines) are widely distributed across the 
whole genome with many obvious clusters on different chromo-
somes, while the hypomethylated DMRs (red lines) are located 
within a limited number of chromosomes with a few significant 
clusters observed in chromosomes 5, 7 and 8. These data suggest 
that significantly hypermethylated DMRs are more common 
in HCC tumor tissues compared with hypomethylated DMRs, 
which is the reverse of the observation for single CpG sites that 
are more frequently hypomethylated in HCC tumor tissue  
(Fig. S2). The top 20 significantly hyper- or hypomethylated 
CpG sites within DMRs are listed in Table 3 ranked by statisti-
cal significance.

DNA methylation patterns affected by HCC risk factors. 
Two-sample t-test was used to compare methylation differ-
ences by HCC risk factors within adjacent non-tumor tissues. 
After Bonferroni correction, 75 CpG sites are significantly 
associated with gender, but unrelated to other risk factors. No 
sites significantly differ by alcohol use or HBV infection sta-
tus. Methylation level at one CpG in OAZ3 (MRPL9) signifi-
cantly differs between ever and never smokers. A total of 228 
CpG sites are significantly associated with HCV infection, and 
17,207 CpG sites are significantly correlated with cirrhotic sta-
tus, with 5,398 hypermethylated and 11,809 hypomethylated in 
cirrhotic tissues. Figure 2 shows unsupervised hierarchical clus-
tering analysis for 228 HCV-related CpG sites, and Figure S5 
shows the top 500 differentially methylated CpG sites between 
cirrhotic and non-cirrhotic tissues. These significant aberrant 
CpG methylation sites are generally able to well separate HCV 
positive from negative tissues and cirrhotic from non-cirrhotic 
tissues, with some misclassifications (1–12 tissues). We next 
compared the specificity of the significant CpG sites related to 
HCC and different risk factors by Venn diagram and found no 
overlapping CpG sites between tumor and risk factors of gen-
der (male) and HCV infection. Only 8 CpG sites are signifi-
cantly associated with both HCC tumor and cirrhotic tissues  
(Fig. S6A), indicating the potentially independent roles of aber-
rant DNA methylation in hepatocarcinogenesis. A few (56) 
CpG sites are significantly correlated with both HCV infection 
and cirrhosis.

Comparisons of significant CpG sites identified by Infinium 
Methylation 27K and 450K data. Comparing the significant 
hyper- and hypo-methylated CpG sites previously identified 
using the Infinium Methylation 27K arrays in 62 Taiwanese 
HCC16 and the 450K arrays in 66 US HCC patients (Fig. S6B), 
we found an overlap of 146 significant hypermethylated CpG 

is a very common event in HCC tumor tissues across the entire 
genome with hypomethylation of CpG sites being more fre-
quently observed than hypermethylation.

The frequencies of all significant CpG sites by tumor/non-
tumor differences are shown in Table S1. Twenty five percent 
of the hypermethylated CpG sites (6,969) and 43.1% of the 
hypomethylated CpG sites (44,162) have an absolute tumor/
non-tumor methylation difference ≥ 20%. Almost 10,000 CpG 
sites (< 10% of all significant sites) have a ≥ 30% difference in 
DNA methylation between tumor and non-tumor tissues. These 
data suggest that DNA methylation changes in HCC tumor tis-
sues are robust and may be excellent candidate biomarkers. The 
genomic regions of the significantly hyper- or hypo-methylated 
CpG sites are distributed differently (Table S2). Sixty percent 
(16,841) of the CpG sites significantly hypermethylated are in 
CpG island regions, with 21.6% in CpG shores and 3.6% in 
shelf regions. In contrast, only a small proportion (8.2%) of the 
significantly hypomethylated CpG sites (8,412) are situated in 
islands, while most are found in open sea (60.2%), shore (17.3%) 
or shelf (14.3%) regions, suggesting a potential role in genomic 
instability.

After Bonferroni adjustment, there are many more significant 
CpG sites identified in male HCC (87,305 hyper- and 19,530 
hypo-methylation CpG sites) compared with female (1,492 
hyper- and 356 hypo-methylation CpG sites) possibly due to the 
larger number of male (50) then female (16) cases. Most signifi-
cant CpG sites found in female HCC (1,489 hypermethylated 
and 339 hypomethylated) overlap with those in male (Fig. S3). 
For male HCC, there are, respectively, 1,888 and 103 significant 
CpG sites located on the X and Y chromosomes. Only 4 hyper-
methylated CpG sites on the X chromosome are significantly dif-
ferent between female HCC tumor and non-tumor tissues (data 
not shown).

Biological characteristics of the top significant differentially 
methylated CpG sites and differentially methylated regions 
(DMRs). Using more stringent criteria (see Methods) to reduce 
the potential impact of extreme β value on methylation differ-
ence and to identify potentially biologically important CpG sites 
(≥ 20% methylation difference), we identified 3,921 significantly 
hypermethylated CpG sites (covering 1,112 genes), and 696 sig-
nificantly hypomethylated CpG sites (covering 169 genes) for 
further analysis (Table S3). Figure 1 shows a hierarchical cluster 
analysis of the top 500 significant CpG sites (based on statistical 
significance) that distinguish HCC tumor from adjacent tissues. 
Excellent separation of tumor and adjacent tissues is observed 
with only one misclassification. Table 2 shows that > 82% of 
the hypermethylated CpG sites (3,220) are in CpG islands, with 
fewer in CpG shore (554), shelf (22) and open sea (125) regions. 
Significantly hypomethylated CpG sites are more common in 
open sea (66.7%) than island (9.9%), shore (13.8%) or shelf 
(9.6%) regions.

There are 2,109 (53.8%) significantly hypermethylated CpG 
sites located within promoter regions and 411 (10.5%) in regions 
with high CpG content (Table S4). There are relatively few 
hypomethylated CpG sites located within promoters (19.5%), 
and none in regions with high CpG content. More than 62% 
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independent biological mechanisms involved in those two types 
of epigenetic changes.

Discussion

We use lllumina HumanMethylation 450K arrays to iden-
tify genome-wide aberrant DNA methylation profiles that 

sites (covering 128 genes) and 15 hypomethylated CpG sites 
(covering 15 genes). These are promising candidates for fur-
ther confirmation in future studies. All overlapping CpG sites 
are located within specific genes, with 113 CpG sites (70.2%) 
located in island, 24 (14.9%) in shore, 1 (0.6%) in shelf and 
23 (14.3%) in open sea regions. However, no genes have both 
aberrant hyper- and hypo-methylation suggesting potentially 

Figure 1. Hierarchical cluster analysis of the top 500 significantly differentially methylated CpG sites between 66 pairs of tumor and adjacent tissues. 
Blue represents tumor tissue and red represents adjacent non-tumor tissue. The top 500 significant CpG sites can clearly distinguish HCC tumor from 
adjacent tissues with only one misclassification.
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were hypermethylated in the tumor tissue, while only 8 CpG 
sites (covering 8 genes SPRR3, TNFSF15, ALOX12, ANGPTL7, 
CELSR1, CRMP1, GNRH2 and LOC55908) were differentially 
methylated between both HCC vs. cirrhosis and cirrhosis vs. 
normal tissues comparisons.14 We previously utilized Illumina 
HumanMethylation 27K arrays with the largest sample size prior 
to the work presented here (62 pairs of Taiwanese HCC tumor 
and adjacent non-tumor tissues) and identified many more CpG 
sites that significantly differentiate tumor tissues from adjacent 
tissues than existing studies.17 In our prior study, a total of 2,324 
CpG sites significantly differed (with 684 CpG sites significantly 
hypermethylated and 1,640 hypomethylated) in HCC tumor 
compared with non-tumor tissues,17 including most previously 
identified novel genes or CpG sites.12-14

We also observe high percentages of CpG sites (25% hyper-
methylated and 43% hypomethylated) with large tumor/non-
tumor methylation differences (≥ 20%). Our ultimate goal is 
to identify a panel of aberrant DNA methylation markers that 
can be detected in easily accessible biological materials, such as 
blood, to improve early diagnosis of HCC. Therefore, to select 
a small number of promising, biologically important CpG sites, 
DMRs or genes, we applied more stringent criteria to reduce the 
potential impact of extreme β values on methylation differences. 
Ultimately, 3,921 (84.9%) significantly hypermethylated and 
696 (15.1%) hypomethylated CpG sites were identified (Table 
S3). A total of 2,441 significantly hypermethylated and 127 
hypomethylated CpG sites are located within DMRs covering 
530 genes with 2 to 29 significant CpG sites per gene.

We believe that the use of stringent criteria to select promising 
CpG sites/DMRs/genes, together with the large sample size, are 
unique strengths of the current study, which allowed us to iden-
tify novel aberrant DNA methylation profiles in critical genes 
potentially applicable to improving early diagnosis of HCC. 
Importantly, there is an overlap of 161 significant CpG sites 
covering 143 genes in the two independent HCC studies using 
Infinium Methylation 27K and 450K arrays, indicating a crucial 
role for those genes in hepatocarcinogenesis. These data further 
confirm that not only is aberrant DNA methylation across the 
entire genome a common event in HCC tumor tissues, but also 
large tumor/non-tumor methylation and DMRs differences are 
usually observed. Using these aberrant DNA methylation mark-
ers, we were able to successfully classify HCC tumor and non-
tumor tissues with only one misclassification (Fig. 1), suggesting 
their promise for future clinical application. However, Robinson 
et al.21,22 found that genetic variation, including single nucleotide 

contribute to predominantly HCV-related HCC in the US. A 
total of 130,512 CpG sites across the entire genome significantly 
differ in methylation levels between HCC tumor and adjacent 
non-tumor tissues after Bonferroni correction for multiple com-
parisons. More CpG sites (102,495, 79%) in HCC tumor tissues 
are hypomethylated than hypermethylated (28,017, 21%), which 
is consistent with the proportion observed in previous HCC 
genome-wide methylation studies,10-14 including ours.16 However, 
these previous studies lacked data on DMRs. Our current study 
suggests that, in contrast to specific CpG sites, significant hyper-
methylated DMRs are more common in HCC tumor tissue com-
pared with hypomethylated DMRs. Using DMRs rather than 
CpG sites may be more accurate and biologically relevant, and 
minimize potential artifacts due to random methylation altera-
tions in single CpG sites.

The use of cost-effective, high-throughput techniques allows 
a hypothesis-free approach to discover novel DNA methylation 
markers in HCC. An earlier study examined 6,458 CpG islands 
in 38 paired HCC tumor and adjacent non-tumor tissues from 
Japan using methylated CpG island amplification microarrays.10 
A total of 719 (11%) genes were identified as hypermethylated 
in HCC. Another study was performed to screen methylated 
genes in HCC tissues using methylated CpG island amplification 
coupled with CpG island microarray analysis (containing 15,134 
probes covering 6,157 unique genes). The authors identified 332, 
342 and 259 genes that were, respectively, aberrantly methylated 
in HBV-positive, HCV-positive and HBV/HCV-negative HCC 
tissues. Four of these genes (KLHL35, PAX5, PENK and SPDYA) 
were significantly hypermethylated in HCC tissue irrespective 
of viral status;11 current results confirm this observation. Two 
studies used Illumina 1,500 Golden Gate arrays to screen DNA 
methylation patterns on 5 paired HCC tissues from Korea12 
and 30 from France.13 The first study identified 24 new genes 
as potentially novel methylation markers for HCC, and con-
firmed four hypermethylated genes within tumor tissues by the 
inactivation of gene expressions.12 In the second study, 124 CpG 
sites in 94 genes were differentially methylated between tumors 
and surrounding tissues with 34 hypermethylated and 90 hypo-
methylated.13 Ammerpohl et al. investigated genome-wide DNA 
methylation profiles using Illumina HumanMethylation 27K 
array in 12 HCC, 15 cirrhotic and 12 normal tissues. They found 
that 998 GpG sites were differentially hypomethylated while 278 
sites were hypermethylated in HCC as compared with normal 
tissues. In the same study, comparing HCC and cirrhotic tissues, 
1,050 CpG sites were significantly hypomethylated and 378 sites 

Table 2. Distribution of genomic regions for significant CpG sites passing the stringent filtering criteria

Genomic region of CpG sites Total CpG Sites Number of hypermethylated CpG sites (%) Number of hypomethylated CpG sites (%)

CpG Island (CGI)* 150,254 (30.9) 3,220 (82.1) 69 (9.9)

Shore (0–2 kb from CGI) 112,067 (23.1) 554 (14.1) 96 (13.8)

Shelf (4–6 kb from CGI) 47,144 (9.7) 22 (0.6) 67 (9.6)

Open Sea (> 6 kb from CGI) 176,112 (36.3) 125 (3.2) 464 (66.7)

Total 485,577 3,921 696

*Defined as DNA regions with at least 500 bp, a GC percentage ≥ 55% and with a CpG ratio (observed CpG/expected CpG) > 0.65.38
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the transcription start site of GSTP1 is selectively methylated 
in HCC, whereas the 3' region is methylated in all liver tissues, 
including normal liver.23 From a functional genome standpoint, 
the different distributions of significant hypermethylated and 
hypomethylated CpG sites suggest important epigenetic mecha-
nism in hepatocarcinogenesis, and provide extensive information 
on the relationship between the development of human cancer 
and the DNA methylation landscape.

Differences in methylation patterns by HCC risk factors were 
also explored in adjacent non-tumor tissues. We found that a few 
CpG sites are significantly associated with gender, age, cigarette 
smoking, alcohol drinking or HBV infection. Until now, methyl-
ation in only a few genes (CDH1, Gadd45beta, p16, RASSF1 and 
STAT1) have been reported to be correlated with HCV infection 
by a candidate gene approach.24-29 Using a genome-wide approach, 
for the first time, we identified a total of 228 aberrantly methyl-
ated CpG sites (covering 147 genes) that are significantly associ-
ated with HCV infection in adjacent non-tumor liver tissue. We 
did not observe any overlapping CpG sites related to both HCC 
and HCV, suggesting that the aberrantly methylated CpG sites 
associated with HCV are not necessarily related to hepatocar-
cinogenesis. This is consistent with a previous genome-wide study 
that found a number of genes (169 probes) commonly methyl-
ated in HCC irrespective of hepatitis virus status,11 suggesting 
potentially independent patterns of aberrant DNA methylation 

polymorphisms (SNP) and copy number variants (CNV) asso-
ciated with HCC, significantly confounded DNA methylation 
differences obtained from genome-wide analyses. They suggested 
the exclusion of CpG sites that overlap with SNPs or are located 
within CNVs regions according to the existing genomic data-
bases to reduce potential artifacts. Therefore, simultaneously 
examining genetic variants and other epigenetic changes that 
may potentially impact DNA methylation alterations is neces-
sary to elucidate their role in influencing DNA methylation and 
is the next step of our research. Of course, further functional 
validation to distinguish real “drivers” of malignant transforma-
tion is warranted.

The genomic distribution of significant CpG sites reveals that 
significantly hypermethylated CpG sites are more frequently 
located at CpG islands (60.1%) and shores (21.6%), while most 
significant hypomethylated CpG sites (60.2%) are located in 
open sea regions (Table S2). These data are consistent with the 
findings from a previous colorectal cancer cells study6 and our 
Taiwan HCC study.16 It is well known that epigenetic inactiva-
tion of genes in malignant tumors including HCC is largely based 
on transcriptional silencing by aberrant CpG island methylation 
in promoter regions and that genomic instability is believed to be 
related to global hypomethylation. However, the location of the 
analyzed CpG sites may also be important in HCC specificity. 
For example, Jain et al. found that the 5' region up to 48 nt from 

Table 3. Top 20 significant CpG sites and genes within DMRs in HCC tumor tissues compared with adjacent non-tumor tissues

CpG site
Mean 
tumor

Mean 
adja-
cent 

tissue

Mean 
differ-
ence

Adjusted  
p value*

Hyper 
methylated  

gene**
CpG site

Mean 
tumor

Mean 
adja-
cent 

tissue

Mean 
differ-
ence

Adjusted  
p value*

Hypo 
methylated  

genes**

cg04917181 0.56 0.19 0.37 4.89E-29 TSPYL5 cg11356247 0.5517 0.9269 -0.3751 1.45E-26 PTPRN2

cg19429281 0.64 0.13 0.51 9.96E-29 ZNF702P cg23328109 0.5042 0.7351 -0.2309 3.22E-26 REXO1L2P

cg06445348 0.63 0.17 0.46 1.18E-28 ILDR2 cg22740796 0.2020 0.7081 -0.5061 5.48E-26

cg25622366 0.58 0.09 0.49 1.58E-28 OTX1 cg00084798 0.4099 0.7415 -0.3316 7.41E-26

cg03192598 0.64 0.19 0.45 2.97E-28 cg06552160 0.2797 0.6183 -0.3386 1.26E-25 MYT1L

cg18267049 0.66 0.24 0.42 9.50E-28 cg00217080 0.3468 0.8403 -0.4936 2.06E-25

cg16601494 0.68 0.16 0.51 1.23E-27 C1orf70 cg26032412 0.2591 0.5086 -0.2495 4.01E-25

cg13879483 0.68 0.17 0.52 1.26E-27 USP44 cg26986989 0.2400 0.5631 -0.3231 4.26E-25

cg22195627 0.66 0.25 0.41 1.98E-27 cg07834841 0.3687 0.8172 -0.4485 5.34E-25

cg15487867 0.58 0.06 0.52 2.00E-27 C1orf70 cg08892613 0.3497 0.8331 -0.4835 5.80E-25

cg07835424 0.61 0.18 0.43 2.05E-27 cg25225379 0.2807 0.7920 -0.5112 6.11E-25

cg13546935 0.63 0.15 0.48 4.10E-27 SPDYA cg09050058 0.2391 0.5638 -0.3247 8.00E-25

cg00346208 0.60 0.25 0.35 6.58E-27 VWA5B1 cg00887902 0.2670 0.5357 -0.2687 8.32E-25 XKR4

cg15157455 0.44 0.21 0.24 1.73E-26 HIST2H2BF cg05767404 0.2664 0.5697 -0.3033 2.83E-24 C1orf150

cg18081940 0.62 0.23 0.39 2.30E-26 TDRD10 cg13822911 0.3652 0.7194 -0.3542 2.89E-24

cg17694795 0.58 0.23 0.35 6.53E-26 cg27104173 0.3885 0.9364 -0.5479 3.28E-24 PTPRN2

cg06537894 0.59 0.13 0.47 7.40E-26 MAST1 cg20189761 0.5775 0.7899 -0.2138 4.10E-24 REXO1L2P

cg16657538 0.59 0.10 0.49 9.94E-26 ZNF397OS cg09120035 0.3721 0.7388 -0.3666 4.12E-24 CYP11B1

cg00458878 0.51 0.16 0.34 1.23E-25 cg00159780 0.5236 0.7592 -0.2355 5.17E-24 REXO1L2P

cg03679755 0.57 0.17 0.40 1.41E-25 cg16158575 0.3820 0.7019 -0.3199 1.11E-23

*After Bonferroni adjustment; **genes having at least two significant CpG sites within a 250-bp window and displaying > 20% methylation differences 
in the same direction.
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ESR1, GFRA3, KCNQ4, PODN and RASSF5).14 Principal com-
ponent analysis (PCA) shows that the cirrhotic samples, in gen-
eral, are on the same major branch of the tree as the non-cirrhotic 
adjacent tissues and consequently are more similar to the adja-
cent tissues than to the tumors.14 Another study identified 21 
CpG sites significantly differentially methylated between non-
tumor cirrhotic tissue of HCC patients and cirrhotic tissues of 
patients without HCC using Illumina GoldenGate Methylation 

for HCV infection and malignant transformation. We ascer-
tained that 17,207 CpG sites are significantly correlated with 
cirrhotic liver tissues across the genome, including 56 CpG sites 
that overlapped with those associated with HCV and 8 CpG sites 
that overlapped with those associated with HCC (Fig. S6A). One 
previous genome-wide study identified 47 differentially methyl-
ated CpG loci between cirrhotic and non-cirrhotic liver tissues; 9 
genes overlap with our findings (ACSS1, APC, BACH1, CCDC37, 

Figure 2. Hierarchical cluster analysis of the 228 methylated CpG sites that significantly differentiate HCV positive and HCV negative HCC in adjacent 
non-tumor tissues among cases who are HBV negative. Blue represents HCV positive, and red represents HCV negative. The significant aberrant CpG 
sites are able to successfully separate HCV positive from negative tissues with only one misclassification.
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hematoxylin and eosin (H.E.) stained 4 micron thick sections 
of frozen tissue store at -20°C, for liver tumor and adjacent 
non-tumor tissues, included assessment of presence, viability 
and percent of tumor. Tumor samples were macrodissected to 
ensure > 80% purity of tumor. To insure the DNA extracted 
from adjacent normal tissue did not contain any tumor cells, tis-
sue sections were cut from frozen tissues and H.E. stained. The 
stained sections were carefully observed under a microscope by 
the study pathologist (H.R.) to ensure no tumor tissues or cells 
were present in the whole sections. Then several sections were cut 
from the same tissues for DNA extraction. Frozen tissue blocks 
of adjacent tissue were also evaluated with respect to the presence 
or absence of cirrhosis. Information on viral infection (HBV and 
HCV) and clinicopathological features including α-fetoprotein 
levels, tumor size, tumor number, tumor differentiation, vas-
cular invasion, and capsular infiltration are obtained from the 
medical records. HBV (HBsAg) and HCV (anti-HCV) status 
were determined by immunoassay.

DNA preparation and Infinium Methylation 450K assay. 
DNA was extracted from 66 frozen tumor/adjacent tissues by 
standard proteinase K/RNase treatment and phenol/chloroform 
extraction. Bisulfite modification of 1μg DNA was conducted 
using an EZ DNA Methylation Kit (Zymo Research) accord-
ing to the manufacturer’s procedure. The Infinium Methylation 
450K assay was performed according to Illumina’s standard pro-
tocol. Six HCC tumor/adjacent non-tumor tissue pairs were pro-
cessed on the same chip to avoid chip-to-chip variation.

Statistical methods. Infinium Methylation data were pro-
cessed with the Methylation Module of GenomeStudio software 
using HumanMethylation 450 manifest v1.1. Methylation lev-
els of CpG sites were calculated as β-values (β = intensity of 
the methylated allele (M)/[intensity of the unmethylated allele 
(U) + intensity of the methylated allele (M) + 100].6 For quality 
control (QC), methylation measures with a detection p value > 
0.05 and samples with a CpG coverage < 95% were removed. 
Ultimately 485,577 CpG sites in all 66 pairs of samples passed 
the coverage criteria. Because gender is a risk factor for HCC, 
and the numbers of male and female cases are uneven (50 vs. 16), 
potential bias may exist related to significant CpG sites on Y and 
X chromosomes. Therefore, CpG sites (11,648) on the sex chro-
mosomes were removed for the initial analysis to avoid gender- 
specific methylation bias, which left 473,929 autosomal CpG 
sites. CpG sites on the sex chromosomes were included for analy-
sis of gender-specific methylation differences.

Paired t-tests with Bonferroni correction for multiple testing 
were used to identify CpG sites that are differentially methyl-
ated between tumor and adjacent non-tumor tissues. A signifi-
cant difference was defined as sites with a Bonferroni-corrected p 
value ≤ 0.05 which corresponds to a raw p value of ≤ 1.06 × 10-7. 
A volcano plot was used to display mean DNA methylation dif-
ferences for all 473,929 CpG sites. Hierarchical clustering of the 
methylation data was performed with the top significant sites to 
cluster tissue status (tumor vs. non-tumor) or HCC risk factors 
(gender, HBsAg, anti-HCV).

Because > 25% of the total CpG sites are statistically sig-
nificantly different between tumor and adjacent non-tumor 

BeadArray.15 These results support our observations that only a 
few CpG sites overlap between HCC tumor and cirrhotic tis-
sues, while more overlap is observed between HCV infection 
and cirrhotic tissues. Previous bioinformatics and biochemical 
analyses revealed that the enhancer of secreted phosphoprotein 1  
(Spp1), a gene associated with fibrosis, is hypomethylated and 
its expression is upregulated.30 Our data also indicates that two 
CpG sites of Spp1 are significantly hypomethylated in cirrhotic 
liver tissues, suggesting DNA hypomethylation of Spp1 may be 
involved in liver cirrhosis. Three studies also observed overex-
pressed Spp1 in HCC compared with normal liver tissues, sug-
gesting a crucial role of Spp1 in HCC development.31-33 But we 
did not observe methylation of any CpG sites in Spp1 associ-
ated with HCC tumor tissue. Four different patterns have been 
proposed by Kanai to describe genome-wide DNA methylation 
alterations occurring during multistage hepatocarcinogenesis 
developing from chronic hepatitis to cirrhosis, dysplastic nodule 
and finally, HCC.34 They include DNA methylation (1) altered 
in chronic hepatitis/liver cirrhosis, but not in HCC; (2) occur 
in chronic hepatitis/liver cirrhosis, and are further altered in 
HCCs; (3) altered in chronic hepatitis/liver cirrhosis, but return 
to normal in HCCs and (4) altered only in HCCs. Our observa-
tions of HCV or cirrhosis-related methylation changes provide 
support for this theory. However, our results are obtained after 
diagnosis and thus cannot unravel the potential role of the tumor 
itself on changing methylation levels. Therefore, prospective 
analysis of DNA methylation alterations in hepatitis or cirrhotic 
tissues prior to HCC occurrence may provide a more logical and 
appropriate substrate to assess their biological relationships with 
those risk factors.35

In summary, we have comprehensively characterized genome-
wide DNA methylation patterns occurring in HCC, and iden-
tified a large subset of CpG sites/DMRs/genes correlated with 
HCV infection, liver cirrhosis or HCC. We believe the robust 
data obtained from the current large study provides valuable 
information to better understand the molecular mechanisms 
involved in multistep of HCC. The clinical application of 
sorafenib (the only FDA approved anti-angiogenic medication) 
for advanced HCC patients, and the ongoing clinical trials for 
IGF modulators and PI3 kinase inhibitors provide promising 
data for insights into the value of aberrant CpG sites/DMRs/
genes that are involved in those biological pathways.36 Further 
functional studies and follow-up evaluations to clarify the real 
“drivers” of tumorigenesis among the aberrant DNA meth-
ylation markers should have significant clinical application in 
improving HCC early diagnosis and contribute to effective per-
sonalized therapies.

Methods

HCC subjects and specimens. This study was approved by the 
Institutional Review Board of Columbia University Medical 
Center. Sixty-six frozen HCC tissues were collected by the 
Center for Liver Disease and Transplantation and stored in the 
Molecular Pathology Shared Resource of the Herbert Irving 
Comprehensive Cancer Center. Histological evaluation of 
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sites with the same number as in the original list, i.e., 696 hypo-
methylated CpG sites. The two panels of 696 CpG sites have 
622 overlapping sites. Moreover, the 696 top frequently selected 
CpG sites based on the 2,000 3-fold cross-validations all have 
selection probability > 60%. Among these CpG sites, we identi-
fied differentially methylated regions (DMRs) defined as regions 
having at least two significant neighboring CpG sites displaying 
> 20% methylation differences in the same direction within a 
250 bp region.22 Genes with at least one DMR are considered 
as aberrantly methylated genes. The chromosome distribution 
of significant DMRs was generated by Idiographica web-based 
software based on human (HG19) build.37

To investigate whether methylation levels are affected by 
HCC risk factors such as gender (male/female), HBV (positive/
negative), HCV (positive/negative), cigarette smoking (ever/
never) or alcohol consumption (ever/never), we compared meth-
ylation differences by these factors within adjacent non-tumor 
tissues using a two-sample t-test with Bonferroni correction for 
multiple testing. Only subjects with complete viral status data 
were used for investigating associations with viral status.

All analyses were conducted using the R language  
(www.r-project.org).
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tissues, we applied additional filtering criteria to select candi-
date CpG sites that have large tumor/non-tumor differences in 
methylation levels. These further filtered sites are more likely to 
be helpful in the identification of more biologically meaning-
ful methylation changes, which may lead to improvements in 
identifying biomarkers for early diagnosis and treatment. For 
significant hypermethylation sites, we selected CpG sites with 
the following three criteria: (1) the mean difference in meth-
ylation level between tumor and adjacent tissues is > 20%;  
(2) > 70% of the tumor tissues have methylation levels greater 
than 2 standard deviations (SDs) above the mean methylation 
level of all 66 adjacent tissues; and (3) the mean methylation 
level for adjacent tissues is < 25%.16 For significantly hypo-
methylated sites, we selected CpG sites with the following two 
criteria: (1) the mean difference in methylation level between 
adjacent and tumor tissues is > 20%; and (2) > 70% of the adja-
cent tissues have methylation levels greater than 2 SDs above the 
mean methylation level of all 66 tumor tissues. In total, 3,921 
significantly hypermethylated and 696 hypomethylated CpG 
sites were identified.

To check the robustness of the filtered lists of CpG sites, we 
conducted a 3-fold cross-validation on the hypomethylated CpG 
sites, where we randomly choose 44 out of 66 pairs to form a 
training set and the remaining 22 pairs as a testing set. We then 
repeated the paired t-test using the training set and selected the 
top 1,000 most significantly hypomethylated CpG sites with the 
following loosened two criteria to ensure selection of enough 
candidate CpG sites at each cross-validation: (1) the mean dif-
ference in methylation levels between adjacent and tumor tissues 
is > 20%; (2) > 60% of the adjacent tissues have methylation 
levels greater than 2 SDs above the mean methylation level of 
the 44 tumor tissues. We repeated the 3-fold cross-validation 
2,000 times and selected the top most frequently selected CpG 
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