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Abstract The basic mechanisms underlying promoter
DNA hypermethylation in cancer are still largely un-
known. It has been proposed that the levels of the
methyl donor group in DNA methylation reactions, S-
adenosylmethionine (SAMe), might be involved. SAMe levels
depend on the glycine-N-methyltransferase (GNMT), a one-
carbon group methyltransferase, which catalyzes the conver-
sion of SAMe to S-adenosylhomocysteine in hepatic cells.

GNMT has been proposed to display tumor suppressor activity
and to be frequently repressed in hepatocellular carcinoma
(HCC). In this study, we show that GNMT shows aberrant
DNA hypermethylation in some HCC cell lines and primary
tumors (20 %). GNMT hypermethylation could contribute to
gene repression and its restoration in cell lines displaying
hypermethylation-reduced tumor growth in vitro. In agree-
ment, human primary tumors expressing GNMT were of
smaller size than tumors showing GNMT hypermethylation.
Genome-wide analyses of gene promoter methylation identi-
fied 277 genes whose aberrant methylation in HCC was asso-
ciated with GNMT methylation/expression. The findings in
this manuscript indicate that DNA hypermethylation plays an
important role in the repression of GNMT in HCC and that loss
of GNMT in human HCC could promote the establishment of
aberrant DNAmethylation patterns at specific gene promoters.
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Introduction

Hepatocellular carcinoma (HCC) is a solid tumor with one
of the highest incidences worldwide [1]. Remarkably, the
incidence of hepatic cancer varies geographically and within
ethnic groups. This variation in HCC distribution may be
due to differences in exposure to hepatitis viruses and envi-
ronmental pathogens [2]. HCC has a poor prognosis, lead-
ing to death because of liver failure, which may be caused
due to cirrhosis and/or to tumor progression. The survival
rate of patients diagnosed with HCC is quite low. When
detected at an early stage, HCC can be cured by surgical
resection, liver transplantation, or ablation. However, most
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tumors are diagnosed at an intermediate or advanced evolu-
tionary stage when such treatment options are of limited
efficacy [3]. Factors such as viral hepatitis infections, expo-
sure to aflatoxin B1 (mycotoxin), obesity, excessive alcohol
intake, and tobacco are important risk factors for HCC
development [4]. They contribute to chronic liver inflam-
mation and alter its regenerative properties. Other entities
associated are continued liver damage, hemachromatosis
[5], diabetes [6], and non-alcoholic steatohepatitis [7].
Furthermore, genetic and epigenetic changes affecting
tumor suppressor genes (TSG) and oncogenes are also
involved in hepatocarcinogenesis [8]. In particular, a
few genes have been repeatedly studied and found to
be silenced by promoter hypermethylation in HCC, for
example E-cadherin [9], p16(INK4A) [10, 11], and p14
(ARF) [10]. Unfortunately, the precise mechanisms that
originate abnormal DNA methylation reactions in HCC
development remain unknown.

Glycine-N-methyltansferase (GNMT; EC 2.1.1.20), which
catalyzes the synthesis of sarcosine (N-methylglycine) from
glycine, uses S-adenosylmethionine (SAMe) as the
methyl donor group [12] and contributes most to
transmethylation reactions. Thus, GNMT is a key pro-
tein in the regulation of one-carbon metabolism by
regulation of SAMe levels. In the case of excess SAMe,
GNMT activity is significantly increased, but when
SAMe concentration lowers, GNMT is inhibited so that
it is conserved for vital methylation reactions [13].
Surprisingly, only three human cases of GNMT defi-
ciency have been reported in the literature, but all of
them are characterized by chronic liver disease [14, 15].
Interestingly, it has been described that GNMT experi-
ences mRNA decreases in human HCC in comparison
with healthy liver [16, 17]. Moreover, GNMT KO mice
develop steatosis, fibrosis, and HCC in a spontaneous
way. The loss of GNMT induces aberrantmethylation of DNA
and histones, resulting in epigenetic modulation of critical
carcinogenic pathways in this animal model [18].

SAMe and its precursors prevent the development of
liver tumors induced by various carcinogens in rats and
mice [19–21] but the underlying mechanisms are still a
matter of discussion. Taking into account that GNMT
activity is modulated in response to SAMe levels in
liver cells [22–24], the protective function of SAMe
could be mediated to some extent by GNMT and play
an important role in the chemopreventive pathway of
liver cancer [25]. This was the first proposal to consider
GNMT as an anticancer gene. Since then, several re-
ports support the potential of GNMT as a TSG [18, 26].
The present work aims to elucidate the molecular mech-
anisms involved in the repression of GNMT in HCC
and how this methyltransferase exerts its anticancer
function.

Material and methods

Human cancer cell lines culture and primary tumor samples

Three human HCC cell lines (Alex, SNU354, SNU368) were
obtained from the American Type Culture Collection (Manas-
sas, VA, USA), and another HCC cell line (HuH7) and one
human hepatoblastoma cell line (HepG2) were kindly provid-
ed by Dr. María LuzMartínez-Chantar (CiC Biogune, Bizkaia,
Spain). Cell lines were grown in DMEM (41965, Gibco,
Grand Island, NY, USA) supplemented with 10 % FBS
(F6178, Sigma, St. Louis, MO, USA), 1 % non-essential
amino acids (M7145, Sigma), and 2 % penicillin/streptomycin
(15070, Gibco) at 37 °C in a humidified 5 % CO2 incubator.

We obtained DNA and RNA from 35 HCCs (for clinico-
pathological features, see Electronic supplementary material
(ESM) Table S1) from the BCLC tissue collection (Hospital
Clinic, Barcelona, Spain) and adjacent nontumor liver tissues
were analyzed when available. Also, two healthy liver tissues
from the Institute of Oncology of Asturias Tumour Bank were
included in the study. Informed consent was obtained from all
patients included in this study, in accordance with the ethical
principles embodied in the Declaration of Helsinki.

Cell culture treatments

Cells were treated with the demethylating agent 5-aza-2′-
deoxycytidine (AdC; A3656, Sigma) for 72 h at various
concentrations (2.5 and 5 μmol/l). Treatment was refreshed
every 24 h.

DNA extraction and promoter methylation analysis

Genomic DNA isolation was performed according to a
standard phenol/chloroform/isoamyl alcohol extraction pro-
tocol, after a proteinase K digestion. DNA (500 ng) was
bisulfite converted with the EZ DNA Methylation Kit
(D5006, Zymo Research, Orange, CA, USA) following
manufacturer’s advice.

Bisulfite pyrosequencing

After PCR amplification of the region of interest using
specific primers, we performed bisulfite pyrosequencing
with the PyroMark Q24 reagents, equipment and software
(Qiagen Iberia S.L., Madrid, Spain) and the Vacuum Prep
Tool (Biotage, Uppsala, Sweden), following manufacturers’
instructions. The PyroMark Assay Design tool (v. 2.0.01.15)
was used to obtain pyrosequencing oligonucleotides, shown
in ESM Table S2.

We also used pyrosequencing to determine the methylation
status of LINE1, a repetitive DNA sequence interspersed
among mammalian genes, which correlates with the cellular
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methylated cytosines (mC) level in tissues, since DNA
repetitive sequences constitute a substantial portion of
the human genome [27].

Methylation-specific PCR

In order to focus on interesting regions of GNMT promoter,
methylation-specific PCR (MSP) amplification of bisulfite-
converted DNA was performed using a set of primers for
GNMT, designed with Methyl Primer Express software (Ap-
plied Biosystems, Foster City, CA) and listed in ESM
Table S2. The positive control for the methylated reaction
was in vitro-methylated DNA obtained by methylation of
genomic DNA with the CpG Methyltransferase (M.SssI,
M0226, New England Biolabs® Inc., Ipswich, MA, USA).
PCR products were visualized in Sybr Safe (S33102,
Invitrogen, Carlsbad, CA, USA)-stained 2 % agarose elec-
trophoresis gels and observed under UV light.

mRNA extraction and protein analysis by quantitative
reverse-transcription

Trizol reagent (15596-018, Invitrogen) was used to extract
total RNA from both biopsies and cell lines, according to the
manufacturer’s instructions. cDNA was synthesized from
total RNA (1 μg) using the SuperScript II Reverse Tran-
scriptase Kit (18064, Invitrogen), following the manufac-
turer’s recommendations. The quantitative RT-PCR reaction
was performed by mixing the converted cDNA, previously
diluted, with Sybr Green 2× Master Mix (4309155, Applied
Biosystems) and the primers listed in ESM Table S2. qRT-
PCR was carried out on an HT7300 Real-Time PCR System
(Applied Biosystems). GAPDH was again used as house-
keeping gene to standardize data, following the ΔΔCt
method [28]. Western blot analysis was performed as de-
scribed in supplementary information.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) experiments were
carried out following the described protocol (http://
www.millipore.com/userguides/tech1/mcpro407), slightly
modified. Samples were sonicated to shear chromatin to an
average length of 0.2–0.5 kb. Immunoprecipitation was
performed with antibodies against H3K4me3 (pAb-003-050,
Diagenode, Liège, Belgium), H3K27me3 (07-449, Upstate,
Temecula, CA, USA). H4K20me3 (39180, Active Motif,
Rixensart, Belgium), and IgG (46540-1, Abcam, Cambridge,
UK) as negative control, and H3 (ab1791, Abcam) as positive
control. Phenol/chloroform-purified DNA was precipitated
and used in ChIP-qPCR assays for GNMT analysis. Primer
sequences for ChIP assays are shown in ESM Table S2.
Unbound fractions were analyzed as input controls. Results

were obtained as fold enrichment of immunoprecipitated
DNA associated with the given histone mark, normalized
against a 1/200 dilution of input chromatin.

Cell viability assay

Cell viability was determined as described by Mosmann et
al. [29]. Cells (1×103 per well) were seeded onto 96-well
plates. After attachment of cells, 3-(4,5-dimethyl-2-yl)-2,5-
ditetrazolium bromide (MTT) was added to medium
(500 μg/ml per well) and incubated for 3 h (37 °C, 5 %
CO2). Cell medium was removed and MTT formazan crys-
tals were dissolved in DMSO (100 μl/well). After gently
shaking, absorbance at 595 nm was read with a Power Wave
WS automated microtitre plate reader (BioTek, U.S., Wi-
nooski, VT, USA). Optical density was directly proportional
to cell number up to the maximum density measured. Re-
sults are expressed as mean±SD of ten replicates.

Cell proliferation rate

Cell proliferation rate was established by cell counting.
Cells were seeded in triplicate in 12-well plates at a concen-
tration of 1×104 per well. Cells were collected daily for
5 days and viable cells, as assessed by trypan blue staining,
were counted under a microscope in a haemocytometer.
Results are expressed as the mean±SD of three independent
replicates for each time point.

Histone methylation analysis

H3K4me3 and H3K27me3 were analyzed by Western blot.
Firstly, histones were extracted from cell pellets in accordance
with the acid histone extraction protocol [30]. Approximately,
15 μg of total histones were loaded into a 15 % sodium
dodecyl sulfate page gel, following the previously described
protocol for Western blot with the antibodies anti-H3K4me3
and anti-H3K27me3 (the same as used in the ChIP assay).

Absolute quantification of S-Adenosylmethionine

SAMe levels were determined by liquid chromatography/mass
spectrometry (LC/MS) as previously described [18] with
slight modifications.

Statistical analysis

Continuous data were reported as mean±standard deviation
and categorical data as absolute and relative frequencies.
Statistical analysis was performed with the SPSS software.
Student’s t test was used for statistical comparisons. Corre-
lations between GNMT methylation or expression and clin-
icopathological characteristics were assessed by χ2 test. A p
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value of less than 0.05 was considered to be statistically
significant. DNA methylation profiling using bead arrays,
immunofluorescence assays, and transfection experiments
of HuH7 cells were performed as described in ESM.

Results

Hepatocellular carcinoma shows aberrant GNMT DNA
hypermethylation

To study the possibility of an abnormal epigenetic regulation
of GNMT in liver cancer, we used bisulfite pyrosequencing to
determine the methylation status of a region surrounding the
GNMT transcription start site (TSS) in healthy liver and in

five liver cancer lines (HepG2, SNU368, HuH7, Alex, and
SNU354). Using this approach, we identified a region
containing seven CpG sites which was unmethylated in
nontumorigenic hepatic tissues but densely or moderately
methylated in three of the five HCC cell lines (HuH7, Alex,
and SNU354) (Fig. 1a, upper panel). These data were further
confirmed with MSP (Fig. 1a, lower panel) and 27K Ilumina
methylation arrays (ESM Fig. S1).

In order to establish whether the 3′ region of the TSS of
GNMT aberrant hypermethylation was also present in vivo,
we examined the content of mC by bisulfite pyrosequencing
in 35 HCCs. Data obtained revealed that GNMT was
hypermethylated in seven out of the 35 primary tumors
(20 %; Fig. 1b, upper panel). MSP and bisulfite
pyrosequencing confirmed previous data (Fig. 1b, lower

Fig. 1 3′ Region of the TSS of GNMT shows aberrant hypermethylation
in HCC. To determine the methylation status of the 3′ region of the TSS of
GNMT, we utilized bisulfite pyrosequencing and methylation-specific
PCR (MSP). aDiagram representingGNMT promoter region in the upper
panel. The location of each CpG site is represented by vertical lines and
the right-angled arrow indicates the TSS. The Illumina (see ESMFig. S1)
and MSP CpG site analyzed is 273 bp downstream of the TSS, highlight-
ed by a gray box. Location of the set of bisulfite pyrosequencing oligo-
nucleotides is indicated by arrows. Below, bisulfite pyrosequencing in
several hepatic cancer cell lines: HepG2, SNU368, HuH7, Alex, and
SNU354. Bars indicate target CpG sites and black areas represent the
percentage of methylated cytosines (mCpG) from 0 to 100, and the

percentage of average methylation is shown on the left. Lower panel
shows MSP in the cell lines mentioned above. A PCR band under “u” or
“m” denotes unmethylated or methylated sequence, respectively. b Anal-
ysis of the methylation status of the +273 bp CpG site inGNMT 3′ region
TSS byMSP in 35 primary HCCs in the upper panel. Pie chart shows the
percentage of methylated tumors in black. Below, MSP reaction of two
representative tumors, one methylated and the other unmethylated. Water
was used as negative control and IVD (in vitro-methylated DNA) as
positive control. In the lower panel, bisulfite pyrosequencing of four
representative tumors: U1 and U2 unmethylated tumors 1 and 2, respec-
tively; andM1 and M2 methylated tumors 1 and 2, respectively
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panel). These data suggest that aberrant methylation of the
3′ region of the TSS of the GNMT gene is also observed in
vivo. The region under study belongs to a CpG island
located within the TSS of GNMT. After determining, by
bisulfite pyrosequencing, the methylation rate in different
fragments along the CpG island, we found that the 3′ region
of the TSS showed the greatest changes in the content of
methylated cytosines among all the samples considered
(ESM Fig. S2A)

Relationship between GNMT hypermethylation and gene
repression

To study the role of GNMT hypermethylation in gene ex-
pression, we used quantitative RT-PCR and western blot

analysis to compare GNMT mRNA and protein levels in
healthy liver and the unmethylated HepG2 and SNU368 cell
lines with the HuH7, Alex, and SNU354 cell lines, which
exhibited dense or moderate GNMT DNA hypermethylation
(Fig. 2a, ESM Fig. S3A). Intriguingly, GNMT mRNA levels
were substantially downregulated in the tumor samples, in
spite of the absence of methylation in the promoter region
(ESM Fig. 2B). GNMT repression was inversely related to
methylation of the 3′ region of the TSS (Fig. 2a, ESM
Fig. S2B). Our results agree with the data in the literature
showing that GNMT is downregulated in human HCC.
HepG2, which was almost completely unmethylated,
showed the highest mRNA levels, although in comparison
with healthy tissue, they were still extremely low. This could
be explained by the nature of HepG2 as a hepatoblastoma

Fig. 2 Expression analysis of GNMT in human HCC. a Quantitative
RT-PCR analysis of GNMT mRNA normalized against GAPDH
mRNA in healthy liver and several tumorigenic liver cell lines with
different content of mC (green hypomethylated, red hypermethylated);
***p value<0.001. b Effect of the demethylating drug 5-aza-2′-
deoxycytidine (AdC) on GNMT mRNA levels. This was evaluated in
two hypomethylated cell lines (as indicated by the green bar at the top of
the graph) and two hypermethylated cell lines (red bar). Two different
concentrations, 2.5 (gray bar) and 5 μM (dark gray bar), of AdC were
tested. For each cell line, GNMTmRNAwas normalized against GAPDH
mRNA levels and the fold changes were calculated in relation to the
untreated cell line (wild type). c Whisker plots summarizing GNMT
mRNA levels in normal tissue and HCC grouped by 3′ region of the
TSS ofGNMTmethylation status and mRNA levels. GNMTmRNAwas

normalized against GAPDH mRNA levels and fold changes were calcu-
lated in relation to the value from the unmethylated primary tumor with
lowest expression level. *p value<0.05, ***p value<0.001. d Immuno-
fluorescence of GNMT protein in HCC samples. Left panel shows the
correlation between GNMT mRNA and protein levels in the examined
samples, grouped by mRNA expression levels (relative units): from 0 to
2, from 2 to 20, from 20 to 100, and from 100 to 300. On the right,
representative images of immunofluorescence corresponding to each of
the groups considered. Magnification, ×60. e ChIP assay in healthy liver
(white bar) and the tumoral HepG2 cell line (black bar). Bars indicate
relative fold enrichment of GNMT immunoprecipitated with IgG (nega-
tive control), H3K4me3 and histone H3 (positive control). Data are
normalized against 1/200 dilution of input chromatin and then against H3

J Mol Med (2013) 91:939–950 943



cell line while the rest are all derived from HCC. GNMT
expression in healthy tissue and HepG2 differed significant-
ly from the rest of the cell lines analyzed (p value<0.001).

To investigate whether themethylation statuswas exerting a
strong influence on GNMT expression, some of the cell lines
under study were treated with the demethylating agent AdC at
different concentrations (Fig. 2b). The selected cell lines for
AdC treatments were HepG2 and SNU368, in which the 3′
region of the TSS GNMTwas demethylated, and another two
cell lines, HuH7 and SNU354, which showed higher levels of
DNAmethylation. In those cell lines with the GNMT 3′ region
of the TSS aberrantly hypermethylated (HuH7 and SNU354),
GNMT expression was reactivated with the drug at both 2.5
and 5μMconcentrations. By contrast, in the two unmethylated
cell lines (HepG2 and SNU368), AdC did not induce such an
effect. Focusing on the heavily methylated cell lines, we found
an inverse relation between demethylation at the 3′ region of
the TSS and GNMTmRNA re-activation after AdC treatment,
supporting the role of this region in GNMT regulation (ESM
Fig. S2C). In particular, SNU354, which exhibited the highest
methylation rate along the CpG island, experienced the
greatest loss of DNA methylation in the 3′ region of the TSS
in comparison with other regions of the CpG island (ESM
Fig. S2D). These results suggest that transcriptional silencing
of GNMT gene is associated with hypermethylation of the 3′
region of the TSS in vitro.

In an attempt to investigate the relationship between 3′
region of the TSS hypermethylation and GNMT expression
in vivo, we analyzed GNMT expression at the mRNA level in
two healthy livers, 35 HCCs and adjacent nontumor tissue
when available (Fig. 2c and ESM Fig. S4, S5). Samples were
grouped according to their nature as healthy tissue or as
methylated, or unmethylated, GNMT tumor. Levels of GNMT
mRNAwere in general higher in nontumor samples although
each group differed significantly from the rest (Fig. 2c,
p value<0.001). Protein levels of representative samples of
all groups were also analyzed (ESM Fig. S3B). Independently
of the methylation status, HCCs showed lowerGNMTmRNA
levels than their adjacent nontumor tissues (ESM Fig. S5). We
then divided unmethylated HCCs into two groups according
to GNMTexpression so that one group (N=19) lackedGNMT
expression even in the absence of methylation and the other
group (N=9) expressed GNMT mRNA (p value<0.001). To
determine the relation between GNMT mRNA and protein
levels, immunofluorescence with an antibody against GNMT
was performed in tissue samples. A significant correlation was
found between mRNA levels and the amount of detected
protein (global p value=0.001; Fig. 2d), which indicated that
DNA methylation plays an important role in regulating the
presence of GNMT protein in the cell.

To identify other possible epigenetic mechanisms involved
in GNMT repression, we carried out ChIP using antibodies
against H3K4me3, a histone post-translational modification

associated with gene activation [31] in HepG2 because it is
the cell line that exhibits low levels of GNMT mRNA in
absence of DNA hypermethylation. Healthy liver was used
as reference. Results showed that this histonemodification was
absent in HepG2 cells while healthy liver exhibited strong
enrichment of this histone mark (Fig. 2e). Also, we found a
significant enrichment in non-expressing GNMT HCC of re-
pressive histone marks such as H3K27me3 and H4K20me3
(ESM Fig. S6). This suggests that, in addition to DNA meth-
ylation, histone post-translational modification might have an
important role in GNMT repression in HCC.

Restoration of GNMT in HCC cell lines decreases cell growth
and SAMe levels of liver cancer cells but has little impact
on global DNA and histone methylation

To assess the functional role of epigenetic-associated repres-
sion of GNMT in liver cancer, we generated clones of HuH7
cancer cells stably expressing GNMT (pCEP4-GNMT;
Fig. 3a). Ectopic GNMT expression was within physiolog-
ical levels (ESM Fig. 3C). Wild-type HuH7 cells show
GNMT DNA hypermethylation-dependent gene repression.
Restoration of GNMT activity in HuH7 induced a decrease
in cell viability (p value<0.001) and proliferation (p value
0.011; Fig. 3b). We performed another stable transfection of
GNMT in SNU354 a hepatic cancer cell line which also
showed GNMT hypermethylation associated with gene re-
pression (ESM Fig. S7A). Functional assays confirmed the
previous results and showed a decrease in cell viability and
proliferation after restoration of GNMT in this HCC cell line
(ESM Fig. S7B). These results are in line with the proposed
antitumor role of GNMT [18, 26].

To determine the impact of GNMT function on the amount
of SAMe in HuH7 cells, we quantified the levels of SAMe in
HuH7 pCEP4 and HuH7 pCEP4-GNMT cells. Restoring
GNMT in these cells induced a significant decrease in SAMe
levels (Fig. 3c), which agrees with previous research [14, 15].
As GNMT regulates SAMe levels, we hypothesized that the
aberrant epigenetic repression of GNMT could affect DNA
and histone methylation reactions. To address this issue, we
first analyzed global DNA and histone methylation in HuH7
pCEP4 and HuH7 pCEP4-GNMT cells. Ectopic expression
of GNMT did not induce any noticeable changes in LINE1
methylation (an indicator of total mC; Fig. 3d) nor in global
H3K4me3 and H3K27me3 levels (Fig. 3e).

A genome-wide promoter DNA methylation signature
associated with GNMT repression in hepatocellular
carcinoma

In mice, lack of GNMT had been previously found to be
associated with malignant transformation and aberrant DNA
methylation [18]. To study potential site-specific DNA
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methylation, alterations associated with the epigenetic re-
pression of GNMT in human HCC, we used 27K Illumina
methylation arrays to compare the genome-wide promoter
methylation status in HuH7 pCEP4 and HuH7 pCEP4-
GNMT cells. Restoring GNMT activity revealed 284 CpG
sites (277 genes) that lost methylation (>20 %) in HuH7 cells
ectopically overexpressing GNMT (Fig. 4a). Interestingly,
most (74 %) of these genes were less methylated in healthy
liver cells than in HuH7 pCEP4 cells (Fig. 4b), which sug-
gests that lack of GNMT might have a direct role in the de
novo promoter hypermethylation in HCC. In addition, some
of the genes had been previously reported to be aberrantly
hypermethylated in HCC (ESM Table S3), which suggest
further that GNMT plays a relevant role in the establishment
of aberrant promoter methylation patterns in HCC.

To validate the methylation array data, we selected two
genes that had been previously found to be hypermethylated
in HCC, PYCARD [32] and SOCS2 [18], and another two

genes that had never been shown to be hypermethylated in
cancer, RGS16 and SCUBE2. Then, we determined, by bisul-
fite pyrosequencing, their methylation status in the HuH7
pCEP4 and pCEP4-GNMT cells. Results corroborated the
methylation array data (Fig. 4c). To investigate whether
GNMT-associated promoter hypermethylation occurs also in
vivo, we determined the methylation status of RGS16 and
SOCS2 in three HCCs expressing GNMT and three HCCs
showing DNA hypermethylation-dependent GNMT repres-
sion. Both genes presented much lower promoter DNA meth-
ylation levels in the primary tumors expressing GNMT
(Fig. 4c), which suggests that lack of GNMT plays an impor-
tant role in these genes too. Taking this into account, lack of
GNMT may indeed have a direct role in the establishment of
aberrant promoter hypermethylation in HCC in vivo.

In order to corroborate this possibility, we carried out
genome-wide promoter DNA methylation analysis in
SNU354 pCEP4-GNMT cells, which showed that

Fig. 3 Restoration of GNMT in the HuH7 cell line and epigenetic and
epigenomic consequences. The effects of restoring GNMT were stud-
ied in the HuH7 HCC cell line. a RT-PCR (upper panel) and WB
(lower panel) of GNMT transfection with the pCEP4-GNMT vector
encoding the full-length cDNA of human GNMT sequence and the
corresponding empty vector (pCEP4). b GNMT overexpression in-
duced a slight decrease in HuH7 cell proliferation and viability. *p
value<0.05, ***p value<0.001. c Reintroducing GNMT in the HCC

HuH7 cell line reduced significantly SAMe concentration (in micro-
mole) (*t test, p value<0.05). d Global DNA methylation analysis by
bisulfite pyrosequencing of LINE1 in HuH7 after stably tranfecting
with the GNMT construct (pCEP4-GNMT) and the control vector
(pCEP4). Vertical bars correspond to the analyzed CpG; black high-
lights methylation (from 0 to 100 %). eWB analysis against H3K4me3
and H3K27me3. Upper panels show immunoblot of histone marks and
lower panels correspond to H3 WB, used to normalize data
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restoration of GNMT was associated with the loss of meth-
ylation (>20 %) of 511 CpG sites (484 genes), most (70 %)
of which were less methylated in healthy liver (ESM
Fig. S7C, D). We identified 13 common probes in both
transfections (bootstrap, p<0.01), which suggests that there
are specific regions which are more affected than others by
the restoration of GNMT (ESM Table 4).

Interestingly, we also found that the loss of DNA
methylation when we performed a stable transfection

in both hepatic cancer cell lines (HuH7 and SNU354)
was significantly more likely to occur in the promoters
of those genes with enriched Polycomb occupancy
(Fisher’s exact test, p<0.001) and the presence of biva-
lent histone domains (H4K4me3+H3K27me3; Fisher’s
exact test, p<0.001) in embryonic stem cells (ESM
Fig. S7E). Curiously, enrichment of these marks has
been found to be associated with CpG hypermethylation
in cancer [33–36].

Fig. 4 Epigenetic and epigenomic consequences of GNMT restoration
in HuH7 cells. a Clustering heat map showing the loss of DNA
methylation (of at least 20 %) at the promoter region of 277 genes
when GNMT is reintroduced in HuH7 cells. b Scatter plot showing
differences in methylation values between HuH7-pCEP4 cells and
healthy liver. c Diagram bars representing promoter methylation of

candidate genes (RGS16, PYCARD, SOCS2, and SCUBE2) in HuH7
pCEP4 and HuH7 pCEP4-GNMT cells determined by bisulfite
pyrosequencing. d Graphs representing promoter methylation of
RGS16 and SOCS2 genes in three GNMT promoter hypermethylated
HCC (red) and in another three HCC with unmethylated GNMT
promoter (green)
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Human data

There was no significant association between DNA methyl-
ation, GNMT mRNA expression, and the majority of the
clinical parameters. Interestingly, low GNMT mRNA ex-
pression was more frequent in HCC >5 cm (p=0.046), in
patients with increased AFP beyond 400 ng/dL (p=0.008)
and in those with HCV-related HCC (p=0.008). These find-
ings suggest a role for etiology in methylation status as well
as a progressive reduction along tumor progression (Fig. 5).

Discussion

As with many other tumors, epigenetic disturbances contrib-
ute significantly to the etiology of HCC, especially DNA
methylation [8]. Here, we have tried to elucidate the molecular
mechanisms involved in aberrant DNAmethylation in human
HCC. Together with deregulation of DNAmethyltransferases,
abnormal regulation of the methyl group metabolism has been
considered as a possible source of aberrant methylation. Thus,
we focused on studying the epigenetic regulation of GNMT, a
methyltransferase that catabolyzes SAMe excess and regu-
lates total transmethylation reactions [37]. GNMT deregula-
tion can alter methylation profiles in cells [38]. In addition,
defects in GNMT are related to liver disease in humans [14,
15] and GNMT-deficient mice spontaneously develop liver
steatosis and HCC [18, 26], although no mutations have been
found in HCC.

Here, we show for the first time that GNMT is under
abnormal epigenetic regulation in HCC. By studying the
methylation status of a CpG island surrounding the TSS of
GNMT in human liver cancer cell lines and HCC with

bisulfite pyrosequencing, MSP, and methylation arrays, we
found that the 3 ′ region of the TSS of GNMT is
hypermethylated to some extent. Moreover, this aberrant
hypermethylation could contribute to the transcriptional si-
lencing of the gene. AdC treatment in cell lines with high
content of mC within the 3′ region of the TSS of GNMT
could induce demethylation of that region and restore
GNMT activity, corroborating the idea that aberrant
hypermethylation may indeed be related with GNMT silenc-
ing in HCC. These results are in line with previous findings
suggesting that methylation of CpG islands that spread over
the 3′ region of the TSS is important for the efficient regu-
lation of gene expression [39, 40].

GNMT expression in human HCC was dramatically low-
er than in healthy tissue samples. However, we found dif-
ferences among unmethylated HCCs, which did not always
express GNMT. This result points to DNA methylation
possibly being sufficient to repress GNMT expression but
that it may not be an exclusive mechanism: it may coexist
with other mechanisms that can efficiently silence this gene.
It seems that histone methylation could be cooperating with
DNA methylation to prevent GNMT expression in cancer
cells, as H3K4me3, a histone mark commonly linked to
active transcriptional activity [31], was not detected in cells
which lacked hypermethylation in the 3′ region but
exhibited low or an absence of GNMT activity.

In the work presented here, restoration of GNMT expres-
sion dramatically reduced SAMe levels in human HCC
cells. This is in line with previous findings in which GNMT
deletions led to abnormally high levels of SAMe and altered
methylation status in vivo depending on genetic background
and environmental factors [18, 41, 42]. Our data shows that
LINE1 methylation is hardly affected after restoring GNMT
activity, suggesting that lack of GNMT might have different
effects on genomic DNA methylation in humans and in
mice. Indeed, Wang et al. [43] showed that the effect of
GNMT on global methylation in human HCC cell lines was
SAMe dependent [43]. In addition, GNMT expression has
been shown to be modulated by SAMe itself, L-methionine
and vitamin D derivatives, like transretinoic acid [38, 43].
As we have cultured cell lines in the absence of these
metabolites, epigenetic and functional changes may not be
as drastic as those seen in other experimental models, such
as mice with systemic repression of GNMT and an exoge-
nous supply of any of the metabolites mentioned above [18].

In contrast to LINE1, methylation arrays revealed that
277 genes lost about 20 % of methylation at the promoter
region of the GNMT gene after stably transfecting GNMT in
HuH7 cells. These apparently contradictory results are
explained because LINE1 is distributed ubiquitously
throughout the genome and therefore LINE1 methylation
represents global DNA methylation [27]. As the methylation
arrays analyze specific gene promoter DNA methylation,

Fig. 5 Correlations between GNMT mRNA expression and several
clinicopathological features. Lower levels of GNMT mRNA expres-
sion directly correlate with larger tumor size (right, p value 0.046),
higher levels of AFP (middle, p value 0.006), and hepatitis C viral
infection (left, p value 0.006)
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which represents a small percentage of the genome, the
observed hypermethylation at these sequences is compatible
with the absence of global DNA methylation changes. In a
similar way, recovery of GNMT activity in SNU354 cells
led to the loss of promoter methylation in 484 genes. Inter-
estingly, 13 genes of these genes were common to both cell
lines which suggest that they could be more susceptible to
suffering GNMT-dependent changes of DNA methylation.
The different target identified in both cells lines suggests
that the effect of GNMT on DNA methylation is also highly
dependent on the context in which this tumor occurs.

Interestingly, most of the genes that lost methylation at the
promoter region of the GNMT gene after stably transfecting
GNMTwere usually hypomethylated in healthy liver. Some of
the genes that lost methylation in response to GNMT expres-
sion, like PYCARD [32] and SOCS2 [18], have been previous-
ly reported to be aberrantly hypermethylated in HCC. For
instance, loss of SOCS2 promotes cell growth in different
scenarios [44, 45]. In primary ovarian cancers, SOCS2 is
transcriptionally inactive due to aberrant promoter
hypermethylation [46]. More recently, GNMT-KO mice
exhibited increased SOCS2 promoter hypermethylation and
developed liver steatosis and HCC [18]. In the case of
PYCARD, a candidate TSG with pro-apoptotic properties
has been reported to be silenced by promoter hypermethylation
in many cancer types, including HCC [32].

The other two validated genes, RGS16 and SCUBE2, had
not been previously associated with HCC. However, RGS16,
a p53 target gene [47], has been found to be methylated and
underexpressed in some breast tumors, increasing cell growth
and suggesting that it could be acting as a TSG [48]. SCUBE2
has been also associatedwith breast cancer, and is a prognostic
marker for favorable clinical outcome [49].

These results evidence a possible role for GNMT in
hepatocarcinogenesis as already suggested by previous
work on GNMT KO mice [18] and, more precisely, in the
establishment of the HCC-specific genome-wide promoter
hypermethylation signature, giving rise to a new line of
research which could be focused on the aforementioned
genes, which could exert an anticancer function.

HCC represents a very heterogeneous group of cancers.
Both tumor background in terms of etiology or risk factors,
and evolutionary events can influence the degree of epige-
netic change and GNMT expression. For instance, tumor
size correlated negatively with GNMT mRNA expression.
According to this, in vitro assays proved that restoring
GNMT induced a minor decrease in cell growth, reinforcing
the hypothesis of GNMT as a TSG in hepatic cancer as
proposed by previous studies [17, 18]. Elevated serum
AFP levels are useful to define patients at risk for HCC
and also identify HCC patients with poorer prognosis and
faster progression rate [3, 50]. In this sense, tumors with
high levels of AFP in serum correlate with low GNMT

expression, and this reinforces the role of GNMT expression
and methylation status in HCC prognosis. Finally, the rela-
tionship between HCV infection and higher GNMT expres-
sion levels raises again the controversy of the potential
etiology-based heterogeneity in tumor evolution.

In conclusion, we have shown that aberrant DNA meth-
ylation is at least in part responsible for transcriptional
silencing of GNMT in hepatocarcinogenesis. The
overexpression of this gene in HCC cells tends to suppress
tumorigenicity in vitro. Histone and genome-wide methyla-
tion analyses suggest that deregulation of GNMT in HCC
does not induce major changes at repeated DNA methyla-
tion but that it is more related to promoter-specific DNA
methylation of TSGs.
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