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Abstract

Objectives: Secondhand smoke (SHS) is a major risk factor for lung cancer in nonsmokers.
DNA damage-derived mutagenicity is a well-established mechanism of SHS-carcinogenicity;
however very little is known about the impact of SHS exposure on the epigenome.

Materials and methods: We have investigated whether exposure to SHS can modulate the
expression of key epigenetic regulators responsible for the establishment and/or maintenance of
DNA methylation and histone modification patterns /n vivo. We have sub-chronically exposed
mice to a mutagenic but non-tumorigenic dose of SHS, and subsequently determined the
expression levels of major epigenetic modifiers in the lungs of SHS-exposed mice, immediately
after termination of exposure and following 7-month recovery in clean air.

Results and conclusion: Quantification of the expression of genes encoding DNA
methyltransferases (Dnmt1, Dnmt3a, Dnmt3band Dnmit3/), methyl binding domain proteins
(Mecp2, Mbd2 and Mbd3) and histone deacetylases (Hdac and Hdac2) by quantitative reverse-
transcription polymerase chain reaction analysis showed modest but not statistically significant
differences in the relative transcription of these key epigenetic regulators between SHS-exposed
mice and age-matched controls. The non-significant changes in the expression of main epigenetic
modifiers in SHS-exposed mice imply that SHS may predominantly induce genotoxic effects,
particularly at non-tumorigenic doses, whereas epigenetic effects may only be secondary and
manifest en routeto tumor formation.
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1. Introduction

Secondhand smoke (SHS), also known as passive smoke, involuntary smoke, or
environmental tobacco smoke, is a significant public health concern, and a major risk factor
for lung cancer and other diseases [1-4]. Recent estimates show that in 2004, SHS has
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caused a total of 603,000 deaths, equivalent to 1.0% of all deaths worldwide [3]. In the
United States alone, about 10,000-15,000 never smokers die annually from lung cancer [5].
One third of these deaths are ascribed to exposure to SHS [5]. Despite the extensive
epidemiologic data supporting the link between SHS exposure and lung cancer, the
underlying molecular mechanisms remain largely unknown [2,4,6,7]. A better understanding
of the mechanism(s) of action of SHS in the genesis and development of lung cancer in non-
smokers can help devise future strategies for prevention, early detection, treatment and
prognosis of this malignancy [6-8].

Recent work in our laboratory has established a genotoxic mode of action for SHS based on
the ability of this carcinogen to induce DNA damage and mutation that may lead to
deregulation of cancer-related genes [9-12]. Most recently, we have also identified
epigenetic modulation of gene expression as an alternative mechanism of chemical
carcinogenesis /n vivo [11]. Whether SHS can impact the epigenetic machinery in the lungs
of nonsmokers, however, remains to be determined [7,13]. Investigating the epigenetic
regulation of gene expression by SHS is paramount to the identification of potential targets
of cancer therapy because epigenetic alterations are reversible through pharmacologic
interventions and/or genetic manipulations [14-17].

Genetic defects in the epigenetic enzymes, including those involved in the DNA methylation
and histone modification pathways, are frequently found in human cancer [18-21]. Though
DNA methylation and histone modifications require different sets of enzymes and chemical
reactions for mark deposition, the two systems are known to mutually regulate each other
during mammalian development and cancer [22-24]. In mammals, methylation at the 5-
position of cytosine is catalyzed by DNA methyltransferases (DNMTSs) [25,26]. DNMT1 is
the most abundant methyltransferase; it binds preferentially to hemimethylated DNA and is
involved in the maintenance of DNA methylation patterns in the daughter strands during
DNA replication [27]. DNMT3A and DNMT3B related proteins bind mostly to
unmethylated CpG dinucleotides and are responsible for de novo methylation during
development [25,26]. Though lacking catalytic activity itself, DNMT3L enhances the
binding activities of the de novo methyltransferases [28]. Expression levels of DNMTS, in
particular those of DNMT1, DNMT3A, and DNMT3B, have been shown to be elevated in
various types of human cancer, including lung cancer [20,26].

Methyl-CpG binding domain (MBD) proteins are a prominent class of epigenetic enzymes
that play a crucial role in the transcriptional state of the epigenome [29]. MBD proteins bind
to methylated DNA and coordinate the cross-talk between DNA methylation, histone
modifications, and chromatin organization [30]. Disrupted gene expression of MBDs can
affect the level of DNA methylation and has been detected in different types of human
cancer, cancer cell lines and various mouse models of human cancer [30]. Another important
family of epigenetic modifiers is histone deacetylases (HDACs) [31]. HDACs are known to
play a key role in several physiological and pathological states, including cancer [32].
HDAC:Ss are recruited to chromatin remodeling complexes viathe MBD proteins [33] and
catalyze the removal of acetyl groups from lysine residues on histone tails, leading to
chromatin condensation and gene transcriptional repression [31,32].To date, several classes
of HDACs have been identified [31,34]. Aberrant expression of Class | subfamily of HDACs
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(7.e.,, HDACL1 and HDAC?2) has been observed in a variety of human cancers, including lung
cancer, and is often associated with higher stage and poor prognosis [31,34-36].

Accumulating evidence shows that genetic mutations in epigenetic regulators are associated
with an altered epigenome in human cancer [18-21]. The re-shaping of the epigenome in
human cancer has also been attributed to exposure to a variety of mutagens and carcinogens
[37,38]. To determine whether epigenetic aberrancies in human cancer are indeed caused by
exposure to mutagenic compounds, we have used the example of SHS-carcinogenicity and
investigated whether exposure to SHS can influence the expression of key epigenetic
modifiers /n vivo. To this end, we have sub-chronically exposed mice, whole body, to SHS
in exposure chambers of a microprocessor-controlled smoking machine, and subsequently
determined the expression levels of major epigenetic regulators in the lungs of SHS-exposed
mice. Total RNA was extracted from the lungs of SHS-exposed mice, immediately after
discontinuation of exposure and following 7-month recovery in clean air to establish the
short-term and long-term effects, respectively, of SHS. We have used standard quantitative
reverse-transcription polymerase chain reaction (QRT-PCR) analysis to examine changes in
the expression of genes encoding DNA methyltransferases (Dnmt1, Dnmt3a, Dnmt3b and
Dnmt3l), methyl binding domain proteins (Mecp2, Mbd2 and Mbd3) and histone
deacetylases (Hdacl and Haac2). Our results indicate that sub-chronic exposure of mice to
SHS at a non-tumorigenic dose is insufficient to induce statistically significant changes in
the transcription of key epigenetic modifiers.

2. Material and methods

2.1. Animal care and maintenance

Animals were bred and maintained in accordance with the recommendations of the National
Institutes of Health provided in the Guide for the Care and Use of Laboratory Animals. The
study was approved by the Institutional Animal Care and Use Committee (IACUC). All
mice were kept in polypropylene cages in groups of 2—3 animals per cage, and housed in an
air-conditioned animal room with ambient temperature of 21 +1 °C and relative humidity of
55% with 12-h light/dark cycle. Throughout all experiments, including the exposure phase
and recovery period, the mice had access to food (PicoLab Rodent Diet 20, PMI Nutrition
International, LLC., Brentwood, MO) and water ad /ibitum.

2.2. SHS exposure

The protocol used for SHS treatment of mice has been previously described in Refs. [9,12].
The breeding colony of mice used in the present study as well as in our previous reports
[9,12] was originally obtained from Stratagene (Stratagene, La Jolla, CA). Stratagene was
later acquired by Agilent Technologies Inc. (Agilent Technologies Inc., Santa Clara, CA).
Briefly, male adult mice (6-8 weeks old) on a C57BL/6 genetic background were divided
into two treatment groups (7= 5 per group), including (1) four months exposure: T4 and (1)
four months exposure + seven months recovery in clean air: T4*7. In our previously
published studies, we have confirmed that this treatment protocol is well tolerated by mice,
and can efficiently induce DNA damage and mutation as well as cause deregulation of gene
expression [9,10,12,39]. We have also verified that short-term and long-term effects of SHS
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on the transcriptome can be established in this mouse model after a 4-month SHS exposure
period and following seven months recovery in clean air, respectively [12]. SHS exposure
was performed by burning 3R4F Reference Kentucky cigarettes (0.73 mg nicotine per
cigarette, purchased from the Tobacco Research Institute, University of Kentucky,
Lexington, KY) using a custom-made smoking machine (model TE-10, Teague Enterprises,
Davis, CA) as previously described [9,12]. The TE-10 smoking machine was programmed to
generate a mixture of sidestream smoke (89%) and mainstream smoke (11%), which is
conventionally used to mimic SHS for experimental purposes [10,40].

All mice underwent an acclimatization period during which they were gradually exposed to
incremental doses of SHS [9,12]. Following the acclimatization period, the animals were
maintained on a SHS exposure regimen, which consisted of whole body exposure to SHS for
5 h per day, 5 days per week, for a duration of four months. Control mice were handled
similarly to SHS-exposed animals, and underwent mock-exposure to filtered high-efficiency
particulate-air (HEPA). At the end of SHS/mock-exposure and following the recovery
period, the mice were euthanized by CO» asphyxiation. Lungs were harvested, snap-frozen
in liquid nitrogen, and kept at =80 °C until further analysis.

2.3. Quantitative reverse-transcription polymerase chain reaction

Standard quantitative reverse-transcription polymerase chain reaction (QRT-PCR) was used
to measure the expression level of major DNA methyltransferases, including Dnmtl1,
Dnmt3a, Dnmt3b, and Dnmt3[, methyl-binding domain proteins, including Mecp2, MbaZ,
Mbd3, and histone deacetylases, including Hdacl and Hdac2[41,42]. Total RNA was
extracted from the lungs of experimental and control mice as previously described [12].
DNase-treated RNA (0.5 pg) from T4 and T4*7 mice was reverse transcribed into
complementary DNA (cDNA) using SuperScript® VILO™ c¢DNA Synthesis kit
(Invitrogen). The expression level of target genes was determined by gRT-PCR using the
TaKaRa SYBR® Premix Ex TagTM Il (Tli RNaseH Plus) (Clontech Laboratories, Inc.,
Mountain View, CA, USA) and the CFX96 Touch™ Real-Time PCR detection system (Bio-
Rad). All experiments were performed in triplicate and fold changes were determined using
the 272ACt method as previously described [41,42]. Data were normalized using the
endogenous housekeeping gene, Gapah, as reference. The primer sets used for gRT-PCR are
available upon request.

3. Results and discussion

Exposure to SHS is a major risk factor for lung cancer in non-smokers [7]. However, the
underlying molecular mechanism(s) of SHS-carcinogenicity is far from well-understood [7].
Recently, we have shown DNA damage-derived mutagenicity of SHS [9,10], and epigenetic
deregulation of gene expression by a chemical constituent of SHS (/.e., benzo[a]pyrene) [11]
in mice /n vivo. The objective of this study was to determine whether SHS can indeed
produce cancer-relevant changes in the epigenetic machinery in the same model system.
Because aberrant DNA methylation and conformational changes in chromatin through post-
translational modification of histones are the best-established mechanisms of carcinogenesis
[17,43,44], we therefore investigated whether exposure to SHS can modulate the expression
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of key epigenetic regulators responsible for the establishment and/or maintenance of DNA
methylation and histone modification patterns. We note that despite interspecies differences,
the modulation of gene expression by cigarette smoke is mostly similar between humans and
mice [45]. In addition, there is striking pathobiological resemblance between mouse and
human lung cancer [46]. This validates the utility of mouse models for studying smoke-
related carcinogenesis in humans [45].

Using genome-wide gene expression microarray analysis (Affymetrix Inc., Santa Clara,
CA), we have previously characterized the lung transcriptome of mice exposed to sub-
chronic doses of SHS [12]. Whereas we found a strong correlation between SHS exposure
and aberrant gene expression (both reversible and irreversible) in cancer-related functional
networks, we observed very subtle differences in the transcription of epigenetic modifiers
between SHS-exposed mice and controls [12]. However, the microarray technology is
known to suffer from inadequate sensitivity for detection of low-abundance transcripts and
ratio compression that result in consistent underestimation of mMRNA expression level ratios
[47]. To circumvent this limitation of the microarray analysis, we herein used the “‘gold
standard’ of gene expression analysis, /.e., quantitative real-time RT-PCR [48], to precisely
measure the expression level of key epigenetic modifiers in the lungs of mice exposed to
SHS using the same protocol as used in our previous report [12].

In the present study, we have exposed mice to a mutagenic, yet, non-tumorigenic dose of
SHS for 5 h/day, 5 days/week for 4 months in exposure chambers of a microprocessor-
controlled smoking machine. Subsequently, we have analyzed the pulmonary RNA of the
SHS-exposed mice, immediately after termination of exposure (/.e., T4) and following seven
months recovery in clean air (i.e., T#*7) to find the short-term and long-term effects,
respectively, of SHS. Quantitative real-time RT-PCR was used to accurately quantify the
mMRNA levels of major DNA methyltransferases (DNMTs), methyl-CpG binding domain
proteins (MBDs), and histone deacetylases (HDACS) in the lungs of SHS-exposed mice
versus controls. Under the experimental conditions used in this study, we found no
statistically significant differences in the transcription of Dnmti, Dnmt3a, Dnmt3b and
Dnmt3/ genes between SHS-exposed mice and their age-matched controls (see, Fig. 1).
Modest differences in gene expression were observed in T4*7 mice, with a 33-35% increase
in de novo methyltransferases Dnmt3aand Dnmt3b, as compared to control. In T4+ mice,
relative transcription of Mbd2 and Mecp2 also increased to 35% and 30% respectively, while
Mba3 levels remained essentially unaffected (seg, Fig. 2). These modest changes in the
expression of major enzymes regulating CpG methylation patterns are consistent with our
previous observations in which we found comparable patterns of DNA methylation between
SHS-exposed mice and controls [39].

Earlier reports have demonstrated that cigarette smoke causes hyperacetylation of histones
and decreased histone deacetylase activity in the lungs of smokers and patients with chronic
obstructive pulmonary disease (COPD), as well as in the lungs of rodents exposed to
cigarette smoke [49,50].Thus, we examined the expression levels of two main HDACS,
including Hadacl and Hdac2. Our gRT-PCR analysis on the pulmonary RNA of SHS-
exposed mice showed that Hdacl and Haac2transcripts decreased only slightly in T4 mice
(up to 26%), while returning to baseline levels in T4*7 mice (see, Fig. 3).
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Recently, we and others have analyzed the transcriptional status of DNMTs, MBDs, and
HDACSs in relation to ectopic DNA methylation during multi-step chemically induced
carcinogenesis in animal models [11,51-53]. /n vivo treatment of mice with potent
carcinogens, including urethane, ethylnitrosourea (ENU), diethylstilbestrol (DES), and
benzo[4]pyrene (B[4]P), induced dynamic changes in the expression of major epigenetic
regulators, including Dnmt1, Dnmt3a, Dnmt3b, Mbd1, MbadZ2, Mecp2, Hdacl and Hdac2
[11,51-53]. Deregulation of these epigenetic modifiers was associated with aberrant
promoter CpG methylation of selected target genes [51-53] or found widespread in the
genome [11]. Of importance, differences in DNA methylation patterns between carcinogen-
treated animals and controls were readily detectable in apparently normal mice long before
neoplastic lesion formation [11]. Unlike in the above reports, we have herein used SHS,
which is a known weak mutagen and carcinogen [7,54,55]. To be consistent with our
previous genetic [9,10], epigenetic [39], and transcriptomic [12] studies on SHS, we have
also administered a mutagenic but non-tumorigenic dose of SHS since the focus of all our
studies is on early biological effects of carcinogens. Comparing the findings of the present
study with those of the above reports [11,51-53], one may ascribe the marginal changes in
the expression levels of key epigenetic modifiers in our SHS-exposed mice, as opposed to
those found in mice treated with powerful mutagens/carcinogens, to differences in test
compounds and/or doses administered. Given the weak mutagenicity of SHS, it is also likely
that this chemical is unable to sufficiently trigger active cell proliferation, a pre-requisite for
establishment of epigenetic marks [27].

In addition to DNMTs, MBDs and HDACsS, several other epigenetic regulators are emerging
as key drivers, readers, editors or erasers of the epigenome [18-21]. Thus, one cannot rule
out the possibility that SHS may modulate alternative epigenetic modifiers not analyzed in
the present study. Potential candidates might include genes involved in miRNA regulation,
chromatin remodeling, or other histone modifying enzymes [20]. Of relevance, our
comprehensive analysis of the transcriptome in SHS-exposed mice indicated that several
deregulated genes encode proteins that, alone or in combination with other remodeling
factors, are involved in the deposition/reading of histone madifications, including ARID4B,
KAT2B, and CHD4 [12]. Lastly, it is plausible that SHS may predominantly induce
genotoxic effects, particularly at non-tumorigenic doses, whereas epigenetic effects may
only be secondary and manifest en route to tumor formation.

In conclusion, we found no statistically significant changes in the expression of key
epigenetic modifiers in the lungs of SHS-exposed mice as compared to age-matched controls
(seg, Figs. 1-3).

These findings are in agreement with those of our recent study in which we demonstrated
comparable patterns of DNA methylation between SHS-exposed mice and controls [39]. In
addition, the highly accurate single-gene RT-PCR analysis performed in this study
reconfirms our previous genome-wide gene expression microarray analysis in which we
showed fairly small changes in the transcription of epigenetic regulators in SHS-exposed
mice [12]. Whether mutagenic SHS can cause genetic alterations in other master epigenetic
regulators not analyzed in the present study and whether such alterations may result in
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reshaping of the epigenome in the lungs of nonsmokers is currently unknown and requires a
thorough follow-up investigation.
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Fig. 1.
Expression of Dnmt1, Dnmt3a, Dnmt3band Dnmt3/in SHS exposed mice versus control.

Total RNA was extracted from the lungs of mice exposed to SHS for four months,
immediately after discontinuation of exposure (T4) and following 7-month recovery in clean
air (T4*7). The transcription level of genes encoding major DNMTswas examined by qRT-
PCR using the 2744Ct method [41]. Bars represent the mean normalized expression (+SD) of
triplicate samples in SHS-exposed mice and age-matched controls. Data were normalized
using the endogenous housekeeping gene, Gapah, as reference and controls as calibrators.
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Marginal differences in transcription levels between SHS-exposed and control mice were not
statistically significant (Fisher’s exact test).
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o B T Ta+7

Mbd3

Expression of MbdZ2, Mbd3, and Mecp2in SHS exposed mice versus control. The
transcription level of genes encoding major AMBDswas examined in T4and T4*7 mice by
gRT-PCR using the 2 744Ct method [41]. Bars represent the mean normalized expression
(xSD) of triplicate samples in SHS-exposed mice and age-matched controls. Data were
normalized using the endogenous housekeeping gene, Gapdh, as reference and controls as
calibrators. Marginal differences in transcription levels between SHS-exposed and control
mice were not statistically significant (Fisher’s exact test).
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Fig. 3.

E)?pression of Hdacl and Hdac2in SHS exposed mice versus control. The transcription level
of genes encoding Class | HDACswas examined in T4 and T4*” mice by qRT-PCR using
the 2744Ct method [41]. Bars represent the mean normalized expression (SD) of triplicate
samples in SHS-exposed mice and age-matched controls. Data were normalized using the
endogenous housekeeping gene, Gapah, as reference and controls as calibrators. Marginal
differences in transcription levels between SHS-exposed and control mice were not
statistically significant (Fisher’s exact test).
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