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AbstrAct
Chronic liver inflammation precedes the majority of hepatocellular carcinomas 

(HCC). Here, we explore the connection between chronic inflammation and DNA 
methylation in the liver at the late precancerous stages of HCC development in 
Mdr2-/- (Mdr2/Abcb4-knockout) mice, a model of inflammation-mediated HCC. 
Using methylated DNA immunoprecipitation followed by hybridization with “CpG 
islands” (CGIs) microarrays, we found specific CGIs in 76 genes which were 
hypermethylated in the Mdr2-/- liver compared to age-matched healthy controls. 
The observed hypermethylation resulted mainly from an age-dependent decrease of 
methylation of the specific CGIs in control livers with no decrease in mutant mice. 
Chronic inflammation did not change global levels of DNA methylation in Mdr2-/- 
liver, but caused a 2-fold decrease of the global 5-hydroxymethylcytosine level in 
mutants compared to controls. Liver cell fractionation revealed, that the relative 
hypermethylation of specific CGIs in Mdr2-/- livers affected either hepatocyte, or 
non-hepatocyte, or both fractions without a correlation between changes of gene 
methylation and expression. Our findings demonstrate that chronic liver inflammation 
causes hypermethylation of specific CGIs, which may affect both hepatocytes and non-
hepatocyte liver cells. These changes may serve as useful markers of an increased 
regenerative activity and of a late precancerous stage in the chronically inflamed liver. 

INtrODUctION

Hepatocellular carcinoma (HCC) typically 
develops on a background of chronic inflammation 
induced by viruses or other risk factors that damage the 
liver and cause compensatory proliferation resulting 
in hepatocarcinogenesis, a multistep process with 
accumulation of genetic and epigenetic alterations [1]. 
Aberrant DNA methylation in tumors has been intensively 

studied in different cancer types [2-4], including HCC 
[5-10]. In addition, genome-wide alterations of DNA 
methylation under precancerous inflammatory conditions 
were recently demonstrated for several cancer types, 
including HCC [11, 12]. Aberrant epigenetic changes 
accumulate in the chronically inflamed liver, preceding 
and promoting HCC development [13]. Particularly, 
methylation of specific CGIs is increasing during 
progression from chronic hepatitis to cirrhosis and to 
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HCC, resulting in the silencing of some tumor suppressor 
genes [14-17]. However, analysis of the whole liver 
samples in all cited above studies does not permit 
identification of a specific cell type, in which aberrant 
gene methylation and expression take place. In order to 
explore gene methylation and expression patterns in cell 
fractions of the chronically inflamed liver, we used the 
Mdr2-knockout (Mdr2-KO) mice, a well-characterized 
model of chronic inflammation-mediated HCC [18]. 
These mutants lack the Mdr2/Abcb4 P-glycoprotein (the 
murine ortholog of human MDR3) which is responsible 
for phosphatidylcholine transport across the hepatocyte’s 
canalicular membrane. This causes a dramatic decrease 
of phospholipids in bile resulting in bile regurgitation 
into portal tracts [19] and the development of chronic 
cholestatic hepatitis at an early age (starting from 2 
months) and HCC with a high incidence in the adult 
age (between 12 and 18 months) [18]. This HCC model 
was widely used to study the molecular mechanisms 
of inflammation-mediated hepatocarcinogenesis [20-
23], HCC transcriptomics [24] and genomics [25, 26]. 
Previously, using genome-scale gene expression profiling, 
we revealed multiple aberrantly expressed genes in the 
liver of Mdr2-KO mice at the late precancerous stage 
which was characterized by an increased hepatocyte 
mitosis, steatosis and appearance of dysplastic nodules 
(Supplementary Figure 1A) [21]. Now, we analyze 
genome-scale aberrant methylation of CGIs in the liver of 
these mice at the same stage of chronic liver inflammatory 
disease and also explore aberrant methylation and 
expression of several selected genes following liver cell 
fractionation. To our knowledge, this is the first study 
exploring the genome-scale liver DNA methylation at 
the late precancerous stage in a murine model of chronic 
inflammation-mediated hepatocarcinogenesis.

rEsULts

Chronic liver inflammation decreases global level 
of 5-hydroxymethylcytosine in the liver

To determine the effect of chronic liver inflammation 
on liver DNA methylation, we measured global levels of 
5-methylcytosine (5mC) and 5-hydroxymethylcytosine 
(5hmC) in the liver of Mdr2-KO and control Mdr2-/+ 
mice at the age of 12 months (late precancerous stage for 
mutants). No difference in the global level of 5mC was 
found between mutant and control livers when measured 
by three different methods (Figure 1A; Supplementary 
Figure 2A,B). Remarkably, a 2.5-fold decrease of the 
global 5hmC level was detected in mutant livers by 
the LC-MS/MS method (Figure 1B). Since 5hmC is an 
intermediate product of 5mC demethylation, its reduced 
level may indicate a less efficient demethylation process of 

some CpG sites in the Mdr2-KO liver. Thus, we compared 
expression of transcripts encoding the Tet proteins, which 
are responsible for the active demethylation of 5mC by its 
oxidation to 5hmC [27], in the liver of mutant and control 
mice at the age of 12 months. The Tet1 expression was 
significantly increased in the liver of Mdr2-KO compared 
to Mdr2-/+ mice (Figure 1C), while the Tet2 expression was 
similar in both groups (Figure 1D); the expression of the 
Tet3 gene in the tested livers was too low for a reliable 
quantification.

Chronic liver inflammation causes preferential 
hypermethylation of specific CpG islands (CGIs)

To determine the effect of chronic liver inflammation 
on DNA methylation of CGIs, we used methylated DNA 
immunoprecipitation (MeDIP) followed by hybridization 
with CGI microarrays (Agilent; see Materials and 
Methods) of the liver DNA samples described above. 
We found that 78 CGIs changed their methylation level 
significantly: 76 CGIs were hypermethylated and two 
were hypomethylated in Mdr2-KO mutants compared 
to controls (Figure 2, Supplementary Table 1 and 
Supplementary Figure 3). These aberrantly methylated 
CGIs were distributed among all murine chromosomes 
with a frequency from 0.2 to 1.8% of all CGIs per 
chromosome (average frequency of 0.6% of the whole 
genome CGIs; Supplementary Figure 3A,B). More 
than half of these CGIs were mapped inside genes and 
more than 30% were mapped in the promoter regions 
(Supplementary Figure 3D). 

Comparison of the methylation profiles between 
Mdr2-KO and Mdr2-/+ mice and young C57Bl/6 mouse 
([28] and H. Cedar, unpublished data) revealed that 30 
among the 76 hypermethylated CGIs were specifically 
methylated only in the tested Mdr2-KO liver: they were 
methylated neither in the liver at the age of 3, 12 or 18 
months, nor in most of the other tested murine tissues of 
the C57Bl/6 mouse (first 30 CGIs in the Supplementary 
Table 1). Thus, these 30 hypermethylated CGIs could 
represent a chronic inflammation-induced methylation 
signature in this HCC model. In addition, we performed 
the same MeDIP-CGI methylation analysis for one tumor 
and its matched non-tumor liver tissue from the 16-month-
old Mdr2-KO male (Supplementary Table 1). This tumor 
had the lowest Mat1a/Mat2a ratio among the tested murine 
HCCs [24], and thus was expected to have the most 
aberrant DNA methylation. Additional 27 hypermethylated 
genes were associated with embryo development, and 
thus were expected to be hypermethylated in the adult 
liver (Figure 2). We confirmed hypermethylation of 18 
out of the 20 tested CGIs using the MSRE-PCR method 
(Supplementary Figure 4).
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Figure 1: DNA methylation/hydroxymethylation and expression of the Tet genes in Mdr2-KO liver at the late 
precancerous stage. Total levels of 5mC (A) and 5hmC (B) in Mdr2-KO and in the age-matched Mdr2-/+ control liver determined by 
HPLC. (C, D) Expression of the Tet1 (C) and Tet2 (D) genes in the liver Mdr2-KO and Mdr2-/+ mice determined by real-time RT-PCR; 
RQ - relative quantification (normalized to Hprt values). Primers for the Tet genes described in [64]. Three 12-month-old males per group 
in all experiments; *, p < 0.05. 

Figure 2: Preferential CGI hypermethylation at the late precancerous stage in Mdr2-KO liver. At the late precancerous 
stage, 78 CGIs were aberrantly methylated in the Mdr2-KO liver compared to Mdr2-/+ control. Thirty of these CGIs were specifically 
hypermethylated in the precancerous Mdr2-KO liver only, while 27 were also hypermethylated at the embryonic stages of liver development. 
Hybridization to Agilent CGI microarrays of total liver DNA from the 12-month-old Mdr2-KO and Mdr2-/+ mice; 3 males per group; 
Z-score for methylation > 0.7.
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Absence of the age-dependent demethylation of 
specific CpG sites in the Mdr2-KO liver

To follow the age-dependent DNA methylation 
dynamics of the group of CGIs which were 
hypermethylated in Mdr2-KO livers at the age of 12 
months, we compared DNA methylation of the 18 CGIs 
having the higher Z-scores (13 of them were from the 
group of 30 CGIs mentioned above) at 9 and 12 months of 
age in mutant and control livers using MSRE-PCR (Figure 
3, Supplementary Table 2). We found that only one of the 
tested CGIs was not methylated in the Mdr2-KO liver at 
the age of 9 months and became methylated at the age 
of 12 months. All other tested CGIs were methylated in 
the Mdr2-KO liver at both ages. However, in the control 
Mdr2-/+ liver, 15 of these CGIs were methylated at the 
age of 9 months (11 were highly methylated and 4 were 
methylated), while they became unmethylated at the age of 
12 months. Thus, in most tested cases, hypermethylation of 
the specific CGIs in the Mdr2-KO compared to the control 
liver resulted from an age-dependent demethylation 
of these sites in the control, but not in the mutant liver. 
Interestingly, this defective age-dependent demethylation 
of a specific set of CpG sites correlates with the reduced 
level of 5hmC in the Mdr2-KO liver. 

The defective age-dependent demethylation of 
specific CpG sites in the Mdr2-KO liver could stem 
from a partially de-differentiated, proliferative state of 
hepatocytes and cholangiocytes due to the extensive 
compensatory regeneration of the chronically inflamed 
mutant liver. This hypothesis is supported by our previous 
finding on the decreased level in 12-month-old Mdr2-KO 
compared to the Mdr2-/+ liver of a large mitochondrial 
DNA (mtDNA) deletion whose incidence is known to be 
increased either with age or following oxidative stress 
[21]. Here, we confirm the decreased level of mtDNA 
deletion in 12-month-old Mdr2-KO compared to the 
Mdr2-/+ liver, and demonstrate that a similar decrease, 
albeit less significant, takes place already in 9-month-
old mice (Figure 4A,B). For comparison, in tumors of 
the 16-month-old Mdr2-KO mice, the level of mtDNA 
deletion was significantly lower than in the matched non-
tumor liver tissue (Figure 4C). Remarkably, the total level 
of mtDNA in the liver of Mdr2-KO mice was significantly 
reduced at 12 months compared to 9 months of age (Figure 
4D). A reduced incidence of binuclear hepatocytes, a 
known marker of the regenerating liver [29], was found 
both in the 3- and 12-month-old Mdr2-KO compared 
to control mice (Figure 4E). These data are consistent 
with the high proliferative activity of hepatocytes and 
cholangiocytes in 12-month-old Mdr2-KO mice (which 
can be interpreted as a “younger age” of these cells), due 
to a prolonged, chronic inflammation-induced, extensive 
compensatory regeneration of the mutant liver (Figure 5).

Aberrant methylation of specific CGIs in the 
chronically inflamed liver at the late precancerous 
stage affected mostly low-expressed genes

Previously we reported a list of genes which 
were aberrantly expressed in Mdr2-KO compared to 
control liver in 3- and 12-month-old mice [21]. Now, 
we compared aberrantly methylated and aberrantly 
expressed genes in 12-month-old mice (Supplementary 
Figure 5). There were 8,677 genes present both on the 
expression (Affymetrix) and CGI methylation (Agilent) 
microarrays. Among 78 aberrantly methylated genes, 37 
were present on the expression microarray, and among 
424 aberrantly expressed genes, 252 were present on the 
methylation microarray. However, none of these genes 
was simultaneously aberrantly expressed and aberrantly 
methylated in the Mdr2-KO liver, at least, on the detection 
level of these microarrays (Supplementary Figure 5).

We then checked the gene expression levels of the 
18 genes which were aberrantly methylated in Mdr2-KO 
compared to control liver at the late precancerous stage 
(16 hyper- and two hypomethylated; 11 of them were 
from the list of 30 CGIs hypermethylated exclusively in 
the Mdr2-KO livers) using RT-PCR. We found that 13 of 
the 18 tested genes were expressed in the murine liver; 
however, their expression levels were low. Only five 
from the 13 expressed genes changed their expression 
level in the Mdr2-KO compared to control liver: the 
hypermethylated genes Bmp8b, Cyba, Mmp23, and 
Synpo were up-regulated, while the hypomethylated gene 
Lrrc16a was down-regulated (Figure 6, Supplementary 
Table 3). Thus, the most aberrantly methylated genes 
in the Mdr2-KO liver were either not expressed, or did 
not change their expression level; in the aberrantly 
methylated and aberrantly expressed genes, there was a 
direct correlation between changes of their expression and 
methylation levels. 

Testing correlation between gene methylation and 
expression in cellular fractions of the Mdr2-KO 
liver

In order to explore whether aberrant gene 
methylation and expression took place in hepatocytes or 
other liver cells, we fractionated the livers of the Mdr2-
KO and control age- and sex-matched Mdr2-/+ mice into 
hepatocyte and non-hepatocyte cell fractions. We compared 
methylation (Figure 7A,B, Supplementary Figure 6) and 
expression (Figure 7C,D) levels of the genes Fam65b, 
Il1r1 and Srd5a2 in liver cell fractions of mutant and 
control mice. In the whole liver extracts, the appropriate 
CGIs of these three genes were hypermethylated (Figure 
3 and Supplementary Table 2); however, all three genes 
were not aberrantly expressed (Supplementary Figure 7). 
These genes were chosen due to their high fold-change 
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Figure 4: Markers of liver compensatory regeneration in Mdr2-KO mice at the late precancerous stage. Decreased 
incidence of the large mitochondrial deletions in the chronically inflamed liver of the Mdr2-KO compared to Mdr2-/+ mice at the age of 9 
months (A) and 12 months (B), as well as in tumors compared to the matched non-tumorous liver tissue of 16-month-old Mdr2-KO mice 
(C); normalization to total mtDNA. (D) Relative total mtDNA levels (ratio of Mdr2-KO to Mdr2-/+) in the liver of 9- and 12-month-old 
mice; semi-quantitative RT-PCR, quantified with the ScionImage software; *, p<0.05. (E) Decreased incidence of binuclear hepatocytes in 
the liver of Mdr2-KO compared to Mdr2-/+ mice both at the early and late precancerous stages; haematoxylin staining of paraffin-embedded 
liver tissues, 10 fields/mouse at a magnification of ×100 were counted, three mice per group, *, p<0.002. 

Figure 3: Age-dependent demethylation of aberrantly methylated CGIs. DNA methylation (arbitrary units) of the 18 tested 
CGIs at 9 and 12 months of age in the Mdr2-KO (grey) and Mdr2-/+ (white) liver. Fifteen of these 18 genes (“A” and “B” groups) were 
methylated in 9-month-old mice in both the Mdr2-KO and Mdr2-/+ liver, while at the late precancerous stage, in 12-month-old mice, they 
were specifically demethylated in the control Mdr2-/+ liver. An additional two genes (“C”) were hypermethylated at both stages in Mdr2-KO 
only, and one gene (“D”) was hypermethylated in Mdr2-KO compared to the Mdr2-/+ liver at the late precancerous stage only. MSRE-PCR 
quantified using the ScionImage software and normalized to CryaA; 3 males per group. 
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of the methylation Z-score in the mutant liver (Fam65b 
and Srd5a2) and their important roles in inflammation 
(Il1r1) and HCC development (Srd5a2). The tested CGIs 
of these three genes had different methylation patterns in 
liver cell fractions: Srd5a2 was hypermethylated mainly 
in hepatocytes, Fam65b – mainly in non-hepatocytes, 
while Il1r1 was similarly hypermethylated in both cell 
fractions (Figure 7A,B and Supplementary Figure 6). 
A strong hypermethylation of Srd5a2 in hepatocytes 
resulted in a significant decrease of its expression (Figure 
7C), while its weak hypermethylation in non-hepatocytes 
(which could be a result of a minor contamination with 
hepatocytes) did not affect gene expression (Figure 7D). 
For Fam65b, a stronger hypermethylation of the non-
hepatocyte fraction did not affect gene expression, while 

a weaker hypermethylation of the hepatocyte fraction 
resulted in a significant increase of its expression. In the 
case of the Il1r1 gene, a similar efficient hypermethylation 
in both fractions resulted in a significant increase of its 
expression in non-hepatocyte cells, while it did not 
affect its expression in hepatocytes (Figure 7C,D). These 
results demonstrate that chronic inflammation-induced 
relative hypermethylation of specific CGIs at the late 
precancerous stage may affect both hepatocyte and non-
parenchymal liver cells, resulting in unpredictable changes 
of expression of the appropriate genes in the affected cell 
fractions.

Figure 6: Direct correlation between expression and methylation of selected aberrantly methylated genes. 
Hypermethylated genes Bmp8b, Cyba, Mmp23, Synpo were up-regulated, while hypomethylated gene Lrrc16a was down-regulated in the 
Mdr2-KO compared to the Mdr2-/+ liver at the late precancerous stage (three 12-month-old males per group). Semi-quantitative (for Cyba, 
Mmp23, Synpo and Lrrc16a) or real-time (for Bmp8b) RT-PCR normalized to Gapdh and quantified using the ScionImage software, *, 
p<0.05. 

Figure 5: Schematic representation of the events which take place in the chronically inflamed liver of Mdr2-KO mice 
at the precancerous stages. The scheme summarizes results presented in figures 1 to 4.
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At the tumor stage, the tested CGIs were 
preferentially methylated either in tumors or in 
non-tumor tissue of the Mdr2-KO liver

We demonstrated, using MeDIP followed by 
hybridization with the CGI microarray, that most CGIs 
that were hypermethylated in the Mdr2-KO liver at the age 
of 12 months were also methylated in a tested HCC tumor 
at the age of 16 months (Supplementary Table 1). In order 
to expand our knowledge on the methylation status of 
these CGIs in tumors, we compared the methylation levels 
between the six selected CGIs in seven additional HCC 
tumors (see representative pictures of their morphology 
and histology in Supplementary Figure 1B,C) and their 
matched non-tumor liver tissues of 16-month-old Mdr2-
KO mice using MSRE-PCR (Supplementary Table 4; 
Supplementary Figure 8). In most tested cases, these 
CGIs were methylated both in tumors and in non-tumor 
liver tissues (Supplementary Figure 8); however, they 
demonstrated different degrees of methylation in these two 

tissue types. The genes Fam65b and Il1r1 were methylated 
preferentially in the non-tumor liver tissue, whereas the 
genes Synpo and Tspan9 were methylated preferentially in 
tumors; the gene Srd5a2 in each half of the tested tumors 
was preferentially methylated in either the non-tumor 
tissue or in tumors (Supplementary Figure 8).

DIscUssION

In this study, we have found preferential relative 
(compared to the age-matched controls) hypermethylation 
of specific CGIs in the Mdr2-KO liver at the late 
precancerous stage of chronic hepatitis. The affected 
CGIs mapped mostly inside genes; the methylation of 
30 of them was highly specific for this specific stage and 
for this specific HCC model. The detected changes of 
DNA methylation could be explained by either age- or 
inflammation-dependent processes.  Chronic inflammation 
is known to induce changes in epigenetic machineries, 
including disruption of tissue- and cell-specific DNA 

Figure 7: Methylation and expression of selected genes in liver cell fractions. Genes Srd5a2, Fam65b and Il1r1 which were 
hypermethylated in total liver DNA of Mdr2-KO mice at the late precancerous stage (12-month-old mice), were now tested in hepatocyte 
and non-hepatocyte fractions of Mdr2-KO and Mdr2-/+ mice at the same age. (A,B) gene methylation; (C,D) gene expression; (A,C) 
hepatocyte fraction; (B,D) non-hepatocyte fraction. Srd5a2 was hypermethylated in Mdr2-KO hepatocytes (A), while Fam65b and Il1r1 
were hypermethylated in both Mdr2-KO hepatocyte (A) and non-hepatocyte fractions (B); MSRE-PCR, relative to Mdr2-/+ normalized to 
CryaA and quantified using ScionImage; three 12-month-old males per group; *, p<0.05. (C) Srd5a2 down-regulated, Fam65b up-regulated 
and Il1r1 unchanged in Mdr2-KO hepatocytes; (D) Il1r1 up-regulated, Srd5a2 and Fam65b unchanged in Mdr2-KO non-hepatocyte cells. 
Real-time RT-PCR, relative to Mdr2-/+, normalized to Gapdh values; five 12-month-old males per group; *, p<0.02. 
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methylation patterns, resulting both in hyper- and hypo-
methylation of specific CpG sites [30]. These changes 
in turn may contribute to the exacerbation of chronic 
inflammation, thus producing a positive feedback loop 
between inflammatory and epigenetic changes which 
can promote proliferation and oncogenic transformation 
[31]. Cancer cells exhibit increased methylation at 
multiple gene-associated CGIs with a concomitant 
widespread decrease of DNA methylation outside CGIs 
[4]. Methylation of specific CGIs is gradually increased 
during multistep carcinogenesis and frequently the same 
CGIs have been found to be increasingly methylated with 
age in normal tissues [32, 33]. In hepatocarcinogenesis, 
methylation of multiple CGIs is increasing during 
progression from chronic hepatitis to cirrhosis and to HCC 
[14-17]. Thus, our finding of preferential hypermethylation 
of CGIs in the chronically inflamed liver of Mdr2-KO 
mice at the late precancerous stage is in agreement with 
previously published human data. 

Age-dependent changes of DNA methylation in the 
murine liver were shown to be progressive, tissue-specific 
and included both hypo- and hyper-methylation [34]. In 
agreement with these data, we also detected a set of CGIs 
which were hypo-methylated in the control Mdr2-/+ liver 
at the age of 12 months compared to the age of 9 months. 

The absence of this age-dependent hypomethylation 
in the Mdr2-KO liver could be explained by an age-
dependent active demethylation of these CGIs in the 
control, but not in the mutant liver. The reduced 5hmC 
level in the Mdr2-KO liver may reflect, in part, the reduced 
active demethylation of multiple CpG sites; the total 
number of such sites in the genome could be significantly 
higher than the number of the specific CGIs detected in 
our study. The level of 5hmC in the liver is known to 
be decreased in cancer and at the pre-cancerous stage 
[35], including human liver cancer [36] and chemically 
induced hepatocarcinogenesis in mice [37], as well as 
in rodent liver subjected to chronic [38] or sub-chronic 
[39] genotoxic treatments. We are not aware of studies 
exploring the 5hmC dynamics during liver regeneration; 
however, the recent finding of the reduced 5hmC level 
during regeneration of zebrafish fin [40] supports the 
negative correlation between cell proliferation and 5hmC 
level. In the healthy liver, this negative correlation is 
supported by findings of the reduced 5hmC level in the 
fetal compared to the adult human liver [41] and in the 
young compared to the old mouse liver [42]. Thus, the 
decreased level of 5hmC, together with the defective age-
dependent demethylation of specific CGIs, the decreased 
levels of mtDNA deletion and of total mtDNA, and the 
reduced number of binuclear hepatocytes in the aged 
Mdr2-KO mice, support our hypothesis of a partially 
de-differentiated, proliferative state of their hepatocytes 
and cholangiocytes due to an extensive and prolonged 
compensatory regeneration of the chronically inflamed 
mutant liver. 

The exact molecular mechanisms responsible for 
the decreased 5hmC level in the Mdr2-KO liver are yet 
to be defined. In different cancer types, including HCC, a 
decreased level of 5hmC was shown to be caused by either 
reduced expression of the TET proteins or by inhibition 
of their activity by toxic metabolite α-hydroxyglutarate 
which is produced by gain-on-function mutant isocitrate 
dehydrogenases IDH1 or IDH2 [27, 36]. Remarkably, a 
decreased 5hmC level in tumors is often associated with 
a concomitant reduction of the levels of all three TET 
transcripts – TET1, TET2 and TET3 [36]. In human HCC, 
a decreased 5hmC was associated with disease progression 
through down-regulation of TET1 [37], while high 
5hmC and IDH2 levels were associated with a favorable 
prognosis following tumor resection [43]. In contrast to 
these data, in the Mdr2-KO liver at the late precancerous 
stage, a decreased 5hmC level was associated with 
significantly increased levels of the Tet1 (Figure 1C) 
and Idh2 (our data from microarray gene expression 
profiling [21]) transcripts (Tet2 and Idh1 levels were not 
changed; Tet3 was undetectable). Recently, it was shown 
that succinate dehydrogenase (SDH) deficiency decreases 
the 5hmC level in gastrointestinal tumors by a metabolic 
inhibition of TET2 activity [44]. However, expression 
of the Sdha, Sdhb, Sdhc, and Sdhd genes was similar 
in Mdr2-KO and matched control liver (our microarray 
data [21]). Mutations in the Sdh genes as well as gain-on-
function mutations in the Idh1 or Idh2 genes should be 
excluded in this case, due to the absence of clonality in 
the non-tumor liver tissue, in contrast to tumors. Further 
studies are required to reveal the molecular mechanisms 
responsible for the reduced 5hmC level in the chronically 
inflamed Mdr2-KO liver.

Recent studies of genome-scale DNA methylation 
revealed a more complicated correlation between the 
promoter’s CGI methylation and gene expression than the 
previously suggested up-regulation of hypomethylated 
and down-regulation of hypermethylated genes [45]. This 
reversed correlation between promoter CGI methylation 
and gene expression is observed mostly for high-CGI 
dense promoters, whereas other promoters do not exhibit 
such correlation in liver cancer [9]. Analysis of the whole-
genome methylation demonstrates that the repressive 
effect of promoter methylation on gene expression is 
clear only on genes with a very high DNA methylation 
level, and that the gene body methylation is a better 
indicator of gene expression than promoter methylation 
[45]. The small overlap of differentially methylated and 
differentially expressed genes can also be explained by 
the fact that DNA methylation in different cancer types 
affects mostly low-expressed or non-expressed genes [46]. 
Similarly, in the Mdr2-KO liver at the precancerous stage, 
most aberrantly methylated genes had either a low or an 
undetectable expression level, and none of them had a 
reverse correlation between DNA methylation and gene 
expression levels.
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 Analysis of gene regulation in the liver is 
complicated by the organ’s heterogeneity: different 
populations of resident cells, especially in the inflamed 
liver, could also play a role in the absence of a correlation 
between gene methylation and expression. A small 
population of cells in a tissue contributes little to the 
whole liver expression or methylation level when the 
expression or methylation of a gene in this population 
is decreased; however, it may contribute significantly 
when the expression or methylation of a gene in it is 
increased, especially in a case of low or undetectable 
level of whole liver expression or methylation. We 
applied liver fractionation which produces two cell 
fractions: one homogeneous (mostly hepatocytes) and one 
heterogeneous (other liver cells) to explore three genes 
which were hypermethylated and similarly expressed in 
the whole extracts of the Mdr2-KO compared to control 
livers. We could not find an obvious correlation between 
the expression and CGI methylation of these genes in 
liver cell fractions. In hepatocytes, all of their CGIs were 
hypermethylated compared to controls; however, the 
expression of Srd5a2 was decreased, while the expression 
of Fam65b was increased and the Il1r1 expression was 
unchanged. In the non-hepatocyte fraction, both Fam65b 
and Il1r1 were hypermethylated, but only Il1r1 increased 
its expression. The liver’s non-hepatocyte fraction 
comprises many cell types, and thus analysis of gene 
expression and methylation in it is complicated, similarly 
to the whole liver.

Previously, we demonstrated that the Mdr2-KO 
mouse is a relevant model for human HCC in terms of 
a similarity of the aberrant gene expression patterns 
in murine and human liver tumors [24]. Now, we 
demonstrate the relevance of this HCC model also at the 
late precancerous stage. The absolute level of 5hmC in the 
control murine liver and its decrease in the Mdr2-KO liver 
at the precancerous stage is similar to what was observed 
at the same stages in patients [35]. A decrease of the total 
mtDNA level was observed in human HCC tumors [47], 
while a reduced frequency of the large mtDNA deletion 
was detected in both liver cirrhosis and HCC [48, 49]. 

Although mice and humans share a common pattern 
of epigenetic changes during hepatocarcinogenesis, the 
specific aberrantly methylated CpG sites are expected to 
be mainly species-specific. Thus, fundamental differences 
in promoter CGI methylation have been revealed between 
three human cancers and their appropriate murine models 
[50]. In addition, the recently found novel “epigenetic 
clock” - a set of 353 CpG sites whose methylation for 
multiple healthy human tissues increases with age - 
for blood cells, is well applicable to chimpanzees, but 
poorly – to gorillas [51]. Nevertheless, some genes with 
hypermethylated CGIs in the Mdr2-KO model were also 
aberrantly methylated in human HCC. The SRD5A2 
gene was hypermethylated and down-regulated in 
early stages of human HCC [52] and was even used in 

optimal blood tests for HCC detection in HCV-infected 
patients [53]. Genes CELSR1 and ST8SIA3 were also 
hypermethylated in human HCC [17, 54]. Genes Fam65b 
and Il1r1 are known to play a role in cancer, and liver-, 
or inflammation-associated diseases. Fam65b protein 
binds the small GTPase RhoA and represses its activity by 
decreasing its GTP loading, negatively regulating by this 
cell adhesion, morphological polarization, and migration 
[55]. Interleukin-1 and its receptor encoded by the IL1R1 
gene regulate progression from liver injury to fibrosis 
[56]; IL1R1 polymorphism is associated with the risk 
for inflammatory bowel disease [57]. Hypermethylation 
of these genes, together with others identified in our 
study, may serve as a marker for the late precancerous 
stage of the chronically inflamed liver reflecting such 
processes as partial hepatocyte dedifferentiation due to 
the compensatory regeneration and formation of a pro-
tumorigenic state of the liver. 

We demonstrated in the chronically inflamed 
liver at the late precancerous stage the appearance of 
highly specific aberrant methylation events (mostly, 
hypermethylation) of a set of CGIs. This aberrant 
methylation affected both hepatocyte and non-hepatocyte 
cells and in some cases resulted also in changes of 
expression of the affected genes. Some of the changes 
that we have found in the Mdr2-KO HCC model also 
take place in human hepatocarcinogenesis either at the 
precancerous or at the early HCC stage. Thus, our findings 
of aberrant DNA methylation of specific CGIs may have 
a diagnostic significance for the late precancerous or early 
cancerous stages of HCC development in the chronically 
inflamed liver.

MATERIALS AND METHODS

Mice

All animal experiments were performed according 
to national regulations and guidelines of the Institutional 
Animal Welfare Committee (NIH approval number 
OPRR-A01-5011). The FVB.129P2-Abcb4tm1Bor (Mdr2-
KO) and wild type FVB/NJ mice were purchased from 
the Jackson Laboratory (Bar Harbor, ME); Mdr2-/+ 
heterozygotes were produced by breeding of the Mdr2-
KO and FVB/NJ mice and used as controls. Mice obtained 
a regular diet and drinking water ad libitum and under 
controlled conditions (22°C, 55% humidity, and 12-hour 
day-night rhythm). Only males were used in this study. 
Harvesting of mouse liver tissue was done as described 
previously [21].
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Fractionation of liver cells

Primary hepatocytes were isolated as previously 
described [58]. Briefly, the livers were perfused 
with Liberase and live hepatocytes were isolated 
using precipitation by gravitation force and then by 
centrifugation in Percoll gradient. In addition, non-
hepatocyte fraction was collected. DNA was purified 
using Wizard Genomic DNA Purification kit (Promega, 
WI, USA). RNA was purified using Trizol as described in 
Materials & Methods and treated with Ambion TURBO 
DNase (Life Technologies, CA, USA); the cDNA 
qScript Synthesis kit (Quanta, Biosciences, Gothenburg, 
Sweden) was used according to the manufacturer’s 
instructions. Both fractions were checked for hepatocyte 
and T cell specific markers (Albumin and T-cell receptor, 
respectively; not shown). 

Purification of total liver DNA and RNA

Total liver DNA and RNA was extracted from 
frozen liver tissue specimens as previously described [24].

Deletions in mitochondrial DNA

The D1 deletion in mitochondrial DNA was detected 
in total liver DNA by semi-qPCR as previously described 
[21].

cDNA synthesis and semi-quantitative RT-PCR

The cDNA obtained from one microgram of total 
liver RNA was used for semi-qRT-PCR as previously 
described [21]. 

Real-time RT-PCR

Real-time RT-PCR was run in triplicates using 
the PerfeCTa SYBR Green Fast mix ROX (Quanta 
Biosciences, Gothenburg, Sweden) or TaqMan Fast 
Universal PCR Master Mix (AB Applied Biosystems, 
CA, USA) primers and probe sets, on the Fast Real-Time 
PCR System 7900HT (Applied Biosystems, CA, USA). 
Threshold cycle numbers (Ct) were determined with 
Sequence Detector Software (version 1.6) and transformed 
using the ΔΔCt method as described by the manufacturer. 
The relative quantification values for each gene were 
normalized against the endogenous “housekeeping” gene 
Arl6ip1 or Hprt. 

Global DNA methylation measurements

The global levels of 5-hydroxymethylcytosine 
(5hmC) and 5-methycytosine (5mC) were measured by 
liquid chromatography tandem mass spectrometry (LC-
MS/MS) method on a Dionex Ultimate 3000 HPLC system 
interfaced with an AB SCIEX API 5000 Triple quadruple 
mass spectrometer as described previously [59] with the 
minor change of using the nucleoside analog Lamivudine 
as an internal standard. In addition, global methylation 
level of 5-mC was assessed using the MethylFlash™ 
Methylated DNA Quantification Kit (Epigentek, Brooklyn, 
NY) according to the manufacturer’s protocol and by 
measuring the methylation level of the B1 SINE element 
[60]. Liver genomic DNA was bisulfite-treated using EZ 
DNA Methylation Direct kit (Zymo Research, CA, USA) 
following the manufacturer protocol. PCR on bisulfite-
treated DNA was performed in similarity with sqRT-PCR 
reactions (detailed in semi-quantitative RT-PCR method) 
with the 0.1M primers designed with the assistance of the 
online tool MethPrimer [61]. 

Methylated DNA immunoprecipitation (MeDIP) 
followed by hybridization to CpG island 
microarray

Enrichment of total liver DNA with methylated 
DNA fraction was performed as previously described [62]. 
The anti 5-methylcytosine antibody was provided by Prof. 
H. Cedar. The enrichment of the precipitated fraction in 
methylated DNA was measured by real-time RT-PCR of 
the methylated CryaA gene and unmethylated Aprt gene 
on both DNA fractions (“methylated DNA enriched” 
and “input”). Both total (“input”) and methylated DNA 
fractions were labeled with either Cy3 or Cy5 and 
hybridized to the high-density two-color Mouse CpG 
island microarray G4811A (Agilent Technologies, 
Santa Clara, CA, USA) according to the manufacturer’s 
instructions. The Agilent G4811A array (printed using 60-
mer SurePrint technology) originally designed based on 
the UCSC genome mm8, each contains 95,830 probes that 
tile through each of the 15,342 CpG islands. Each probe 
on the array was identified by its location on the genome 
and its associated gene(s) based on UCSC annotations. 
The bioinformatics analysis of the raw array data was 
performed as previously described [63]. To increase 
statistical significance of the obtained results, all CGIs 
whose delta Z-score values were lower than 0.7 were 
excluded from the resulting tables. Thus, all methylated 
CGIs in this study (having the mark “1”) have a high and 
a highly statistically significant methylation level. The 
DNA methylation data obtained from microarrays can 
be accessed from the GEO-NCBI database repository 
(GSE64097).
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Methylation-sensitive restriction enzymes 
(MSRE) PCR

One microgram of each DNA sample was digested 
in a 80µl reaction volume by HpaII or MspI endonucleases 
according to the manufacturer’s instruction (NEB, MA, 
USA). The quality of digestion was assessed by gel 
electrophoresis; two microliters of the reaction mixture 
were used as a template for PCR. The intensities of 
the resulting bands in a gel were compared between 
experimental groups following normalization to the 
intensity of a PCR product of the control CryaA gene 
which does not contain HpaII/MspI recognition sites.

Statistical analysis

All parameters were evaluated by the two-
tailed t-test. A “p” value of 0.05 or less was considered 
significant. The data are expressed as a mean ± standard 
deviation (SD). 

ACKNOWLEDGEMENTS

We thank Dr. Ilana Keshet for help with the MeDIP 
technique and Mery Clausen for assistance in manuscript 
preparation. This work was supported by: Kamea Scientific 
Foundation of the Israeli Government, and Schinazi 
International Exchange Program (DG); Israeli Science 
Foundation, FP7 program LSBH-CT-2008-223317 LIV-
ES), I-CORE program of the Planning and Budgeting 
Committee and the Israel Science Foundation (grant No. 
41/11), Barbara Fox Miller and Wolfson Foundations 
(EG); NCI grant number CA 132065 (PMV); Schinazi 
International Exchange Program and NIH CFAR grant 
2P30-AI-050409 (RFS).

cONfLIct Of INtErEst 

The authors declare that they have no conflict of 
interest.

Abbreviations 

5hmC, 5-hydroxymethylcytosine; 5mC, 
5-methylcytosine; Ahcy, S-adenosylhomocysteine 
hydrolase; Bmp8b, bone morphogenetic protein 8b; 
Celsr1, cadherin, EGF LAG seven-pass G-type receptor 
1; CryaA, Crystalline A; Cyba, cytochrome β-245, 
alpha polypeptide; Fam65b, family with sequence 
similarity 65, member B; FVB, FVB/NJ; HCC, 
hepatocellular carcinoma; IDH, isocitrate dehydrogenase; 
Il1r1, interleukin 1 receptor, type I; LC-MS, Liquid 
chromatography–mass spectrometry; Mat, Methionine 
Adenosyl-Transferase; Mdr2, mouse gene encoding 

the multidrug resistance-2 (Abcb4) protein; MeDIP, 
methylated DNA immunoprecipitation; Mmp23, matrix 
metallopeptidase 23; MSRE, Methyl-Sensitive Restriction-
Enzyme-dependent; mtDNA, mitochondrial DNA; PCR, 
polymerase chain reaction; RT-PCR, reverse transcription 
polymerase chain reaction; SAM, S-adenosylmethionine; 
SDH, succinate dehydrogenase; SINE, Short Interspersed 
Element; Srd5a2, steroid-5-α-reductase, α polypeptide 
2; St8sia3, ST8 alpha-N-acetyl-neuraminide alpha-
2,8-sialyltransferase 3; TET, Ten-Eleven Translocation 
proteins; WT, wild type.

rEfErENcEs

1. Stauffer JK, Scarzello AJ, Jiang Q and Wiltrout RH. 
Chronic inflammation, immune escape, and oncogenesis 
in the liver: a unique neighborhood for novel intersections. 
Hepatology. 2012; 56(4):1567-1574.

2. Baylin SB. Tying it all together: epigenetics, genetics, cell 
cycle, and cancer. Science. 1997; 277(5334):1948-1949.

3. Keshet I, Schlesinger Y, Farkash S, Rand E, Hecht M, 
Segal E, Pikarski E, Young RA, Niveleau A, Cedar H and 
Simon I. Evidence for an instructive mechanism of de novo 
methylation in cancer cells. Nat Genet. 2006; 38(2):149-
153.

4. McCabe MT, Brandes JC and Vertino PM. Cancer 
DNA methylation: molecular mechanisms and clinical 
implications. Clin Cancer Res. 2009; 15(12):3927-3937.

5. Yamada Y, Jackson-Grusby L, Linhart H, Meissner A, 
Eden A, Lin H and Jaenisch R. Opposing effects of DNA 
hypomethylation on intestinal and liver carcinogenesis. 
Proc Natl Acad Sci U S A. 2005; 102(38):13580-13585.

6. Nishida N, Nagasaka T, Nishimura T, Ikai I, Boland CR and 
Goel A. Aberrant methylation of multiple tumor suppressor 
genes in aging liver, chronic hepatitis, and hepatocellular 
carcinoma. Hepatology. 2008; 47(3):908-918.

7. Calvisi DF, Ladu S, Gorden A, Farina M, Lee JS, 
Conner EA, Schroeder I, Factor VM and Thorgeirsson 
SS. Mechanistic and prognostic significance of aberrant 
methylation in the molecular pathogenesis of human 
hepatocellular carcinoma. J Clin Invest. 2007; 117(9):2713-
2722.

8. Hernandez-Vargas H, Lambert MP, Le Calvez-Kelm F, 
Gouysse G, McKay-Chopin S, Tavtigian SV, Scoazec JY 
and Herceg Z. Hepatocellular carcinoma displays distinct 
DNA methylation signatures with potential as clinical 
predictors. PLoS One. 2010; 5(3):e9749.

9. Stefanska B, Huang J, Bhattacharyya B, Suderman M, 
Hallett M, Han ZG and Szyf M. Definition of the landscape 
of promoter DNA hypomethylation in liver cancer. Cancer 
Res. 2011; 71(17):5891-5903.

10. Neumann O, Kesselmeier M, Geffers R, Pellegrino R, 
Radlwimmer B, Hoffmann K, Ehemann V, Schemmer 
P, Schirmacher P, Lorenzo Bermejo J and Longerich T. 



Oncotarget11058www.impactjournals.com/oncotarget

Methylome analysis and integrative profiling of human 
HCCs identify novel protumorigenic factors. Hepatology. 
2012; 56(5):1817-1827.

11. Hahn MA, Hahn T, Lee DH, Esworthy RS, Kim BW, 
Riggs AD, Chu FF and Pfeifer GP. Methylation of 
polycomb target genes in intestinal cancer is mediated by 
inflammation. Cancer Res. 2008; 68(24):10280-10289.

12. Kanai Y. Genome-wide DNA methylation profiles in 
precancerous conditions and cancers. Cancer Sci. 2010; 
101(1):36-45.

13. Herceg Z and Paliwal A. Epigenetic mechanisms in 
hepatocellular carcinoma: how environmental factors 
influence the epigenome. Mutat Res. 2011; 727(3):55-61.

14. Lee S, Lee HJ, Kim JH, Lee HS, Jang JJ and Kang GH. 
Aberrant CpG island hypermethylation along multistep 
hepatocarcinogenesis. Am J Pathol. 2003; 163(4):1371-
1378.

15. Nagashio R, Arai E, Ojima H, Kosuge T, Kondo Y 
and Kanai Y. Carcinogenetic risk estimation based on 
quantification of DNA methylation levels in liver tissue at 
the precancerous stage. Int J Cancer. 2011; 129(5):1170-
1179.

16. Nishida N, Kudo M, Nagasaka T, Ikai I and Goel A. 
Characteristic patterns of altered DNA methylation predict 
emergence of human hepatocellular carcinoma. Hepatology. 
2012; 56(3):994-1003.

17. Ammerpohl O, Pratschke J, Schafmayer C, Haake A, Faber 
W, von Kampen O, Brosch M, Sipos B, von Schonfels 
W, Balschun K, Rocken C, Arlt A, Schniewind B, et al. 
Distinct DNA methylation patterns in cirrhotic liver and 
hepatocellular carcinoma. Int J Cancer. 2012; 130(6):1319-
1328.

18. Mauad TH, van Nieuwkerk CM, Dingemans KP, Smit JJ, 
Schinkel AH, Notenboom RG, van den Bergh Weerman 
MA, Verkruisen RP, Groen AK, Oude Elferink RPJ, van 
der Valk MA, Borst P and Offerhaus GJA. Mice with 
homozygous disruption of the mdr2 P-glycoprotein gene. 
A novel animal model for studies of nonsuppurative 
inflammatory cholangitis and hepatocarcinogenesis. Am J 
Pathol. 1994; 145(5):1237-1245.

19. Fickert P, Fuchsbichler A, Wagner M, Zollner G, Kaser 
A, Tilg H, Krause R, Lammert F, Langner C, Zatloukal K, 
Marschall HU, Denk H and Trauner M. Regurgitation of 
bile acids from leaky bile ducts causes sclerosing cholangitis 
in Mdr2 (Abcb4) knockout mice. Gastroenterology. 2004; 
127(1):261-274.

20. Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S, 
Kasem S, Gutkovich-Pyest E, Urieli-Shoval S, Galun E 
and Ben-Neriah Y. NF-kappaB functions as a tumour 
promoter in inflammation-associated cancer. Nature. 2004; 
431(7007):461-466.

21. Katzenellenbogen M, Pappo O, Barash H, Klopstock N, 
Mizrahi L, Olam D, Jacob-Hirsch J, Amariglio N, Rechavi 
G, Mitchell LA, Kohen R, Domany E, Galun E, et al. 

Multiple adaptive mechanisms to chronic liver disease 
revealed at early stages of liver carcinogenesis in the Mdr2-
knockout mice. Cancer Res. 2006; 66(8):4001-4010.

22. Potikha T, Stoyanov E, Pappo O, Frolov A, Mizrahi L, 
Olam D, Shnitzer-Perlman T, Weiss I, Barashi N, Peled 
A, Sass G, Tiegs G, Poirier F, et al. Interstrain differences 
in chronic hepatitis and tumor development in a murine 
model of inflammation-mediated hepatocarcinogenesis. 
Hepatology. 2013; 58(1):192-204.

23. Barashi N, Weiss ID, Wald O, Wald H, Beider K, 
Abraham M, Klein S, Goldenberg D, Axelrod J, Pikarsky 
E, Abramovitch R, Zeira E, Galun E, et al. Inflammation-
induced hepatocellular carcinoma is dependent on CCR5 in 
mice. Hepatology. 2013; 58(3):1021-1030.

24. Katzenellenbogen M, Mizrahi L, Pappo O, Klopstock N, 
Olam D, Jacob-Hirsch J, Amariglio N, Rechavi G, Domany 
E, Galun E and Goldenberg D. Molecular mechanisms 
of liver carcinogenesis in the Mdr2-knockout mice. Mol 
Cancer Res. 2007; 5(11):1159-1170.

25. Ella E, Heim D, Stoyanov E, Harari-Steinfeld R, Steinfeld I, 
Pappo O, Perlman TS, Nachmansson N, Rivkin L, Olam D, 
Abramovitch R, Wege H, Galun E, et al. Specific genomic 
and transcriptomic aberrations in tumors induced by 
partial hepatectomy of a chronically inflamed murine liver. 
Oncotarget. 2014; 5(21):10318-10331.

26. Iannelli F, Collino A, Sinha S, Radaelli E, Nicoli P, 
D’Antiga L, Sonzogni A, Faivre J, Annick Buendia M, 
Sturm E, Thompson RJ, Knisely AS, Natoli G, et al. 
Massive gene amplification drives paediatric hepatocellular 
carcinoma caused by bile salt export pump deficiency. Nat 
Commun. 2014; 5:3850.

27. Kohli RM and Zhang Y. TET enzymes, TDG and 
the dynamics of DNA demethylation. Nature. 2013; 
502(7472):472-479.

28. Ludwig G, Nejman D, Hecht M, Orlanski S, Abu-Remaileh 
M, Yanuka O, Sandler O, Marx A, Roberts D, Benvenisty 
N, Bergman Y, Mendelsohn M and Cedar H. Aberrant DNA 
methylation in ES cells. PLoS One. 2014; 9(5):e96090.

29. Miyaoka Y and Miyajima A. To divide or not to divide: 
revisiting liver regeneration. Cell Div. 2013; 8(1):8.

30. Backdahl L, Bushell A and Beck S. Inflammatory signalling 
as mediator of epigenetic modulation in tissue-specific 
chronic inflammation. Int J Biochem Cell Biol. 2009; 
41(1):176-184.

31. Martin M and Herceg Z. From hepatitis to hepatocellular 
carcinoma: a proposed model for cross-talk between 
inflammation and epigenetic mechanisms. Genome Med. 
2012; 4(1):8.

32. Bergman Y and Cedar H. DNA methylation dynamics in 
health and disease. Nat Struct Mol Biol. 2013; 20(3):274-
281.

33. Nejman D, Straussman R, Steinfeld I, Ruvolo M, Roberts 
D, Yakhini Z and Cedar H. Molecular rules governing de 
novo methylation in cancer. Cancer Res. 2014; 74(5):1475-



Oncotarget11059www.impactjournals.com/oncotarget

1483.
34. Takasugi M. Progressive age-dependent DNA methylation 

changes start before adulthood in mouse tissues. Mech 
Ageing Dev. 2011; 132(1-2):65-71.

35. Li W and Liu M. Distribution of 5-hydroxymethylcytosine 
in different human tissues. J Nucleic Acids. 2011; 
2011:870726.

36. Yang H, Liu Y, Bai F, Zhang JY, Ma SH, Liu J, Xu ZD, 
Zhu HG, Ling ZQ, Ye D, Guan KL and Xiong Y. Tumor 
development is associated with decrease of TET gene 
expression and 5-methylcytosine hydroxylation. Oncogene. 
2013; 32(5):663-669.

37. Liu C, Liu L, Chen X, Shen J, Shan J, Xu Y, Yang Z, Wu 
L, Xia F, Bie P, Cui Y, Bian XW and Qian C. Decrease of 
5-hydroxymethylcytosine is associated with progression of 
hepatocellular carcinoma through downregulation of TET1. 
PLoS One. 2013; 8(5):e62828.

38. Jangiam W, Tungjai M and Rithidech KN. Induction of 
chronic oxidative stress, chronic inflammation and aberrant 
patterns of DNA methylation in the liver of titanium-
exposed CBA/CaJ mice. Int J Radiat Biol. 2015:1-10.

39. Lian CG, Xu S, Guo W, Yan J, Frank MY, Liu R, 
Liu C, Chen Y, Murphy GF and Chen T. Decrease of 
5-hydroxymethylcytosine in rat liver with subchronic 
exposure to genotoxic carcinogens riddelliine and 
aristolochic acid. Mol Carcinog. 2014.

40. Hirose K, Shimoda N and Kikuchi Y. Transient reduction 
of 5-methylcytosine and 5-hydroxymethylcytosine 
is associated with active DNA demethylation during 
regeneration of zebrafish fin. Epigenetics. 2013; 8(9):899-
906.

41. Ivanov M, Kals M, Kacevska M, Barragan I, Kasuga K, 
Rane A, Metspalu A, Milani L and Ingelman-Sundberg 
M. Ontogeny, distribution and potential roles of 
5-hydroxymethylcytosine in human liver function. Genome 
Biol. 2013; 14(8):R83.

42. Tammen SA, Dolnikowski GG, Ausman LM, Liu Z, 
Kim KC, Friso S and Choi SW. Aging alters hepatic 
DNA hydroxymethylation, as measured by liquid 
chromatography/mass spectrometry. J Cancer Prev. 2014; 
19(4):301-308.

43. Liu WR, Tian MX, Jin L, Yang LX, Ding ZB, Shen YH, 
Peng YF, Zhou J, Qiu SJ, Dai Z, Fan J and Shi YH. High 
expression of 5-hydroxymethylcytosine and isocitrate 
dehydrogenase 2 is associated with favorable prognosis 
after curative resection of hepatocellular carcinoma. J Exp 
Clin Cancer Res. 2014; 33:32.

44. Killian JK, Kim SY, Miettinen M, Smith C, Merino M, 
Tsokos M, Quezado M, Smith WI, Jr., Jahromi MS, 
Xekouki P, Szarek E, Walker RL, Lasota J, et al. Succinate 
dehydrogenase mutation underlies global epigenomic 
divergence in gastrointestinal stromal tumor. Cancer 
Discov. 2013; 3(6):648-657.

45. Lou S, Lee HM, Qin H, Li JW, Gao Z, Liu X, Chan LL, 

Lam V, So WY, Wang Y, Lok S, Wang J, Ma R, et al. 
Whole-genome bisulfite sequencing of multiple individuals 
reveals complementary roles of promoter and gene body 
methylation in transcriptional regulation. Genome Biol. 
2014; 15(7):408.

46. Sproul D, Kitchen RR, Nestor CE, Dixon JM, Sims AH, 
Harrison DJ, Ramsahoye BH and Meehan RR. Tissue of 
origin determines cancer-associated CpG island promoter 
hypermethylation patterns. Genome Biol. 2012; 13(10):R84.

47. Lee HC, Li SH, Lin JC, Wu CC, Yeh DC and Wei YH. 
Somatic mutations in the D-loop and decrease in the copy 
number of mitochondrial DNA in human hepatocellular 
carcinoma. Mutat Res. 2004; 547(1-2):71-78.

48. Fukushima S, Honda K, Awane M, Yamamoto E, Takeda 
R, Kaneko I, Tanaka A, Morimoto T, Tanaka K and 
Yamaoka Y. The frequency of 4977 base pair deletion of 
mitochondrial DNA in various types of liver disease and in 
normal liver. Hepatology. 1995; 21(6):1547-1551.

49. Kotake K, Nonami T, Kurokawa T, Nakao A, Murakami 
T and Shimomura Y. Human livers with cirrhosis and 
hepatocellular carcinoma have less mitochondrial DNA 
deletion than normal human livers. Life Sci. 1999; 
64(19):1785-1791.

50. Diede SJ, Yao Z, Keyes CC, Tyler AE, Dey J, Hackett 
CS, Elsaesser K, Kemp CJ, Neiman PE, Weiss WA, Olson 
JM and Tapscott SJ. Fundamental differences in promoter 
CpG island DNA hypermethylation between human cancer 
and genetically engineered mouse models of cancer. 
Epigenetics. 2013; 8(12).

51. Horvath S. DNA methylation age of human tissues and cell 
types. Genome Biol. 2013; 14(10):R115.

52. Tsunedomi R, Ogawa Y, Iizuka N, Sakamoto K, Tamesa 
T, Moribe T and Oka M. The assessment of methylated 
BASP1 and SRD5A2 levels in the detection of early 
hepatocellular carcinoma. Int J Oncol. 2010; 36(1):205-212.

53. Iizuka N, Oka M, Sakaida I, Moribe T, Miura T, Kimura 
N, Tamatsukuri S, Ishitsuka H, Uchida K, Terai S, 
Yamashita S, Okita K, Sakata K, et al. Efficient detection 
of hepatocellular carcinoma by a hybrid blood test of 
epigenetic and classical protein markers. Clin Chim Acta. 
2011; 412(1-2):152-158.

54. Song MA, Tiirikainen M, Kwee S, Okimoto G, Yu H and 
Wong LL. Elucidating the landscape of aberrant DNA 
methylation in hepatocellular carcinoma. PLoS One. 2013; 
8(2):e55761.

55. Rougerie P, Largeteau Q, Megrelis L, Carrette F, Lejeune 
T, Toffali L, Rossi B, Zeghouf M, Cherfils J, Constantin G, 
Laudanna C, Bismuth G, Mangeney M, et al. Fam65b is a 
new transcriptional target of FOXO1 that regulates RhoA 
signaling for T lymphocyte migration. J Immunol. 2013; 
190(2):748-755.

56. Gieling RG, Wallace K and Han YP. Interleukin-1 
participates in the progression from liver injury to 
fibrosis. Am J Physiol Gastrointest Liver Physiol. 2009; 



Oncotarget11060www.impactjournals.com/oncotarget

296(6):G1324-1331.
57. Latiano A, Palmieri O, Pastorelli L, Vecchi M, Pizarro 

TT, Bossa F, Merla G, Augello B, Latiano T, Corritore G, 
Settesoldi A, Valvano MR, D’Inca R, et al. Associations 
between genetic polymorphisms in IL-33, IL1R1 and 
risk for inflammatory bowel disease. PLoS One. 2013; 
8(4):e62144.

58. Haimerl F, Erhardt A, Sass G and Tiegs G. Down-regulation 
of the de-ubiquitinating enzyme ubiquitin-specific protease 
2 contributes to tumor necrosis factor-alpha-induced 
hepatocyte survival. J Biol Chem. 2009; 284(1):495-504.

59. Jin SG, Jiang Y, Qiu R, Rauch TA, Wang Y, Schackert G, 
Krex D, Lu Q and Pfeifer GP. 5-Hydroxymethylcytosine 
is strongly depleted in human cancers but its levels do 
not correlate with IDH1 mutations. Cancer Res. 2011; 
71(24):7360-7365.

60. Jeong KS and Lee S. Estimating the total mouse DNA 
methylation according to the B1 repetitive elements. 
Biochem Biophys Res Commun. 2005; 335(4):1211-1216.

61. Li LC and Dahiya R. MethPrimer: designing primers for 
methylation PCRs. Bioinformatics. 2002; 18(11):1427-
1431.

62. Mohn F, Weber M, Schubeler D and Roloff TC. Methylated 
DNA immunoprecipitation (MeDIP). Methods Mol Biol. 
2009; 507:55-64.

63. Straussman R, Nejman D, Roberts D, Steinfeld I, Blum 
B, Benvenisty N, Simon I, Yakhini Z and Cedar H. 
Developmental programming of CpG island methylation 
profiles in the human genome. Nat Struct Mol Biol. 2009; 
16(5):564-571.

64. Dawlaty MM, Breiling A, Le T, Raddatz G, Barrasa MI, 
Cheng AW, Gao Q, Powell BE, Li Z, Xu M, Faull KF, 
Lyko F and Jaenisch R. Combined deficiency of Tet1 and 
Tet2 causes epigenetic abnormalities but is compatible with 
postnatal development. Dev Cell. 2013; 24(3):310-323.


