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ORIGINAL ARTICLE

Role of fumonisin B1 on DNA methylation changes in rat kidney
and liver cells

Goksun Demirel*, Buket Alpertunga, and Sibel Ozden

Department of Pharmaceutical Toxicology, Faculty of Pharmacy, Istanbul University, Beyazit, Istanbul, Turkey

Abstract

Context: Fumonisin B1 (FB1) is a mycotoxin produced by Fusarium verticillioides (Sacc.)
Nirenberg (Nectriaceae) mold that contaminates maize and other agricultural products.
Although the effects of FB1 on sphingolipid metabolism are clear, little is known about early
molecular changes associated with FB1 carcinogenicity.
Objective: Alteration on DNA methylation, as an early event in non-genotoxic carcinogenesis,
may play an important role in the mechanism of FB1 toxiciy.
Materials and methods: Dose-related effects of FB1 (1–50 mM for 24 h) on global DNA
methylation by using high-performance liquid chromatography with UV-diode array detection
(HPLC-UV/DAD) and CpG promoter methylation by methylation-specific PCR (MSP) were
performed in rat liver (Clone 9) and rat kidney (NRK-52E) epithelial cells.
Results: Cell viability reduction is 39% and 34% by the XTT test and LDH release in the growth
medium is 32% and 26% at 200mM of FB1 treatment in Clone 9 and NRK-52E cells, respectively.
No significant dose-related effects of FB1 on global DNA methylation which ranged from 4 to
5% were observed in both cells compared with controls. Promoter regions of c-myc gene were
methylated (433%) at 10 and 50mM of FB1 treatment in Clone 9 cells while it was
unmethylated in NRK-52E cells. Promoter regions of p15 gene were unmethylated while
VHL gene were found to be methylated (433%) at 10, 25, and 50mM and 10 and 50 mM of FB1
treatment in Clone 9 and NRK-52E cells, respectively.
Discussion and conclusion: Alteration in DNA methylation might play an important role in the
toxicity of FB1 in risk assessment process.
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Introduction

Fumonisins are mycotoxins produced by the Fusarium

verticillioides (Sacc.) Nirenberg (Nectriaceae) and Fusarium

proliferatum (Matsush.) Nirenberg (Nectriaceae) which com-

monly contaminate maize and maize-based products world-

wide. FB1 was considered as a natural cause of

leukoencephalomalacia in horses (Kellerman et al., 1990;

Marasas et al., 1988) and pulmonary edema in pigs (Harrison

et al., 1990). Studies in laboratory animals showed a relation-

ship between FB1 intake and hepatotoxicity, nephrotoxicity,

and carcinogenicity (Gelderblom et al., 1991; Marasas et al.,

2004; National Toxicology Program (NTP), 2001; Rilery et al.,

1994; Voss et al., 1995). Also, consumption of corn-derived

food products contaminated with fumonisins has been

correlated with increased risk of human esophageal cancer in

epidemiological studies in South Africa and China (Sydenham

et al., 1990). The International Agency for Research on Cancer

(IARC) classified FB1 as a possible carcinogen to humans

(group 2B) (IARC, 2002). In 2002, the Joint FAO/WHO Expert

Committee on Food Additives allocated a group provisional

maximum tolerable daily intake of 2 mg/kg body weight to

FB1, FB2, and FB3, alone or in combination [World Health

Organization (WHO), 2002].

Due to its structural similarities with sphingoid bases, FB1

exerts its toxic effects by disruption of sphingolipid biosyth-

esis and accumulation of sphinganine which play a major role

in the modulation of apoptotic and cell proliferative pathways

related to cancer development (Gelderblom & Marasas, 2012;

Müller et al., 2012; Riley et al., 2001; Stockmann-Juvala &

Savolainen, 2008). FB1 also disrupts the oxidative status of

cells that results lipid peroxidation in liver cells (Abel &

Gelderblom, 1998). FB1 lacks DNA interactive reactivity in

different short-term genotoxicity assays utilizing bacteria

(Aranda et al., 2000; Gelderblom & Snyman, 1991;

Knasmueller et al., 1997) and in vivo and in vitro DNA

repair assays in rat liver and primary hepatocytes (Domijan

et al., 2006, 2007, 2008; Gelderblom et al., 1992; Norred

et al., 1992).

Non-genotoxic (epigenetic) mechanisms including pro-

moter DNA methylation, histone modifications, and

microRNAs play an important role in the modulation of
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functional pathways that are key to neoplastic development

and the expression profile of many tumor suppressor genes in

tumor cells. DNA methylation, a well-known primary

epigenetic regulator of gene expression, is an important

event involved in chemical carcinogenesis (LeBaron et al.,

2010; Moggs et al., 2004). FB1 can be considered as an

epigenetic carcinogen in risk assessment process (Gelderblom

et al., 2008; Müller et al., 2012; Stockmann-Juvala &

Savolainen, 2008). Several studies showed that folate defi-

ciency by FB1 (Abdel Nour et al., 2007; Gelineau-van Waes

et al., 2005; Stevens & Tang, 1997) can cause disruption of

DNA methylation and FB1-induced carcinogenesis therefore

should be investigated as a possible epigenetic mode of action

that should impact on the current risk assessment process for

fumonisins (Gelderblom & Marasas, 2012). More recently,

Chuturgoon et al. (2014) showed that FB1 significantly

decreased the methyltransferase activities and significantly

up-regulated the demethylases, also increased DNA hypo-

methylation in human hepatocellular carcinoma (HepG2)

cells. Therefore, to investigate the effects of FB1 on DNA

methylation changes, we performed the experiments on well-

characterized cell lines (Clone 9 and NRK-52E cells) treated

with FB1 for 24 h. For that, analysis of global DNA

methylation was performed by using HPLC/UV-DAD and

alteration on gene-specific methylation was performed on the

most tumor-related genes (p15, p16, VHL, e-cadherin, and

c-myc) which are related to chemical carcinogenesis by MSP.

Material and methods

Chemicals

FB1 (99% purity) was obtained from Sigma-Aldrich

(St Louis, MO). A stock solution of FB1 was prepared

dissolving it in phosphate buffer solution (PBS, Ca2+, Mg2+-

free, Wisent Bioproducts, Saint-Jean-Baptiste, QC, Canada)

and kept at �20 �C. Ultra pure grade deoxyribonucleosides

were 20-deoxycytidine (dC, Sigma, St Louis, MO), 5-methyl-

20-deoxycytidine (5-mdC, MP Biomedicals, Athens, OH),

20-deoxythymidine (2-dT, Amresco, Solon, OH), 20-deoxy-

guanosine monohydrate (2-dG, Amresco, Solon, OH), and 20-
deoxyadenosine monohydrate (2-dA, Amresco, Solon, OH).

Cell culture media and all other supplements were purchased

from Wisent Bioproducts (Saint-Jean-Baptiste, QC, Canada)

and sterile plastic materials were purchased from Greiner

(Frickenhausen, Germany).

Cell culture and FB1 treatment

The rat liver epithelial cell line (Clone 9) and rat kidney

proximal tubular epithelial cell line (NRK-52E) were obtained

from the American Type Culture Collection (ATCC).

Cells were maintained in Dulbecco’s modified Eagle

medium (DMEM) supplemented with high glucose (4.5 g/L),

10% fetal bovine serum, and penicillin-streptomycin

(100 U–100 mg/mL) at 37 �C in a humidified atmosphere

with 5% CO2. Subculturing was performed when the cells

reached 70–80% confluence (every 2 d) using trypsinization.

For cytotoxiciy assays, cells (1� 104 in 200 mL medium) were

seeded in 96-well plates, then exposed to the FB1 in

concentrations of 1, 5, 10, 50, 100, and 200 mM, and phosphate

buffer saline (PBS, 1%) as a control for 24 h. For the DNA

methylation analysis, cells (1.5� 106 in 10 mL medium) were

seeded in 25 cm2 tissue culture flasks, then exposed to the FB1

in concentrations of 1, 5, 10, 25, and 50 mM and PBS (1%) as a

control for 24 h. For all concentrations, it was tested in

triplicates and each test was repeated twice. The concentrations

of FB1 used in these experiments are similar to the concen-

trations used in previous studies of toxicity mechanisms of

FB1 (Domijan & Abramov, 2011; Galvano et al., 2002; Mobio

et al., 2003; Stockmann-Juvala et al., 2004; Yu et al., 2004).

Cytotoxicity

After 24 h of incubation with FB1, cytotoxicity tests were

performed using the Cytotox-LDH-XTT 2 Parameter

Cytotoxicity Kit (Xenometrix AG, Allschwil, Switzerland),

which measures membrane integrity (lactate dehydrogenase

activity, LDH test) and mitochondrial activity (2,3-bis-[2-

methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxya-

nilide salt, XTT test) in Clone 9 and NRK-52E cells. Briefly,

after 24 h of exposure to FB1, a 96-well plate was removed

from the incubator and 20 mL of cultured medium was

transferred to a new 96-well plate (the original plate was

replaced to the incubator for the XTT test). LDH II (NADH)

and LDH III (pyruvate) solutions were mixed and 240 mL of

this mixture was added to each well. Immediately, the optical

density of the plate was read kinetically at 340 nm for 1 h at

37 �C for LDH assay. The 96-well plate was removed from the

incubator for the XTT test. The cells were washed with PBS

and 200 mL/well of fresh culture medium was added. XTT I

(2,3-bis[2-methoxy-4-nitro-5-sulfopheny]-2H-tetrazolium-5-

carboxyanilide salt) and XTT II (buffer) solutions were

mixed at 1:100 ratio. Then, 50 mL of this mixture was added

to all wells. The plate was incubated at 37 �C, 5% CO2 for 3 h.

After 3 h, the content of the well was mixed by pipetting up

and down. Then, the optical density of the plate was read at

480 nm with a reference wave length at 680 nm. The %

inhibition of cell viability for XTT test and % LDH release of

each concentration of FB1 were calculated in both cells.

Genomic DNA isolation

Genomic DNA was isolated from Clone 9 and NRK-52E cells

using the High Pure PCR Template Preparation Kit (Roche

Diagnostics, Mannheim, Germany) according to the instruc-

tions provided by the manufacturer. DNA concentration

(OD260) and quality (OD260/280) were checked by spectro-

photometric measurement.

Global DNA methylation analysis

DNA hydrolysis was performed as previously described by

Chen et al. (2010) with some modifications. First, RNA

contamination of isolated DNA was removed by treating with

100 mg/mL RNase A and 2000 U/mL RNase T in a volume of

100 mL at 37 �C for 2 h. Then, DNA was purified by

chloroform/isoamyl alcohol extraction followed by ethanol

precipitation. For DNA hydrolysis, 5 mg genomic DNA was

first denaturated by heating at 100 �C for 3 min and chilled on

ice. After treating with 5 U nuclease P1 (Sigma-Aldrich,

St. Louis, MO) for 2 h at 37 �C, 1 U alkaline phosphatase

DOI: 10.3109/13880209.2014.976714 Effects of fumonisin B1 on DNA methylation 1303



(Calbiochem, Darmstadt, Germany) was added to the sample

and incubated for 1 h at 37 �C. The hydrolyzed DNA was

transferred onto a Centrifugal Filter Unit (Amicon Ultra-0.5,

Millipore, Darmstadt, Germany) and centrifuged for 20 min at

4 �C and 14 000 rpm. The hydrolyzed DNA samples were

diluted with ddH2O to yield 100 mL and now contained

deoxyribonucleosides at approximately 5 mg/100 mL. The

samples were either analyzed immediately on HPLC or

stored at �20 �C until analysis.

For analysis of deoxyribonucleosides, 50 mL of hydrolyzed

DNA sample was injected into the HPLC system. HPLC-UV/

DAD analysis was performed using a Shimadzu (Kyoto,

Japan) HPLC system (LC-20 A) equipped with a gradient

pump (LC-20AD), an automatic sampler (SIL-20AHT), and a

photodiode array UV–VIS detector (SPD-M20A). Separation

was carried out on a Snergy, 4 mm, C18 (Polar RC 80 A,

250 mm� 4.6 mm, Phenomenex, Torrance, CA) column by

gradient elution with 50 mM potassium dihydrogen phos-

phate, pH 4.1 (solvent A) and methanol (solvent B) using the

following conditions: 97.5% A and 2.5% B (starting condi-

tions) for 15 min, followed by an increase to 10% B in 5 min,

and continued for 10 min at a flow rate of 1 mL/min. The

column temperature was kept at 35 �C. Analytes were

detected in the 278 nm which was close to the lmax of

deoxyribonucleosides and the retention times of deoxyribo-

nucleosides were about 4.9 min for dC, 6.8 min for 5-mdC,

10.7 min for dG, 11.9 min for dT, and 22.6 min for dA using

the same chromatographic conditions. Since guanosine base

pairs with cytidine, the amount of 2-dG in a sample represents

the total amount of methylated and unmethylated 2-dC.

Global DNA methylation was expressed as the percentage of

methylated deoxycytidine in total deoxycytidine. Quantitation

of 2-dG and 5-mdC was performed using external standards.

For the calibration curves, standard solutions of 5-mdC in the

concentration range of 0.02, 0.04, 0.1, 0.2, and 0.4 mM and

0.5, 1, 2.5, 5, and 10 mM for dC, dG, dT, and dA were

prepared in water.

Methylation-specific polymerase chain reaction

Methylation-specific polymerase (MSP) analyses of DNA

extracted from control and FB1-treated Clone 9 and NRK-

52E cells were carried out as described by Herman et al.

(1996). In MSP, genomic DNA is modified by treatment with

sodium bisulfite, which converts all methylated cytosines to

urasil, then to thymidine during the subsequent PCR step

(Frommer et al., 1992). Bisulfite modification of DNA

samples was carried out using Imprint DNA Modification

Kit from Sigma (St. Louis, MO) according to the instructions

of the manufacturer. Briefly, genomic DNA (1 mg/10mL) was

incubated with DNA modification solution at 99 �C for 6 min.

After the first incubation step, immediately followed by

second incubation at 65 �C for 90 min, and then proceeded to

the post-modification DNA clean-up. After bisulfite modifi-

cation, DNA was eluted in a total volume of 20 mL elution

buffer and either was used immediately or stored at �80 �C.

Two sets of primers are used to amplify each region of

interest. One pair recognizes a sequence in which CpG sites

are unmethylated, and the other pair recognizes a sequence in

which CpG sites are methylated. Primer sequences for p15,

VHL, and c-myc genes were designed with primer design

programs for bisulfite-modified DNA [Methyl Primer

Express� Software v1.0. free software from Applied

Biosystems, San Francisco, CA, and MethPrimer-Design

Primers for Methylation PCRs (Li & Dahiya, 2002)]. Primer

sequences for p16 and e-cadherin genes were obtained from

previous publications (Niwa et al., 2005; Swafford et al.,

1997, respectively). Primer sequences are listed in Table 1.

Each MSP mixture contained 12.5mL 2�Thermo-Start�

PCR Master Mix (Thermo Scientific, Waltham, MA). About

2 mL of 10 pmol/mL of forward and reverse primers each,

�50 ng/mL DNA template and 7.5 mL nuclease-free water,

results in a total volume of 25 mL. MSP conditions were (i)

enzyme activation at 95 �C for 15 min; (ii) 35 cycles of

denaturation at 95 �C for 30 s annealing at the primer-

specific annealing temperature for 30 s and extension at

72 �C for 30 s; (iii) a final extension at 72 �C for 7 min, and

(iv) cooling down to 4 �C. Annealing temperatures were

optimized for each primer pair and are listed in Table 1. The

MSP products were analyzed by 8% acrylamide gel electro-

phoresis, stained with ethidium bromide, and visualized

under UV light (QuantumST4-Vilber Lourmat, Torcy,

France). To confirm the specificity, DNA was artificially

methylated by SssI (CpG) methyltransferase in the presence

of s-adenosyl methionine (all from New England Biolabs

GmbH, Frankfurt am Main, Germany) according to the

instructions of the manufacturer and used as a positive

control for the methylated primer sequence. Negative control

reactions were performed by using both sets of modified

Table 1. Primer sets for MSP analysis.

Primer set Forward primer 50 ! 30 Reverse primer 30 ! 50
Annealing

temp. (�C) Reference

e-cadherin – M GTT TTT AGT TAA TTA GCG GCG TC AAA CTC AAT AAT ACG CCG CG 60 Niwa et al. (2005)

e-cadherin – U GTG TTT TTA GTT AAT TAG TGG TGT T CTT AAA AAC TCA ATA ATA CAC CAC A 57

p16 – M AAT TCG AGG AGA GCG ATT CG AAC GTT TAA TAA AAC CCC GA 55 Swafford et al. (1997)

p16 – U GTG AAT TTG AGG AGA GTG ATT TG CAA AAC ATT TAA TAA AAC CCC AA 55

VHL – M GTA CGT TCG CGT CGT TTA C TTC ACA AAA CGT AAA ACC GA 55 Methyl Primer Express

VHL – U GTA TGT TTG TGT TGT TTA T TTC ACA AAA CAT AAA ACC AA 51

c-myc – M TTT GTT TTT TCG ATT TTA GAG AGA C TTA TCC TAC GTA TAT TAA TCA CCG C 55 Meth-Primer Design

(Li and Dahiya, 2002)

c-myc – U TGT TTT TTT GAT TTT AGA GAG ATG A CTT ATC CTA CAT ATA TTA ATC ACC ACA 55

p15 – M CGA GAG GGT TTT TTG GAT AC AAC GTA CAA ATA CCT CGC AA 51 Methyl Primer Express

p15 – U GTT TGA GAG GGT TTT TTG GAT AT AAC AAC ATA CAA ATA CCT CAC AA 55

1304 G. Demirel et al. Pharm Biol, 2015; 53(9): 1302–1310



primers with untreated DNA confirm that unmodified DNA

is not amplified in the event of incomplete bisulfite

reactions.

Statistical analysis

Global methylation levels and cytotoxicity results were

compared using ANOVA followed by Dunnett’s multiple

comparison test; p values50.05 and50.001 were considered

statistically significant.

Results

Cytotoxicity

Cell viability was determined by XTT assay in the FB1

(1–200 mM)-treated Clone 9 and NRK-52E cells. It showed

that 100 and 200 mM FB1 reduced the XTT activity signifi-

cantly in Clone 9 and NRK-52E cells (p50.001) (Figure 1a).

In 200 mM FB1 treatment, the cell viability reduction is 39%

and 34% in Clone 9 and NRK-52E, respectively, by the XTT

test. In addition, we also observed LDH release in the growth

medium above the control cultures at the 100 mM (25% and

21%, p50.001) and 200 mM (32% and 26%, p50.001)

concentration levels of FB1 in Clone 9 and NRK-52E cells,

respectively (Figure 1b). Based on these data, we selected

0–50mM as the FB1 concentration in our DNA methylation

study for which there was no obvious decrease on cell

viability. This is consistent with the previous studies on the

toxicity mechanisms of FB1 (Domijan et al., 2011; Galvano

et al., 2002; Mobio et al., 2003; Stockmann-Juvala et al.,

2004; Yu et al., 2004).

Global DNA methylation

To establish the global levels of cytosine methylation in the

FB1-treated Clone 9 and NRK-52E cells, reverse-phase

HPLC/UV-DAD was performed. Figure 2(a) shows the

separation of all deoxyribonucleosides in a standard mixture.

As it can be seen in Figure 2(b), lack of RNA contamination

was successful in hydrolyzed DNA of NRK-52E cells. The

identity of the peaks was confirmed by co-elution with the

corresponding authentic 20-deoxynucleoside standards. Linear

calibration curves were obtained in the concentration range of

0.02–0.4 mM for 5-mdC and 0.5–10 mM for dC, dG, dT, and

dA with a correlation coefficient higher than 0.9990.

The detection limit of 5 mdC was 0.005mM (S/N¼ 3).

Figure 3 shows the relationship between DNA methylation

levels and FB1 treatment in NRK-52E and Clone 9 cells.

Global DNA methylation in control samples ranged from 4 to

5%. No significant dose-related effects on global DNA

methylation were observed in both cells compared with

controls by using HPLC with UV-DAD.

Promoter DNA methylation

Using MSP, a total of five genes (e-cadherin, c-myc, VHL,

p16, and p15) were analyzed for the possible effects of FB1

Figure 1. Effects of FB1 (1–200 mM) on cell
viability and cytotoxicity by XTT (a) and
LDH tests (b) in Clone 9 and NRK-52E cells
after 24 h incubation. Data are presented as
mean ± standard deviation of at least three
determinations. *Different from control at
p50.001.
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on their CpG promoter methylation. Representative profiles

of MSP for the investigated genes using both methylated (M)-

and unmethylated (U)-specific primers in Clone 9 cells which

treated with FB1 at the concentrations of 1, 5, 10, 25, and

50 mM are shown in Figure 4. In Clone 9 cells, the promoter

regions of e-cadherin gene were methylated in both control

and treated cells. CpG promoter methylation of c-myc and

VHL genes was observed in Clone 9 cells by FB1 at

concentrations of 10 and 50 mM and 10, 25, and 50 mM,

respectively. However, p16 and p15 genes were unmethylated

in their CpG promoter regions in response to treatment with

FB1 in Clone 9 cells. The methylation status of the

investigated genes in NRK-52E cells is shown in Figure 5.

In NRK-52E cells, the promoter regions of e-cadherin and

p16 genes were methylated in both control and treated cells,

whereas p15 and c-myc genes were unmethylated in their CpG

promoter regions by FB1. In NRK-52E cells, only promoter

regions of VHL gene were found to be methylated in response

to treatment with FB1 at the concentrations of 10 and 50 mM.

Discussion

Epigenetic alterations may be early indicators in chemical

carcinogenesis and may be used as biomarkers in the

assessment of the carcinogenic potential of environmental

chemical agents (Koturbash et al., 2011; Rasoulpour et al.,

2011). DNA methylation, as an epigenetic mechanism, is

critical for the regulation of both gene expression patterns and

chromatin structure, and alterations in DNA methylation

are important factors in chemical carcinogenesis (Fragou

et al., 2011; Bombail et al., 2004; Pereira et al., 2004;

Pogribny et al., 2008). FB1 is generally regarded as a non-

genotoxic carcinogen, because it lacks activity in mutagene-

city (Gelderblom & Snyman, 1991) and genotoxicity assays

Figure 2. A representative HPLC chromato-
gram of all five deoxyribonucleosides in
standard mixture (a) and in hydrolyzed DNA
of NRK-52E cells (b). All deoxyribonucleo-
sides were well separated based on
established retention times with standard
chemicals. dC, 20-deoxycytidine; 5-mdC,
5-methyl-20-deoxycytidine;2-dT, 20-deox-
ythymidine; 2-dG, 20-deoxyguanosine
monohydrate; 2-dA, 20-deoxyadenosine
monohydrate.
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(Norred et al., 1992) and appears not to bind directly to DNA.

Epigenetic alterations may play an important role in the

mechanism of FB1 carcinogenicity (Gelderblom & Marasas,

2012). In terms of DNA methylation, there is no clear

evidence to suggest that FB1 could alter either global DNA

methylation levels or promoter methylation status of CpG

islands of specific genes. Recently, Chuturgoon et al. (2014)

showed that FB1 significantly decreased the methyltransfer-

ase activities and significantly up-regulated the demethylases,

besides FB1 increased DNA hypomethylation in HepG2 cells

at the 200 mM concentration after 24 h treatment. In the

present study, we investigated the alteration on global and

gene-specific DNA methylation in liver and kidney cell

cultures after low-dose FB1 exposure. FB1 reduced the cell

viability at the high concentrations (100 and 200 mM) in

Clone 9 and NRK-52E cells by the XTT test. In 200 mM FB1

treatment, the cell viability reduction is 39% and 34% in

Clone 9 and NRK-52E, respectively, by the XTT test. In

accordance, we also observed LDH release in the growth

medium above the control cultures at the 100 mM (25% and

21%) and 200mM (32% and 26%) concentration levels of FB1

in Clone 9 and NRK-52E cells, respectively. This is totally in

agreement with the data previously published by Kouadio

et al. (2005). Abel and Gelderblom (1998) also found that at

the 250 mM FB1 concentration LDH release was %30–35 in

primary rat hepatocytes.

In the present study, global DNA methylation in control

samples ranged from 4 to 5%. This is consistent with the

previous study in which approximately 2–5% of cytosine

residues in the mammalian genome were shown to be

methylated (Bombail et al., 2004). We did not reveal any

modulation of global DNA methylation by FB1 in both Clone

Figure 5. Effect of FB1 on methylation status of c-myc, p16, VHL, e-cadherin, and p15 genes in NRK-52E cells. A representative sample of NRK-52E
cells treated with FB1 (1, 5, 10, 25, and 50 mM) for 24 h is shown. Methylation was determined by bisulfite modification of the genomic DNA and MSP
using primers for the unmethylated (U) or methylated (M) promoter sequence. C1 and C2¼ PBS (1%) as a control instead of FB1 treatment.

Figure 4. Effect of FB1 on methylation status of c-myc, p16, VHL, e-cadherin, and p15 genes in Clone 9 cells. A representative sample of Clone 9 cells
treated with FB1 (1, 5, 10, 25, and 50 mM) for 24 h is shown. Methylation was determined by bisulfite modification of the genomic DNA and MSP
using primers for the unmethylated (U) or methylated (M) promoter sequence. C1 and C2¼ PBS (1%) as a control instead of FB1 treatment.
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9 and NRK-52 E cells at the concentration of 1–50 mM.

However, Kouadio et al. (2007) showed that in Caco-2 cells,

FB1 increased the level of 5-mdC from 5% to 9%, 9.5%, and

8% at concentrations of 5, 10, 20, and 40 mM, respectively.

Moreover, FB1 induced significant hypermethylation at the

concentrations of 9 and 18 mM in C6 glioma cells (Mobio

et al., 2000). Since we did not observe any alterations on the

global DNA methylation, we aimed to investigate the effects

of FB1 on the CpG island methylation in promotor regions of

key tumor-suppressor genes (e-cadherin, VHL, p16, and p15)

and oncogene (c-myc) by MSP following the bisulfite DNA

modification. Promoter hypermethylation-mediated gene

silencing has been reported for several genes which play an

important role in the regulation of DNA repair, cell cycle,

apoptosis, cell–cell adhesion, metastasis, and various signal-

ling pathways in cancers (Baylin et al., 1998; Jones & Baylin,

2002). Selected genes in the present study (p16, p15, VHL,

and e-cadherin) are known to be widely hypermethylated in

various human cancers (Esteller, 2002). Moreover, it has been

shown that non-genotoxic carcinogens influence DNA methy-

lation of these genes involved in cell cycle and apoptosis

(Baccarell & Bollati, 2009; Watson & Goodman, 2002). Kato

et al. (2006) suggest that aberrant DNA methylation of

e-cadherin and p16 genes may play important roles in

the development of lung adenocarcinomas induced by

N-nitrosobis(2-hydroxypropyl)amine in rats. Du et al. (2009)

showed that diethylinitrosamine induced DNA hypermethyla-

tion of p16 gene and hypomethylation of c-myc gene and this

correlated with the alteration on gene expression.

E-cadherin gene, a cell adhesion molecule, was found to be

methylated in both Clone 9 and NRK-52E cells for both control

and treated groups, showing aberrant methylation of e-

cadherin gene could not be detected by FB1 for both cells.

p16 tumor suppression gene is an inhibitor of cyclin D-

dependent protein kinases which inhibits cell-cycle progres-

sion. The present study showed that p16 gene was found to be

methylated in only NRK-52E cells for both control and treated

groups. However, p16 gene was unmethylated in its CpG

promoter regions in response to treatment with FB1 in Clone 9

cells. Contrary to our results, Asada et al. (2006) showed that

p16 gene was partly methylated in Clone 9 and tumor cell line

MH1C1. It can be explained that hypermethylation of the p16

gene in the normal kidney cells was achieved during in vitro

growth as indicated by Asada et al. (2006) for normal liver

cells. c-myc Proto-oncogene encodes for a transcription factor

that is involved to regulate cell proliferation, differentiation,

and apoptosis. In our study, CpG promoter methylation of c-

myc gene was observed in Clone 9 cells at concentrations of 10

and 50 mM, while it was unmethylated in NRK-52E cells in

response to FB1. Hypermethylation of c-myc gene may be

related to downregulation of this gene by FB1. It may be

indicative of potential suppression of c-myc functions by FB1

in Clone 9 cells. Methylation of the CpG island of the VHL

tumor suppressor gene is associated with transcriptional

inactivation in a subset of clear cell renal carcinomas

(Herman et al., 1994; McRonald et al., 2009). CpG promoter

methylation of VHL gene was observed in Clone 9 and NRK-52

E cells by FB1 at concentrations of 10, 25, and 50 mM and

10 and 50 mM, respectively. CpG promoter DNA methylation

was not detected in p15 gene, cyclin-dependent kinase

inhibitor gene, in controls and FB1-treated Clone 9 and

NRK-52E cells.

This is the first study that investigates the gene-specific

DNA methylation in the toxicity mechanisms of FB1 for the

risk assessment process. In a recent study on the epigenetic

mechanisms in FB1 toxicity, FB1 can alter histone modifi-

cations which lead to heterochromation disorganization at low

doses (Pellanda et al., 2012). In this work, it was shown that

H4K20me3 significantly decreased, while H3K9me3 signifi-

cantly increased in the fetuses when pregnant dams were

exposed to methyl-deficient diet and FB1 (Pellenda et al.,

2012).

In conclusion, results from this study suggest that CpG

promoter DNA methylation as an epigenetic mechanism

might play an important role in the FB1 toxicity. This work

will not only contribute to a deeper understanding of the early

molecular events involved in the mechanism of toxicity of

non-genotoxic carcinogens but may also help in the design of

methods for early detection of non-genotoxic carcinogenesis

for risk assessment process. It should be also noted that this

work would be expanded in the future to investigate the

effects of FB1 on genome-wide DNA methylation, gene

regulation, histone modifications, and down-regulation of

microRNAs in vitro and in vivo, which are also critical events

for epigenetic control of gene expression.
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