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ABSTRACT
Viral infections are able to modify the host’s cellular programs, with DNA 

methylation being a biological intermediate in this process. The extent to which viral 
infections deregulate gene expression and DNA methylation is not fully understood. 
In the case of Hepatitis B virus (HBV), there is evidence for an interaction between 
viral proteins and the host DNA methylation machinery. We studied the ability of HBV 
to modify the host transcriptome and methylome, using naturally infected primary 
human hepatocytes to better mimic the clinical setting.

Gene expression was especially sensitive to culture conditions, independently of 
HBV infection. However, we identified non-random changes in gene expression and 
DNA methylation occurring specifically upon HBV infection. There was little correlation 
between expression and methylation changes, with transcriptome being a more 
sensitive marker of time-dependent changes induced by HBV. In contrast, a set of 
differentially methylated sites appeared early and were stable across the time course 
experiment. Finally, HBV-induced DNA methylation changes were defined by a specific 
chromatin context characterized by CpG-poor regions outside of gene promoters.

These data support the ability of HBV to modulate host cell expression and 
methylation programs. In addition, it may serve as a reference for studies addressing 
the genome-wide consequences of HBV infection in human hepatocytes.

INTRODUCTION

Methyl residues in cytosines are able to translate 
environmental exposures into cellular phenotypes 
[1, 2]. Such DNA methylation marks can be transmitted 
through cell division, and contribute to the establishment 
of defined traits, including disease susceptibility 
[1, 2]. Although DNA methylation is known to change 
throughout human lifetime, there is little information on 
the specific environmental exposures responsible for those 
changes. At the genomic level, there is no consensus on 
the locations or DNA/chromatin contexts susceptible to 
that modulation.

Viral infections are known to affect the host 
methylome [3]. In the case of Hepatitis B virus (HBV), 

there is evidence for a direct interaction between HBV 
X protein (HBx) and human DNA methyl-transferases 
(DNMTs) upon infection of host hepatocytes [4–9]. 
HBV is a well known risk factor for several chronic liver 
pathologies, such as hepatitis, cirrhosis, and cancer [10]. 
In all of these conditions, aberrant DNA methylation has 
been described for the targeted hepatocytes. For example, 
data on clinical samples has shown that HBV-related 
hepatocellular carcinoma (HCC) displays a specific 
DNA methylation profile [11, 12]. However, the extent 
to which this signature is differentially contributed by 
HBV infection and the secondary chronic inflammatory 
response is not known. In a similar way, it is not clear 
whether HBV-induced changes in methylation are an early 
consequence of infection.
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In the present report we studied the extent to 
which HBV infection affects the host transcriptome 
and methylome. To this end, we took advantage of a 
physiological model of natural HBV infection in primary 
human hepatocytes (PHH) and genome wide tools. We 
further studied the association between methylation and 
transcriptional changes.

RESULTS

Dynamic changes in gene expression in cultured 
primary hepatocytes

Cultured primary human hepatocytes (PHH) are the 
closest in vitro model to human liver and constitute a very 
predictive model for pharmaco-toxicology in vivo [13]. To 
understand the effect of cell culture on hepatocyte cellular 
programs, we studied the dynamics of gene expression at 
different time points after plating PHH. RNA extracted 
at different time points from duplicated wells from one 
single donor, was processed for whole genome expression 
arrays. Unsupervised analyses were used to assess the 
relative distance among the different conditions. Replicates 
from each condition clustered together at all time points 
(Figure 1A and 1B). To study the dynamics of these 
changes, we compared the gene expression profiles at each 
time point to the earliest time point (1 day in culture + 
4 hours post-mock treatment). Clustering of the samples 
using all significant genes at each time point (FDR < 0.05, 
Fold Change ≥ 2) divides the conditions into early (before 
than 24 h) and late (24 h and later) responses (Figure 1B). 
Gene expression changes were cumulative, with up to 540 
differentially expressed genes by day 6, and a slight decay 
at day 12. However, most of the changes occurring after 
24 h did not overlap with early gene expression differences 
(Figure 1C and 1D). In addition, the largest changes between 
two adjacent time points occurred at 24 h and 6 days of 
culture with 242 and 315 differentially expressed genes, 
respectively (Figure 1C). At day 12 there were relatively 
less expression changes, suggesting some type of adaptation.

To get an insight into the identity of these 
dynamically differentially expressed genes in non-
infected cells, we studied their enrichment in known 
functional pathways (using an adjusted P value < 0.05 and 
at least 3 matching genes as criteria). Taking together all 
differentially expressed genes across all time points, we 
found a highly significant enrichment in HNF4A targets, 
using the ChEA database (overlap of 1045 differentially 
expressed genes to 6083 genes in the HNF4 dataset) 
(Table S2). Samples obtained at 24 hours displayed 
the most unique expression profile, with a significant 
enrichment in proteasome degradation factors as assessed 
by several datasets (i.e. KEGG, WikiPathways, Reactome, 
and BioCarta).

In summary, ex-vivo culture has strong effects 
on PHH gene expression profiles. These changes are  

time-dependent and enriched in HNF4A targets, a 
well-known master transcription factor of hepatocyte 
differentiation [14, 15].

HBV infection induces time-dependent changes 
in gene expression

To determine the potential ability of HBV to 
induce gene expression changes in the host cell, we 
performed a natural infection of PHH during the same 
time points described above and analyzed their whole-
genome expression. PHH kept on culture for the same 
time points were used as controls. Natural infection was 
highly effective, as illustrated by the expression of viral 
proteins (Figure S1A and S1B). Time in culture was the 
strongest component of variation in gene expression. 
However, for each time point HBV-infected hepatocytes 
clustered apart from mock-treated PHH (Figure 2A 
and S1C). In agreement with this, only 29 genes were 
differentially expressed in HBV conditions across all time 
points without considering the fold-change (Figure 2B 
and Table 1). However, only one of those genes (the C 
reactive protein coding gene, CRP) displayed an overall 
change of more than 2-fold across all time points, although 
this difference was especially evident at early time points 
(Figure 2C). Although there was a significant overlap 
between the differentially expressed genes at 4 and 8 hours 
(Figure 2D – left panel), all other time points of HBV 
infection were associated with mainly unique differences 
in gene expression (using FDR < 0.05 and minimum 
fold-change of 2 as criteria) (Figure 2D – right panel and 
2E, and Table S2). A random selection of differentially 
expressed genes was technically validated by qRT-PCR 
(Figure 2F). Of note, similar results were obtained in an 
independent PHH preparation from an unrelated donor 
(Figure S2A).

At all time points, HBV-induced changes in gene 
expression were enriched in liver-related genes, as 
assessed with the Human Gene Atlas database. Top 
enriched pathways at early time points (4 and 8 hours) 
included the Interferon Type I signaling pathway, and 
several metabolic pathways such as bile acid biosynthesis, 
tyrosine and glycerolipid metabolism (Table S2). This 
deregulation in metabolic pathways was much more 
evident at 24 hours of HBV infection with enrichment in 
multiple liver-related signatures including glycolysis, fatty 
acid metabolism, and one carbon metabolism (Table S2). 
Indeed, differentially expressed genes at 24 h of HBV 
infection were highly enriched in known HNF4 targets 
(Table S2). Therefore, HBV infection induces specific 
changes in gene expression that are independent from the 
time-related changes due to PHH cell culture.

Previous studies have reported an association between 
HBV infection and differential expression of certain DNA 
methylation players, such as the de novo methyltransferases 
DNMT3A and DNMT3B [4–9]. Therefore, as a baseline 
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for interpreting DNA methylation results, we extracted the 
gene expression data corresponding to genes involved in 
DNA methylation (DNMTs) and demethylation (TETs). As 
shown in Figure 2G, only DNMT3L displays differential 
expression upon HBV infection (statistically significant at 
24 h post-infection).

Region-level differential DNA methylation in 
response to HBV infection

To determine the potential ability of HBV to induce 
DNA methylation changes in the host cell we performed 
a natural infection of PHH during 1, 6, and 12 days. 
PHH kept on culture for the same time points were used 

as controls. DNA obtained from the different conditions 
was bisulfite modified and studied for DNA methylation 
using the HM450 bead arrays (as described in Materials 
and Methods). Of note, DNA used for genome-wide 
methylation analyses and RNA used for transcriptome 
analyses were extracted from the same PHH donor. As 
opposed to gene expression data, DNA methylation was 
able to distinguish HBV-exposed from control PHH, 
regardless of the time in culture (Figure 3A).

It has been shown that CpG sites within the same 
CpG island tend to behave in a coordinated manner 
[16]. We used this property of DNA methylation to 
study regional changes induced by HBV and identify so 
called differentially methylated regions (DMRs). Taking 

Figure 1: Transcriptome in non-infected PHH. Whole genome expression analysis was performed on primary human hepatocytes 
(PHH) after several time points in culture (as described in Materials and Methods). (A) Multidimensional scaling (MDS) representation of 
expression distances, representing duplicates of each time point used for all gene expression analyses. Time points are indicated in text and 
colors. (B) Differential expression was performed by comparing samples from each time point to the earliest (4 hours) time point in non-
infected cells. All differentially expressed genes (FDR < 0.05, fold-change > 2) were used to plot an unsupervised heatmap in a blue-red 
scale (low to high expression). Samples cluster by replicate and time point. (C) Pair-wise comparisons were done between immediate time 
points to investigate the progressive changes in gene expression. (D) Overlap between differentially expressed genes (using gene symbols) 
from the analysis shown in (B), displayed as Venn diagram.
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together all time points, there were no significant DMRs 
distinguishing HBV- from mock-treated PHH. However, 
when analyzing separately each time point, we found 
42 DMRs after one day of infection (adjusted P value 
< 0.05, and at least two CpGs per region) (Table 2). Of 
note, some of the top most significant DMRs are known 
imprinted genes such as MEST and GNAS (Figure 3B 
and 3C, respectively). Several CpG sites (13 for MEST 
and 11 for GNAS) displayed an increased methylation 

after HBV exposure (Figure 3B and 3C, respectively). 
No DMRs were found at 6 and 12 days post-infection. 
Validation by pyrosequencing confirmed the HBV-
related hypermethylation in MEST (including MEST 
imprinted control region –ICR- [Figure S2B]) and GNAS 
loci, although for this last locus the highest change was 
observed at the 6 days-time point, instead of the expected 
difference at 24 hours based on the bead array data  
(Figure 3D and 3E, respectively).

Table 1: Genes differentially expressed in response to HBV infection across all time points in 
primary human hepatocytes

Symbol FC FDR

TJAP1 0.74 0.00

RPUSD2 0.79 0.01

ARL2BP 0.76 0.02

RAB7B 0.76 0.02

ZNF324 0.84 0.02

ZNF364 0.71 0.02

COMMD5 0.82 0.02

ARAF 0.8 0.02

KIAA0922 0.78 0.02

OSGEP 0.81 0.02

AOF2 0.8 0.02

AP1B1 0.81 0.02

SARS2 0.8 0.02

CCNY 0.74 0.02

EXOSC10 0.81 0.02

VPS16 0.77 0.03

DUSP8 0.69 0.03

TPRG1L 0.8 0.03

MYPOP 0.8 0.04

CRP 2.51 0.04

SAMM50 0.83 0.04

PSCD4 0.82 0.04

TMEM138 0.82 0.05

TIMELESS 0.82 0.05

C7orf27 0.74 0.05

CBX6 0.77 0.05

RASSF4 0.86 0.05

INTS5 0.74 0.05

EEF2K 0.76 0.05

FC = fold change (HBV/mock). FDR = false discovery rate
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Figure 2: Transcriptome analysis after HBV infection. PHH were naturally infected with HBV during different time points and 
processed for whole genome expression using Illumina bead arrays, as described in Materials and Methods. (A) Sample relationships 
using unsupervised clustering (left panel) and multidimensional scaling (right panel) of all gene expression data shows that samples cluster 
successively by time point, infection condition (mock vs. HBV) and replicate. (B) Heatmap of genes differentially expressed between 
mock- and HBV-infected PHH (FDR < 0.05, no fold-change criteria) across all time points. (C) Expression plot of one differentially 
expressed gene (CRP) using the mean of all time points (left panel), or the means for each time point separately (right panel). (D) Overlap 
between HBV differentially expressed genes at early time points (FDR < 0.05, fold-change > 2). (E) Overlap between HBV differentially 
expressed genes at all time points (FDR < 0.05, fold-change > 2). (F) Validation of selected genes using qRT-PCR. Asterisk represents 
statistical significance at the indicated time point (P < 0.05). (G) Gene expression for DNA-methylation (and demethylation) players was 
extracted from whole genome expression data, and their means for each time point were plotted separately for mock- and HBV-infected 
PHH. For DNMT3L two independent probes are represented.
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Figure 3: Region-level DNA methylation changes induced by HBV. PHH were treated with the same conditions described above 
for gene expression analysis, and collected after several time points (1, 6, and 12 days). DNA was extracted and processed for genome-
wide DNA methylation using Illumina Infinium 450K arrays. (A) MDS plot of most variable methylation sites shows replicates clustering 
together, and global differences in methylation between mock- and HBV-infected PHH. Regional differences in DNA methylation were 
assessed to as described in Materials and Methods. Two of the top differentially methylated regions (DMRs) are shown: MEST (B) and 
GNAS (C), as well as their corresponding validations by bisulfite pyrosequencing (D and E, respectively). (F) The overlap between DMRs 
and known imprinted genes is represented in the Venn diagram.
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Table 2: Differentially methylated regions (DMRs) after one day of HBV infection of primary 
human hepatocytes

Genomic location Symbol CpGs Promoter

chr7:130131869–130132286 MEST 13 TRUE

chr6:144329052–144329485 PLAGL1 6 FALSE

chr20:57463783–57463925 GNAS 6 FALSE

chr11:10315609–10315761 SBF2 5 TRUE

chr5:14871736–14871910 ANKH 5 TRUE

chr8:74207183–74207587 RDH10 5 FALSE

chr22:24890794–24890831 UPB1 5 FALSE

chr6:2765585–2765945 WRNIP1 4 TRUE

chr11:2160540–2160564 IGF2 4 FALSE

chr11:3688526–3689006 CHRNA10 4 FALSE

chr17:80477464–80477962 FOXK2 4 TRUE

chr17:42297002–42297053 UBTF 4 TRUE

chr21:45138838–45139229 PDXK 4 TRUE

chr16:4897378–4897921 UBN1 4 FALSE

chr11:77907332–77908054 USP35 3 TRUE

chr15:63340581–63340702 TPM1 3 FALSE

chr16:67063319–67063591 CBFB 3 FALSE

chr3:126260615–126261298 CHST13 3 TRUE

chr16:68056778–68056948 DUS2 3 FALSE

chr17:36717733–36718549 SRCIN1 3 FALSE

chr10:112257641–112257943 DUSP5 3 FALSE

chr5:76373091–76373719 ZBED3 3 FALSE

chrX:41332957–41333643 NYX 3 TRUE

chr2:205410108–205410387 PARD3B 3 FALSE

chr20:57465439–57465448 GNAS 3 FALSE

chr12:111843885–111843939 SH2B3 3 FALSE

chr7:6692445–6692873 ZNF853 2 FALSE

chr2:150186921–150186923 LYPD6 2 FALSE

chr16:73092391–73092394 ZFHX3 2 FALSE

chr2:111880006–111880018 BCL2L11 2 FALSE

chr19:11071743–11071746 SMARCA4 2 TRUE

chr21:47706156–47706161 YBEY 2 FALSE

chr19:51601884–51602230 CTU1 2 TRUE

chr8:102218219–102218365 ZNF706 2 FALSE

chr11:66624256–66624258 PC 2 FALSE

chr8:144810034–144810339 FAM83H 2 FALSE
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Imprinted genes are mono-allelically expressed in 
a parent-of-origin manner, a process tightly controlled by 
DNA methylation [17]. Because of the potential interest 
in their response to a diversity of exposures, we studied 
the enrichment of known imprinted genes in our list of 
DMRs at 24 h of HBV infection. Only 4 genes (GNAS, 
IGF2, MEST, and PLAGL1) overlapped between the 42 
DMRs (corresponding to 39 unique gene symbols) and a 
list of 243 known imprinted genes (Figure 3F). Although 
small, this overlap was higher than expected by chance 
(representation factor = 8.4, P < 0.001). Therefore, certain 
imprinted loci seem to be sensitive to HBV exposure. 
This is in line with the lower expression of DNMT3L 
(Figure 2G), a cofactor of de novo DNA methyl-
transferases in methylation of imprinted loci [18].

Site-specific differential DNA methylation in 
response to HBV infection

We next studied site-by-site differences in DNA 
methylation, as this accounts for CpG sites in CpG 
poor regions of the genome. Although no differential 
methylation was found when comparing HBV-treated 
and control PHH samples at each specific time point, we 
found 287 differentially methylated positions (DMPs) 
when taking all time points simultaneously (Figure 4A, 
and Table S2). Most of these sites were hypermethylated 
after HBV infection (n = 258), relative to mock-treated 
samples (FDR < 0.05, change in methylation of at least 
10%) (Figure 4A and 4B). DMP probes were characterized 
by a lower GC content, compared to the total of HM450 
probes (Figure 4C). This was consistent with a relative 
absence of DMPs from CpG islands (Figure 4D). Instead, 
DMPs tended to accumulate in the so called “open 
sea” and intronic regions, and far from promoters and 
transcription start sites (TSS) (Figure 4D, 4E and 4F). 
A random selection of DMPs was correctly validated 
by quantitative bisulfite pyrosequencing (Figure 4G). 
However, differences in methylation were not observed 
after HBV infection of PHH obtained from an independent 
donor (Figure S2B). Finally, DMPs in this analysis did 
not overlap with the differentially methylated regions 
(DMRs) described above, probably because of their lower 
magnitude of change (less than 10% difference).

Performing pathway/ontology analysis in HM450 
data may result in spurious associations due to the 
unbalanced representation of probes for different genes 

within the array [19]. To overcome this issue, we adjusted 
for the number of probes per gene symbol and selected 
only those genes with at least one significant CpG site 
below the FDR-ajusted P value threshold of 0.05 (see 
Materials and Methods). The resulting 125 gene symbols 
were used for pathway enrichment analyses using the 
Enrichr gene list enrichment web tool (Table S2). Gap 
junction and axon guidance were the top most significant 
pathways in three different databases (i.e. KEGG, 
WikiPathways and Reactome), with DMPs found in 7 
genes belonging to these pathways (i.e. SRC, HTR2C, 
EGFR, PRKG1, CREB1, UNC5A, and KCNQ2). In 
addition, the top most significant pathway using BioCarta 
was “calcium signaling by HBx of hepatitis b virus”, and 
it included two genes from the previous list (i.e. SRC and 
CREB1) (Table S2).

Together, these data show that DNA methylation is 
sensitive to unbiased changes upon HBV infection in PHH. 
Although less variable than gene expression (in terms 
of number of significant associations), DNA hypo and 
hypermethylation were consistent across all time points 
for a subset of CpG sites. Although HBV-induced DMPs 
seem to be specific of each liver donor (and consequently, 
of each PHH preparation), they display unique genomic 
features, including their absence from promoter regions, 
and enrichment in CpG-poor intronic sequences.

Functional significance of DNA methylation 
changes upon HBV infection

A well-known function of DNA methylation is the 
regulation of gene expression. This is especially true at the 
level of promoter DNA methylation [1], although less is 
known about the impact of DNA methylation variation in 
other genomic locations. When comparing differentially 
expressed and differentially methylated genes induced 
by HBV, we did not find a significant overlap (data not 
shown), despite both DNA and RNA used for genome-
wide analyses being obtained from the same PHH 
donor. In a more targeted analysis, we extracted the gene 
expression data for all DMPs induced by HBV throughout 
the time course experiment. Also in this analysis, no clear 
correlation was observed between DNA methylation 
and gene expression changes (Figure 5A). Indeed, gene 
expression data corresponding to DMP-associated genes 
was not able to discriminate between mock- and HBV- 
infected PHH (Figure 5B). This lack of global correlation 

chr20:57464970–57464973 GNAS 2 FALSE

chr19:51607432–51607839 CTU1 2 FALSE

chr15:74315331–74315474 PML 2 FALSE

chr7:149321876–149321879 ZNF767P 2 FALSE

chr22:22652529–22652537 BMS1P20 2 FALSE

chr19:1228888–1229184 STK11 2 FALSE
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Figure 4: Site-level DNA methylation changes induced by HBV. (A) Heatmap of differentially methylated positions (DMPs) 
between all mock and all HBV samples, regardless of time point (FDR < 0.05, delta_beta ≥ 10%). DNA methylation is represented in a 
blue-yellow scale, from lower to higher methylation. (B) The top CpG sites (with lower p values) are presented in a dot plot comparing 
mock (blue) and HBV (red) conditions, with normalized beta values on the y axis. (C) GC content was significantly lower on DMPs 
(p < 0.05), as compared to the whole content of Illumina 450 k probes (HM450). (D, E, and F) Distribution of DMPs was analyzed 
according to CpG islands (shores, shelves, islands, and “open sea”) (D), position relative to genes (promoter, UTRs, intron/exon) (E), and 
distance to transcription start sites (TSS) (F) Total bead array probe distribution (HM450) is shown for all plots as a reference. (G) Bisulfite 
pyrosequencing validation of a random selection of DMPs.
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may be related to the genomic distribution of DMPs, 
outside of gene promoters. However, we cannot rule out 
an impact on gene expression at specific loci.

Finally, we studied the potential link between DNA 
methylation and HBV genomic integration. Several studies 
have defined hot spots for HBV integration, frequently 
associated to liver cancer [20–22]. We calculated the 
genomic distance between DMPs and three reference 
HBV-integration datasets. In two of them (Xu et al 2013 
and Ding et al 2012), DMPs were slightly more distant to 
HBV integration sites compared to a randomly generated 
list of genomic locations (Figure 5C), although these 
differences did not reach statistical significance.

Overall, no clear association was observed between 
gene expression and DNA methylation in HBV-infected 
PHH. A potential association between DNA methylation 
and HBV integration would require further studies.

DISCUSSION

It has been proposed that DNA methylation links 
risk factor exposures to cellular phenotype. We illustrate 
this concept here by showing the genomic consequences 
of HBV infection on host primary human hepatocytes.

As a model, ex vivo culture of PHH is limited by 
the known loss of differentiation and the induction of 
cell death after few weeks. On the other hand, the use of 
immortalized hepatocyte-like cell lines carries its own 
systematic problems, including the loss of a number of 
differentiation features [13]. Therefore, we considered 
several factors to better mimic the in vivo infection by 
HBV. These factors include the use of natural infection 
with HBV virions, as opposed to transduction of the viral 
genome (e.g. by using baculovirus infection), the use of 
relevant “mock” controls exposed to the same supernatant 
after removal of viral particles, the use of controls at all 
time points, and the limitation of the infection to relatively 
early infection (i.e. up to 12 days) to minimize the effect 
of cell death.

Gene expression changes were shown to be 
highly dynamic and cumulative across the time-course 
experiment, independently of HBV infection. The 
enrichment in HNF4A targets, a master transcription 
factor of hepatocyte cell fate, suggests that a process of 
dedifferentiation is taking place. Our characterization of 
this process is relevant for those using similar models 
of ex vivo cell culture of human hepatocytes. Indeed, 
in similar models using primary cell lines we would 
recommend the use of controls at each time point of 
culture. Using such strategy we were able to derive a 
signature of HBV infection. This signature was enriched 
in Interferon Type I signaling pathway genes at early time 
points, an expected innate response to viral infection. It 
should also be considered that a small fraction of immune 
cells (e.g. Kupffer cells) are still present in the PHH 
preparation at the moment of nucleic acids extraction 

and may be responsible for one fraction of the observed 
responses to HBV infection. At later time points, HBV-
dependent changes were enriched in several metabolic 
pathways. This last finding may be also linked to the 
differentiation status of PHH, although it was independent 
from the effect of cell culture conditions. From all time 
points of this analysis, the 24 hours data produced the 
most unique profile of expression, matching the expected 
peak of HBV infection. Within the genes deregulated 
at this time point, the DNA methyl-transferase cofactor 
DNMT3L was especially relevant to the DNA methylation 
changes induced by HBV. DNMT3L is a fundamental 
cofactor for the two de novo DNA-methyl-transferases 
DNMT3A and DNMT3B, and has been implicated in the 
control of gene imprinting (i.e. genes mono-allelically 
expressed in a parent-of-origin fashion).

The finding of DNMT3L downregulation goes in line 
with the presence of several DMRs on known imprinted 
genes (e.g. MEST and GNAS) after HBV infection, and 
their deregulation in HCC previously reported [23, 24]. 
At the site-specific level, we also observed consistent 
changes of DNA methylation across all experimental 
time points. Several of these DMPs were annotated to 
genes involved in gap junction and axon guidance, and 
are potentially linked to cell differentiation. However, the 
most striking finding about this methylation signature was 
its genomic distribution. DMPs tended to be absent from 
promoter CpG islands. Instead, DMPs were enriched in 
CG-poor intronic regions, far from transcription start sites. 
This supports recent genome-wide studies showing that 
methylome-wide variation may concentrate in intragenic 
non-promoter regions in different settings [25, 26]. In line 
with our findings, it has been recently shown that HBx is 
able to induce hypomethylation of distal intragenic CpG 
islands linked to the downregulation of DNMT3L and 
DNMT3A [27].

In general, gene expression does not seem to be 
directly associated with HBV-induced changes in DNA 
methylation. In addition, we found no correlation between 
the number of differentially expressed genes and the 
time of HBV infection (or the level of expression of viral 
proteins, as shown in Figure S1A and S1B). The power to 
detect differential expression at a given time point may 
be influenced by technical issues such as the signal/noise 
ratio of a specific sample and, therefore, the variation of 
the data. Therefore, the expression changes observed in 
PHH are the sum of background expression changes due 
to cell culture conditions and direct and indirect effects of 
viral proteins.

In addition, we did not observe a clear link between 
DMPs and known sites of HBV genomic integration. 
Instead, each layer of genomic regulation seems to target 
independent locations (Figure 5D). Therefore, other 
possibilities such as chromatin states, enhancer activity, 
or transcription factor binding sites, need to be considered 
when trying to understand the role of DNA methylation 



Oncotarget44887www.impactjournals.com/oncotarget

Figure 5: HBV DNA methylation signature and HBV integration sites. (A) Gene expression data corresponding to HBV-related 
differentially methylated positions (DMPs) was extracted for mock and HBV conditions. The mean log expression and methylation data 
are shown in a correlation plot. (B) Expression data corresponding to the same selection of DMPs (those common across all time points) is 
shown in a heatmap representation. The unsupervised analysis was not able to discriminate between mock (blue) and HBV (red) conditions. 
(C) The genomic distance between DMPs and HBV integration sites was calculated for 3 published datasets (i.e. Xu et al 2013, Ding et al 
2012, and Sung et al 2012). (D) Circos plot representation of the datasets analyzed in the present study. The external plot (blue-red heatmap) 
corresponds to the expression levels of differentially expressed genes in all mock vs HBV comparisons. Gene symbols corresponding 
to those genes differentially expressed across all time points are also shown. The intermediate circle illustrates HBV integration sites 
(combined integration sites from the 3 datasets used in [C]). The inner plot shows the common DMPs and the names corresponding to the 
top DMRs in the mock vs. HBV comparisons (i.e. GNAS, ASB3, C5orf63, MEST, SCF2, and IGF2).
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in non-promoter regions. Regardless of this, it was 
interesting to find “calcium signaling by hbx of hepatitis 
b virus” within the significant pathways enriched in HBV-
induced DMPs, represented by 2 differentially methylated 
genes (i.e. SRC and CREB1). The HBV HBx protein is 
essential for viral replication in liver cells (a process 
enhanced by Src proto-oncogene activation [28] and it 
is believed to enter the nucleus to act as a transcriptional 
regulator. Two independent evidences are combined in this 
pathway: 1. HBx interacts with the transcription factor 
CREB and increases its DNA-binding activity [29], and 2. 
HBx may increase calcium release into the cytoplasm, 
affecting different signaling pathways [30]. However, a 
potential control of SRC and CREB expression by DNA 
methylation has not been reported.

Finally, variability between PHH donors is an 
important factor to consider. In our study, differential 
expression was correctly validated in an independent 
PHH infection, but this was not the case for methylation 
data (although technical validation in the same PHH donor 
was adequate). This variability may reflect the phenotypic 
heterogeneity of metabolically active players in human 
hepatocytes, such as cytochrome family genes. In addition, 
it may reflect differences between donors (e.g. age, sex) or 
differential susceptibility to viral infection.

In summary, this is to our knowledge the first report 
on the ability of HBV to induce genome-wide DNA 
methylation changes after natural infection of primary 
human hepatocytes. Although the bead array technology 
used here covers only a fraction of potential methylation 
sites in the human genome, we were able to show non-
random and stable effects of HBV at specific genomic 
locations. Further studies are required to understand the 
consequences of these changes, and their potential use as 
biomarkers of HBV infection.

MATERIALS AND METHODS

Ethics statement

The use of human hepatic specimens for scientific 
purposes has been approved by the French National Ethic 
Committee.

Cell culture and treatments

Primary human hepatocytes (PHH) were prepared 
from adult patients undergoing lobectomy or segmental 
liver resection for liver metastasis at the Centre Leon 
Berard (Lyon, France) with informed consent. PHH 
were isolated from non-tumoral tissue of surgical liver 
resections, and were cultured and infected with HBV as 
previously described [31–33]. HBV inocula were prepared 
as described [34]. Briefly, HBV was concentrated from the 
supernatant of HepG2.2.15 cells using centrifugal filter 

devices and tittered by HBV-DNA dot blot analysis after 
sedimentation into a CsCl density-gradient to determine 
enveloped DNA-containing viral particles. PHH were 
infected at a multiplicity of infection (MOI) of 1000 
pfu/cell, with an estimated efficiency of at least 50%. 
Infected PHH and corresponding controls were kept for 
4 hours, 8 hours, and 1, 6, and 12 days. Supernatants 
were obtained to validate the efficiency of infection by 
ELISA (Figure S1B), and nucleic acids were extracted for 
expression and DNA methylation analyses.

Bisulfite modification and pyrosequencing

After trypsinization, cells were pelleted and 
resuspended in lysis buffer (1% SDS, 0.1 M NaCl, 0.1 M 
EDTA, 0.05 M Tris pH8) with Proteinase K (500 ug/ ml) 
and incubated for 2 to 3 hours at 55°C. DNA was saturated 
with NaCl (6 M), precipitated with isopropanol, and 
cleaned with 70% ethanol. Extracted DNA was finally 
resuspended in water. Quantity and quality of the extracted 
DNA were assessed with a ND-8000 spectrophotometer 
(Nanodrop, Thermo scientific). To quantify the percentage 
of methylated cytosine in individual CpG sites, we 
performed bisulfite pyrosequencing, as previously 
described [11]. For samples processed for Infinium bead 
arrays, the conversion was performed on 600 ng of DNA 
using the EZ DNA methylation Kit (Zymo Research) and 
modified DNA was eluted in 16 ul of water. Quality of 
modification was checked by PCR using modified and 
unmodified primers for GAPDH gene. Pyrosequencing 
assays (primers for PCR, sequencing primers and regions) 
are described in Table S1.

Bead array methylation assays

Methylation profiles of the different samples were 
analyzed using the 450K Infinium methylation bead 
arrays (Illumina, San Diego, USA). Briefly, the Infinium 
Humanmethylation450 beadchip interrogates more than 
480,000 methylation sites [35]. The analysis on the 
bead array was conducted following the recommended 
protocols for amplification, labeling, hybridization and 
scanning. Each methylation analysis was performed in 
triplicate.

Whole genome expression array

Total RNA was isolated using the TRIzol Reagent 
(Invitrogen) according to the manufacturer’s instructions. 
RNA quantity and quality were assessed with a ND-8000 
spectrophotometer and bioanalyzer. 500 ng of total RNA 
was used for each Human HT-12 Expression BeadChips 
(Illumina), as previously described [36]. Four candidate genes 
were selected for validation using quantitative RT-PCR. The 
housekeeping gene HPRT1 was used as internal control.
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Bioinformatics analysis

Raw methylation data was imported and processed 
using R/Bioconductor packages [37, 38]. Data quality was 
inspected using boxplots for the distribution of methylated 
and unmethylated signals, and inter-sample relationship 
using multidimensional scaling plots and unsupervised 
clustering. Probes were filtered for low quality (detection 
P value > 0.05) and known cross-reactive probes [39]. 
After removing one bad quality sample, the remaining 
dataset was background substracted, normalized 
using intra-array beta-mixture quantile normalization 
[40], and batch-corrected using the ComBat function 
of the “sva” package [41]. Methylation beta values 
were logarithmically transformed to M values before 
parametric statistical analyses, as recommended [42]. 
To define differentially methylated positions (DMPs), 
we modeled the study variables (i.e. HBV infection and 
time of culture) in a linear regression using an empirical 
Bayesian approach [43]. DMPs were selected based on a 
threshold for the adjusted P value (False Discovery Rate, 
FDR) of 0.05 and a differential methylation (delta beta) of 
at least 10%. Differentially methylated regions (DMRs) 
were identified with the bump hunting method using the 
recommended proximity-based criteria [44]. A DMR 
was defined by the presence of at least 2 differentially 
methylated CpG sites with a maximum gap of 500 bp. To 
define the enrichment for different genomic features we 
used a genomic range of DMPs and a randomly selected 
list to match against previously described annotations [45], 
and known HBV integration sites [20–22].

For gene expression analyses, raw bead array data 
was exported from Genome Studio (version 2010.3, 
Illumina) into BRB-ArrayTools software (version 4.3.1, 
developed by Dr. Richard Simon and the BRB-ArrayTools 
Development Team). Data was normalized and annotated 
using the R/Bioconductor package “lumi” [37]. Class 
comparison between groups of bead arrays was done 
computing a t-test separately for each gene using the log-
transformed expression values. Only those probes with 
FDR < 0.05 were considered significant. Differentially 
methylated and expressed genes were further analyzed to 
determine functional pathways and ontology enrichment 
using Enrichr [46]. In light of the non-proportional 
representation of gene symbols within the 450 k array 
[19], we performed a Bonferroni correction of the raw 
methylation P values to adjust for the number of probes in 
the corresponding gene. Then, for each gene we selected 
the probe with the minimum Bonferroni-corrected P, and 
P values were further adjusted for the number of gene 
symbols on the array. Those genes with an FDR-adjusted 
P < 0.05 were taken for further pathway analyses, using 
Enrichr.

All expression and methylation data have been 
deposited to the Gene Expression Omnibus repository 
(GEO accession number GSE72068).

Statistical analysis

R/Bioconductor packages were used for bead array 
analyses, as described above. For other comparisons, means 
and differences of the means with 95% confidence intervals 
were obtained using GraphPad Prism (GraphPad Software 
Inc.). Two-tailed student t test was used for unpaired 
analysis comparing average expression between classes. 
P values < 0.05 were considered statistically significant.

Abbreviations

HBV: hepatitis B virus; CGI: CpG island; DMP: 
differentially methylated position; DMR: differentially 
methylated region; HCC: hepatocellular carcinoma; PHH: 
primary human hepatocytes.

ACKNOWLEDGMENTS AND FUNDINGS

The authors thank Prof M Rivoire and his staff at the 
Centre Léon Bérard (CLB) for access to liver resections. 
We thank Fabienne Barbet from the ProfileXpert platform 
for the scanning of the Illumina 450K arrays.

FINANCIAL SUPPORT

This work was supported by the Agence Nationale 
de Recherches sur le SIDA et les Hépatites Virales 
(ANRS), AO 2012–2 CSS4 (Convention # 12328). P.A. 
was supported by la Ligue National (Française) Contre le 
Cancer.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

Authors’ contributions

B.T. and M.G. performed the PHH isolations and 
HBV infections. P.A. and M.C. performed the genomic 
experiments. F.L.C.K and G.D. supervised and performed 
the Illumina bead array experiments, respectively. Z.H. 
provided conceptual assistance. P.A. and H.H. performed 
the statistical and bioinformatics analyses. D.D. and 
H.H. coordinated the project. P.A. and H.H. wrote 
the manuscript. All authors discussed the results and 
manuscript text.

REFERENCES

1. Schübeler D. Function and information content of DNA 
methylation. Nature. 2015; 517:321–326.

2. Herceg Z, Vaissière T. Epigenetic mechanisms and cancer: 
an interface between the environment and the genome. 
Epigenetics. 2011; 6:804–819.



Oncotarget44890www.impactjournals.com/oncotarget

3. Herceg Z, Paliwal A. HBV protein as a double-barrel shot-
gun targets epigenetic landscape in liver cancer. J Hepatol. 
2009; 50:252–255.

4. Zheng D-L, Zhang L, Cheng N, Xu X, Deng Q, Teng X-M, 
Wang K-S, Zhang X, Huang J, Han Z-G. Epigenetic 
modification induced by hepatitis B virus X protein via 
interaction with de novo DNA methyltransferase DNMT3A. 
J Hepatol. 2009; 50:377–387.

5. Jung JK, Arora P, Pagano JS, Jang KL. Expression of DNA 
methyltransferase 1 is activated by hepatitis B virus X 
protein via a regulatory circuit involving the p16INK4a-
cyclin D1-CDK 4/6-pRb-E2F1 pathway. Cancer Res. 2007; 
67:5771–5778.

6. Kim Y-J, Jung JK, Lee SY, Jang KL. Hepatitis B virus X 
protein overcomes stress-induced premature senescence by 
repressing p16(INK4a) expression via DNA methylation. 
Cancer Lett. 2010; 288:226–235.

7. Park IY, Sohn BH, Yu E, Suh DJ, Chung Y-H, Lee J-H, 
Surzycki SJ, Lee YI. Aberrant epigenetic modifications 
in hepatocarcinogenesis induced by hepatitis B virus X 
protein. Gastroenterology. 2007; 132:1476–1494.

8. Jung JK, Park S-H, Jang KL. Hepatitis B virus X protein 
overcomes the growth-inhibitory potential of retinoic acid 
by downregulating retinoic acid receptor-beta2 expression 
via DNA methylation. J Gen Virol. 2010; 91:493–500.

9. Fan H, Zhang H, Pascuzzi PE, Andrisani O. Hepatitis B 
virus X protein induces EpCAM expression via active DNA 
demethylation directed by RelA in complex with EZH2 and 
TET2. Oncogene. 2015.

10. Gomaa AI, Khan SA, Toledano MB, Waked I, Taylor-
Robinson SD. Hepatocellular carcinoma. epidemiology, 
risk factors and pathogenesis. World J Gastroenterol. 2008; 
14:4300–4308.

11. Lambert M-P, Paliwal A, Vaissière T, Chemin I, Zoulim F, 
Tommasino M, Hainaut P, Sylla B, Scoazec J-Y, Tost J, 
Herceg Z. Aberrant DNA methylation distinguishes 
hepatocellular carcinoma associated with HBV and HCV 
infection and alcohol intake. J Hepatol. 2011; 54:705–715.

12. Hernandez-Vargas H, Lambert M-P, Le Calvez-Kelm F, 
Gouysse G, McKay-Chopin S, Tavtigian SV, Scoazec J-Y, 
Herceg Z. Hepatocellular carcinoma displays distinct DNA 
methylation signatures with potential as clinical predictors. 
PLoS ONE. 2010; 5:e9749.

13. Ramboer E, De Craene B, De Kock J, Vanhaecke T, Berx G, 
Rogiers V, Vinken M. Strategies for immortalization of 
primary hepatocytes. J Hepatol. 2014; 61:925–943.

14. Sekiya S, Suzuki A. Direct conversion of mouse fibroblasts 
to hepatocyte-like cells by defined factors. Nature. 2011; 
475:390–393.

15. Huang P, He Z, Ji S, Sun H, Xiang D, Liu C, Hu Y, Wang X, 
Hui L. Induction of functional hepatocyte-like cells from 
mouse fibroblasts by defined factors. Nature. 2011; 
475:386–389.

16. Michels KB, Binder AM, Dedeurwaerder S, Epstein CB, 
Greally JM, Gut I, Houseman EA, Izzi B, Kelsey KT, 
Meissner A, Milosavljevic A, Siegmund KD, Bock C, et al. 
Recommendations for the design and analysis of epigenome-
wide association studies. Nat Methods. 2013, 10:949–955.

17. Bartolomei MS, Ferguson-Smith AC. Mammalian genomic 
imprinting. Cold Spring Harb Perspect Biol. 2011; 
3:a002592.

18. Wienholz BL, Kareta MS, Moarefi AH, Gordon CA, 
Ginno PA, Chédin F. DNMT3L modulates significant and 
distinct flanking sequence preference for DNA methylation 
by DNMT3A and DNMT3B in vivo. PLoS Genet. 2010; 
6:e1001106.

19. Harper KN, Peters BA, Gamble MV. Batch effects and 
pathway analysis. two potential perils in cancer studies 
involving DNA methylation array analysis. Cancer 
Epidemiol Biomarkers & Prev. 2013; 22:1052–1060.

20. Li W, Zeng X, Lee NP, Liu X, Chen S, Guo B, Yi S, 
Zhuang X, Chen F, Wang G, Poon RT, Fan ST, Mao M, et al. 
HIVID: an efficient method to detect HBV integration using 
low coverage sequencing. Genomics. 2013; 102:338–344.

21. Sung W-K, Zheng H, Li S, Chen R, Liu X, Li Y, Lee NP, 
Lee WH, Ariyaratne PN, Tennakoon C, Mulawadi FH, 
Wong KF, Liu AM, et al. Genome-wide survey of recurrent 
HBV integration in hepatocellular carcinoma. Nat Genet. 
2012; 44:765–769.

22. Ding D, Lou X, Hua D, Yu W, Li L, Wang J, Gao F, Zhao N, 
Ren G, Li L, Lin B. Recurrent targeted genes of hepatitis 
B virus in the liver cancer genomes identified by a next-
generation sequencing-based approach. PLoS Genet. 2012; 
8:e1003065.

23. Anwar SL, Krech T, Hasemeier B, Schipper E, Schweitzer N, 
Vogel A, Kreipe H, Lehmann U. Loss of imprinting and 
allelic switching at the DLK1-MEG3 locus in human 
hepatocellular carcinoma. PloS one. 2012; 7:e49462.

24. Lambert M-P, Ancey P-B, Esposti DD, Cros M-P, 
Sklias A, Scoazec J-Y, Durantel D, Hernandez-Vargas H, 
Herceg Z. Aberrant DNA methylation of imprinted loci 
in hepatocellular carcinoma and after in vitro exposure to 
common risk factors. Clin Epigenetics. 2015; 7:15.

25. Yang X, Han H, De Carvalho DD, Lay FD, Jones PA, Liang G. 
Gene body methylation can alter gene expression and is a 
therapeutic target in cancer. Cancer Cell. 2014; 26:577–590.

26. Martin M, Ancey P-B, Cros M-P, Durand G, Le Calvez-
Kelm F, Hernandez-Vargas H, Herceg Z. Dynamic imbalance 
between cancer cell subpopulations induced by Transforming 
Growth Factor Beta (TGF-beta) is associated with a DNA 
methylome switch. BMC Genomics. 2014; 15:435.

27. Lee S-M, Lee Y, Bae J-B, Choi JK, Tayama C, Hata K, 
Yun Y, Seong J-K, Kim Y-J. HBx induces hypomethylation 
of distal intragenic CpG islands required for active 
expression of developmental regulators. Proc Natl Acad Sci 
United States Am. 2014; 111:9555–9560.



Oncotarget44891www.impactjournals.com/oncotarget

28. Klein NP, Bouchard MJ, Wang LH, Kobarg C, Schneider RJ. 
Src kinases involved in hepatitis B virus replication. EMBO 
J. 1999; 18:5019–5027.

29. Williams JS, Andrisani OM. The hepatitis B virus X 
protein targets the basic region-leucine zipper domain 
of CREB. Proc Natl Acad Sci United States Am. 1995; 
92:3819–3823.

30. Bouchard MJ, Wang LH, Schneider RJ. Calcium signaling 
by HBx protein in hepatitis B virus DNA replication. 
Science. 2001; 294:2376–2378.

31. Lee SML, Schelcher C, Demmel M, Hauner M, Thasler WE. 
Isolation of human hepatocytes by a two-step collagenase 
perfusion procedure. J Vis Exp. 2013; 79.

32. Schulze-Bergkamen H, Untergasser A, Dax A, Vogel H, 
Büchler P, Klar E, Lehnert T, Friess H, Büchler MW, 
Kirschfink M, Stremmel W, Krammer PH, Müller M, 
et al. Primary human hepatocytes–a valuable tool for 
investigation of apoptosis and hepatitis B virus infection. J 
Hepatol. 2003; 38:736–744.

33. Lecluyse EL, Alexandre E. Isolation and culture of primary 
hepatocytes from resected human liver tissue. Methods Mol 
Biol. 2010; 640:57–82.

34. Lucifora J, Arzberger S, Durantel D, Belloni L, 
Strubin M, Levrero M, Zoulim F, Hantz O, Protzer U. 
Hepatitis B virus X protein is essential to initiate and 
maintain virus replication after infection. J Hepatol. 
2011; 55:996–1003.

35. Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, 
Delano D, Zhang L, Schroth GP, Gunderson KL, Fan J-B, 
Shen R. High density DNA methylation array with single 
CpG site resolution. Genomics. 2011; 98:288–295.

36. Ouzounova M, Vuong T, Ancey P-B, Ferrand M, 
Durand G, Le-Calvez Kelm F, Croce C, Matar C, Herceg Z, 
Hernandez-Vargas H. MicroRNA miR-30 family regulates 
non-attachment growth of breast cancer cells. BMC 
Genomics. 2013; 14:139.

37. Du P, Kibbe WA, Lin SM. lumi: a pipeline for processing 
Illumina microarray. Bioinformatics. 2008; 24:1547–1548.

38. Pidsley R, Y Wong CC, Volta M, Lunnon K, Mill J, 
Schalkwyk LC. A data-driven approach to preprocessing 
Illumina 450K methylation array data. BMC Genomics. 
2013; 14:293.

39. Chen Y, Lemire M, Choufani S, Butcher DT, Grafodatskaya D, 
Zanke BW, Gallinger S, Hudson TJ, Weksberg R. Discovery 
of cross-reactive probes and polymorphic CpGs in the 
Illumina Infinium HumanMethylation450 microarray. 
Epigenetics. 2013; 8:203–209.

40. Teschendorff AE, Marabita F, Lechner M, Bartlett T, 
Tegner J, Gomez-Cabrero D, Beck S. A beta-mixture 
quantile normalization method for correcting probe design 
bias in Illumina Infinium 450 k DNA methylation data. 
Bioinformatics. 2013; 29:189–196.

41. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The 
sva package for removing batch effects and other unwanted 
variation in high-throughput experiments. Bioinformatics.  
2012; 28:882–883.

42. Du P, Zhang X, Huang C-C, Jafari N, Kibbe WA, Hou L, 
Lin SM. Comparison of Beta-value and M-value methods 
for quantifying methylation levels by microarray analysis. 
BMC Bioinformatics. 2010;11:587.

43. Smyth GK. Linear models and empirical bayes methods for 
assessing differential expression in microarray experiments. 
Stat Appl Genet Mol Biol. 2004; 3:Article3.

44. Jaffe AE, Murakami P, Lee H, Leek JT, Fallin MD, 
Feinberg AP, Irizarry RA. Bump hunting to identify 
differentially methylated regions in epigenetic epidemiology 
studies. Int J Epidemiol. 2012; 41:200–209.

45. Slieker RC, Bos SD, Goeman JJ, Bovée JV, Talens RP, van 
der Breggen R, Suchiman HED, Lameijer E-W, Putter H, 
van den Akker EB, Zhang Y, Jukema JW, Slagboom PE, 
et al. Identification and systematic annotation of tissue-
specific differentially methylated regions using the Illumina 
450 k array. Epigenetics & Chromatin. 2013; 6:26.

46. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, 
Clark NR, Ma’ayan A. Enrichr: interactive and 
collaborative HTML5 gene list enrichment analysis tool. 
BMC Bioinforma. 2013; 14:128.


