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ABSTRACT

Background. The changes in DNA methylation are considered as one of the early events in hepatocarcinogenesis.
Objective. We evaluated the ability of phenobarbital (PB) — the most widely used anticonvulsant worldwide and classical
rodent liver carcinogen — to cause the promoter region of the c-myc protooncogene hypomethylation as well as changes
of mRNA level of this gene. Moreover, the expression of Dnmtl1 protein in rat treated with this compound was analyzed.
Material and Methods. Male Wistar rats received PB in daily oral doses of 92.8 mg kg' b.w. day™' (at 24-h intervals;
for one, three and fourteen days). Methylation of the c-myc promoter region was measured by PCR-based methylation-
sensitive restriction enzyme analysis (MSRA). Levels of mRNA for ¢-myc and protein Dnmt1 were assayed using Real-
Time PCR and Western Blot, respectively.

Results. The study showed that phenobarbital stimulated persistent changes in DNA methylation, i.e. loss of methylation in
the promoter region of the c-myc gene and up-regulated its mRNA level. In addition, a significant increase in protein level
of Dnmt1 in the c-myc over-expressing liver cells was observed.

Conclusion. The oppose relationship between Dnmtl activity and methylation status of c-myc gene was demonstrated. The
c-myc over-expression by demethylation might represent an important, early events in the mechanism of action (MOA) of
phenobarbital.
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STRESZCZENIE

Wprowadzenie. Zmiany metylacji DNA sg rozwazane jako jeden z wczesnych mechanizméw hepatokancerogenezy.

Cel pracy. Celem badan byta ocena wplywu fenobarbiatlu (PB) - leku przeciwpadaczkowego, modelowego promotora
raka watroby - na poziom metylacji regionu promotorowego i ekspresji na poziomie mRNA protoonkogenu c-myc. Ponadto
dokonano analizy poziomu ekspresji biatka Dnmtl1.

Material i metody. Samce szczurdw szczepu Wistar otrzymywaly PB w dawce 92,8 mg/kg m.c. x dzien jednorazowo,
3-krotnie i 14-krotnie. Ocen¢ poziomu zmian metylacji genu c-myc dokonano metoda MSRA (ang. Methylation-Sensitive
Restriction Enzyme Analysis). Analize¢ wzglednego poziomu transkryptéw genu c-myc i biatka Dnmtl przeprowadzano
odpowiednio metodg PCR w czasie rzeczywistymi i technika Western Blot.

Wyniki. W wyniku oddziatywania fenobarbitalu wykazano trwate zmiany metylacji DNA - obnizenie metylacji w rejonie
promotorowym genu c-myc i nadekspresj¢ badanego genu na poziomie mRNA. Jednocze$nie obserwowano statystycznie
istotny wzrost poziomu biatka Dnmt]1.

Whioski. Wykazano odwrotng zalezno$¢ mi¢dzy aktywno$cig Dnmtl a poziomem metylacji genu c-myc. Nadekspresja
c-myc w wyniku demetylacji moze stanowi¢ istotne, wczesne zdarzenie w mechanizmie dziatania (ang. Mechanism of
Action (MOA)) fenobarbitalu.

Stowa kluczowe: c-myc, metylacja DNA, Dnmtl, ekspresja genow, watroba, szczury

INTRODUCTION of chemical substances. There is, however, a need to

supplement them with tests aimed at identification

The introduction of short-term tests for the detection of carcinogens which act through non-genotoxic,

of genetic damage has partly solved the problem of an i.e. epigenetic mechanisms. According to current
initial and early evaluation of carcinogenic potential knowledge, epigenetic mechanisms play an important
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role in carcinogenesis, including hepatocarcinogenesis
[15, 40, 46, 49]. In spite of intensive research in this
field, the selection of markers, which would serve
as tests for the identification and evaluation of the
interactions of non-genotoxic potential carcinogens,
still remains an open issue.

Literature from the last years [22, 35, 37] indicates
that using short-term changes in gene expression in
target organ as effect of epigenetic alteration, may be
one of the approaches to address the problem. It has
been hypothesized that epigenetic alternations may
be used as early biomarker in the evaluation of the
carcinogenic potential of the chemicals [10, 22, 26, 27].
Furthermore, abnormal changes in DNA methylation
and mRNA expression of c-myc are believed as an
important stimulatory factors in the development of
liver cancer [9, 30].

The c-myc protooncogene encodes a transcription
factor which has a well described role in cell growth
and proliferation [1, 5]. Moreover, direct role of c-myc
in the control of DNA synthesis is suggested [6, 41].
The ability to induce DNA hypomethylation and/
or ¢-myc protooncogene in mouse liver tumors has
been reported for many non-genotoxic carcinogens,
including peroxisome proliferators (PPs) and
phenobarbital [2, 34, 38, 39]. However it should be
pointed out that the most of long-term studies, which
were already performed, did not detect early changes
in the genome [16, 45].

Phenobarbital (PB) is classical rodent liver
carcinogen whose carcinogenic potency may be linked
with its ability to cause epigenetic effects. In vitro and
in vivo tests demonstrated that the carcinogenic activity
of PB is not a result of its genotoxic activity. IARC
has classified PB to group 2B, as non-genotoxic agent,
carcinogenic in animals and possibly carcinogenic in
humans [17].

The purpose of this study was to determine
the methylation status and expression of the c-myc
protooncogene, which is one of the so-called
immediate early genes associated with increased cell
proliferation, in the liver of Wistar rats treated of
PB up to 14 days. The ability of PB to affect Dnmtl
expression was also analyzed.

MATERIAL AND METHODS

Chemicals

Phenobarbital (95%) was obtained from “Galenus”,
Poland. Genomic DNA Purification Kit, the Hpall
restriction enzyme and phage A DNA were purchased
from Fermentas, USA; FastStart Taq Polymerase was
obtained from Roche, Germany. RNeasy® Mini Kit —
Qiagen, Germany; RT-PCR — Advantage® RT-for-PCR
Kit — Clontech, USA; Kapa™ SYBR® Fast qPCR Kit
PCR — Kapa Biosystem, USA. Other chemicals were

obtained from Sigma Chemical Company, USA, and
were of the highest quality and purity.

Animals and outline of experiment

The studies were performed on male Wistar rats,
Crl:Wil(Han) weighing 200 + 10 g. All procedures
involving animals were performed according to
national animal welfare regulations after authorization
by the Local Ethics Committee for the conducting of
research studies in live vertebrates (permissions No.
6A/01 and 23/2010).

All animals were housed in groups of five in
cages at 22 — 24°C, relative air humidity 50 £ 10%
and a 12-h light/dark cycle. Prior to the use, the rats
were acclimated for 2 weeks before the start of the
experiment. During the adaptation and experimental
phases standard feed LSM and filtered tap water ad
libitum was administered to the animals. The animals
were observed daily and their body weight as well as
food and water consumption were monitored.

PB was dissolved in olive oil (vehicle) immediately
before use and was administered orally via gavage at
doses 0f 92.8 mg kg!'b.w. day! (dose corresponding to
1/10 of the LD, value) for 1, 3 and 14 days (at 24-h
intervals), respectively. The dose of PB was identical
to this used in previous study [20].

Animals were anesthetized by inhalation isoflurane/
0O,, then were euthanized by decapitation. Livers were
removed, rinsed of surface blood, blotted to dryness,
weighed, frozen in liquid nitrogen and stored at -80°C.
Representative samples of liver tissue from the right
lobe were taken for analysis.

Analysis of DNA methylation

After DNA isolation using the Genomic DNA
Purification Kit (Fermentas), methylation status of
selected fragment of c-myc gene was determined based
on the restrictive analysis sensitive to methylation
(MSRA), as described previously [21].

RNA extraction and Real-time PCR for c-myc

Total RNA was extracted from frozen livers using
the RNeasy Mini Kit (Qiagen, Germany) according
to the manufacturer’s instructions. cDNA synthesis
was done in a 20 pl reaction mix starting with 1 pg
of total RNA using the reverse transcription system of
Clontech (Advantage RT-for-PCR kit) following the
manufacturer’'s recommendations. Real-time PCR was
performed on an MiniOpticon system (Bio-Rad) using
Kapa Sybr®Fast qPCR Kit (Kapa Biosystems, USA).
c-myc(GeneBankNoNM 12603)cDNAwas amplified
using primers: 5’-CTGCTGTCCTCCGAGTCCTC-
3°(F),5’-GGGGGTTGCCTCTTTTCCAC-3’(R).
b-actin (GeneBank No V01217) was used as the
endogenous control and amplified using the following
primers: 5’-GTGGGTATGGGTCAGAAGG-3’(F)
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and 5’-CAATGCCGTGTTCAATGGGG-3’(R).
Cycling conditions of Real-Time PCR were defined:
95°C for 2 min, followed by 40 cycles of denaturing at
95°C for 30 s, 55°C for 20 s, 72°C for 30 s, 80°C for 5
s. This number of cycles had been previously estimated
to be the optimal one for detecting the signal in the
linear range. PCR products were verified by melting
curves and were also run on a 6% polyacrylamide gel
to confirm the appropriate size. All real-time PCRs
were done in triplicates. Amplification and threshold
calculations were generated using the CFX Manager
Software v1.6 (Bio-Rad). Relative gene expression
was calculated using Pfaffl model, which provides
for correction of data as regards differences in the
efficacy of amplification of individual transcripts [32].
In the model the gene mRNA level in test samples
is estimated relative to the level of the same gene in
control samples and normalized to the mRNA level of
a selected reference gene (f-actin).

Western blot analysis

Proteins from the animal’s liver were isolated in
T-Per Mammalian Tissue Reagent (ThermoFisher
Scientific, USA) containing protease inhibitor
(Complete Protease Inhibitor Cocktail, from Roche,
Switzerland). Equal amounts of the protein (25 mg)
were mixed with Laemmli buffer and boiled 5 min.
Protein samples were then separated on 10% acrylamide
gel in the presence of sodium dodecyl sulphate (SDS)
and B-mercaptoethanol (SDS-PAGE) and transferred
onto Immobilon-P membranes (Milipore, USA)
using semi-dry electroblotting. The membranes were
blocked in TBST (137 mM NaCl; 20 mM Tris-Cl;
0,1% Tween-20; pH 7,6) containing 5% non-fat milk
and subsequently incubated overnight at 4°C with
monoclonal mouse b-actin and polyclonal goat Dnmtl
antibodies (Santa Cruz), diluted respectively 1:5000

and 1:2000 in 5% milk in TBST. The membranes
were washed four times for 10 min in TBST and
then incubated with horseradish peroxidase (HRP)
conjugate goat anti-mouse IgM antibodies and donkey
anti-goat IgM antibodies (1:5000 dilution, Santa Cruz,
USA) for 1 hour. The membranes were again washed
four times for 10 min in TBST and then analyzed via an
enhanced chemiluminescence method (Immobilon™
Western Chemiluminescent HRP Substrate, Millipore)
and ultra-sensitive photographic X-ray Kodak film
according to the manufacturer’s instructions. The films
were scanned and used for densitometry analysis by
Image Quant v5.2. Dnmtl proteins expression level
was normalized relative to B-actin expression level.

Statistical analysis

The c¢-myc promoter methylation frequency was
calculated with Fisher’s test (p<0.05). REST-384
software tool was used to estimate the relative mRNA
levels of particular genes. The software allows to
compare mRNA levels in two groups (the control
group and the test group) and to assess the statistical
significance of demonstrated differences in mRNA
levels using randomization tests (Pair Wise Fixed
Reallocation Randomization Test) [31]. Proteins level
was expressed as the mean + SEM for five animals. The
two-tailed Student’s ¢ test was employed to calculate
the statistical significance between control and treated
groups (p<0.05).

RESULTS
DNA methylation status of c-myc gene
The methylation-sensitive restriction endonuclease
Hpall was used to assess the methylation status in
the promoter regions of c-myc gene. A scheme of the
c-myc gene promoter region is illustrated in Figure 1.

Hpall Hpall
TATA BOX 1 TATA BOX 11 I Beon 1: TATA BOX 111
X
- -' Mll'ls I l I Intron | l_l }
TATAAT/_46®A /+7 7\
ATCCGGAG CTCCGGGC
TAGGCCTC GAGGCCCG
- 363 bp >
s -743 — +130 —»

CpG Island

Figure 1. Scheme of the ¢c-myc promoter region

The c-myc promoter region contains CpG Island at position -743 bp-+130 bp, which was defined according to Gardiner-Garden and
Frommer [11]. Within this region are located two CpG sites recognized by the methylation-dependent enzyme Hpall at position —46 bp
and +77 bp. Two of the three independent non-overlapping promoters (TATA BOX I and II) occur in a region rich in CpG dinucleotides.
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The ability of PB to induce c-myc hypomethylation
in male rat liver is presented in Table 1 and Figure 2.

The c-myc promoter region was unmethylated at
a frequency of 50% (in 8 out of 16 samples analyzed)
after single dose of PB (Table 1). Three doses of the
PB, administered every 24h, induced a further increase
demethylation of c-myc. The unmethylated cytosines
(in 10 out of 16 DNA samples) were indicated in Hpall-
digested DNA from the liver of male rats exposed to PB
at dose of 92.8 mg kg! b.w., which exceeded control
by 63% - a frequency 13% higher than this obtained
after a single dose of compound (p<0.05). After 14
days of exposure, the c-myc promoter region was also
unmethylated at a frequency of 63% (in 10 out of 16
samples) (p<0.05). Hypomethylation of c-myc gene
did not occur in the control rats.

PB Hpall

Table 1. Summary of methylation-sensitive digestion with
Hpall of DNA isolated from the liver of rats
treatment with PB for 1, 3 or 14 days!

1 day 3 days 14 days
Group of rats
(M/U) (M/U) M/U)
PB 8/8* 6/10* 6/10*
Control 8/0 8/0 8/0

'"DNA material from the livers of four PB-treated rats was digested
with Hpall in two independent repeats. Each restricted DNA
sample was used for two independent PCR runs. Total the 16 DNA
samples were analyzed. The results for each DNA sample from the
control rats are presented for one PCR. M - DNA samples in which
investigated CpG sites were methylated; U — DNA samples in
which investigated CpG sites were unmethylated; (*) Significance
calculated using Fisher's test.

1x M :
363bp —bm @ -

T2 13 T4

1 2 1 2 1 2
C4

T2 T3 T4

1

M ND Cl C3 4
— i
Tl
3x M ' —
— 7
M ND Cl C2 3
— T,
Tl
14x

M ND C1 c2 c3 c4
—

M 1 2 1 2 1 2
— [ N -t T

Figure 2. Effect of PB on the methylation status of the c-myc gene in the liver of Wistar rats

Methylation status of the c-myc investigated CpG sites in rat liver determined by methylation sensitive restriction enzyme analysis
(MSRA). The rats were administered PB for 1, 3 or 14 days in doses 92,8 mg kg b.w. day™'. The absence of a visible PCR product (363
bp) indicates the presence of unmethylated investigated CpG sites. T1-T4 — DNA isolated from rat livers administered with PB; C1-C4,
DNA isolated from the livers of control rats. Number 1 and 2 — represents two of DNA digestion with Hpall. ND (not digested) — positive
control of PCR. The arrows in the left margin indicate the size of the bands (363 bp) for c-myc.

Representative results of methylation sensitive
restriction enzyme analysis (MSRA) showing effect of
PB on the methylation status of the ¢-myc promotor
region in the rat liver are illustrated in Figure 2.

In the analyzes of 4 independent samples of DNA
isolated from the livers of rats exposed to a single dose
of PB, Hpall endonuclease digestion yielded no PCR
product of the size of 363 bp in samples T3 and T4.
This shows that no cytosine methylation occurs in
the examined CpG sequences. Further reduction of
cytosine methylation levels at the examined positions
—46 bp and +77 bp was observed after 3 and 14 days
of exposure to PB. No PCR product was obtained
in samples T3 and T4 as well as in one run of the
restriction analysis conducted on sample T1 after
3 doses of PB. No DNA methylation was observed

following prolonged exposure (14 days) to PB in
samples T1, T2 (one run) and T4, as evidenced by the
lack of 363 bp product. In four control samples (C1—
C4), restriction analysis afforded the appropriate PCR
product.

mRNA expression of c-myc gene

DNA methylation has an essential role in the
transcriptional regulation of gene expression and has
been recognized as an important factor in the activation
of protooncogenes such as c-myc [9]. Therefore, we
assessed the effect of exposure to PB on the level of the
c-myc mRNAs in rat liver. Changes of c-myc mRNA
levels induced by studied compound are presented in
Table 2.
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Table 2. Effect of PB on the mRNA expression of the c-myc
gene in the liver of Wistar rats?

Expression ratio
c-myc
1 3 14
PB 1,719*% 1,934* 1,666*

2Expression levels of c-myc were analyzed by real-time RT-PCR.
The data were normalized to the housekeeping gene pf-actin
and expressed as the relative to control value. (*) Significance
calculated using randomisation test.

As shown in the Table 2, PB caused a sustained
increase the transcript levels of ¢-myc as compared
with the control group. The expression of mRNA of
the c-myc gene was increased by 70 and 90% after a
single dose and 3 doses of the compound, respectively.

This tendency was also observed after 14 days of
exposure to PB.

A)
1x) Control PB

D ——

=)
'

240

200
B-actin

160
3x) Control PB

pour I — — .

120
B-actin

80

change from control, %

14x) Control PB
ONRT| T ——— 40

L S ——— —— ——
p-actin

DISCUSSION

Literature from the last years indicates that
investigations of the response of the cellular genome
to the action of chemical agents give the possibility
of both in-depth understanding of the mechanisms
of their action as well as form the basis for earlier
evaluation of their carcinogenic potential [35, 46].

The results of studies assessing the effect of non-
genotoxic carcinogens (NGCs) on the methylation
levels of key genes involved in regulation of the
cellular cycle and apoptosis may be particularly
important due to the role of DNA methylation in
regulation of gene expression [28, 29, 30] and the
NGCs’ capability to interfere with processes of cell
proliferation and apoptosis at the early stages of the
tumorigenic process [23, 33].

Control
* M s

1 3 14
Days of treatment

Figure 3. Western blot analysis of Dnmt1 protein in the liver of control rats and rats treated with PB

The signal intensity from the chemiluminescent detection was analyzed by ImageQuant software. 3-actin was used as a loading control.
A) The representing images of Dnmt1 and B-actin protein expression. B) Quantitative analysis of Dnmt1 protein level. Control values at
each time point were considered as 100%. (*) Significantly different from the control at the same time point, p<0,05; These results are

representative of three independent experiments.

Expression of Dnmtl protein

The DNA methylation process is catalyzed by three
independently coded DNA methyltransferases (DNMTs):
Dnmtl, Dnmt3a and Dnmt3b. The main enzyme
responsible for reproduction of methylation patterns upon
DNA replication in somatic mammalian cells is Dnmtl.
Disruption in its activity and/or expression may lead to
alteration in DNA methylation [9, 19, 28, 42].

The Western blot analysis of Dnmtl levels revealed
statistically significant differences in the levels of
the tested protein in the livers of rats exposed to the
examined compound (Figure 3).

Over-expression of Dnmt1 was observed in protein
extracts isolated from the livers of rats exposed to the
single dose of PB. Dnmt1 expression level was 60%
higher than that in the control group. Upon continued
exposure of animals to PB, statistically significant
increase in Dnmt1 levels (by 22%) was observed only
after 3 days of exposure to studied compound.

The results reported in this work indicate that
phenobarbital (PB) stimulated hypomethylation of the
tested sequences of the ¢-myc promoter region, which
is one of the pathways for regulating gene expression
at a transcription level. Indeed, we found that
expression of c-myc was up-regulated after short (1
and 3 doses at 24-h intervals) and prolonged exposure
(14 doses at 24-h intervals) of the animals to PB. The
relationship of the methylation status of promoters
and gene transcription level was also reported with
respect to other non-genotoxic liver carcinogens.
Hypomethylation of c-myc gene has been found in the
liver of rodent exposed to peroxisome proliferators
(PPs), such as a model PP, Wy-14,643 [12] and
dibuthyl phthalate [21]. The prolonged (7-8 weeks)
treatment with dibromoacetic acid (DBA) induced
hypomethylation of promoter regions of the c-myc
and /gf2 (insulin-like growth factor 2) protooncogenes
in mouse liver. DBA also increased the mRNA
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expression of the two genes that was associated with
their hypomethylation in mouse liver [43]. In other
study, it has been shown [2], that phenobarbital causes
hypomethylation of Ha-ras (encodes a protein that
is involved primarily in regulating cell division) and
increased expression of the protooncogene in 50% of
B6C3F1 mice. Moreover, Lempidinen et al. [24] and
Luisier et al. [25] found Cyp2b10, the cytochrome
P450 member, to be concomitantly hypomethylated
and transcriptionally activated in the liver of
phenobarbital-treated mice.

Furthermore, we have demonstrated that PB
induces a transient increase of Dnmtl expression.
According to current knowledge, Dnmt1 is considered
the main enzyme responsible for the maintenance of
the normal methylation pattern in repeated replication
cycles that precede cell division [2]. Dnmtl plays an
essential role in the control of cellular cycle. Synthesis
of Dnmtl is induced of the moment when cells enter
S-phase of the cellular cycle [18, 19]. This process
is associated with the requirement of methylation of
the newly synthesized DNA strand in hemimethylated
sequences. This indicates that Dnmtl activity/
expression inhibition can cause loss of methylation
during DNA synthesis. However, we found the
methylation status of c-myc gene was not associated
with decreased of Dnmtl expression. It is suggested
that Dnmt1 protein level was not a critical determinant
of promoter demethylation of c-myc gene. On the other
hand, a well-established link between expression of
Dnmt1 and DNA replication, as mentioned previously,
was also confirmed by results from this work and our
previous studies [20, 47] conducted under identical
experimental conditions (the same dose level and
dosing regimen). Treatment of rats with PB for 1 and
3 days produced an increase in nuclear Dnmts activity
and DNA synthesis (previous study) [20] and Dnmtl
protein level (this study). Taking into account Dnmt1
activity/expression and DNA synthesis, our results
are consistent with a study by Ge et al. [13] who not
only reported increased cell proliferation and Dnmts
activity, but also DNA hypomethylation of the c-myc
gene after single administration of Wy-14,643 to mice.
However, a long-term (22 weeks) exposure to Wy-
14,643 [39, 38] had no effect on c-myc methylation,
although up-regulation of c¢-myc proteins was
detected. It is worth noting, that Wy-14,643-induced
global hypomethylation of DNA was associated with
a decrease in Dnmt1 protein levels and increased cell
proliferation. Thus, coexistence of hypomethylation of
c-myc gene and transient over-expression of Dnmtl,
reported in this paper, indicates that there must be
a more complex mechanisms responsible for these
findings.

One of the hypotheses regarding the carcinogenic
potential of PB [8, 44] takes into account potential

induction of oxidative stress as a result of PB-
stimulated metabolism, particularly of CYP2B
induction, leading to generation of reactive oxygen
species (ROS) and DNA damage. Moreover, the
integrated transcriptomic and metabolomic analyses
of livers and plasma of the Fisher F344 rats exposed to
PB for up to 14 days [48], also suggest that oxidative
stress is involved in the development of early lesions
that are caused by this compound. On the other hand,
there is a growing conviction that oxidative stress has
significant consequences for epigenetic processes,
including DNA methylation [7, 29, 50].

Itis widely known that oxidative damage can lead to
formation of a variety of modified bases in DNA [4] as
well as can be involved in the 5-hydroxymethylcytosine
(5hmC) formation in a demethylation pathway [14].
Considering above assumption we cannot exclude
conversion of promoter SmC to cytosine (without
Dnmt1) through a ShmC intermediate for PB-induced
demethylation of c-myc gene.

CONCLUSION

In conclusion, the results of our study showed
early changes in the genome of the liver of Wistar rats
exposed to a tumor-promoter such as phenobarbital.
Decreased methylation in the promoter region of the
c-myc gene and increased level of its mRNA in the
presence of a transient increase in Dnmtl expression
were found. Given the ability of c-myc gene to
collaborate in the regulation of key cancer-related
processes, i.e. cell proliferation and apoptosis, its
deregulated expression (overexpression) by epigenetic
events, can play crucial role for PB toxicity, including
its carcinogenic activity.

Further study will be needed to verify these results
by use more sensitive method to quantify methylation
levels. Moreover, the additional experiments are
required to establish the details of the mechanisms that
are responsible for PB-stimulated demethylation of
c-myc gene as well as to unravel a link between change
of methylation status c-myc and induction of oxidative
stress by PB.
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