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Genome-wide analysis of DNA methylation
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Abstract. DNA methylation has a crucial role in cancer
biology. In the present study, a genome-wide analysis of DNA
methylation in hepatoblastoma (HB) tissues was performed to
verify differential methylation levels between HB and normal
tissues. As alpha-fetoprotein (AFP) has a critical role in HB,
AFP methylation levels were also detected using pyrose-
quencing. Normal and HB liver tissue samples (frozen tissue)
were obtained from patients with HB. Genome-wide analysis
of DNA methylation in these tissues was performed using an
Infinium HumanMethylation450 BeadChip, and the results
were confirmed with reverse transcription-quantitative poly-
merase chain reaction. The Infinium HumanMethylation450
BeadChip demonstrated distinctively less methylation in HB
tissues than in non-tumor tissues. In addition, methylation
enrichment was observed in positions near the transcription
start site of AFP, which exhibited lower methylation levels in
HB tissues than in non-tumor liver tissues. Lastly, a significant
negative correlation was observed between AFP messenger
RNA expression and DNA methylation percentage, using
linear Pearson's R correlation coefficients. The present results
demonstrate differential methylation levels between HB and
normal tissues, and imply that aberrant methylation of AFP in
HB could reflect HB development. Expansion of these findings
could provide useful insight into HB biology.

Correspondence to: Professor Kuiran Dong or Dr Rui Dong,
Department of Pediatric Surgery, Children's Hospital of Fudan
University, Shanghai Key Laboratory of Birth Defects and Key
Laboratory of Neonatal Diseases, Ministry of Health, 399 Wan
Yuan Road, Shanghai 201102, P.R. China

E-mail: kuirand@hotmail.com

E-mail: dongrui_1982@126.com

“Contributed equally

Key words: epigenetics, liver, cancer, pediatrics, AFP

Introduction

Hepatoblastoma (HB) is an uncommon liver malignancy in
infants and children. It accounts for just over 1% of pediatric
cancers (1), but exhibits increasing incidence in North America
and Europe (2). This disease is most commonly diagnosed
during a child's first 3 years of life (3); only 5% of new HB
cases are diagnosed in children older than 4 years (4). The
disease occurs significantly more frequently in boys than in
girls, for reasons that remain to be determined (4).

HB originates from immature liver precursor cells (2).
Histologically, HB can be divided into epithelial or mixed
epithelial/mesenchymal tissues (5). The majority of HB cases
are epithelial in origin, and consist of a mixture of embryonal
and fetal cell types (5). Approximately 5% of HB cases are of
the small cell undifferentiated subtype (5). Currently, surgical
resection, adjuvant chemotherapy and liver transplantation
are the only options to treat HB (2). Thus, novel strategies are
required to improve the current understanding of HB biology
and to provide targets for therapy or early detection of the
disease.

Methylation of DNA is the only known genetically
programmed DNA modification process in mammals; it regu-
lates several biological processes, including gene transcription,
X chromosome inactivation, genomic imprinting and chro-
matin modification (6-8). Methylation changes in CpG islands
(CGls) and CpG shores (low CpG density areas within 2 kb of
CGls), as well as CpG shelves (low CpG density areas within
2-4 kb of CGIs) (9), affect gene expression. Hypomethylation
of promoter regions of crucial genes can activate relevant gene
expression and may contribute to tumorigenesis (10-12).

Several genome-wide analyses had been conducted in
different types of tumors. For instance, Revill et al revealed
sphingomyelin phosphodiesterase 3 as a potent tumor
suppressor gene, which is hypermethylated in primary hepato-
cellular carcinoma (13). The present study aimed to determine
whether changes in methylation status could affect HB by
analyzing HB tissue samples and paired distant noncancerous
tissues to profile differentially methylated genes in the disease.

Materials and methods

HB specimens and clinical information. Matched pairs of
HB and adjacent non-tumor tissues were obtained from the
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surgical specimen archives of the Children's Hospital of Fudan
University (Shanghai, China) from 10 patients who underwent
partial hepatectomy, and none of them had received radiation
therapy or chemotherapy prior to tumour biopsy or resection;
their tissue pathology results confirmed HB with >80% viable
tumor cells. The patients did not undergo any prior chemo-
therapy or other forms of therapy, and underwent standardized
treatment post-operation. Clinical data were obtained retro-
spectively from clinical files (Table I). In total, 6 patients were
of the mixed embryonal/fetal subtype, and the remaining
4 patients were of the epithelial subtype. The parents of the
patients from whom these samples were obtained provided
their written informed consent to participate in the study, and
the Ethics Committee of the Children's Hospital of Fudan
University approved the study as well as the consent procedure.

Genomic DNA was extracted from 10 HB primary tumors
(fresh frozen tissue) and adjacent non-tumor tissues, of
which, 3 were subjected to Infinium HumanMethylation450
BeadChip analysis (Table I). Total RNA was extracted from
10 matched HB tumor and non-tumor pairs, reverse tran-
scribed to complementary DNA (cDNA) and then subjected
to quantitative polymerase chain reaction (QPCR) analysis of
alpha-fetoprotein (AFP) messenger RNA (mRNA) expression.

Infinium HumanMethylation450 BeadChip. Samples from
3 patients were analyzed with Infinium HumanMethylation450
BeadChip (Illumina Inc., San Diego, CA, USA), which is a
cost-effective approach to quickly analyze each individual's
methylome (14). The DNA was treated with bisulfite and
hybridized to arrays according to the manufacturer's protocol.
Raw data were adjusted for dye bias and quantile-normalized
with data derived from Infinium I or Infinium II assay chem-
istry probes considered separately (Illumina Inc., San Diego,
CA, USA). This high-throughput platform enabled quantitative
evaluation of methylation levels with single-nucleotide reso-
lution. The pB-values were used to reflect methylation status,
ranging from O to 1, where 0 is unmethylated and 1 is fully
methylated.

Gene function analysis. The predicted target genes were input
into the Database for Annotation, Visualization and Integrated
Discovery (http://david.abcc.nciferf.gov/), which uses Gene
Ontology (GO) to identify the molecular function of the
profiled genes (15). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http:/www.genome.ad.jp/kegg/)
was used to analyze the potential functions of these target
genes in the pathways. P<0.05 was used as the cut-off value.

Reverse transcription (RT)-qPCR. Total cellular RNA was
isolated from HB and normal tissues using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) and then reverse transcribed using a PrimeScript RT
reagent kit (Perfect Real Time) with gDNA Eraser (Takara
Biotechnology Co., Ltd., Dalian, China) following the manu-
facturer's protocol. The expression of AFP was analyzed by
gPCR with a SYBRGreen PCR kit (Takara Biotechnology
Co., Ltd.). The AFP primers used for q-PCR were: Forward,
5-GTGGTCAGTTTGCAGCATTC-3' and reverse, 5'-AGA
GGAGATGTGCTGGATTG-3' (length, 110 bp). Glyceral-
dehyde 3-phosphate dehydrogenase mRNA was used as the

Table I. Distribution of study subjects with HB and their serum AFP levels.

Chip

Viral hepatitis

AFP (ng/ml)®

Diagnosis HB type

Gender

Age (months)*

Case

None

68,490
>121,000
>121,000
>121,000

Mixed embryonal/fetal subtype
>121,000

Male

None

Mixed embryonal/fetal subtype

Male

23

None

Mixed embryonal/fetal subtype
Mixed embryonal/fetal subtype
Mixed embryonal/fetal subtype

Female

11
10
20

None

Female

None

Female

None

>121,000
>121,000
>121,000
>121,000
>121,000

Mixed embryonal/fetal subtype

Epithelial type

Male

None

Male

30
14
19

None

Epithelial type

Male

None

Epithelial type

Male

None

Epithelial type

Female

10

2Age on the day that the serum sample was collected. "AFP normal range, <25 ng/ml. AFP, alpha-fetoprotein; HB, hepatoblastoma.
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Figure 1. Infinium HumanMethylation450 BeadChip analysis revealed an unsupervised hierarchical clustering of samples based on their -values from the
CpG loci. Rows represent the samples (three cancer tissues and three normal tissues) and columns represent CpGs. Green -values indicate hypomethylation
and red hypermethylation. C.AVG_Beta, cancer tissue denomination; N.AVG_Beta, non-cancer/normal tissue denomination.

internal control, with forward 5'-AAAGCCCACTCCAGC
ATC-3' and reverse 5-TAGCGAGCAGCCCAAAGA-3'
primers. The PCR cycling conditions were as follows: 95°C
for 15 sec, followed by 95°C for 5 sec and 60°C for 31 sec,
for 40 cycles. For quantitative results, AFP expression was
represented as fold-change by the 2244 method and statisti-
cally analyzed (16).

Statistical analyses. Statistical analyses and graphical
depiction of data were conducted with GraphPad Prism 5.0
(GraphPad Software, Inc., La Jolla, CA, USA). Results were
presented as the mean + standard error of the mean and were
evaluated with Student's ¢-test (two-tailed) unless otherwise
specified (paired 7-test or Pearson's correlation). Certain statis-
tical calculations were performed using SPSS version 19.0
(IBM SPSS, Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Hierarchical clustering analysis by Infinium Human-
Methylation450 BeadChip and functional annotations of
differentially methylated CpG sites. The Infinium Human-
Methylation450 BeadChip was used to obtain data from an
independent cohort of 3 HB-non-tumor tissue pairs (probe
call rate, >99% for all samples). Principal component analysis
revealed separation of HB-non-tumor pairs and demonstrated
the methylation levels of HB tissues to be significantly lower
than those of non-tumor tissues (Fig. 1).

Next, GO and KEGG pathway database categories were
used to analyze the 524 differential methylated genes identi-
fied. Cell adhesion, blood coagulation and nervous system
development were observed to be the three most affected
biological processes; while cytoplasm, plasma membrane and
integral plasma membrane structures were observed to be the
three most affected cellular components; and protein binding,
nucleotide binding and adenosine triphosphate binding were
observed to be the three most affected molecular functions
(Fig. 2A-C). Pathway-based analyses revealed significant
enrichment for genes in cancer pathways (Fig. 2D).

Aberrant methylation of AFP in HB. The methylation micro-
array indicated enriched methylation of positions near the
transcription start site of AFP (Fig. 3). A representative illus-
tration of AFP methylation levels in a matched HB-non-tumor
tissue pair is shown in Fig. 4. As HB tissues had lower AFP
methylation levels than non-tumor liver tissues, aberrant meth-
ylation may be a tumor-specific event in HB.

Correlation of AFP mRNA expression and percentage of
DNA methylation. The expression levels of the AFP gene
in 10 HB-non-tumor liver tissue pairs were observed to be
significantly higher in the HB tissues than in their non-tumor
counterparts (Fig. 5A). The correlations between AFP mRNA
expression and DNA methylation percentage were tested using
the linear Pearson's R correlation coefficients, which were
interpreted using the scale provided by Salkin (R=1-0.8, very
strong; R=0.8-0.6, strong; R=0.6-0.4, moderate; R=0.4-0.2,
weak; and R=0.2-0.0, very weak or not correlated) (17)
(Fig. 5B), and were observed to be negatively correlated
(R=0.89; P<0.05).

Discussion

Although HB is an uncommon cancer in the general population,
it is the most common liver tumor in children (4). Its etiology
is still unknown, but it has been associated with familial
adenomatous polyposis (18), low and high birth weights (19)
and constitutional trisomy 18 (20). Mutations in numerous
components of the wingless-related integration site/p-catenin
signaling pathway are also often present in HB tissues (21).

Although the mechanisms responsible for HB development
have been extensively studied for the last two decades, the
pathogenesis of this disease is still vague, and the majority of
its altered gene expression and regulation remain to be delin-
eated. The present authors recently sequenced the HB exome
and identified a novel oncogene (caprin family member 2) and
three tumor suppressors (speckle-type POZ protein, olfactory
receptor family 5 subfamily I member 1 and cell division
cycle 20B) that influence HB cell growth (22). A link between
long non-coding RNA and HB was also detected (23).
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Figure 2. GO enrichment and KEGG pathway-based analyses of differentially methylated sites-targets. GO analysis of differentially methylated sites-target
genes according to (A) biological process, (B) cellular component and (C) molecular function. (D) KEGG pathway-based analysis of differentially methylated
sites-target genes. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CoA, coenzyme A; GTP, guanosine-5'-triphosphate; cAMP, cyclic
adenosine 3',5'-monophosphate; ATP, adenosine triphosphate; SH3, SRC homology 3.
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Figure 3. Methylation position enrichment near the transcription start site of alpha-fetoprotein [cgl0778295 (TSS1500)] revealed hypomethylated regions. Tm,
melting temperature.
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Figure 4. Representative measurements of AFP methylation using pyrosequencing. (A) AFP locus cgl0778295 methylation status in cancer tissues (79%
methylation). (B) AFP locus cg10778295 methylation status in normal tissues (91% methylation). The methylation percentages are percentages of C at each
CpG site after bisulfite conversion. Orange bar indicates no residual C at the non-CpG site, ensuring complete bisulfite conversion. AFP, alpha-fetoprotein.
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Figure 5. (A) AFP mRNA expression by reverse transcription-quantitative
polymerase chain reaction in an independent cohort of 10 paired HBs and
adjacent non-tumor tissues with complementary DNA (P<0.01; paired
Student's -test). (B) Correlation analysis of AFP mRNA expression and
percentage of DNA methylation in 10 HB primary tissues, analyzed by
two-tailed Pearson's correlation test. AFP, alpha-fetoprotein; HB, hepato-
blastoma; NT, non-tumor; mRNA, messenger RNA.

Hypermethylation or hypomethylation of gene promoter
regions can result in their transcriptional silencing or activa-
tion (24). Although genome-wide copy number alterations in
HB have been studied, little is known about genome-wide
methylation changes (4). The present study is the first to
explore whole-genome DNA methylation status in HB. In the
present study, Infinium HumanMethylation450 BeadChip, a
new platform for high-throughput DNA methylation analysis,
was used (25). The cluster analysis revealed markedly less
methylation in HB tissues than in normal liver tissues in the
three sets of paired tissues analyzed. HB tissues are relatively
low in genome-wide DNA methylation with preponderant
CpG sites, and highly methylated genes may also have more
numerous CpG sites (26). The present results revealed the
DNA in HB tissues to be less methylated than in normal liver
tissues. This may explain how the disease begins: A number
of oncogenes are activated by demethylation, resulting in rapid
tumor growth.

Serum AFP screening for HB has been a clinical practice
for a long time (27). Additionally, high mRNA levels of AFP
are reportedly associated with HB (27). To further understand
the association between HB and AFP methylation, a methyla-
tion microarray was used in the present study to specifically
detect AFP methylation status. A methylation-enriched posi-
tion near the AFP transcription start site [gl0778295
(TSS1500)] was identified, which was hypomethylated in
HB. Pyrosequencing demonstrated the methylation level
of the AFP locus cgl0778295 to be lower in cancer tissues
(79%) than in normal liver tissues (91%). Finally, RT-qPCR



1534

demonstrated AFP mRNA expression in HB to be much
higher than in normal liver tissue in an independent cohort
of 10 adjacent HB-non-tumor tissues pairs. The expression of
AFP mRNA was significantly negatively correlated with its
methylation status.

In conclusion, the current study of methylation in HB
tissues is a proof-of-principle that methylation status prob-
ably affects HB development and progression. HB is an
uncommon malignant liver neoplasm of children, and its
etiology, pathophysiology and molecular mechanisms are
largely unknown. Further studies are required to fully under-
stand and control this disease. Although the current study
demonstrated only that high AFP expression is associated
with epigenetic modification, this topic warrants further
investigation.
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