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Abstract

Lung cancer has the second highest incidence and highest mortality compared to all other cancers.
Polycyclic aromatic hydrocarbon (PAH) molecules belong to a class of compounds that are
present in tobacco smoke, diesel exhausts, smoked foods, as well as particulate matter (PM).
PAH-derived reactive metabolites are significant contributors to lung cancer development. The
formation of these reactive metabolites entails metabolism of the parent PAHs by cytochrome
P4501A1/1B1 (CYP1A1/1B1) and epoxide hydrolase enzymes. These reactive metabolites then
react with DNA to form DNA adducts, which contribute to key gene mutations, such as the

tumor suppressor gene, p53 and are linked to pulmonary carcinogenesis. PAH exposure also

leads to upregulation of CYP1A1 transcription by binding to the aryl hydrocarbon receptor
(AHR) and eliciting transcription of the CYP1A1 promoter, which comprises specific xenobiotic-
responsive element (XREs). While hepatic and pulmonary CYP1A1/1B1 metabolize PAHs to
DNA-reactive metabolites, the hepatic CYP1A2, however, may protect against lung tumor
development by suppressing both liver and lung CYP1AL enzymes. Further analysis of these
enzymes has shown that PAH-exposure also induces sustained transcription of CYP1A1, which

is independent of the persistence of the parent PAH. CYP1A2 enzyme plays an important role in
the sustained induction of hepatic CYP1AL. PAH exposure may further contribute to pulmonary
carcinogenesis by producing epigenetic alterations. DNA methylation, histone modification, long
interspersed nuclear element (LINE-1) activation, and non-coding RNA, specifically microRNA
(miRNA) alterations may all be induced by PAH exposure. The relationship between PAH-induced
enzymatic reactive metabolite formation and epigenetic alterations is a key area of research

that warrants further exploration. Investigation into the potential interplay between these two
mechanisms may lead to further understanding of the mechanisms of PAH carcinogenesis. These
mechanisms will be crucial for the development of effective targeted therapies and early diagnostic
tools.
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Introduction

The importance of understanding the mechanisms contributing to lung cancer cannot be
overstated. Lung cancer has the second highest incidence in both men and women, and has
the highest mortality rate in both men and women [1]. Although research into lung cancer
continues, it still remains to be the cause for the highest mortality among all cancers, in
part, because of the lack of effective and easy screening methods available [1]. Currently,
high risk factors are the basis for screening, and the only way to screen for the cancer is
with low-dose computed tomography (LDCT) [2]. Because of the expense, inconvenience,
and radiation exposure of a routine LDCT, this screening method is insufficient and limiting.
Continued research into newer and better screening methods needs to be of the utmost
priority, and many of these methods are reliant upon the understanding of the mechanisms
behind pulmonary carcinogenesis.

About 90% of lung cancer cases are associated with tobacco smoking, although outdoor
air pollution, secondhand smoke, inhalation of incomplete indoor/outdoor combustion

of coal and wood may also contribute to lung cancer as well [3, 4]. Polycyclic

aromatic hydrocarbons (PAHS) are significant components in tobacco smoke and air
pollution and are defined as a group of chemicals containing two or more fused

benzene rings, but with no heteroatoms [5]. Examples of PAHSs are benzo[4]pyrene (BP),
dibenzo[ & A]anthracene (DBA), 3-methylcholanthrene (MC), 5-methylchrysene, and 7,12-
dimethylbenz[ g]lanthracene [5]. The structures of the various molecules that are classified
as PAHSs are shown in Figure 1. One of the most notable PAHSs is BP due to its high
carcinogenic potential [6]. BP is a result of incomplete combustion of organic material and
can be found in tobacco smoke, diesel or other types of motor vehicle exhaust, industrial
byproducts, and forest fires [7]. Another notable PAH due to its potency is MC.

Inhaled PAH exposure enhances lung cancer risk in humans [8-11]. Smokers may also ingest
large quantities of PAHs by swallowing the smoke, allowing it to enter the gastrointestinal
tract [12-14]. Significant amounts of PAHSs are also found in grilled, barbecued, or smoked
meat products [15-20]. A recent study has found a direct link between dietary PAH exposure
and lung cancer incidence, except for one recent study from China [21]. This review will
discuss the mechanisms by which PAHSs induce cancer, as it may lead to more targeted
treatments for lung cancer, which has poor prognosis and leads to billions of dollars spent on
this devastating disease.

PAHs and Carcinogenesis

Because of their lipophilic nature, PAHs are able to diffuse across the plasma membrane
of a cell. Three major pathways have been identified in PAH metabolism, each utilizing
a different set of enzymes. The pathway that is the focus of this review is the CYP1A1/
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CYP1B1 and epoxide hydrolase pathway. The second pathway uses the CYP peroxidase
enzyme for metabolism, and the third uses aldo-keto reductase [4, 22, 23]. CYP1A2, which
is liver-specific, has a protective role against carcinogenesis.

Role of CYP1A1/CYP1B1 and Epoxide Hydrolase Pathway in DNA adduct Formation

While PAHs themselves are not directly carcinogenic, they are considered procarcinogens
because metabolism of these molecules results in carcinogenic metabolites that lead to DNA
adduct formation. For example, BP is a PAH that is metabolized by CYP1A1/1B1 enzymes
to form 7,8-epoxide. From here, 7, 8-epoxide is further metabolized by epoxide-hydrolase
to form 7, 8-diol, and then again by CYP1A1/1B1 to form 7, 8-diol-9, 10-epoxide (BPDE),
which is the ultimate carcinogenic metabolite of BP. BPDE reacts with N2 of guanosine to
form a DNA adduct [24-26] (Figure 2).

DNA adducts represent a critical event in the initiation of carcinogenesis [27, 28]. Several
studies have linked DNA adduct formation to the modification of specific genes implicated
in animal and human cancers [29, 30]. DNA adduct formation has been shown to be
sequence-specific, and cause mutations in the tumor suppressor gene p53and KRAS
oncogene [31-35]. The p53 gene acts like breaks on the cellular replication process and
causes cell cycle arrest to prevent errors from propagating and, thus prevents tumors from
developing [36]. DNA adducts are formed on the gene encoding p53 resulting in mutations
and malfunction of the gene, which allows cells to propagate with less regulation [31-35].
Denissenko, et al. demonstrated that in smokers, these DNA adducts are located on codons
157, 248, and 273 on the p53 gene, and mutations of these codons showed a correlation
with human lung cancer [31]. Therefore, the DNA adduct formation produced by CYP1A1/
CYP1B1 metabolism of PAH molecules may initiate carcinogenesis by mutating the p53
gene. Once initiated, carcinogenesis must undergo promotion and progression in order to
result in cancer tumor formation. Based on this analysis, adduct formation seems to be the
main mechanism in which p53is mutated in lung cancer, and these studies provide direct
evidence that link cigarette smoking to lung cancer [32].

An important byproduct of PAH metabolism is the formation of reactive oxygen species
(ROS). The oxidation-reduction balance in cells are maintained by a balance between
oxidative and anti-oxidative reactions, also referred to as redox cycling. When the balance
is disrupted, ROS formation is increased and the cell experiences oxidative stress. PAH
disrupts this balance by binding with the aryl hydrocarbon receptor (AHR), resulting in

the upregulation of CYP1 enzyme transcription [37], as well as other genes of the AHR
gene battery. This could result in increased production of ROS, which in turn contributes to
DNA damage [38, 39]. The resulting DNA adducts and damage from PAH-AHR-mediated
induction of CYP1 enzymes increases the risk for tumor development. In addition to playing
a role in DNA adduct formation and tumorigenesis, AHR also contributes to downstream
inflammation, cell proliferation, and loss of cell-cell adhesion, which may further result in
cancer progression [10].

In response to increased ROS formation and resulting oxidative stress, the cell upregulates
the transcription of antioxidant, phase 11 enzymes [40]. Activation of the transcription factor
nuclear factor erythroid 2-related factor 2 (AVr72) helps regulate this response [41-45]. In
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its inactivated form, Nrf2 is bound to a Keapl complex, which signals for degradation

of Nrf2 [46]. However, oxidative stress from PAH metabolism triggers Nrf2 dissociation
from the Keapl complex [47, 48]. Once released, Nrf2 is able to migrate to the nucleus
where it activates transcription of antioxidant enzymes [43]. One of the main types of
enzymes targeted in this pathway is the NAD(P)H quinone oxidoreductase (NQO1 and
NQO2) enzymes [49]. In both the BP and MC metabolic pathways, NQO1 and NQO2
enzymes prevent production of harmful semiquinones that can form DNA adducts by
metabolizing quinones into hydroquinones instead [50, 51]. UDP-glucuronosyltransferase
(UGT) and glutathione S-transferase (GST) enzymes have also been shown to detoxify the
harmful metabolite [50, 52, 53]. If these antioxidant, protective enzymes are not sufficient to
compensate for the ROS formation, oxidative stress will still occur in the cell and enhance
carcinogenesis potential [54]. Figure 3 summarizes the different mechanisms in which PAH
may contribute to carcinogenesis.

Role of PAH-AHR Complex in CYP1A1/CYP1B1 Transcription

The basic mechanism by which PAH results in carcinogenesis begins when PAH enters

the cell and binds to an AHR complex, which also consists of HSP90, XAP2, and p23

[55]. The AHR plays crucial roles in many species by binding to numerous exogenous and
endogenous ligands. In humans, AHR has the highest levels in the liver, adipose tissue,

and bronchioles. Studies of non-small cell lung cancer samples demonstrated increased
levels of AhRR mRNA with a positive correlation to CYP1A1 expression in cases of
adenocarcinomas [56]. Once bound, the PAH-AHR complex sheds the other molecules

from the complex and is able to translocate to the nucleus. This mechanism is facilitated

by phosphorylation of protein kinases C sites adjacent to the nuclear localization sequences
(56-58). In the nucleus, the AHR and an aryl hydrocarbon receptor nuclear translocator
(ARNT) dimerize, and the PAH-AHR-ARNT complex bind the DNA-recognition site
xenobiotic-responsive element (XRE) via a bHLH-PAS motif [55, 57, 58]. This binding

of the DNA triggers the upregulation of CYP1AL, CYP1A2, and CYP1B1 transcription

[57, 59-61]. The upregulation of the CYPI enzymes increases the metabolism of PAH

into carcinogenic products in the sarcoplasmic reticulum. The CYP1AL promoter in the non-
induced state remains silent, as histone modifiers such as histone deacetylase (HDAC) and
DNA methyltransferase (DNMT) are bound to the promoter. When the PAH-AHR-ARNT
bind to the CYP1A1 promoter, the HDAC/DNMT complex dissociates, and transcription
ensues. Upon binding to CYP1A1 promoter, the PAH-AHR-ARNT complex also recruits

a number of co-activators, which alter the chromatin structure into a more accessible
configuration via histone acetyltransferases and histone methyltransferase. In addition, other
factors are recruited that include Kinases IKKa, MSK1, and MSK2, and coactivators, such
as SP1, NCOAL, NCOA3, NCOA4, P300, BRCA1 tumor suppressor protein, and general
transcription protein 11B, which is required for transcription initiation by RNA polymerase 11
(56-58). Figure 4 demonstrates the steps described in this pathway.

Like most pathways, this pathway is also self-regulated through a negative feedback-type
system. In addition to upregulating CYP1 transcription, the activated AHR complex can
also bind to the aryl hydrocarbon receptor repressor (A/rr) gene [62]. Due to structural
similarities between AHR and AHRR, AHRR is able to bind ARNT and occupy XRE
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target sites [63]. Therefore, AHRR acts as a competitive inhibitor of AHR, rendering CYP1
transcription inactive [63].

Differential Roles of CYP1 Enzymes to Pulmonary Carcinogenicity

CYP1 enzymes are important phase | enzymes in the breakdown of exogenous xenobiotic
molecules as well as important endogenous molecules [64]. Epoxide products and ROS
byproducts are common results of CYP1 metabolism. Based on this mechanism, CYP1A1l
enzymes are key carcinogenic enzymes. However, results from recent studies suggest

that the hepatic CYP1A2 enzyme may actually protect pulmonary cells against ROS and
harmful DNA adduct formation [37]. This mechanism is not fully understood and requires
further investigation. CYP1B1is mainly localized in the lungs and appears to promote
carcinogenesis via mechanisms similar to CYP1A1 enzymes [4].

Carcinogenic Role of CYP1Al in PAH Metabolism—Based on the mechanism
discussed in the section “PAHs and carcinogenesis”, CYP1A1 enzymes play a significant
carcinogenic role in PAH metabolism. These enzymes bioactivate PAHs into reactive
metabolites that induce mutagenic DNA adducts, which can lead to cancer. Past studies
have investigated the role of CYP1A1 in PAH bioactivation; however, the individual roles
of each CYP1A enzymes are still unknown. In a recently published paper [38], we tested
the hypothesis that mice lacking the genes for CyplIalor CyplaZwill display altered
susceptibilities to PAH-induced pulmonary carcinogenesis [37]. Wild-type (WT), Cyplal-
null, and Cyp/aZ-null male and female mice were treated with MC (a single dose of

MC, i.p. 40 umol/kg) for cancer initiation and tumor formation studies. In WT mice,
CYP1A1 and 1A2 expression was induced by MC. Cyplal(~~ and Cypla~~ mice
treated with PAHSs displayed a compensatory pattern, where knocking out 1 Cyp/a gene led
to increased expression of the other. CypIal(~~ mice were resistant to DNA adduct and
tumor formation, whereas CypZa2(™~ mice displayed increased levels of both. UALCAN
analysis revealed that lung adenocarcinoma patients with high levels of CYP1A2 expression
survive significantly better than patients with low/medium expression [38].

The reactive metabolites formed from CYP1A1 metabolism of PAH molecules results in
DNA adduct formation and, eventual, pulmonary carcinogenesis. DNA adduct formation
can mutate important tumor suppressor molecules, such as the p53 protein, resulting in
tumor progression [31]. In addition to stimulating CYP1A1-mediated metabolism, PAH
also upregulates CYP1ALl transcription by binding to AHR and activating the XRE DNA-
recognition site. This important carcinogenic pathway involves several molecules that could
be targeted to slow or inhibit lung cancer progression. For example, reduction of CYP1A1l
expression via a CYP1AL inhibitor, such as (E)-3-(3,4,5-trimethoxyphenyl)-1-(pyridin-4-
yl)prop-2-en-1-one, could potentially offer an eventual treatment method for mitigating
PAH-induced pulmonary carcinogenesis [65].

Further studies are needed to determine the effects that specific polymorphic CYP1Al
enzymes have on a patient’s risk for lung cancer development. One study found an
association between CYP1A1 Mspl polymorphism and an increased risk of lung cancer
development in the Chinese population [66]. Other studies showed an association in
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the variant enzyme CYP1A1 rs4646903 with increased risk of lung cancer in smokers,
specifically [67]. Non-smokers did not have an association between this enzyme and the

risk of lung cancer development. As individualized medicine becomes more of a reality in
today’s world, the relationship between CYP1A1 polymorphisms and lung cancer need to be
further analyzed in order to develop effective treatment options for individual patients.

Protective Role of CYP1A2 in PAH Metabolism—CYP1A2 enzymes are found in
high concentrations in the liver. Similar to CYP1A1 enzymes in the lungs, CYP1A2
enzymes metabolize PAHs. However, while CYP1A1 enzymes are carcinogenic, results
from new studies are indicating that CYP1A2 enzyme may play a protective role against
PAH-mediated carcinogenesis. In our recent study, WT, Cyplal™", and CyplaZ™" mice,
were treated with MC [68], and DNA adducts in the lungs and liver were measured in all
three groups. Figure 5 shows the results from this study. The most interesting part of this
study was an increase in DNA adduct formation in the lungs in CypZaZ-null mice even
though CYP1A2 enzyme is located in the liver, but not the lungs [68]. These results indicate
an important interrelationship between PAH metabolism via CYP1A2 enzyme in the liver,
and DNA adduct formation in the lungs. Figure 5 exemplifies the anti-carcinogen effects
hepatic CYP1A2 enzymes seem to have on pulmonary carcinogenesis. Furthermore, studies
have found that humans who have a less active variant of CYP1AZ2 display an increased

risk of developing lung cancer, again insinuating the protective role of hepatic CYP1A2

on pulmonary carcinogenesis [69, 70]. Interestingly, our studies of CypZaZ~~ mice found
upregulation of CYP1A1 enzymes in the lungs when compared to WT mice [68]. This result
indicates that levels of hepatic CYP1A2 enzyme may impact levels of pulmonary CYP1Al
enzymes.

Upon analysis of TCGA RNA expression in lung cancer patients, Grady, et a/. found that
patients with lung adenocarcinoma had a higher chance of survival with higher levels of
CYP1A2 expression compared to patients with low or medium expression [37]. Analysis

of sex differences showed that the high levels of CYP1A2 imparted a survival benefit to
males and much less so to females [37]. Further study of this possible interconnected nature
is crucial to understanding the role CYP1A2 enzymes and hepatic metabolism of PAHs
may play in pulmonary tumor formation. Figure 6 summarizes the biochemical changes that
occur in Cyplaland ZaZ-null mice when exposed to PAH.

Upregulation of hepatic CYP1A2 enzymes may offer a potential therapeutic
target for lung cancer—Recently, a myriad number of studies have been undertaken with
a goal to prevent cancer using chemicals such as drugs, herbal preparations, and from dietary
sources (e.g., green tea) [71-75]. While this area of research is getting great attention, the
approach to use specific CYP1AZ2 inducers has not been explored, and this will be a logical
extension of the proposed mechanism. In fact, there are many drugs such as olanzapine,

a CYP1AZ2 inducer in humans, which is being used to treat psychiatric disorders [76, 77].

It is highly possible that the proposed research could lead to novel therapeutic approaches

to prevent/treat lung cancer in humans. However, the use of CYP1A2 inducers must be

used with caution because CYP1A2 enzymes may also activate aromatic amines, which
could contribute to other cancers, including prostate and breast cancer [78, 79]. The balance

Semin Cancer Biol. Author manuscript; available in PMC 2022 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stading et al.

Page 7

between the protective role of CYP1AZ2 in pulmonary carcinogenesis and its contributory
role in other cancers must fully be understood before CYP1A2 inducers can be utilized as a
potential lung cancer treatment.

Carcinogenic Role of CYP1B1 in PAH Metabolism—CYP1B1 enzyme is found in a
variety of tissues and it plays a similar role as CYP1A1 enzyme in PAH metabolism [80-82].
The production of reactive metabolites and DNA adduct formation by CYP1B1-mediated
metabolism of PAHSs indicate that CYP1BL1 is also carcinogenic. However, CYP1Al and
CYP1B1 differ slightly with regards to their products from BP metabolism. While they

both produce BP-cis and trans-7,8-dihydrodiol isomers, CYP1B1, in conjunction with
epoxide hydrolase, produces BP-7,8-diol at a higher rate than CYP1A1, and CYP1Al

more preferentially produces BP diol-epoxides [4]. Animal studies of Cyp1b17~ mice
demonstrated reduced tumor production in these mice when compared to WT mice with
prolonged exposure of MC [68]. Furthermore, CypIal/1a2”~ mice showed increased

tumor formation and Cyplal/1a2/1b1~~ mice showed decreased tumor formation after MC
exposure when compared to WT mice [68]. These results provide a significant indication of
the importance of CYP1B1 in augmenting the pulmonary carcinogenesis process. Therefore,
CYP1A1 should not be the only enzyme potentially targeted for therapy in lung cancer.
Concentrations of CYP1A2 and CYP1B1 enzymes may also need to be evaluated and
altered to enhance the efficacy of treatment. Similar to CYP1AL enzymes, certain CYP1B1
polymorphic enzymes also may augment the risk of developing lung cancer [83, 84].
CYP1B1 enzymes must be considered in conjunction with CYP1AL/2 enzymes when
analyzing genetic risk factors and developing new therapeutic strategies for lung cancer
treatment.

Another important aspect of the CYP1B1 metabolic mechanism is its connection to estrogen
levels and the potential for estrogen-mediated sex differences [85]. CYP1B1 is a key
enzyme in the metabolism of 17p-estradiol and, therefore, is expressed in higher levels

in tissues connected to estrogen metabolism, such as mammary glands, the uterus, and
ovaries [85]. Although our studies indicate a possibility of sex differences in CYP1B1
expression and resulting differences in pulmonary carcinogenesis via PAH metabolism,
more experimentation of these sex differences are required to understand its significance
[68].

Sustained Induction of CYP1A1 Enzymes

Studies from our laboratories have shown intriguing results in regard to a mechanism that
elicits induces sustained induction of CYP1A1 enzyme following PAH exposure in that the
induction continues to occur even after the PAH molecule has been dispelled from the body.
These results indicate that biomolecular changes occur that may induce transcription of the
enzyme even after PAH has been removed from the physiological environment.

Our research has found that MC exposure leads to sustained induction of CYP1A1l

by mechanisms other than persistence of the drug. We reported earlier that 4 daily
administrations of MC or DBA lead to induction of ethoxyresorufin O-deethylase (EROD)
activity, CYP1A1 apoprotein, and mRNA expression for several weeks after MC withdrawal
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[86, 87]. MC undergoes extensive hepatic biotransformation to water-soluble metabolites,
which are excreted into bile [88, 89]. Our discovery that MC elicits a sustained induction
of CYP1AL1 for as many as 45 days after cessation of treatment led to the hypothesis

that MC elicits this persistent induction by mechanisms other than persistence of the drug
[90, 91]. Our studies showed rapid elimination of MC from the body, and after 15 days,
when high CYP1A1 activities are expressed, the intra-hepatic concentration of the parent
compound was 270 pmol/g, a concentration which we have shown to be insufficient to
induce CYP1AL1 in liver [90]. These results support our hypothesis that the phenomenon
of persistent induction by MC occurs by mechanisms other than persistence of the drug
and that novel molecular mechanisms mediate this effect. We hypothesize that MC elicits
sustained induction of CYP1A1 by persistent increase in the transcription of the CYP1Al
gene [90-92].

Role of CYP1AZ2 in the Persistent Induction of CYP1A1 by MC—. We reported
earlier the phenomenon of persistent induction of hepatic and pulmonary CYP1Al by MC
in C57BL/6J mice [92]. When we exposed WT and CypIaZ-null mice to MC, the extent of
initial nduction of hepatic CYP1A1 was much higher in the CypZaZ-null mice, suggesting
that CYP1A2 plays a regulatory role in the suppression of CYP1A1 induction by MC.
While persistence of induction in the liver declined at a faster rate than WT mice at later
time points, it was enhanced in the lung. Moreover, we observed increased tumorigenesis
in the CyplaZ-null mice exposed to MC. We hypothesize that CYP1A2-derived MC-X
contributes to sustained induction via sequence-specific DNA adduct formation on the
CYP1A1 promoter [93]. We posit that in the non-induced state, CYP1AL is silenced by
binding of HDAC and DNMT to CYP1A1 promoter. When cells are exposed to MC after
the initial induction of CYP1A1 and 1A2 occurs, CYP1A2 converts MC to MC-X, which
binds to the AHR, enters the nucleus. The MC-X-AHR complex then binds to ARNT,

and being electrophilic, the MC-X binds covalently to XREs on the CYP1A1 promoter.
This binding prevents binding of HDAC and DNMT to the promoter, thereby maintaining
sustained CYP1A1 induction (Figure 7).

These results reinforce the possible importance of hepatic enzyme driven PAH metabolism
in pulmonary carcinogenesis. The fact that persistent CYP1AL induction is attenuated in
liver of CyplaZ-null mice could be due to absence of formation of MC-X in the liver. In

the lungs, it is possible that another CYP isoform (e.g., CYP1B1) catalyzes the formation of
MC-X, thereby leading to persistent CYP1A1 induction in lung in the CypZaZ-null mice.

Significance of Persistent CYP1A1 Induction in Lung—Our preliminary studies
showing increased expression of CYP1AL in pulmonary tumor cells, compared to normal
cells several months after MC treatment, strongly suggest that the phenomenon of persistent
CYP1AL1 induction plays a mechanistic role in lung tumorigenesis by PAHs. The studies of
Shervington, et al. [94], identifying a novel association between CYP1AL and telomerase

in A549 cells suggest that CYP1A1 siRNA can be an effective treatment for lung cancer
[95]. We reported earlier that MC causes sustained induction of CYP1A1 in mouse lung
[92]. We also observed that MC elicits long-term induction of pulmonary CYP1AL in mice
lacking the gene for CYP1A2 [92], a phenomenon that may be of mechanistic relevance
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to MC-mediated lung tumorigenesis. Furthermore, we observed that MC causes sustained
induction of phase Il enzymes in rats [96]. These results hold great significance since we
have seen that in lung cancer patients who quit smoking, it takes 3 months for CYP1Al
levels to return to normal [97, 98]. This mechanism may have an effect on continued
pulmonary tumorigenesis even after cessation of smoking. Thus, determination of the
mechanisms of persistent induction and the biological implications of this phenomenon will
enable development of rational strategies for the prevention and treatment of cancers caused
by environmental chemicals.

Role of Epigenetics Alterations on PAH- Carcinogenesis

During PAH exposure, the carcinogenic affects from the CYP1A1/CYP1B1 pathway
may be compounded by PAH-induced epigenetic alterations. As is the case with most
mechanisms of carcinogenesis development, one primary mechanism is not sufficient to
elicit carcinogenesis. Other carcinogenetic mechanisms, such as epigenetic alterations,
must also occur concurrently. Broadly, epigenetics entails alterations in DNA methylation
and histone modification via acetylation and deacetylation. DNA methylation prevents
transcription of DNA segments, often turning off tumor suppressor genes. Another
epigenetic alteration can occur via non-coding RNA, which binds and downregulates its
target gene [99]. Tumor progression occurs when the downregulated target gene is a tumor
suppressor gene. Epigenetic gene silencing can be propagated through cell cycling and
replication until an accumulation of these mutations results in cancer induction.

PAH-Induced DNA Methylation—PAH exposure affects the levels of DNA methylation
of AHRR and Coagulation Factor Il Thrombin Receptor-Like 3 (F2RL3) genes in the
blood. The hypomethylation of these genes occurs at CpG sites. As previously described

in the section “Role of PAH in CYP1A1/CYP1B1 transcription”, AHRR competitively
inhibits AHR from binding with ARNT and triggering CYP1 enzyme transcription.
Hypomethylation of AHRR may inactivate it, thus promoting CYP1 transcription and
subsequent DNA adduct formation and pulmonary carcinogenesis. Interestingly, F2RL3
plays a crucial role in thrombin-mediated platelet activation in the coagulation system [100].
Although the mechanistic connection between PAH exposure and F2RL3 hypomethylation
is not fully understood, it is hypothesized that PAH triggers an inflammatory response in
peripheral blood cells, which includes Coagulation F2RL3 [100, 101]. Studies have found
that F2RL3 and AHRR methylation levels in the blood have a high sensitivity and selectivity
for lung cancer incidence and mortality [102, 103]. These results indicate that peripheral
blood levels of F2RL3 and AHRR methylation may be a promising biomarker that could
potentially be used for early lung cancer diagnosis.

Other DNA methylation pathways have also been shown to occur that may promote
pulmonary carcinogenesis. BP diol epoxide (BPDE)-exposed human bronchial epithelial
(HBE) cells display an increase in the expression of DNA methyltransferases as well as
the Cadherin 13 (CDH13) [104]. CDH13 is an anti-oncogene; therefore, downregulation
of this gene via hypermethylation of its promoter region may contribute to pulmonary
carcinogenesis [105]. Furthermore, Li, ef a/. found that certain single nucleotide
polymorphisms (SNPs) near the CDH13 CpG promoter sites may increase the risk of lung
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cancer development, reinforcing the idea of an interplay between genetic and epigenetic
factors [105].

Another mechanism in which DNA methylation may promote lung cancer is via the p16
tumor suppressor pathway. HBE cells exposed to BP displayed hypermethylation at the
CpG cites of p16 genes, thereby inhibiting p16 gene expression, which prevents cell

cycle arrest and apoptosis [106]. Based on the proposed mechanism by Yang, et al., p16
hypermethylation may be induced by the DNA damage caused by CYP1A1-produced DNA
adducts binding to the p53 CpG promoter regions [106]. Although this proposed mechanism
has not yet been confirmed, it further suggests an important connection between the genetic
and epigenetic alterations caused by PAH exposure and warrants further experimentation.
BP-induced p16 inhibition is an additional mechanism that may significantly promote
tumor formation and progression. Furthermore, understanding these mechanisms may offer
potential biomarkers that could be targeted for diagnosis and therapeutic treatment.

Histone Modifications—Histone acetylation via histone acetyltransferases (HATS)
reduces histone protein affinity, thereby, opening the previously tightly bound structure

so that DNA transcription may occur [107]. Alterations in HATs and HDACSs levels may
disrupt DNA transcription, resulting in carcinogenesis. Studies with mice have found that
cigarette smoke exposure to be implicated in downregulating HDAC?2 due to prolonged
oxidative stress exposure [108, 109]. One proposed mechanism is that lipid peroxidation
caused by oxidative stress from components of cigarette smoke covalently modify the
HDAC2 protein, resulting in decreased activity [108, 110]. The decreased HDAC2 protein
would result in an imbalance between HATs and HDACS, leading to increased acetylation
of histones and inflammatory gene transcription [111]. More studies need to be conducted
to examine the exact mechanism in which this downregulation of HDAC?2 may contribute to
the epigenetic component of pulmonary carcinogenesis.

Another significant epigenetic alteration due to PAH exposure is the di-methylation of
Lysine 79 in histone H3 (H3K79). One study found that PAH exposure in Chinese coke oven
workers resulted in decreased H3K79me2 and increased DNA damage [112]. Studies have
proposed the mechanism behind this relationship may be due to BP-mediated suppression of
H3K79 methyltransferase DOT1 expression, resulting in decreased methylation of H3K79.
Decreased levels of H3K79me2 may increase cellular sensitivity to gamma-irradiation,
which would further propagate chromosomal instability and carcinogenesis [113]. Other
studies have proposed that H3K79me2 binds to 53DP1 and enhances double-strand break
(DSB) repair in DNA [114], [115]. Furthermore, methylated H3K79 may also promote DNA
repair by augmenting nuclear excision repair of DNA lesions created by ultraviolet exposure
[116]. Both of these mechanisms indicate the importance of H3K79me2 in DNA repair.
Therefore, reduction of H3K79me2 levels due to PAH exposure will increase errors in DNA
replication, resulting in carcinogenesis promotion.

Histone modification can occur in a multitude of mechanisms due to PAH and tobacco
smoke exposure. Altering the balance between HATs and DHACSs allows histone acetylation
of inflammatory DNA strands and subsequent transcription to be upregulated. Moreover,
decreased methylation of histones directly may also inhibit DNA repair. These mechanisms
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may play important contributory roles to pulmonary carcinogenesis and require further
exploration as potential targets of cancer diagnosis and treatment.

BP-Induced LINE-1 Retrotransposition—Long interspersed nuclear elements (LINES)
represent a class of transposable elements in the human genome. The LINE family is
composed of LINE-1, LINE-2, and LINE-3, and contribute to a fifth of the human genome;
however, LINE-1 (L1) is the only member of the family that can still be activated by
demethylation [117]. L1 retrotransposition requires activation of its two open reading
frames, ORF1 and ORF2 [118]. ORF2 encodes a reverse transcriptase and endonuclease
that allows reverse transcription of L1 into cDNA, which can be inserted into the genome
resulting in instability [119]. Regulatory region L1 insertions, homologous recombination,
and L1-induced chromosomal deletions are all mechanisms by which L1 may cause
genomic instability and cancer progression [120]. Studies have found that BP may further
promote carcinogenesis by inducing sustained activation of L1 [121, 122]. Previous work
has shown that BP reactivates LINE-1 in bronchial epithelial cells through displacement

of nucleosome remodeling and deacetylase (NURD) corepressor complexes, and interfering
with retinoblastoma-regulated epigenetic signaling [74]. It is not clearly known whether
LINE-1 in coordination with other genes within its regulatory network contributes to the /n
Vvivo genotoxic response to BP. Hassanin, ef a/. recently showed that intratracheal instillation
of ORFeusSL mice with BP alone or in combination with adenovirus (adeno)-CRE
recombinase is genotoxic to the lung and associated with activation of the human LINE-1
transgene present in these mice [121]. LINE-1 reactivation modulated the expression of
genes involved in oncogenic signaling, and these responses were most pronounced in female
mice compared with males and synergized by adeno-CRE recombinase. This is the first
report linking LINE-1 and genes within its oncogenic regulatory network with early sexually
dimorphic responses of the lung in vivo [121].

Effects of PAH on Non-Coding RNA—Changes in non-coding RNA, or microRNA
(miRNA), have been correlated with changes in tumor suppressor gene and oncogene levels.
Based on the results of various studies, exposure of PAH and its metabolites on HBE cells
triggered both carcinogenic and compensatory mechanisms via non-coding RNA, which
may contribute to pulmonary carcinogenesis. Some key oncogenic non-coding RNA that
were examined in these experiments were miR-22 and miR-494, which decrease the tumor
suppressor gene PTEN, miR-106a, which prevents cell cycle arrest and apoptosis, and
miR-638, which may suppress BRCAL proteins [123]. Studies found that HBE cells exposed
to anti-benzo[a]pyrene-trans-7,8-diol-9,10-epoxide had increased levels of these four non-
coding RNA segments. Another mechanism discovered to promote lung cancer following
BP exposure is by upregulation of the non-coding RNA 1inc00678 [124]. Upregulation of
linc00678 increased transition of epithelial cells to mesenchymal cells, thus promoting lung
cancer development. Figure 8 demonstrates this mechanism as an example in which PAH
induces non-coding RNA.

On the other hand, compensatory mechanisms via non-coding RNA in response to the
oncogenic changes also occurred. These HBE cells contained miR-622 and miR-506, which
suppressed malignant transformation by decreasing KRAS and NRAS proteins as well as
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NRAS mRNA levels [125, 126]. In another study, BP-treated human bronchial epithelial
cells showed a positive correlation with miR-34c and phosphorylated p53 proteins, which
decreased BP carcinogenesis [127]. These changes seem to be occurring as a compensatory
mechanism in response to BP-induced cellular alterations, but further investigation of these
non-coding RNA changes and their possible impact on pulmonary carcinogenesis require
further investigation.

Future Research Needs

The areas of research relating to PAH-induced pulmonary carcinogenesis are numerous.
However, there are few key areas that warrant further studies. Based on the promising
results from our studies, one of the first mechanisms that needs more dedicated research is
the protective role hepatic CYP1A2 enzymes may play in pulmonary carcinogenesis. This
interconnected pathway between enzyme metabolism in the liver and tumor progression

in the lungs may offer tremendous insight into other such pathways. This pathway may
also revolutionize cancer treatment strategies by targeting organs other than the cancerous
organ. Because of the regulatory mechanism CYP1A2 enzymes have on CYP1AL enzymes,
the CYP1A2 enzyme expression could potentially be utilized to downregulate or control
CYP1A1 enzyme expression and possibly control cancer progression. Animal studies will
continue to be a key tool for understanding this mechanism and for eventually utilizing the
mechanism to develop alternative treatment strategies.

The second area of research that will have a significant impact on our understanding

and treatment of lung cancer is the polymorphic variations of key enzymes in pulmonary
tumorigenesis. Increased risk of lung cancer has been linked to not only CYP1ALl and
CYP1B1 enzymes but also GSTM1, GSTT1, GSTP1, AKR, microsomal epoxide hydrolase
(EPHX1), and NQO1 [4]. These polymorphisms may also affect epigenetic alterations that
could further increase the risk of cancer development and progression. As individualized
medicine continues to become more of a reality in medicine, genomic risk factors may start
to play a role in early diagnosis and treatment strategy selection. It is imperative to continue
this genetic exploration in order to keep up with the rapidly changing medical landscape.

Finally, various PAH mixtures are required to develop a structured scientific research.
because BP makes up about 51-64% of the total carcinogenic potential, current studies

on PAH molecules and their effects on pulmonary carcinogenesis often utilize BP as
representative of the PAH class of molecules [7]. However, many more of these molecules
have been identified as having carcinogenic effects and warrant further analysis, namely
acenapthene, benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene,
diben[a,h]anthracene, dibenzo[a,l]pyrene, and indeno[1,2,3-c,d]pyrene [7]. Furthermore,
PAHs often occur in mixtures, rather than individually. The Kinetics, reactivity, enzymatic
induction, and carcinogenic potential may alter depending on the exact composition of the
different mixtures. One study of lung cancer patients in Romania found that the mixture of
PAHs contained BP, benz[a]anthracene, anthracene, fluoranthene, benzo[b]fluoranthene, and
benzo[k]fluoranthene [128]. This study demonstrated how diverse PAH exposures resulting
in lung cancer can be. By incorporating these mixtures into studies, we would emulate the
real-world exposure and mechanisms more accurately. Cataloging various PAH mixtures
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and, subsequently, using these mixtures in animal models or basic science studies could
reveal important differences in properties these mixtures may have, such as carcinogenic
potential and kinematics.

Finally, as highlighted in Figure 9, CYP1 enzymes and epigenetic alterations both play a
role in PAH-mediated pulmonary carcinogenesis. While many studies have been conducted
to understand these mechanisms separately, the interplay between these two systems may
hold tremendous insight into cancer development and requires further exploration. Their
effects may compound to increase the risk of tumor progression. Furthermore, identification
and understanding of any causal or sequential relationship between the two mechanisms may
illuminate more effective treatment methods. Integrating these key pathways that have been
previously studied separately will be imperative as cancer research continues to progress.

Summary and Conclusions

The mechanisms behind PAH-induced pulmonary carcinogenesis may contain important
implications for improvements in lung cancer screening, diagnosis, and treatment. PAH
exposure occurs in everyday life through tobacco smoke exposure, consumption of charcoal-
smoked meats, and air pollutant inhalation. PAHs are metabolized hrough three key
pathways: (1) CYP1A1/CYP1B1 and epoxide hydrolase pathway, (2) CYP peroxidase
pathway, and (3) aldo-keto reductase. This review analyzed the significance of the CYP1A1/
CYP1B1 pathway and the contribution of these enzymes to pulmonary carcinogenesis.

Both CYP1ALl and CYP1BL1 are found throughout the body, especially in the lungs. During
the metabolism of PAH molecules, CYP1A1/1B1 enzymes produce reactive metabolites that
react to form DNA adducts, which can contribute to tumor progression. One important
protein mutated from these DNA adducts is p53, which prevent cell cycle arrest and
apoptosis. Furthermore, PAH upregulates CYP1A and CYP1B1 transcription by binding

to AHR, which promotes XRE DNA binding. Human studies demonstrate upregulation of
these enzymes in pulmonary tumor cells, and animal studies show how deficiencies in these
enzymes reduce tumor progression. These findings indicate the importance CYP1A1 and
CYP1B1 enzymes may have in development of new lung cancer treatment options. On

the other hand, hepatic CYP1A2 enzymes seem to play a protective role by reducing both
pulmonary and hepatic CYP1A1 expression, thus, preventing DNA adduct formation and
protecting against pulmonary carcinogenesis.

New studies indicate a revolutionary mechanism in which CYP1A1 enzymes undergo
sustained induction following PAH exposure and subsequent removal. The implications for
this persistent induction of the enzymes may hold clinical relevance since CYP1A1 enzyme
levels remain high up to 3 months following smoking cessation. This time frame allows

for further DNA adduct formation and resulting carcinogenesis. CYP1A2 may further play
a protective role against lung cancer progression by suppressing this sustained induction.
These results highlight the importance of regulating these enzymes even after removing the
PAH exposure in order to prevent any further tumor progression.

The PAH-induced epigenetic alterations have also been shown to contribute to
pulmonary carcinogenesis. The CYP1 enzyme transcription seems to be upregulated by
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hypomethylation of AHRR at CpG sites. Tumor suppressor proteins CDH13 and p16 may be
suppressed via PAH-induced hypermethylation. PAH exposure seems to further contribute

to epigenetic alterations by disrupting the balance between HATs and HDACs, which can
promote DNA damage and inflammation. BP exposure has also been shown to promote
LINE-1 activation, which leads to genetic instability via DNA insertions. Another epigenetic
factor that may enhance lung tumor progression is through non-coding RNA levels, which
inhibit key tumor suppressor genes. These epigenetic changes may compound with CYP1
enzymatic DNA adduct formation to further enhance pulmonary carcinogenesis triggered by
PAH exposure.

The importance of improving lung cancer diagnosis and treatment is significant. Because
lung cancer has the second highest incidence and has the leading mortality rate of all
cancers, new screening methods and therapy options should be at the forefront of medical
research. Consideration of PAH exposure and its underlying mechanisms may be critical to
achieving these advancements.

Other areas that require further research include the significance of polymorphic enzymes

on increased lung cancer risk as well as the kinematic differences of PAH mixtures. Finally,
as highlighted in this review, the relationship between DNA adduct formation induced

by CYP1-dependent metabolism and epigenetic alterations may provide a compounding
mechanism in which pulmonary carcinogenesis can occur. Further investigation into how
these two mechanisms relate may give great insight into lung cancer progression. Metabolic
enzyme regulation and epigenetic biomarker utilization are only a few of the many
promising mechanisms that could be utilized in the development of these tools and therapies.
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Mechanisms of DNA adduct formation by PAHs. BP is metabolized by CYP1A1 and
CYP1B1 enzymes to form 7,8-epoxide metabolite. This product is then metabolized by
epoxide hydrolase to produce 7,8-diol. After this step, CYP1A1/1B1 metabolizes 7, 8-diol
to form the ultimate carcinogenic metabolite, 7, 8-diol-9, 10-epoxide. This metabolite reacts
with N2 of guanosine to form DNA adducts, which contribute to carcinogenesis.

Semin Cancer Biol. Author manuscript; available in PMC 2022 January 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Stading et al.

DNA adducts

7

DNA mutations Siteiedinene

PAHs

CYPs, EHs, AKRs,
and other enzymes

Active
metabolites

Protein adducts

|

Altered protein

Page 25

Inactive
metabolites

Oxidation of DNA,
RNA, proteins, & lipids

|

Altered
functions/activities
of macromolecules

regulation functions/activities
N—
e
Lung cancer
Figure 3.

PAH exposure and resultant metabolism may produce inactive metabolites via the CYP,
UDP-glucuronosyltransferase (UGT), or glutathione S-transferase (GST) pathways. Active
metabolites may also be produced during PAH metabolism when metabolized by CYP1-
epoxide hydrolase pathway or the aldo-keto reductase pathway. Production of these
metabolites occurs in the liver as well, which can contribute to the effects seen in the lungs.
These active metabolites can then form DNA adducts, resulting in DNA mutations and
altered gene regulation. They can also form protein adducts, which directly alters protein
function. Finally, the active metabolites may oxidize DNA, RNA, proteins, and lipids,
contributing to altered function of macromolecules. All three of these alterations lead to lung

cancer.
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Once the body is exposed to PAHSs, the PAHs will enter the cytoplasm to react with

the aryl hydrocarbon receptor (AHR) complex that also consists of p23, XAP2, and two
HSP90 molecules. The PAH-AHR complex then dissociates from the other molecules and
migrates to the nucleus. Dimerization occurs between AHR and ARNT, which allows AHR
to bind to xenobiotic-responsive element DNA binding site. Once bound, co-activators are
drawn to the site and help induce histone modifiers, histone deacetylase (HDAC) and DNA
methyltransferase (DNMT), which were originally bound to the CYP1A1 promoter site.
These histone modifiers dissociate, and CYP1A1 transcription occurs.
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Figure5.
Differential roles of CYP1A1 and 1A2 in PAH carcinogenesis. Compared to WT mice,

Cyp1a1"") showed a significantly lower pulmonary tumor count following exposure

to 3-methylcholanthrene (3-MC). CypZaZ~'~) mice demonstrated a significantly higher
pulmonary tumor count compared to WT mice. These results strongly indicate a protective
function of hepatic CYP1A2 enzymes against pulmonary carcinogenesis. This protective
mechanism may occur due to CYP1A2-induced suppression of CYP1A1 enzyme following
PAH exposure. In CypIaZ~'") mice, CYP1AL1 is not suppressed, allowing for increased
DNA adduct formation and resulting lung tumor development.
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Figure 6.
PAH exposure in CypZal-null mice causes upregulation of hepatic CYP1A2 enzyme and

attenuation of hepatic DNA adduct formation. In the lungs, NQO1 enzyme is upregulated.
Upon analysis, CypIal-null mice demonstrated reduced lung tumor formation compared to
WT mice. In CypIaZ-null mice, PAH exposure caused an upregulation of CYP1A1 enzyme
in both the liver and the lungs, which increases DNA adduct formation. These mice showed
increased lung tumor formation compared to WT mice.
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Figure7.
Role of CYP1A2 in the sustained CYP1A1 induction. We propose that CYP1A2 may do

this by metabolizing MC to MC-X, which binds to the AHR complex. After dissociation,
the MC-X-AHR complex binds to ARNT at the XRE binding site and forms a MC-X DNA
adduct. We posit that the MC-X binds covalently to DNA, and prevents binding of DNMT
and HDAC that keep the promoter in silenced state, leading to sustained CYP1AL induction.
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Figure8.
Role of non-coding RNA in lung cancer. One epigenetic mechanism altered by BP

exposure is non-coding RNA alterations. For example, BP binds to AHR, which in

turn upregulates the non-coding RNA 1inc00673. This upregulation promotes epithelial-
mesenchymal transition, resulting in lung cancer. This is just one example of the epigenetic
alterations caused by PAH exposure.
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Figure9.
PAH may contribute to pulmonary carcinogenesis through a multitude of mechanisms.

One mechanism is through the upregulation of CYP1A1/CYP1B1 enzymes, which form
DNA adducts on key gene sequences, such as p53. These mutations result in lung

tumor formation. CYP1AZ2 is also upregulated by PAH exposure but has a protective
mechanism against carcinogenesis. PAH exposure also induces epigenetic changes of

DNA methylation and non-coding RNAs, including microRNA (miRNA). These epigenetic
mechanisms downregulate tumor suppressor gene expression, thereby promoting pulmonary
tumorigenesis. Non-coding enzymes can also inhibit oncogene expression, which serves as
a protective mechanism and prevents tumor formation. Long interspersed nuclear element
(LINE) activation is also induced by PAH exposure. Due to activation, LINE-1 insertions
cause genetic instability and tumor development. PAHs have has been linked to histone
modification, which induces proteins that promote DNA damage and inflammation. Histone
modification also occurs during upregulation of CYP1AL1 transcription caused by the
PAH-AHR complex and further contribute to pulmonary carcinogenesis via DNA adduct
formation.
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