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Abstract

It has been proposed that in the first stage of carcinogenesis, the progenitor cell may have epigenetics
changes before acquisition of mutations, driving the cell to acquire malignant characteristics. Some
polycyclic aromatic hydrocarbons (PAH) are carcinogenic compounds, like benzofluorene, benzo (a)
pyrene, 3-methylcholanthrene, and 7, 12-dimethylbenzanthracene, which can also produce such
mutations, therefore, that epigenetic changes may be favoured in the presence of these molecules. Here,
normal rat liver epithelial cell cultures were exposed in a sub-acute way to these selected PAH in order
to evaluate changes in the level of proteins involved in the modification of epigenetic changes, such as
epigenetic modifiers proteins. In spite that these compounds are structurally related, have similar
metabolism pathways and are ligands of same nuclear receptor, they exhibit a different pre-mutational
insult to DNA. In consequence, the results show that at least BaP, BF and DMBA modified with a
different pattern the protein levels of epigenetic modifiers proteins.
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Introduction
Polycyclic Aromatic Hydrocarbons (PAH) are anthropogenic
compounds found in several sources, such as cigarette smoke,
coal tar, charcoal cooked food, to mention a few [1]. They
display a wide range of modes of action for toxicity, such as
interaction and activation of nuclear receptors, causing
repression or activation of gene transcription. Despite that, they
are best known as mutagenic and carcinogenic compounds,
because their metabolites produce covalent bonds with DNA,
which can become in fixed mutations through cell divisions
[2]. An example of such covalent bonds between DNA and
PAH is given by population living in industrialized areas which
present elevated PAH-DNA adduct levels in their blood
leukocytes [3-5].

Previously, it has been proposed that cumulative mutations will
eventually arise to the initiating mutation in the progenitor cell,
allowing to carcinogenesis, but even when the prototypical
PAH mutagen benzo (a) pyrene (BaP) has 53.1 × 10-8 relative
adduct levels in normal human fibroblast cell culture exposed
to 10 μM for 72 h, it achieves as much as 0.92% rate of
mutation [6], while in its epithelial-mesenchymal transition
model it takes 1 μM BaP 24 weeks to present cell
transformation [7]. Thus, although DNA damage occurs fast,
loss of cell identity takes months of exposure to the
carcinogenic compound.

Additionally, some studies proved that epigenetic changes are
acquired by non-mutated normal tissues under chemical
exposure from which tumor arises, such an example is
provided by mutations in p53, which is a marker for lung
carcinogenesis [8]. Establishment of mutations on p53 is a late
event in lung carcinogenesis, while DNA methylation changes
are observed at early stages of this process [9]. It is proposed
that epigenetic changes in a progenitor cell precede the
initiating mutation [10,11]. Thus, efforts must be done to
determine changes in epigenetic processes, as well as changes
in the modifiers of those processes, at early time exposure to
mutagenic agents in order to determine how they are
improving the establishment of progenitor cell.

Epigenetic processes modulate gene expression along life time,
they are inherited, involved in the development of several
diseases, and can be modulated by environment [12]. Among
the proteins that govern epigenetic mechanisms the main
groups are DNA methyltransferases (DNMTs) and histone
deacetylases (HDACs) [13]. The former group is involved in
DNA methylation, which is a mode of gene regulation
characterized by methylation at C-5 position of cytosine in
CpG dinucleotides, being a marker for either recruitment or
prevention of transcriptional factors as well as modifiers of
chromatin for gene repression. The latter are involved in
histone deacetylation reaction, which play a critical role in
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formation of a euchromatin state, therefore facilitating gene
expression, additionally, aside from histone proteins, they also
catalyze deacetylation reactions at other kind of proteins [14].

DNMTs and HDACs are designated as epigenetic modifiers by
the tumor progenitor theory. This theory suggests that the
structure of chromatin suffers changes at very early stages in
the cancer process and involves epigenetic modulators,
modifiers and mediators, rather than simply mutations as an
initiation mechanism for carcinogenesis. Epigenetic modifiers
are those proteins involved directly in alteration of DNA
methylation, chromatin remodeling or structure of chromatin,
such as DNMTs and HDACs. These epigenetic modifiers lay
their actions over epigenetic mediators, which are genes or
proteins that can drive tumors or its progenitor cells towards a
neoplastic state, like the insulin like growth factor 2 or WNT
signaling members [10,13].

Epigenetic modifiers and mediators can be modulated by
processes like cellular signaling and metabolic pathways,
which are classified as epigenetic modulators, examples are
p53 and RAS signaling. In addition, cellular status, like
inflammation, oxidant stress or injury by environmental
chemicals, biological and physical agents, can affect the action
of epigenetic modifiers and modulators [10,13]. Thus, the
present study aimed to profile protein level changes of selected
epigenetic modifiers after exposure to four selected PAH
compounds.

To address our aim, we selected four well known PAH
carcinogens that have been studied thoroughly for several
years, BaP, 3-methylcholanthrene (3MC), dimethylbenz (a)
anthracene (DMBA), and benzofluorene (BF). These
compounds are classical substrates and inducers of cytochrome
P450 enzymes (CYP), particularly the isoforms CYP1B1 and
CYP1A1 [15], which in turn generate highly reactive
metabolites, which react with proteins and DNA, leading to
mutagenesis and carcinogenesis [16]. In addition to these
effects, they are estrogenic compounds, modulators of cell
cycle, proliferation and even modulators of angiogenesis
[17-20].

Some studies conducted in cancerous cell cultures showed that
BaP can modify DNA methylation and protein levels of
DNMTs. Although different mechanisms of action were
suggested, DNA hypomethylation was a constant result among
those studies, while the effect of BaP over DNMTs protein
level was not the same among those studies [21,22]. Actually,
it is proposed that cancer cells exhibited global DNA
hypomethylation at early mutagen/carcinogen exposure [23],
thus, experimental studies must be performed in non-cancerous
cells in order to determine early epigenetic changes by
carcinogenic compounds in cells with an epigenome nearly
unaltered. Then, to reach our experimental purposes, we chose
the normal rat liver cell line C9 (C9 cells) because it is
metabolically active and have similar epigenetic status to
hepatocytes primary cultures [24]. There are very few reports
addressing the PAH effects on DNMTs, HDACs, or any other
epigenetic modifier protein in hepatic cells. Indirect studies
have been performed to make a relationship between PAH

exposure and DNA methylation changes in specific genes such
as c-Myc proto-oncogene and RRSSF1A tumor suppressor
gene, which are involved in human hepatocellular carcinoma
(HCC) establishment. In this cellular model, c-Myc is
overexpressed according to its DNA hypomethylation, while
RRSSF1A mRNA and protein are inversely related to its DNA
hypermethylation, and those conditions are related with the
increase of PAH-adducts [25-27]. In another hand, a study
conducted in murine hepatoma cancer cells exposed to 2, 3, 7,
8-tetrachlorodibenzo-p-dioxin (TCDD) showed that this
compound induces cyp1a1 promoter DNA hypomethylation,
consequently TCDD increases gene expression of this
cytochrome 3 to 5 times in subsequent dioxin exposures.
Surprisingly, the DNA demethylation of the cyp1a1 promoter
by TCDD required the recruitment of the epigenetic modifiers
proteins Tet2 and Tet3, which are enzymes involved in active
DNA demethylation achieved through the conversion of 5-
methyl group of CpG into hydroxymethyl moiety that is
recognized by thymidine DNA glycosylase, base excision
repair, and then replaced with an unaltered cytosine [28]. These
studies support the hypothesis that PAHs are able to change
epigenetic modifiers proteins conferring a cell environment
suitable for the establishment of neoplastic cell.

As was reported for BaP in cancerous cell models, 3MC was
also able to alter DNMT1 protein level and DNA methylation,
but in a multistage model for lung carcinogenesis [29,30].
Thus, we selected the DNMT protein family to be profiled
after C9 cell culture exposure to BaP, BF, 3MC and DMBA.
We also determined if the protein levels of these epigenetic
modifiers can be translated into alteration of global DNA
methylation, which was determined via detection of the
immunofluorescence mark for 5-methylcytosine.

The other main group of enzymes belonging to the epigenetic
modifiers group are HDACs. They have been implicated in the
DNA damage response, homologous recombination, and
chromatin integrity [31]. Increased activity of these enzymes
may allow loss of acetylation, particularly loss of global
monoacetylation at histone 4, which is common in human
tumor cells [23]. Furthermore, in vitro and in vivo studies
reported changes in HDAC1 and HADC2 protein levels after
exposure to cigarette smoke and 3MC [32,33]; also, even when
the studies were not related to PAH exposure, hepatic models
have been studied to find the role that HDACs are playing in
liver cancer process. From those studies, HDAC1, 2, 3, 5, 6
were found to be involved in anti-apoptotic and proliferative
processes in liver cancer cell lines [34-41]. Therefore, we
selected some HDAC proteins to be profiled after C9 cell
exposure to the four selected PAH mutagens.

Materials and Methods

Reagents and antibodies
Trypsin, dimethyl sulfoxide (DMSO), BaP, 3MC, DMBA, BF,
5-aza-2-deoxycytidine (5AzadC), was obtained from Sigma
Aldrich Co. (St. Louis, MO, USA). Alexa Fluor 488®

secondary antibody was acquired from Invitrogen-Life
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Technologies (San Francisco, CA, USA). Antibodies against
CYP1B1, DNMT1, DNMT3a, HDAC1, HDAC2, HDAC3 and
HDAC4 were purchased from Santa Cruz Biotechnology Inc.
(Dallas, TX, USA). Antibody against DNMT3b and SIRT1
was obtained from Abcam (San Francisco, CA, USA).
Antibody against GAPDH was obtained from GeneTex (Irvin,
CA, USA). HRP-conjugated antibody against rabbit was
acquired from Millipore (Billerica, MA, USA). Dulbecco's
modified Eagle media (DMEM) and antibiotic-anti-mycotic
were obtained from Gibco-Life Technologies (San Francisco,
CA, USA). Rat liver epithelial cell line Clone 9, CRL-1439,
was supplied by ATCC (Manassas, VA, USA). Fetal bovine
serum (FBS) was purchased from ByProductos (Guadalajara,
Jalisco, Mexico).

Cell culture
We selected the normal rat liver epithelial cell line Clone 9 (C9
cells) as a representative cell line of normal rat hepatocytes
cells. C9 cells were grown in DMEM supplemented with 10%
FBS and 0.1% antibiotic-antimycotic at 37°C and 5% CO2. 5 ×
10-5 C9 cells were plated at dilution 1:10 in 100 mm petri
dishes, media was renewed every 3 d, 100% confluence cells
were harvested with 0.25% trypsin-1mM EDTA. All
experiments were performed after five passages of the C9 cells.
Experimental treatments were performed by plating 5 × 105 C9
cells on 100-mm petri dishes at 1:10 dilution with daily media
changes. The PAH compounds were dissolved in 0.1% v/v
DMSO and final concentrations of 10 M were added to media
culture after 48 h of C9 cells plating and continued for 48 h
with media renewal each 24 h. 0.1% DMSO was used as
vehicle control. C9 cells achieved ~100% confluence at the end
of treatments.

To have a positive control for DNA hypomethylation and to
determine that changes in DNMTs and DNA methylation were
related, we included an experiment where C9 cells were
exposed to the DNMTs inhibitor 5-aza-2-deoxycytidine [42].
0.5 μM of this compound was added into media after 24 h of
C9 cells plating and continued for 72 h, alone or in
combination with BaP for last 48 h. At the end of the exposure
time, C9 cells were harvested and stored at -80°C for future
analysis or processed at the moment for protein and
immunofluorescence assays. The results represent the average
of 3 to 6 independent assays.

Western blot
25 μg of total C9 cell lysate proteins were resolved using a
7.5% polyacrylamide gel under denatured conditions. Resolved
proteins were transferred to a nitrocellulose membrane at 250
mA for 3 h at 4°C. Membranes were blocked with 3% m/v
BSA-TBS for 2 h at 4°C, exposed to primary antibodies at
1:500 dilution in 0.1% m/v BSA-TBS overnight at 4°C, and
secondary antibodies at 1:10000 dilution in 0.1% m/v BSA-
TBS at room temperature for 1 h [43]. To detect the protein of

interest, membranes were exposed to AmershamTM ECL Prime
Western Blotting Detection Reagent. Digital images were
obtained with a Kodak Gel Logic 200 Imaging System and
analyzed with the NIH ImageJ software program [44].

5mC immunofluorescence
Immunofluorescence (IF) assays were performed as reported
by Liu et al. [45]. Briefly, C9 cells were fixed for 5 min with
4% paraformaldehyde, permeabilized with 0.5% Triton-PBS,
and blocked with 15% foetal rabbit serum. Later, C9 cells were
exposed to mouse antibodies against 5mC overnight at 4°C.

After this, C9 cells were exposed to rabbit Alexa Fluor® 488
anti-mouse antibodies at room temperature for 2 h, and
mounted on glass slides with DAPI-VectaShield (Vector
Laboratories, Burlingame, CA, USA). Fluorescence was
detected using a fluorescence microscope Olympus BX51-WI
Microscope and analyzed with NIH ImageJ software program
[44].

Statistical analysis
Data obtained from image analysis of immunoblots for each
treatment was compared against vehicle control using one-way
ANOVA and Dunnett’s multiple comparisons as post hoc test.

Data obtained from immunofluorescence assays were analyzed
by comparing each treatment against each other by one-way
ANOVA and Tukey’s multiple comparisons as post hoc test.
Data reported in figures are the mean ± standard error.
Statistical significance was established to be P<0.05. Analyses
were performed with SAS 9.0.

Results
To evaluate the epigenetic profile of the PAH compounds in an
in vitro non-cancerous model we chose the normal liver
epithelial cell line C9. In this model, we determined that the
PAH compounds selected were not cytotoxic at concentrations
below 50 μM.

Based on this and on similar studies where concentrations of
2.5 to 40 μM of these PAH were used [21,22], we decided to
expose C9 cell culture to 10 μM each PAH compound for 48 h.

To assess the protein profile level of DNMT proteins after
exposure to BF, BaP, 3MC and DMBA, we determined protein
levels of DNMT1, DNMT3a and DNMT3b in total cell
protein.

Figure 1A-1C shows that only BF and BaP significantly
increased the protein level of DNMT1 enzyme but at different
extent.

Figure 1D shows that the protein level of DNMT3a in the
presence of each PAH did not exhibit statistical difference from
control, while the protein level of DNTM3b was significantly
diminished after exposure to BF, as Figure 1E shows.

Sub-acute exposure effect of selected polycyclic aromatic hydrocarbons on protein levels of epigenetic modifiers in
non-cancerous hepatic model
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Figure 1. (A-E) DNA methyltransferase protein level after PAH
challenge in normal rat liver cell line C9. C9 cells were treated 48 h
with 10 μM of each PAH compound, and with 0.1% DMSO for vehicle
control experiments. Once the treatment finished, total protein was
obtained, electrophoretically separated under non-denaturing
conditions and transferred into nitrocellulose membrane. For
immunoblot, each membrane was exposed to antibodies against
CYP1B1 (panel B), DNMT1 (panel C), DNMT3a (panel D), DNMT3b
(panel E) and GAPDH. The histograms represent the mean of at least
6 independents experiments and the error bar corresponds to the
standard error of the mean. Panel A is an image arrangement of
representative immunoblots obtained for each protein in each
treatment. *Treatment statistically different from control with P<0.05.

HDAC proteins family are divided into 4 classes, thus, we
selected HDAC1, HDAC2 and HDAC3 from class I HDACs,
HDAC4 from class II, and SIRT1 from class III, to determine
their protein level profile after C9 cell culture exposure to BaP,
BF, DMBA, and 3MC.

Figures 2A to 2D show that none of the evaluated PAH
affected the protein levels of HDAC1, HDAC2 and HDAC3,
whereas Figure 2E shows that HDAC4 was significantly
increased after exposure to BF and BaP. Figure 2F shows that
SIRT1 was significantly increased by BaP and DMBA, and BF
increased it, although without statistical difference from
control.

Summarizing, among the DNMTs, DNMT1 was modulated
with significance by BF and BaP, and DNMT3b was
diminished by BF. Among HDACs tested, HDAC 4 and SIRT1
were modulated; HDAC4 was increased by BF and BaP; and
SIRT1 was increased by the BaP and DMBA.

Under the conditions of this study, results suggested that BF
and BaP have major effects on the modulation of epigenetic
modifiers being DNMT1, HDAC4 and SIRT1 up-regulated.

Figure 2. (A-F) Histone deacetylases protein level after PAH
challenge in normal liver cell line C9. C9 cells were treated for 48 h
with 10 μM each PAH compound, and 0.1% DMSO as vehicle
control. Later, total protein was obtained, electrophoretically
separated under non-denaturing conditions and transferred into
nitrocellulose membrane. For immunoblot, each membrane was
exposed to antibodies against HDAC1 (panel B), HDAC2 (panel C),
HDAC3 (panel D), HDAC4 (panel E) and SIRT1 (panel F). Each
histogram represents the mean of at least four experiments and
standard error bars. Panel A is an image composition of
representative immunoblots obtained for each protein in each
treatment. *Treatment statistically different from control with P<0.05.

BaP as the prototypical compound of the PAH chemical group,
it is the most studied and well know PAH compound.
Consequently, we decided to evaluate global DNA methylation
in C9 cells after exposure to BaP to explore whether the
changes on DNMT1 protein levels by this PAH are translating
in changes on DNA methylation. To address this aim we
employed same scheme of treatment of BaP as in the profiling
of epigenetic modifiers protein level, and signal intensity for
5mC antibody conjugated with Alexa 488 was evaluated.
Figure 3A shows that the C9 cell culture exposure to BaP
displayed a statistically global DNA hypomethylation state and
this change in DNA methylation, as Figure 3B shows. The
DNA hypomethylation resulting from exposure of C9 cells to
BaP does not agree with DNMTs protein levels obtained after
PAH exposure. Thus, to obtain more insight of these data, we
evaluated the global DNA methylation after 72 h C9 cell
culture exposure to 5AzadC, a DNMTs inhibitor. Likewise, we
wondered if DNMTs inhibition by 5AzadC could be affected
by the increased protein levels of DNMT1 due to BaP
exposure, being reflected on DNA methylation. Then, we pre-
treated C9 cell culture 24 h with 5AzadC and this exposure
was continued for 48 h by 5AzadC in co-treatment with BaP.
From this experimental design, we obtained that exposure to
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5AzadC achieved low levels of global DNA methylation and
they were not statistically different from that obtained after
BaP treatment; the same was obtained with C9 cell culture
exposure to 5AzadC-BaP combination.

Figure 3. Global DNA methylation in normal rat liver epithelial cells
C9 treated with BaP, 5AzadC alone and in co-treatment with BaP. (A)
5mC mark was visualized by immunofluorescence in C9 cells exposed
for 48 h to 10 μM BaP or 0.1% DMSO, as vehicle control, 72 h to 0.5
μM 5AzadC plus 0.1% DMSO, and the combinatorial treatment
5AzadC-BaP; (B) The height of histograms compares the intensity
signal of 5mC antibody conjugated with Alexa®488 exhibited by each
treatment and analyzed with ImageJ. Each bar represents the mean of
ten fields and standard error. Two independent experiments were
performed. *Statistical difference against control with P<0.05.

Discussion
There is much knowledge about mutagenic properties of PAHs
and now it is known that mutation is a late event in the process
called initiation of carcinogenesis [8]. It has been proposed that
cancer arises along three steps: epigenetic disruption of
progenitor cells, initiating mutation, and genetic and epigenetic
plasticity [13]. Therefore, carcinogenic compounds, such as
PAHs, may have a role in the epigenetic disruption of
progenitor cells before the establishment of key mutations. It is
of our interest to know whether selected PAH compounds may
exhibit epigenetic disruption properties at early time after their
exposure. The tumor progenitor theory also proposes the
involvement of epigenetic modifiers, modulators and mediators
as players in the process of carcinogenesis. Among the main
epigenetic modifiers are two families of proteins, DNMTs and
HDACs [13].

In eukaryotes, DNMT family includes three proteins: the de
novo DNMT3a and DNMT3b, which are involved in the
methylation of un-methylated DNA; and the de novo and
maintenance DNMT1 that is involved in DNA methylation of
hemi-methylated DNA, thus perpetuates DNA methylation
marks after each cell cycle [46].

There is evidence that DNMTs protein levels are frequently
increased in human tumors [47-50], and also it was observed a
progressive increase of protein levels of DNMT1 and
DNMT3a along lung carcinogenesis induction by 3MC/
diethynitrosamine [29], as well as progressive loss of global
DNA methylation [30]. Therefore, we explore whether four
selected PAH can alter the protein levels of DNMTs in a non-

cancerous model. Our results show that PAH modulate DNMTs
protein levels in a differential extent: they increased the protein
levels of DNMT1, but only BF and BaP achieved statistical
significance. The increase of DNMT1 protein levels after BF
and BaP treatment obtained in this study could be a response to
DNA damage due to the accumulation of cells in phase S of
cell cycle in order to repair the damage in DNA produced [51].

Another explanation for the increase of DNMT1 in C9 cell
culture after exposure to BaP and BF is given by the results
from a study conducted in HeLa cell culture exposed to BaP. In
this study was found that this compound promotes the
destruction of the N-terminal portion of DNMT1 which
prevents it to go to proteasome degradation [9,52]. This lead us
to think that the increase of DNMT1 protein levels by BF and
BaP also could be related to the accumulation of this protein
due to the prevention of its degradation, but this matter remains
to be resolved through more studies in non-cancerous cells as
well as in initiation stage of carcinogenesis.

As we mentioned before, loss of DNA methylation was also
reported as an early event in the carcinogenesis multistage
model, therefore, we determined the global DNA methylation
status of the normal rat liver hepatocyte C9 cell culture after
exposure to BaP. The results show that the exposure to this
compound leads to the loss of global DNA methylation, which
agrees with studies in cancer progression models where similar
observations were made [29,30,53-56]. The fact that BaP
exhibits a global DNA hypomethylation effect in non-
cancerous cells strongly supports the idea that epigenetic
disruption would happen at initial stages of carcinogenesis
development.

Additionally, global DNA hypomethylation exhibited by BaP
could be a result from DNA damage response because it is
known that poly (ADP-ribose) (PAR) moiety is increased
during this event and this moiety is also an inhibitor of
DNMT1 catalytic activity either as a free molecule or by
binding to poly (ADP-ribose) polymerase 1 (PARP1) [57].
Some studies conducted in 16HBEC cells showed that global
DNA hypomethylation induced by BaP is related to increased
levels of PAR [22,58]. Also, as we mentioned before, loss of
DNA methylation at local regions in specific genes, such as
oncogenic c-Myc gene or xenobiotic metabolizing cyp1a1
gene, which DNA hypo-methylated status is related with
exposure to BaP and, at least for the last gene could be the way
BaP is driving the loss of methyl moieties on DNA, is through
passive DNA demethylation conducted by Tet2 and Tet3
epigenetic modifiers [28]. Then, even when other mechanisms
allow the increase of DNMT1 protein levels, this suggests that
DNA hypomethylation by PAHs would be a general
mechanism for this kind of compounds which is displayed at
early time exposure and that is maintained along
carcinogenesis progression.

Since PAH treatments result in the increasing of DNMT1
protein levels as well as global DNA hypomethylation, we
decided to explore how global DNA methylation behaves in
C9 cells after a challenge with an inhibitor of DNMTs and a
PAH compound at the same time. 5-aza-2-deoxycytidine
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(5AzadC) was chosen as DNMTs inhibitor [42,59] Its effect
alone was tested and, as expected, it significantly diminished
the levels of global DNA methylation. In addition, even when
our results showed that BaP increases the protein level of
DNMT1, under our experimental conditions, this compound
did not change the level of DNA methylation achieved by
5AzadC, suggesting that this PAH also promotes the loss of
DNMT1 activity or or acts through different mechanisms
besides global loss of DNA methylation, probably through a
passive DNA de-methylation [28].

The other important group of epigenetic modifiers proteins is
the HDAC family, which is comprised of 4 groups of enzymes:
group 1) HDAC 1, 2, 3 and 8; group 2) HDAC 4-7, 9 and 10;
group 3) Sirtuins (SIRT) 1-7, classified into 4 groups; and
group 4) HDAC 11 [60,61]. They are grouped based on their
catalytic mechanism similarities; groups 1, 2 and 4 are zinc-
dependent amidohydrolases, while group 3 is a NAD+-
dependent deacetylase activity.

Cancer cells exhibit loss of acetylation of histone residues
[23,41,61,62], which in turn suggests that histone deacetylases
must be over-expressed in these kind of cells. In addition,
several cancer types exhibits over-expression of HDACs, such
is the case of prostate, gastric, colon, liver cancers [41,61]
which over-express HDAC1 [63], HDAC2 [64-66] and
HDAC3 [67]. Over-expression of HDACs protein levels will
result in increased cell proliferation, loss of differentiation and
evasion of apoptosis [61,62], features that improve an initiated
cell to become a tumor cell. Then, if since the beginning of the
exposure to a PAH mutagen it is modifying the HDAC proteins
that affect several cellular pathways, such as DNA damage
repair, then it can affect the cell environment for acquisition of
the aforementioned features.

Class I, II and III HDACs have been implicated in the DNA
damage response, homologous recombination and chromatin
integrity [31], thus we wondered whether these proteins are
affected after a sub-acute challenge with BF, BaP, 3MC and
DMBA, which are promoters of DNA repair due to their
covalently binding to DNA. We evaluated the protein levels of
HDAC1, HDAC2 and HDAC3 after PAH sub-acute exposure,
but none of these proteins were significantly altered, even
when previous studies have reported the protein degradation of
HDAC1, HDAC2 and HDAC3 after 4 h of exposure to
cigarette smoke in alveolar cells [32], and in mouse cerebral
vascular endothelial cells 3MC was also reported as an agent
that causes up-regulation of HDAC1 [33]. Studies on this
regard must be done considering a temporal effect of at least
BaP and 3MC, which have been reported as inducers of
changes in protein levels of class I HDACs.

From class II HDACs, we evaluated possible changes of
HDAC4. This protein has emerged as key protein for the
maintaining of the G2 cell cycle checkpoint [68]. HDAC4
shuttles from the cytoplasm to the nucleus following DNA
damage [69]. In the present study, this protein was significantly
increased by BF and BaP. It was suggested that its persistence
is linked to an unsuccessful DNA repair [68], and also its over-
expression has been reported in many cancer types [41,61,70].

Finally, SIRT1 protein levels were increased after sub-acute
exposure to BaP and DMBA. This is an intriguing result
because this protein has been reported to be both up and down-
regulated in cancer cells and, due to its over-expression in
some tumors, it is called an oncogenic protein, but for its
absence or diminished levels in cancer cells it is also called
tumor suppressor [41,61,71]. The disruption of SIRT1 leads to
increased apoptosis after DNA damage, although, disruption of
its deacetylation capacity leads to a highly sensitized cells to
stress damage response [72,73]. The increase of SIRT1 protein
level after exposure to BF, BaP and DMBA may be a normal
response after a proper DNA repair where SIRT1 increases in
order to stabilize p53 to an inactive state [74]. However, all
chronic stimuli like PAH exposure will finally lie in disruption
of the protein, thus, it may lead SIRT1 permanently increased.

Conclusion
The obtained results showed that BF, BaP, 3MC and DMBA
affected differentially the protein levels of the epigenetic
modifiers DNMTs and HDACs. Furthermore, exposure to BaP
leads C9 cells to go to a global DNA hypomethylation state,
even when DNMT1 levels were increased. Our results show
that at least BF and BaP are environmental agents that affect
epigenetic modifiers at early time exposure in non-cancerous
cells. Deep and thorough research must be made to decipher
how early changes are orchestrated for these well-known
carcinogens, and how these changes on DNMT1, HDAC4 and
SIRT1 may improve the establishment of mutations in the cell
tumor progenitor.

Since human hepatic c-Myc and RASSF1A and mouse hepatic
cyp1a1 are sensitive to DNA methylation, it would be
interesting to search if the mechanism involved in their DNA
methylation status is somehow related with the changes
achieved for DNMT1 after C9 cells exposure to BaP.

Also, it would be interesting to determine whether the changes
observed on DNTM1, HDAC4 and SIRT1 protein levels are
involved with proliferation, anti-apoptotic or loss of
differentiation of epithelial cells derived from liver, and if they
are prompting the acquisition of mutations that accelerate
getting neoplastic features.

Finally, since lung cancer is the most common cancer related
with PAHs exposure, it will be so interesting to determine if
the results obtained in this hepatic model also will be obtained
in normal lung epithelial cells.
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