
Abstract. Background/Aim: Although pancreatic ductal
adenocarcinoma (PDAC) remains a major challenge for
therapy, biomarkers for early detection are lacking.
Epigenetic silencing of tumor suppressor genes is a
majorcontributor to neoplastic transformation. The aim of
this study was to identify new factors involved in PDAC
progression. The GNMT gene possesses CpG islands in the
promoter region and is important in methyl-group
metabolism and in maintaining a normal methylation status
of the genome. Materials and Methods: To test the hypothesis
whether GNMT is epigenetically regulated in PDAC, we
evaluated the GNMT gene expression and promoter
methylation status in 30 paired samples of PDAC and
normal pancreatic tissue. Results: We found significantly
higher methylation frequencies (p<0.001) in PDACs (2.82-
100%; median, 36.05%) than in controls (0.28-14.02%;
median, 4.39%). The GNMT gene expression was decreased
in PDACs compared to normal pancreatic tissues in 26/30
cases (86.67%). Furthermore, we showed that treatment with
5-aza-2-deoxycytidine (5-aza-dC) increased GNMT mRNA
expression and decreased viability in PDAC cells.

Conclusion: Collectively, these data indicate that GNMT is
aberrantly methylated in PDAC representing, thus, a
potential major mechanism for gene silencing. Methylation
of GNMT gene is directly correlated with disease stage and
with tumor grade indicating that these epigenetic effects may
be important regulators of PDAC progression.

Pancreatic ductal adenocarcinoma (PDAC) is a malignant
neoplasm characterized by a very poor prognosis with a
median survival of less than 6 months. The non-specific
symptoms of PDAC, as well as the high metastatic potential
caused by lymphatic dissemination, make diagnosis difficult
in the early stages of the disease. Less than 10% of patients
are diagnosed with pancreatic cancer at early-stages (1).

The factors involved in early PDAC and the molecular
mechanisms leading to the development of PDAC remain
unknown. The detection of pancreatic cancer at early stages,
the prediction of the potential resectability or response to
therapy are the current major challenges in improving the
clinical outcome of PDAC. Molecular biomarkers are
important tools for early diagnosis and prognosis, not only
for therapeutic strategy but also for the identification of
novel and efficient therapeutic agents. Clinical research in
the field of cancer biomarkers is essential in understanding
the aggressive nature and the heterogeneity of the disease, as
well as the resistance to conventional therapeutic agents (2).
Therefore, predictive markers of responsiveness to adjuvant
therapy would allow for selection of patients for appropriate
treatment (3).

So far, few studies have identified cancer biomarkers with
clinical significance. A biomarker must be easily quantified
in order to minimize the invasiveness of the therapeutic
interventions (2).

21

Correspondence to: Anca Botezatu, Viral Genetic Engineering
Laboratory, Romanian Academy “Stefan S. Nicolau”Virology
Institute, Bucharest 285 Mihai Bravu Ave., Bucharest, Romania.
Tel/Fax: +40 213242590, e-mail: gnanka30@yahoo.com and Simona
Olimpia Dima, Center of General Surgery and Liver Transplantation
“Dan Setlacec”, Fundeni Clinical Institute, Bucharest, 258 Fundeni
Ave.,Bucharest, Romania. Tel: +40 212750700/212750500, Fax: +40
213180444, e-mail: simonaolimpiadima@yahoo.com

Key Words: Epigenetic alteration, promoter methylation, pancreatic
cancer.

CANCER GENOMICS & PROTEOMICS 12: 21-30 (2015)

Epigenetic Silencing of GNMT Gene 
in Pancreatic Adenocarcinoma

ANCA BOTEZATU1, CORALIA BLEOTU2, ANCA NASTASE3, GABRIELA ANTON1,
NICOLAE BACALBASA4, DAN DUDA5, SIMONA OLIMPIA DIMA3 and IRINEL POPESCU3

1Viral Genetic Engineering Laboratory,
Romanian Academy “Stefan S. Nicolau”Virology Institute, Bucharest, Romania;

2Antiviral Therapy Engineering Laboratory,
Romanian Academy “Stefan S. Nicolau”Virology Institute, Bucharest, Romania;

3Center of General Surgery and Liver Transplantation “Dan Setlacec”, 
Fundeni Clinical Institute, Bucharest, Romania;

4“Carol Davila” University of Medicine and Pharmacy, Bucharest, Romania;
5Edwin L. Steele Laboratory for Tumor Biology, Charlestown, MA, U.S.A.

1109-6535/2015



Changes in the pattern of DNA methylation is a feature of
initial and progressive stages of many human tumors.
Hypomethylation or hypermethylation are both leading to
chromosomal instability, silencing of gene transcription and,
subsequently, to malignant transformation. Research in the
epigenetic field has demonstrated the involvement of an
intensive reprogramming of epigenetic machinery, such as
DNA methylation, histone modifications and microRNA
expression. The reversed features of epigenetic abnormalities
have opened new opportunities for epigenetic therapy. 

DNA hypermethylation is a known epigenetic
modification during oncogenesis, which leads to gene
silencing. Some tumor suppressor genes presenting aberrant
CpG island hypermethylation have been found in PDAC. The
first tumor suppressor gene reported to be specifically
methylated in PDAC was p16 (4). Recent studies showed
that several hypermethylated genes are associated with
PDAC (hMLH1, E-cadherin (CDH1), ppENK, CDKN1C,
SPARC, TFPI-2, GATA4,5, BNIP3, TSLC1, HHIP, MUC2,
reprimo (RPRM), CXCR4 and SOCS1) (5). Sato et al. noted
that the gene CDKN1C/p57KIP2 presented a decreased
expression in intraductal papillary mucinous neoplasm (6).
Partial methylation of the pathway of tissue factor inhibitor 2
(TFPI-2) – a Kunitz-type serine proteinase inhibitor – has
been identified as a putative tumor-suppressor gene. Aberrant
methylation of TFPI-2 was reported in PDAC xenografts and
in primary PDACs. Re-expression of the TFPI-2 gene led to
proliferation, migration and invasion of cancer cells (7). At
the same time, a number of genes, such as claudin 4
(CLDN4), lipocalin 2 (LCN2), 14-3-3sigma/stratifin (SFN),
trefoil factor 2 (TFF2), S100A4, mesothelin (MSLN), PSCA,
S100P and maspin (SERPINB5) are over-expressed in PDAC
cells due to promoter hypomethylation (8).

Folate is essential for the synthesis of nucleotides. Low
levels of folate correlate with alterations in cell replication,
DNA excision and repair and DNA methylation pattern. Those
alterations lead to an increased risk for developing cancer (9).
One of the most important pieces in the metabolism of folate is
methylenetetrahydrofolate reductase (MTHFR), an enzyme that
catalyses the reduction of 5,10-methylenetetrahydrofolate
(5,10-methyleneTHF) to 5-methyl THF, the methyl donor for
methionine synthesis from homocysteine (10). Glycine N-
methyltransferase (GNMT) is another key regulatory protein in
folate metabolism, methionine availability and transmethylation
reactions. Low levels of GNMT may lead to aberrations in
homocysteine metabolism. The abnormal levels of
homocysteine have consequences in the development of
numerous pathologies like cognitive disorders (11),
cardiovascular disease (12), neural tube and other birth defects,
as well as pregnancy complications (13). DNA methylation
depends on methyl-group donor S-adenosylmethionine (SAM),
which is reduced to S-adenosylhomocysteine (SAH). The
SAM:SAH ratio is regulated by an interplay between the two

key enzymes of folate metabolism. MTHFR is inhibited by
high levels of SAM, whereas low levels of SAM lead to an
increase in 5-methyl-THF production, which inhibits GNMT
and methyl-groups for transmethylation reactions (i.e., DNA
methylation) (14-17). 

Certain inherited variations in the GNMT gene have been
associated with an increased risk of liver and prostate
cancers (18, 19). On the other hand, GNMT gene mutations
impair glycine N-methyltransferase functions, such as
processing potential cancer-causing substances in the liver
and helping to regulate other genes, including those
responsible for controlling cell growth. 

In a previous study of gene expression profiles in human
cancers, we discovered a decreased GNMT gene expression
in pancreatic adenocarcinomas (20). Herein, we aimed to
comparatively evaluate the GNMT promoter methylation
profiles in PDAC samples, in adjacent normal tissues and in
PDAC cell lines. 

Materials and Methods

Specimens. The present study included 30 patients with PDA who
underwent pancreatic resection at the Center of Digestive Disease
and Liver Transplantation of Fundeni Clinical Institute, Bucharest,
Romania.

All patients provided written, informed consent for the use of
their samples and the study was approved by the Ethics Committee
of Fundeni Clinical Institute Bucharest, Romania, in accordance
with ethical standards included in the current revision of the
Helsinki Declaration. The clinical characteristics of patients are
presented included in Table I. 

Tissue samples were collected at the time of surgery from all
PDA and CP patients.

Cell lines. PANC-1, MiaPaCa-2, and BxPC-3 cells were obtained
from the American Type Culture Collection (ATCC, cat no. CRL-
1420, CRL-1687, address) and cultured according to the ATCC
recommendations. The PCL-35and PK-9 cell line were a gift from
Dr. Akira Horii (Tohoku University School of Medicine, Sendai,
Japan). Cell lines were cultured in appropriate medium (DMEM F-
12), (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine
serum at 37˚C with 5% CO2.

DNA isolation. DNA isolation from tissues and cell lines was
performed with the High Pure PCR Template Preparation Kit
(Roche Molecular Biochemicals, Mannheim, Germany) according
to manufacturer’s recommendations. Isolated DNAs were
subsequently stored at –20˚C. The concentration and purity of each
DNA sample was evaluated with a NanoDrop spectrophotometer
(NanoDropTechnologies, Montchanin, DE, USA).

Bisulfite treatment. Bisulfite treatment for unmethylated C residues
conversion was performed with the EpiTect Bisulfite kit (Qiagen,
Valencia, CA, USA). Seven hundred ng of each isolated DNA in a
volume of 20 μl was bisulfite-treated along with positive (CpGenome
Universal Methylated DNA) and negative (CpGenome Universal
Unmethylated DNA) controls (Millipore, Billerica, MA, USA).
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Methylation-specific PCR (MS-PCR). MS-PCR was performed in a
final volume of 25 μl using Platinum Taq DNA Polymerase (1U),
enzyme buffer, 1.5 mM MgCl2, 200 μM of each dNTP, 0.3 μM of
each specific primers and 50 ng target DNA. 

Primers were selected using MethPrimer (GNMT-MF 5’-
TTAAAAGGATTTAGTTTAGGATTGC-3’, GNMT-MR 5’-AACAT
AAACACTACTAACAACCGAC-3’; GNMT-UF 5’-AAAAGGAT
TTAGTTTAGGATTGTGA-3’, GNMT-UR 5’-AAACATAAACACT
ACTAACAACCAAC-3’.

The PCR conditions were as follows: 95˚C for 5 min, 35cycles of
95˚C/30 s, 56˚C/30 s, 72˚C/30 s and a final elongation of 72˚C for
7 min. The methylated/unmethylated status of the target gene was
estimated in 2% agarose gel electrophoresis. 

Direct quantitative methylation-specific PCR (Q-MSP) of genomic
DNA. This method was used for evaluating the degree of sample
methylation. According to Applied Biosystem Guide (Applied
Biosystems 7300/7500/7500 Fast Real-Time PCR System, Foster
City, CA, USA), standard curves were designed using serial
dilutions (10 pg, 100 pg, 1 ng and 10 ng) of positive (DNA fully
methylated) and negative controls (DNA fully unmethylated). The
quantity of unmethylated and methylated DNA for each sample was
extrapolated using the standard curves. Direct Q-MSP was
performed in 50 μl final volume comprising 50 ng/μltarget DNA,
25 μl FastStart Universal SYBR Green Master (ROX; Roche
Molecular Biochemicals, Mannheim, Germany) and 0.3 μM
primers. PCR parameters we used were as follows: 95˚C/10 min (1
cycle), 40 cycles at 95˚C/15 s and 60 s/specific annealing
temperature. qPCR experiments were performed in duplicate and
mean values were used for calculations. To control the quality of
DNA samples, the ACTB gene was used as reference (21).
Methylation percentage was calculated according to method
described by Fackler et al. (% M=100([ng methylated gene A/(ng
methylated gene A+ unmethylated gene A)]) (21). 

RNA extraction and integrity evaluation. Total RNA was isolated
from both pathological and control tissue samples using 1 ml Tri
Reagent (Sigma, St. Louis, MO, USA) for each 50 to 100 mg of
tissue, according to the manufacturer’s instructions, followed by
further purification using the RNeasy Mini Kit (QIAGEN, Valencia,
CA, USA). The quantity and quality of the total RNA were assessed
by spectrophotometry (Nano Drop 1000; Thermo Scientific,
Arlington, TX, USA) and by lab-on-a-chip Agilent 2100 technology
(Agilent Technology, Santa Clara, CA, USA). Samples with an RNA
integrity number (RIN) greater than 7 were used for gene expression.

cDNA synthesis and Real-time qPCR. A 2-step relative
quantification was performed with the 7300 Real-Time PCR (ABI,
Foster City, CA, USA). Firstly, cDNA was obtained from 2 μg of
total RNA by means of the High Capacity cDNA Reverse
Transcription Kit (ABI) in a total volume of 20 μl. cDNA samples
were diluted to 2 ng/μl and qPCR amplification was performed in
duplicate for each sample in a total volume of 25 μl with FastStart
Universal SYBR Green Master (Roche Molecular Biochemicals)
under the following conditions: 95˚C for 10 min, 95˚C for 15 s and
1 min at 60˚C for 40 cycles. We determined fold changes in the
pathologic tissues compared with paired control tissue, while the
level of each mRNA was normalized to the reference gene GAPDH.
The primers’ sequences were selected at exon-exon junction (to
avoid genomic DNA amplification) and according to NCBI
(National Centre of Biotechnology Information) with the Primer3-
Blast software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). We
employed, for the housekeeping gene GAPDH (NM_001256799.1)
- Forward: 5’-ACC ACA GTC CAT GCC ATC AC -3’, Reverse: 5’
-TCC ACC ACC CTG TTTTTG CTG TA- 3’ and for the target gene
GNMT (NM_018960.4)- Forward: 5’-CCTGTGGCACTGGGGT
GGACT-3’, Reverse: 5’-TTGTCGAAGGCGGGCTCGTG-3’. We
analyzed the data with the SDS 1.4 software (ABI, Foster City, CA,
USA) using the comparative Ct method [2^(-delta delta Ct)].

Demethylation treatment of cell lines. To analyze the restoration of
GNMT expression, five PDAC cell lines (PANC-1, BxPC-3, PCL-
35, PK-9 and MIAPaCa-2) were seeded at a density of 1×105,
cultured for 24 hours and treated with 5-aza-2-deoxycytidine (5-aza-
dC) (Sigma) at concentrations of 5 μM and 10 μM for 3 days. The
medium containing the drug was replaced every 24 h. The cells
were harvested after 24 and 72 h of treatment. 

Detection of apoptosis. In order to establish the effect of 5 azaC on
cell apotosis, we used the Annexin V-FITC Apoptosis Detection Kit
I (BD Bioscience Pharmingen, San Diego, CA, USA, USA)
according to manufacturer’s protocol. Briefly, 1×105 cells (MiaPaCa-
2, PANC-1, BxPC-3, PK-9, PCI-35) were seeded in a 24-well plate
and treated with 5 μM or 10 μM 5azaC for 24, 48 and 72 h. Total
cells were re-suspended in 100 μl of binding buffer (10 mM of
HEPES/NaOH, pH: 7.4, 140 mM of NaCl and 2.5 mM of CaCl2) and
stained with 5 μl Annexin V-FITC and 5μl propidium iodide for 
10 min in the dark. At least 10,000 events from each sample were
acquired using a Beckman Coulter flow cytometer. The percentage
of treatment-affected cells was determined by subtracting the
percentage of apoptotic/necrotic cells in the untreated population
from the percentage of apoptotic cells in the treated population. 
Statistical analysis. To examine differences in gene expression, the
Student’s t-test (when values were normally distributed) or the non-
parametric Mann–Whitney test (when the distribution normality test
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Table I. Clinical characteristics of patients.

Clinical characteristics
Age, years (mean±SD) 61±8.16
Male, n (%) 16 (53.33)
Women, n (%) 14 (46.67)
Tumor grade, n

G1 19
G1-G2 3
G2 5
G2-G3 2
G3 1

Tumor dimension (cm), n 
<1.4 5
1.5-2.9 9
3-4.5 14
>4.6 2

Disease stage, n
IA 4
IIA 4
IB 7
IIB 12
IV 3



failed) were used. For subgroup analyses and the comparison of
methylation status, the Kruskal–Wallis test followed by the Dunn’s
Multiple Comparison post hoc test was used. A p-value <0.05 was
considered statistically significant. All calculations were performed
using the GraphPad Prism, version 5.02, for Windows (GraphPad
Software, San Diego, CA, USA).

Results
GNMT is frequently hypermethylated in PDACs. The
bioinformatics analysis using the MethPrimer software (for
CpG islands prediction and primer design; (http://
www.urogene.org/cgi-bin/methprimer/methprimer.cgi) of the
GNMT gene promoter sequence (AF101475.1) showed the
presence of three CpG islands (Island 1, 191 bp (664-854);
Island 2, 124 bp (904-1027); Island 3, 101 bp (1165-1265)
(Figure 1).

GNMT methylation was observed in 23/30 (76.367%) of
PDAC cases. All cases were above the established threshold
of 11% according to the methylation level found in normal
tissue samples. Significantly higher methylation frequencies
(p<0.001) were found in PDAC samples (2.82-100%;
median, 36.05%) than in adjacent pancreatic tissues (0.28-
14.02%; median, 4.39%) (Figure 2).

Data regarding GNMT gene hypermethylation in control
vs. PDAC tissues were analyzed using the Fisher’s exact test.
Specificity (percentage of healthy patients identified as not
having the condition) and sensitivity (prediction of the
capacity to identify all patients from the tumor group
presenting the disease) were calculated. We found
specificity=0.8, sensitivity=0.9; odds ratio (OR)=21.357;
relative risk (RR)=3.714; p<0.0001, confidence interval
(CI)=95%.
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Figure 1. The density of CpG islands of GNMT promoter prediction using the MethPrimer software.

Figure 2. Scattered plots in logarithmic scale of GNMTpromoter methylation percentage in PDAC versus adjacent pancreatic tissues. *p<0.05; the
p-value was calculated using the two-sided non-parametric Mann-Whitney test. 0 values cannot be plotted on a logarithmic scale.



Correlation between GNMT methylation and clinicopathologic
features in PDAC. The analysis of data regarding the GNMT
promoter methylation level and the characteristics of the
tumors (grade, stage, dimension) showed a significant
correlation between tumor grade and methylation percentage
(p=0.0398) and between tumor stage and methylation
percentage (p=0.0042) (Figure 3).

GNMT mRNA expression is decreased in PDAC. The GNMT
gene expression was decreased in PDAC tissues compared to
controls. Only in 4 cases (13.33%) GNMT expression levels
were similar with paired pancreatic tissues, while the other
26 cases (86.67%) presented a decreased expression. The
median fold change expression of the gene was –2.42 (range
between, –0.02, –4.55). The Fisher’s exact test, applied to
analyze GNMT gene expression differences between
control/tumor, revealed specificity=0.9, sensitivity= 1;

OR=359.22; RR=7.5; p<0.0001, CI=95%. The analysis of
correlations between the GNMT expression level and tumor
characteristics (grade, stage, dimension, type of resection)
showed a significant association between tumor grade and
GNMT expression level (p=0.0265), as well as between the
type of resection and GNMT expression level (p=0.0187)
(Figure 4).

PDAC cell apoptosis and necrosis is increased after
inhibition of DNA methyltransferase activity. Cell
proliferation is also suppressed in a concentration-dependent
manner, while apoptosis is increased. In order to
demonstrate that a decreased GNMT gene expression in
PDAC is determined by CpG island methylation, lower 5-
aza-dC concentrations were used for the treatment of PDAC
cell lines. We observed a slow increase of apoptotic and
necrotic cells for 10 μM 5-aza-dC after 72 h (day 3-D3)
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Figure 3. Box plot graphs representing the correlation between methylation percentage, stage (a), tumor grade (b), dimension (c) and resection type
(d). Significance was assessed by the non-parametric Kruskal-Wallis test.



(Table II). The highest percentage of apoptotic cells was
found in PK-9 cell line treated with 10 μM 5-aza-dC/D3
(16.6%) and in MiaPaCa-2 (11.3%) for the same conditions.
The highest percentage of necrotic cells was found in
MiaPaCa-2 cell line treated with 10 μM 5-aza-dC/D3
(4.7%) (Table II).

Inhibition of DNA methyltransferase activity leads to
preferential accumulation of PDAC cells in the S phase of
the cell cycle. Flow cytometry analysis of PDAC cell lines
exposed to 5-aza-dC illustrated the dose-time effect
dependency of the drug. Exposure of cells to 5-aza-dC
affected progression of cells through the S phase. The higher
the dose, the higher the accumulation of S-phase cells,
especially for PCI-35 and MiaPaca-2 cell lines. On the other
hand, cells accumulated preferentially in the G2/M phase

with increasing drug concentration and time exposure. The
higher the drug concentration and the longer the exposure,
the fewer were the cells in G0/G1.

Methylation status and mRNA expression of GNMT in
pancreatic cell lines. GNMT mRNA expression evaluated in
all human pancreatic carcinoma cell lines used in this study,
as well as in normal pancreatic tissues, showed a significant
down-regulation in all PDAC cell lines versus normal
pancreatic tissues (BxPC-3 (–0.25-fold), MiaPaca-2 (–1.4-
fold), PCI-35 (–1.2-fold), PK-9 (–0.3-fold) and PANC-1
(–2.3-fold)). On the other hand, analysis of the methylation
status of GNMT promoter revealed gene hypermethylation in
all 5 PDAC cell lines (Figure 5). Following 5-aza-dC
treatment, GNMT promoter demethylation was observed for
all PDAC cell lines in a manner dependent of the time of
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Figure 4. Box plot graphs representing the correlation between gene expression, stage (a), tumor grade (b), dimension (c) and resection type (d).
Significance was assessed by the non-parametric Kruskal-Wallis test. 



exposure and the drug concentration. Using Q-MSP, a
significant de-methylation was detected in PCL-35 cells,
whereas a slight de-methylation was detected in the BxPC-3
cell line, thus indicating that the methylation of GNMT
promoter was partially reversed. For all cell lines, except PK-
9, the highest de-methylation percentage were noticed after
72 h of exposure with 10 μM 5-aza-dC. In the PK9 cell line,
an important de-methylation was found at 48 h of exposure
with 10μM 5-aza-dC. Regarding the efficiency of 5-aza-dC,
the optimum drug concentration was 10 μM (Table III),
except for PK-9 cells, which required treatment with a dose
of 5 μM of demethylating agent.

GNMT mRNA expression in PDAC cell lines after treatment
by 5-aza-dC. Using Q-RT-PCR, 5-aza-dC-treated PDAC cell
lines were evaluated for their mRNA expression. The drug
restored the expression of GNMT in all cell lines according
to drug concentration and exposure time. The level of GNMT
mRNA expression increased 64-and 9-fold following
treatment with 5 μM 5-aza-dC for 3 days in the PANC-1 and
BxPC-3 cell lines, respectively (Figure 5).

Interestingly, the expression of GNMT mRNA in the PCI-35
cells significantly increased after treatment with 10 μM 5-aza-
dC for 3 days (1,197-fold) (data not shown). In contrast, the
GNMT gene expression was found moderately increased after
treatment with 10 μM 5-aza-dC for 3 days in MiaPaca-2 and
PK-9 cells (2- and 1.5-fold, respectively) (Figure 5). In
MiaPaca-2 cells, the GNMT mRNA expression was higher for
the 5 μM concentration after 24 h of exposure (7.8-fold), while
in PK-9 cells it increased after 48 h of exposure (32-fold).
Treatment with 5 μM 5-aza-dC/ 48h also had a moderate effect
on the increase of GNMT mRNA expression in the PANC and
BxPC-3 cell lines (5- and 4-fold, respectively) (Figure 5). In
all treated cell lines, the methyltransferase inhibitor restored
the expression of GNMT indicating the role of DNA
methylation in down-regulation of GNMT expression in PDAC.

Discussion

Many genes are commonly silenced epigenetically in PDAC.
Among them are BNIP3 (coding BH3 domain protein with
pro-apoptotic function) (22) CSMD2, SLC32A1, TMEM204
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Table II. Apoptosis - Annexin V-FITC results. 

24 h(D1) 48 h(D2) 72 h(D3)

Control 5 μM 10 μM Control 5 μM 10 μM Control 5 μM 10 μM

PANC-1
Dead cells 0.8 0.5 1 0.6 0.3 0.9 0.7 0.9 1.5
Late apoptosis 0.1 0.1 0.1 0.2 0.2 0.4 0.3 0.1 0.3
Viable cells 98.9 98.9 98.4 98.8 98 98 98.9 98.9 98
Early apoptosis 0.2 0.5 0.5 0.4 1.5 0.7 0.2 0.1 0.1
PCI-35
Dead cells 0.9 0.9 0.6 0.4 1.4 1.3 0.7 1.9 1.5
Late apoptosis 0.2 0.3 0.2 0.6 0.6 0.7 0.8 0.2 0.9
Viable cells 98.2 97.7 97.5 97.6 96.8 94 98.2 97.6 94.8
Early apoptosis 0.6 1 1.6 1.5 1.3 4 0.3 0.3 2.8

BxPC-3
Dead cells 0.1 0.3 1 0.4 0.4 1.2 0.4 1.3 1.8
Late apoptosis 0.1 0.4 0.5 0.3 0.4 0.5 0.1 0.4 0.5
Viable cells 99.3 98.5 96.1 99 97.9 96.9 99.4 98 96.4
Early apoptosis 0.5 0.9 2.4 0.3 1.2 1.3 0.1 0.4 1.4

MiaPaCa-2
Dead cells 0.6 0.9 1.1 0.8 2.8 3.9 0.8 2.8 4.7
Late apoptosis 0.3 1.5 1.2 0.4 3.2 4.4 0.3 3.5 8.8
Viable cells 98.1 95.1 94.6 98.2 92.3 90.7 98.1 91.9 84
Early apoptosis 1 2.5 3.1 0.6 1.7 1 0.8 1.8 2.5

PK-9
Dead cells 1 1.3 0.8 1.4 1 2.2 0.3 0.6 1.1
Late apoptosis 0.8 1.2 0.7 1.6 2.7 2.4 2.6 2.3 6.3
Viable cells 97.2 94.1 92.2 96 92.8 91.7 95.2 93.3 85.3
Early apoptosis 1 3.5 6.4 1 3.5 3.7 1.9 3.8 7.28



and TRH (23, 24). Recently, several novel and important
epigenetically silenced factors have been also identified (hsa-
miR-9-1, ZNF415, CNTNAP2 and ELOVL4) (5, 24-27). Ueki
and colleagues found that the promoter of pre-proenkephalin
(ppENK) gene is hypermethylated in most PDACs (28).
SPARC (secreted protein acidic and rich in cysteine, also
known as osteonectin/BM40) is a factor involved in many
processes like cell migration, proliferation, matrix cell
adhesion. The gene coding for this protein was found
aberrantly methylated in PDAC (29, 30). Recently, GNMT
was identified as a tumor suppressor gene, which is subjected
to mutations in liver and prostate cancer (31, 32). SAM levels
depend on the glycine-N-methyltransferase, a one-carbon
group methyltransferase, which catalyzes the conversion of
SAM to SAH, making GNMT a key regulator of the
SAM:SAH ratio (33). These data point the importance of
GNMT gene in the regulation of methyl group metabolism,
maintaining the normal genome methylation pattern.

In the present study, hypermethylation of GNMT was
found in all 5 human PDAC cell lines tested and in 23/30
(76.367%) human PDAC samples but not in any of the
corresponding non-neoplastic adjacent pancreatic tissues.

The methylation of GNMT promoter was found to be
tumor-specific and its effect consisted in the down-regulation
of gene expression. The results are consistent with the
involvement of epigenetic alterations in pancreatic
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Figure 5. Graphic representation of n-fold GNMT gene expression in four cell lines PANC-1 (a), BxPC-3 (b), MiaPaca-2 (c) and PK-9 (d) treated
with 5-aza-dC (5 and 10 μM).

Table III. Methylation percentage according to 5-aza-dC treatment.

%M

Minimum Maximum Median

PANC-1
Control 90.68 95.00 94.70
5 μM 33.51 93.67 58.65
10 μM 9.75 83.36 53.80

PCI-35
Control 47.82 70.65 70.53
5 μM 9.51 50.98 14.80
10 μM 1.69 34.54 3.04

BxPC-3
Control 99.17 99.65 99.42
5 μM 55.96 93.46 65.93
10 μM 34.05 67.63 62.37

MiaPaca-2
Control 62.07 80.22 73.54
5 μM 38.26 60.81 42.49
10 μM 32.45 44.80 34.21

PK-9
Control 96.37 99.85 99.36
5 μM 49.05 97.86 56.04
10 μM 17.75 84.13 67.89



carcinogenesis. GNMT is a good candidate for epigenetic
modifications in PDAC. Furthermore, we showed that
treatment with 5-aza-dC increased GNMT mRNA expression
in PDAC cell lines. Exposure of cells to 5-aza-dC affected
the cycling cells in the S phase and correlated with the de-
methylation process. Collectively, these data indicate that
GNMT is aberrantly methylated in PDAC and may represent
a major mechanism for gene silencing. To our knowledge,
this is the first study to report the methylation status of
GNMT in PDAC. The data reported by Huidubro et al. on
GNMT methylation in hepatocellular carcinoma support our
results. GNMT gene hypermethylation could contribute to
gene repression and its restoration in cell lines displaying
hypermethylation leads to a reduced tumor growth in vitro
(34). We showed that methylation of the GNMT gene is
directly correlated with disease stage and with tumor grade.
This indicates that these epigenetic effects may be important
regulators of PDAC progression and may serve as prognostic
biomarkers for PDAC.
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