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SUMMARY

Lung cancer is the leading cause of cancer-related deaths worldwide. Lung cancer
survival rates have remained poor, mainly due to late diagnosis at advanced stages in
addition to scanty treatment options. The main cause of lung cancer is tobacco smoke,
accounting for up to 90% of all cases. Exposure to other environmental carcinogens
also contributes to the disease. It is important to understand the underlying
mechanisms of carcinogen-induced lung cancer to establish better treatment targets

and novel biomarkers for cancer detection.

This thesis aimed at identifying the role of the two proteins FOXA1 and FOXA?2 in
lung cancer and lung cell transformation. FOXA1 and FOXA2 are pioneer
transcription factors that regulate gene expression by binding forkhead DNA-motifs
in condensed chromatin resulting in an open chromatin structure. The pioneer factors
turther guide other transcription factors to their respective binding sites where they
exert their regulatory function. FOXA1 and FOXA2 have been implicated in
maintaining an epithelial phenotype, and their altered expression has been indicated

in different cancer types.

An in vitro transformation model using immortalized, non-transformed human
bronchial epithelial cells (HBECs), was utilized for studying FOXA1 and FOXA2
during carcinogen-induced cell transformation. Exposure of two HBECs (HBEC2
and HBEC12) to cigarette smoke condensate, benzo[a]pyrene (B[4]P), and
methylnitrosouera resulted in transformed cells with the acquired ability to grow
anchorage-independent in soft-agar. All cell colonies isolated from soft-agar showed
diminished transcription of both FOXAI and FOXA2. Also, the transformed cells
displayed features of epithelial to mesenchymal transition, evident by gene expression

patterns, altered morphology, and increased invasiveness.

The expression levels of FOXAI and FOXA2 was next studied in matched tumor and
non-tumor tissue iz wvivo from three geographically independent cohorts from
Norway, Italy, and the USA. Lung tumors expressed significantly higher levels of

FOXA1 than matched non-tumor lung tissue. A small subset of the tumors harbored



FOXAI gene amplifications, accounting for the higher FOXA7 mRNA levels in this
subgroup. The lung tumors expressed significantly lower levels of FOXA2 compared
to non-tumor. CpG-islands located in or near the FOXA2 gene were more
methylated in tumors than in non-tumor tissues. Two publicly available databases
(TCGA and CURELUNG) confirmed increased DNA-methylation in FOXA2.
The changes in DNA methylation suggest that lung tumors suppress FOXA2 activity

through epigenetic regulation.

The transformed cell lines showed altered expression of CYP14I and CYPIBI. A
study using RNA interference to knock down FOXAI was performed to investigate
the role of FOXA1 in the regulation of CYP450 enzymes and the implications for
B[4]P and estradiol metabolism. Knock-down of FOXA1 led to increased expression
of CYPIBI but had no apparent effect on CYPIAI expression. Chromatin
immunoprecipitation identified FOXA1 binding in a CYPIBI enhancer. No binding
of FOXA1 was observed in CYP141 regulatory regions. B[a]P and 17(-estradiol
metabolites were measured by LC/MS/MS in cell culture media and B[a]P-DNA
and 3?P-postlabeling was used to measure adduct levels. These analyses did not
identify any changes in metabolism or DNA-adduct formation in cells with knocked
down FOXA1, in spite of increased expression of CYP1BI. These findings suggest
that FOXA1 can regulate CYP1B1 expression, but this regulation may not be

sufficient for affecting metabolic capacity.

Taken together, the three studies conducted for this thesis support a role of the

transcription factors FOXA1 and FOXA2 in lung cancer in vitro and in vivo.
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1 INTRODUCTION

1.1 Lungcancer

1.1.1 Lung cancer epidemiology

Lung cancer is one of the most diagnosed cancer types worldwide with an estimated
1.8 million new cases each year. Lung cancer accounts for nearly 20% of all cancer
deaths, the highest number of any cancer type. Although lung cancer has been subject
to much research over several decades, the 5-year survival rate (10-20%) remain low,

so better diagnostic tools and treatment options are needed [1-3].

Tobacco control is essential to prevent lung cancer. Cigarette smoking habits relate
to the distribution of lung cancer throughout the world. The Norwegian cancer
registry reported 3019 new cases of lung cancer in Norway in 2014 [4]. As in many
other western countries, the incidence rates of lung cancer in Norway has stabilized
for men, while the number of women diagnosed with lung cancer has increased 10-
told over the past 60 years and still continues to rise. The gender difference reflects
the trends in smoking habits, with an increasing proportion of smokers today being
women [4-6]. Epidemiological studies have also identified a possible higher risk of
developing lung cancer in female smokers compared to male smokers [7, 8]. More
recent studies have not been able to reproduce such findings, indicating that, given
the same exposure to tobacco, men and women have a similar risk of developing lung
cancer [9-12]. In Norway, lung cancer is the leading cause of cancer deaths with a
recorded number of 1198 deaths for men and 960 deaths for women in 2014 [4]. In
Europe in general, the lung mortality rate is decreasing in men and increasing in

women [13].

There are two main types of lung cancer: small cell lung cancer (SCLC) and non-
small cell Tung cancer (NSCLC). NSCLC accounts for 85% of total lung cancer cases
[14]. NSCLCs comprise squamous cell carcinoma (SCC), adenocarcinoma
(ADCA), and large-cell carcinoma (LCC). All lung cancer types correlate with

tobacco smoking, but ADCA is also the most common lung cancer type in never-
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smokers [15]. Approximately 10-15% of ADCAs are observed in never-smokers [16,
17].

1.1.2 Lung cancer etiology

It has been well-known for several decades that tobacco smoking can cause lung
cancer [18]. Both current and former smokers appear to have an increased risk of
developing lung cancer, and the risk increases with amount smoked, duration of
smoking, and with earlier age of starting to smoke [12]. In Western countries,
smoking habits are declining while smoking is increasingly common in economically
developing countries in Africa and Asia [19]. More than 70 cigarette smoke
chemicals are considered carcinogenic in laboratory animals, and IARC classifies 16
of these as carcinogenic to humans [20, 21]. Polycyclic aromatic hydrocarbons (PAH)
and the tobacco-specific N-nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) are considered major etiological factors in lung cancer. DNA

adducts from PAH and NNK are found in smokers [21-23].

Besides cigarette smoke, environmental and occupational risk factors contribute to
the burden of lung cancer [24, 25]. PAHs form during incomplete combustion of
organic material and is present in several sources including indoor combustion and
cooking, diesel exhaust, and urban air particulate matter (PM). Other known causes
of lung cancer include exposure to second-hand smoke, radon, asbestos, silica, and
ionizing radiation [20, 26, 27]. Studies have identified that occupational exposure
may contribute to lung carcinogenesis by altering pathways related to signal

transduction, immune process and carcinogen metabolism [26].

1.2 Lung carcinogenesis

Cancer occurs when the transcriptional program of a cell deviates from normal cell
function to an altered state that promotes growth, invasiveness, and metastasis.
Transcriptional reprogramming arises as a result of mutations and epigenetic changes
accumulated through the individual’s lifetime. The microenvironment in the different
tissues of a multicellular organism applies different selection pressure on the genetic
and epigenetic variation within the cell population [28]. The selection of somatic

variation results in a Darwinian evolution which generates a heterogeneous tumor cell
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population. Tumor cells possess traits to overcome the hallmarks of cancer, including
continued proliferation, replicative immortality, the resistance of cell death, evasion
from immune destruction, induction of angiogenesis, deregulation of cellular

energetics and the capability to invade and metastasize [29-31].

1.2.1 Somatic mutations

DNA sequencing has revealed that cancer types associated with mutagen exposure
have a higher mutational load than cancer types not related to mutagen exposure. For
instance, lung cancer and skin cancer relates to exposure to tobacco smoke and UV-
radiation, respectively [32, 33]. Lung tumors from smokers have approximately ten
times more mutations than lung tumors from non-smokers [34]. Mutations can alter
the function or transcription level of genes that suppress (tumor suppressors) or drive

(oncogenes) tumor progression.

Several types of somatic mutations contribute to malignant transformation including
single nucleotide variation (SNV), insertion and deletions (indels) of small or large
DNA fragments, and copy number variation (CNV). The most prominent mutation
type is SNV, and four mutational processes contribute in generating this kind of
mutation; inaccurate DNA replication, exposure to exogenous or endogenous
mutagens, enzymatic DNA modification and defective DNA repair [35]. Each
process leaves a footprint in the DNA mutation. For instance, spontaneous
deamination of 5-methyl-cytosine at NpCpG trinucleotides generates C>T
transitions. The number of C>T mutations found in tumors correlates with the age

of the patient, generating a clock-like mutational signature [36].

Exposure to mutagens produces distinct mutational signatures corresponding to the
chemical or physical property of the mutagen. For example, cancers associated with
tobacco carcinogens, such as lung cancer, head-and-neck squamous carcinoma and
liver cancers, carry a high level of C>A mutations with a transcriptional strand bias
[35, 37, 38]. The higher prevalence of C>A transversion is attributed to the effect of
PAH metabolites, such as benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE, sce
section 1.2.4), that preferentially bind guanine and creates bulky DNA adducts. Next

generation sequencing results showing C>A mutations in smokers is in line with
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earlier reports on C>A mutations being the most common mutation in the tumor
suppressor gene 7P53 in lung tumors [39]. Interestingly, different cancer histologies
of the same tissue can have different mutational signatures. Lung adenocarcinoma
and squamous cell carcinoma have distinct mutation patterns [40]. Mutational
signatures can even differ within histologies. C>A transversions is the predominant
mutation in smokers and the age-related C>T transitions being predominant in non-

smokers [34].

Another frequently observed genetic alteration in cancer is CNV. CNVs are deletions
or amplifications of DNA stretches larger than 1 kb [41, 42]. A recent pan-cancer
analysis of 4934 tumors across 11 cancer types identified that each cancer on average
had 39 CNVs, some of which were whole genome duplications [43]. Among the
amplified genes found across different types of cancer were MDM?2, which targets
TP53 for degradation, and the epidermal growth factor receptor (EGFR) [44].

1.2.2 Epigenetic Alterations

Mutations can change the gene function if it occurs in coding regions, or the gene
expression levels if it takes place in regulatory regions. Variations in the epigenome
may also modify the gene expression in a cancer cell. The genetic and epigenetic
factors can be subject to selection pressure independently as suggested by twin studies
in which identical genotypes acquire different epigenotypes [45]. Combined genetic

and epigenetic alterations are likely to contribute to cancer progression.

Epigenetics is defined as somatically heritable changes in gene expression that are not
a consequence of changes in the DNA sequence. There are three different types of
epigenetic regulation: histone modifications, DNA methylation, and non-coding
RNA. Animal studies indicate that prenatal and early post-natal environmental
factors, including nutritional supplements, xenobiotic chemicals, behavioral cues,
reproductive factors, and low-dose radiation, can result in epigenetic re-programming
and altered susceptibility to disease [46]. Epigenetic changes can be inherited
mitotically in somatic cells, indicating a potential long-term effect of the environment

on the epigenome [47].
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Methylation of cytosine at the 5-position (5-methylcytosine, most often referred to
as DNA-methylation) is typically considered a suppressive mark [48]. DNA-
methylation occurs on cytosine-guanine dinucleotides (CpG). CpG-islands are long
stretches of repetitive CpGs and occur regularly throughout the genome in promoters
and enhancers. DNA methylation of the 5'-CpG islands of genes plays a major role
in gene regulation. Under normal physiological conditions, DNA methylation
modulates genome imprinting, X-chromosome inactivation, and inactivation of

repetitive sequences [49].

In cancer, tumor suppressor genes are often found to have methylated promoters. The
first report on a tumor suppressor gene being inactivated by DNA methylation was
in the RBI gene, an important cell cycle regulator [50]. The researchers found that
while most retinoblastoma patients had mutations in RB1, a subgroup did not but
instead had hypermethylated RB1 promoters. Interestingly, mutations and DNA
hypermethylation were mutually exclusive, indicating that different mechanisms can

lead to the same impaired gene function resulting in similar functional implications

[50].

DNA methylation in cancer cells is thought to occur in a deterministic rather than
random manner, establishing predictable patterns of DNA-methylation [51-53].
DNA methylation patterns can separate non-tumor tissue from NSCLC and can
further divide NSCLC tumors into phenotypically distinct subtypes such as SCC and
ADCA [54, 55]. A high level of DNA methylation is found in a subset of
adenocarcinomas in male smokers and relates to poor prognosis [56]. The patients
with high accumulation of DNA methylation are sensitive to DNA demethylating
agents such as 5-Aza-deoxycytidine and 5-azacytidine. Demethylating agents could

potentially be a treatment option for lung cancer, as it already is for leukemia[56].

MicroRNAs are short, 22 nt long RNA molecules that regulate gene expression post-
transcriptionally. MicroRNAs mark mRNA for degradation or inhibits protein
translation by binding to the 3’ untranslated region (UTR) of mRNA molecules [57-
59]. Several microRNAs have been implicated as important in cancer development.
As for protein coding genes, microRNA genes are classified as tumor suppressors or

oncogenes (often called oncomirs). The expression level of miRNAs is globally down-
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Figure 1: Epigenetic alterations. DNA is wrapped around an octamer of histone proteins.
Histones can be made up of different types of histone variants that serve a specific function in
regulating chromatin structure. The histone tail can be modified with chemical groups including
methylation, acetylation, biotinylation, and phosphorylation. The DNA itself can be modified
by the addition of a methyl group at the 5-position of cytosine in CpG dinucleotides.
MicroRNAs also plays a pivotal role in regulating gene activity by binding to the 3 UTR of
mRNAs which lead to mRNA degradation and inhibition of translation. The figure is modified
from Graff et al., and printed with kind permission from the authors [60].

regulated in tumor cells, associated with the formation of more aggressive tumors.
This global down-regulation may function to repress the expression of miRNAs

functioning as tumor suppressors [61].

The third epigenetic mechanism is histone modifications. Nucleosomes consist of
147 bp of DNA wrapped around an octamer of histone proteins. Four different types
of histone proteins, H2A, H2B, H3, and H4, constitutes the histone complex and is
present in two copies of each type. The histone proteins consist of a core region that
binds the DNA and a protruding peptide sequence called the histone tail. The histone
tail can be modified by the addition of different functional groups such as
methylation, acetylation, phosphorylation, ubiquitination, sumoylation and
biotinylation (Fig. 1). The functional implication of histone tail modification depends
on the chemical group and which amino acid residue of the tail that is modified [62,

63]. For example, methylation of histone H3 at the Lys (K) 4 and Lys 9 residues is
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associated with active and silent genes, respectively [64, 65]. The histone
modifications establish a histone code that can be translated into transcriptional
programs by TFs [62, 66]. The histone code defines functional segments of the
chromatin. For instance are H3K79me2/3, H4K20mel, H3K4me1/2 and H3K9mel
present at promoters; H3K4mel, H2BK120ac, H3K27ac and H2BKS5ac at
enhancers; H3K79me3, H3K79me2, H3K79mel, H3K27mel, H2BK5mel,
H4K20mel and H3K36me3 in gene bodies; and H3K27me3 and H3K9me3 define

heterochromatin [67].

In addition to modifications of the histone tails, chromatin state can be altered by
inclusion of different histone variants (Fig. 1). For example, the histone H2A family
consist of H2A X, H2A.Z, and macroH2A variants. The histone H2A.X variant is
involved in repair of DNA double-strand breaks [68]. Histone H2A.Z enrichment
occurs at active intergenic enhancers and both active and suppressed promoters
depending on the H2A.Z histone tail modifications [68, 69]. Normal mouse lung
express higher levels of H2afz (H2A.Z) than lung tumors, and the presence of
H2A.Z at transcriptional start sites (TSS) inversely correlates with DNA-
methylation levels [70]. The macroH2A histone variant is considered a repressive
mark and is involved in generating chromosome X barr-bodies in females [69, 71].
MacroH2A is often up-regulated in senescent cancer cells and is a potential

biomarker for NSCLC that predicts good prognosis [72].

1.2.3 Drivers and passengers of carcinogenesis

Not all mutations and epigenetic changes that are present in a tumor cell are involved
in establishing a malignant phenotype. Those alterations that contribute to
carcinogenesis are called “drivers”. A cancer driver can be defined as a gene, mutation
or epigenetic modification that gives the cell in which it occurs a selection advantage
over the surrounding cells [73]. The driver mutations drive the cancer cell towards a
malignant state by activating oncogenes and inactivating tumor suppressors. Driver
mutations or epigenetic changes in regulatory regions may alter the gene expression

program and give the cell a growth advantage [74].
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Some mutations do not alter the growth advantage of the cell and are referred to as
“passenger” mutations. Passenger mutations have become particularly evident
through whole genome sequencing, which has revealed that most cancers, including
lung cancer in never-smokers, have a relatively small number of mutations while
cancers induced by carcinogens, such as lung cancer in smokers and melanomas, have
a much higher mutation rate [35]. The lower number of mutations in other cancer
types, such as leukemia and pediatric cancers, indicate that the carcinogen-induced
mutations are not all necessary for cancer development, and most are likely passenger

mutations [73, 75].

1.2.4 Cancer genes

Most mutations found in a cancer cell are passenger mutations and do not contribute
to the cells selective advantage. The number of mutations needed for cell
transformation is disputed, but findings suggest that the development of lung cancer
requires very few mutations [76]. Only three genes are mutated in more than 10% of
patients across the range of tumor types: 7P53, PIK3CA, and BRAF [75]. BRAF is
significantly mutated in ADCA but not in SCC. 7TP53 and PIK3CA are together
with RBI1, ARID14, CDKN24, and NF1 the only six genes frequently mutated in
both ADCA and SCC [38]. Approximately one-third of all tumors across most
cancers contain a mutated 7P53 [77]. In lung cancer, 46% of all adenocarcinoma
patients and 81% of all squamous cell carcinomas have 7P53 mutations [78, 79].
TP53 is an essential protein in cell cycle regulation, senescence, apoptosis and
maintenance of genome integrity and is considered a “Guardian of the Genome” [80].
When mutations disrupt 7P53 function, the cell will gain the ability to surpass cell
cycle checkpoints and avoid senescence and apoptosis, thus acquiring a growth

advantage.

Whole exome sequencing has revealed that there are mutational differences between
the different lung cancer histologies and between smokers and non-smokers. For
instance, in never smokers, EGFR mutation, and ROSI and ALK (anaplastic
lymphoma kinase) fusions are observed, while in smokers, the predominant
alterations include mutations in KRAS, TP53, BRAF, JAK2 and JAK3 [34]. KRAS

and EGFR are frequently mutated in adenocarcinomas, but mutations in these genes
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are rare in squamous cell carcinoma [78, 79, 81, 82]. The RTK/RAS/RAF signaling
pathway, a downstream target of EGFR, is activated by mutations in 76% of all lung
adenocarcinomas [79]. Activation of this oncogenic pathway leads to the continuous
production of signals promoting cell proliferation and survival. Interestingly,
mutations in 7P53 and KRAS tends to be mutually exclusive, suggesting that
disruption of these genes leads to similar functional consequences [34]. Some cases

of adenocarcinoma have no apparent oncogenic activation [79].

Several tyrosine kinase inhibitors (TKI) targeting two different proteins, EGFR and
ALK, have been approved for treating NSCLC. 4LK is translocated in 1-7% of all
NSCLCs and is often fused to echinoderm microtubule associated protein like 4
(EML4) [83, 84]. Approximately 10-20% of North-American and European lung
cancer patients and up to 60% of Asian patients have activating mutations in EGFR
[81, 85]. Unfortunately, the development of resistance to EGFR-TKI is widespread
and is associated with tumor progression [86]. Resistance to EGFR-TKI may evolve
by an acquisition of SNVs (T790M, found in 50-65% of EGFR-mutant resistance
cases) prior to or after TKI treatment [85, 87]. Notwithstanding the resistance, TKI
is a first line treatment option that increases the median overall survival compared to

conventional chemotherapy, from 23.6 to 30.5 months, respectively [88].

Squamous cell carcinoma genomes comprise a high rate of CNVs compared to other
cancer types [78]. Lung SCC and ADCA have many of the same genetic and
epigenetic alterations, but there are also some differences. For instance, chromosome
3q, containing SOX2, is frequently amplified in squamous cell carcinoma but not in
adenocarcinoma [78, 89]. One of the functions of SOX2 in the non-cancerous cell is
in the differentiation of squamous cells, and other genes involved in squamous
differentiation (7P63 and NOTCHI) are also frequently altered in SCC [78, 89].
The gene coding for the catalytic subunit of telomerase 7ERT has been found to be
amplified across different types of cancers, including lung cancer [44, 90]. The two
cyclin-dependent kinase (CDK) genes, CDK4 and CDK6, have been shown to be
amplified in lung cancer. Inhibitors of these CDKs, CDKN2A4/ CDKN2B, have been
found to be deleted in 3% of lung adenocarcinomas, indicating disrupted cell cycle

regulation as an important mechanism in carcinogenesis [90]. The RB1 gene, which
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as previously mentioned is frequently mutated or methylated in lung cancer, has also

been shown to be deleted in lung cancer [90].

A few miRNAs are up-regulated in tumor cells, functioning as oncomirs. For
example, breast cancer cells have increased expression of the miR-103/107 family
(MIR103A1, MIR103A42, MIR103B1, MIR103B1, MIR107) [91]. These two
microRNAs target and down-regulate Dicer, a protein involved in microRNA
maturation. Silencing of MIR-103/107 inhibits metastasis, suggesting that a global
suppression of microRNA maturation is necessary for the tumor cells to gain
metastatic potential [91]. Down-regulation of Dicer predicts poor prognosis in lung
cancer [92]. The microRNA miR-21 (MIR21) is amplified in ADCAs and is related
to poor survival and metastasis of lung cancer [38, 93, 94], breast cancer [95], prostate
cancer [96], colorectal cancer [97], and melanoma [98]. Serum from smokers contains
higher levels of miR-21 than serum from non-smokers. Moreover, serum from heavy
smokers contains higher levels of miR-21 than serum from light smokers [99].
Human bronchial epithelial cells transformed by exposure to cigarette smoke extract
in vitro expressed higher levels of miR-21 than non-transformed cells and excreted
more miR-21 to the cell culture medium [99]. Transformed HBE cells also showed
lower levels of the epithelial microRNA miR-200c (MIR200C) [100].

1.2.5 Carcinogen Metabolism

As mentioned in section 1.1.2, two significant contributors to lung carcinogenesis are
the PAH and the tobacco-specific NNKs, leading to mutations through adduct
formation [101]. PAHs are pro-carcinogens formed during incomplete combustion
of organic material and NNKs are produced naturally in tobacco leaves. Both NNKs

and PAHs are pro-carcinogens that are activated by CYPs to their mutagenic
metabolite [101-103].

In phase I metabolism, PAHs are metabolized primarily by CYP1A1 and CYP1B1
but also other enzymes including epoxide hydrolases (EH) and aldo-keto reductases
(AKR) (Fig. 2) [104]. B[a]P is metabolized into B[a]P-epoxides, -diols and
diolepoxides in a multistep pathway [105]. B[4]P in itself is not able to induce DNA
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Figure 2: Benzo[a]pyrene metabolism. Benzo[a]pyrene is metabolized by CYP enzymes to
B[a]P-epoxides. The epoxides are further converted to phenols by an NIH-shift, or to
dihydrodiols by epoxide hydrolase (EH). The CYP enzymes again convert the dihydrodiols and
phenols to diolepoxides and phenolepoxides, respectively, which can create bulky DNA-
adducts. Phase IT metabolizing enzymes conjugates the B[a]P metabolites with glutathione and
glucuronic acid. GST, glutathione-S-transferase; UGT, UDP-glucuronosyltransferase; AKR,
aldo-keto reductase.

damage, but the carcinogenic metabolite BPDE can form bulky DNA adducts by
binding DNA at the N2 position of deoxyguanosine (BPDE-N2-dG, Fig. 2). [106].

B[a]P and other PAHs are lipophilic compounds that can cross the cell membrane
through passive diffusion. In the cytosol, B[4]P binds to the ligand-activated aryl
hydrocarbon receptor (AHR), which then relocates to the nucleus where it dimerizes

with ARNT. The heterodimer can recognize xenobiotic response elements (XRE) in
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the DNA and induce gene expression of targeted genes including CYP141 and
CYP1B1 (107, 108]. In addition to the metabolism of exogenous compounds such as
Bla]P, the CYP enzymes are involved in the metabolism of endogenous steroids

including 17-B-estradiol (E2) [101, 109].

Growing evidence support a role of steroid receptors in lung cancer development.
Steroid receptor may establish sex differences in molecular mechanisms such as
carcinogen metabolism. Both lung tissue and lung cell lines from women have higher
expression levels of CYP1A4I than male lung tissue and lung cells [110, 111]. This
increase in CYP1A1 gene expression was associated with increased adduct formation
in women [112]. Interestingly, there is evidence of estrogen receptor alpha being
important in CYPIBI regulation through direct binding to estrogen responsive
elements (ERE) in the CYPIBI enhancer in breast cancer cells [113]. However,
studies have not found any gender differences in expression of CYPIB7 [111, 112].

A cross-talk between metabolism of xenobiotics and steroids have been
demonstrated. CYP1A1 and CYP1B1 hydroxylate E2 at the 2- and 4-position,
respectively, creating 2-OH-E2 and 4-OH-E2. The 4-OH-E2 metabolite is
genotoxic and able to create DNA-adducts [114]. The catechol-O-methyl transferase
(COMT) further detoxifies these hydroxyl-metabolites to 2-methoxy-E2 (2-MeO-
E2) and 4-methoxy-E2 (4-MeO-E2) [109, 115]. Co-exposure of B[4]P and E2 has
previously been shown to increase the levels of the hydroxyl metabolites while co-
exposure of E2 with 2,3,7,8-Tetrachlorodibenzo-p-dioxin (dioxin, TCDD) leads to

increased levels of the estradiol methoxides [116-118].

1.2.6 Lung cancer susceptibility

The risk of developing lung cancer varies among individuals. An individual’s
susceptibility to developing cancer is affected by the genetic composition. If cancer
occurs as an accumulation of somatic mutations, any pre-existing germ-line mutation
that can drive cancer progression can increase an individual’s susceptibility. Single
nucleotide polymorphisms (SNPs) are mutations that are present in more than 1% of
the population. SNPs in any cellular process associated with the cancer hallmarks

increase the possibility to develop cancer. A pre-existing mutation may not confer
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any cancer risk in itself, but reduces the number of additional mutations required for
malignant transformation. An individual’s ability to metabolize and detoxify
carcinogens affects the susceptibility towards lung cancer and other cancer types
associated with carcinogen exposure. Hence, individual lung cancer susceptibility is a
product of genetic and epigenetic predisposition, the innate capacity to detoxify
xenobiotics, capacity for metabolic activation of PAHs and other pro-carcinogens,

and DNA adduct formation and efficiency of DNA repair systems.

Persons from families with a history of lung cancer have an increased risk of
developing lung cancer, and the disease can occur at a younger age in these families
than in the general population [119, 120]. The link between family history and risk
of lung cancer imply the presence of a genetic factor in disease susceptibility. A risk
factor for developing lung cancer is an addiction to nicotine [121]. The genes
CHRNA2, CHRNAS, and CHRNB4 is situated in the 15925 chromosome region.
Two SNPs in this region, rs1051730 and rs8034191, are associated with increased
susceptibility to lung cancer [122, 123]. These three genes encode nicotinic
acetylcholine receptors (nAChRs) that confer nicotine sensitivity. SNPs in nAChRs
might alter receptor functions and increase addiction to tobacco. Increased nicotine
addiction can result in increased exposure to tobacco carcinogens. The SNP
12736100 at 5p15 is associated with increased expression of 7ERT and increased
lung cancer susceptibility [124-126]. SNPs can also associate with resistance to
treatment. The T790M mutation in EGFR is associated with TKI drug—resistance
and is found in patients with familial history of NSCLC [127].

Homozygous gene deletion (null genotype) of the phase II metabolizing enzyme
glutathione S-transferase M1 (GSTM1I) is thought to infer an increased risk of
developing lung cancer and chronic obstructive pulmonary disease (COPD) [128-
130]. The GSTM1 null genotype leads to decreased ability to detoxify PAHs, and
patients with this genotype have increased levels PAH-derived DNA-adducts [131].
Another SNP found to be associated with an increased risk of developing lung cancer
is the I157T variant of CHEK?2, a key cell-cycle control gene that activates cell cycle
checkpoints in response to DNA damage. CHEK?2 plays a main part in maintaining

genetic integrity [128]. The I157T variant is present at a relatively high frequency in
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populations from northern and central Europe (5-7%). Dysfunctional CHEK?2 is
thought to hinder the capacity of cells with damaged DNA to undergo cell-cycle

arrest and DNA repair at defined checkpoints of cells containing heavily damaged
DNA.

There is an increasing acknowledgment that the biology of the sexes is different also
when it comes to the risk of cancer development. Over the past few years, there has
been an increased focus on uncovering sexual differences in disease development.
Studies have indicated that both women who smoke and female never-smokers are at
higher risk of developing the disease than smoking and never-smoking men,
respectively. The data are, however, conflicting, and recent studies have shown that
men and women have a similar risk of developing lung cancer [6, 12, 132-134]. There
may not be a sexual dimorphism in lung cancer susceptibility, but a sex difference in
lung cancer biology possibly play a role in lung cancer development, diagnosis, and

treatment selection.

Both lung tumors and normal human lung have been shown to express the estrogen
receptors ERa (ESRI) and ERP (ESR2) [135-138]. ERs seem to play a biological
role in lung and is associated with induced proliferation, induced migration, activated
transcription and estrogen-stimulated secretion of growth factors [136] [138, 139].
ESR1 is significantly higher expressed in malignant lung epithelial cells compared to
non-malignant cells [140]. The expression levels of ESR2 is often up-regulated in
tumor tissue compared to normal tissue from the same patient, and expression of
ESR2 in metastatic lung cancer is associated with poor prognosis in both male and
temale patients [141, 142]. Female ADCAs are enriched in EGFR mutations, while
male ADCAs are enriched with mutations in the tumor suppressor SMARCA4 [38,
79].

1.3 Epithelial to mesenchymal transition

Epithelial to mesenchymal transition (EMT) is a cellular reprogramming of the
epithelial cell that may be important in cell invasion, metastasis and resistance to
different types of treatment in lung cancers. Epithelial cells are held together by

various kinds of junctions, forming a tightly connected sheet that lines the exterior
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and interior surfaces of the body. Epithelial cells are anchored to a base membrane
(basal lamina) by integrins and other transmembrane proteins. Cell-cell anchoring
junctions are formed by transmembrane proteins of the cadherin superfamily.
Extracellularly, cadherins bind each other in a homophilic manner, while they in
cytosol bind actin and intermediate filaments through beta-catenin and other
catenins and anchor proteins. The cell-cell junctions provide the cells with
mechanical strength, actin-based motility and cell-cell signaling [143]. Carcinomas
originate in the epithelial tissue and are the most common cancer types. Loss of cell
polarity, loss of anchorage-dependent growth and loss of cell-cell junctions

characterizes carcinomas [144].

1.3.1 Transcriptional reprogramming during EMT

Epithelial cells possess some level of plasticity and can disassemble and migrate away
from the epithelium. EMT normally occurs during development and tissue repair.
Branching morphogenesis of the lung requires explicit signaling from both epithelial
and mesenchymal compartments to regulate cell proliferation, migration, and
subsequent lung-specific gene expression [145]. During EMT, the epithelial cells lose
their cell-cell junctions and apical-basal polarity and gain an elongated, fibroblast-
like morphology. One of the main event during EMT is a loss of the epithelial E-
cadherin (CDHI) and gain of the mesenchymal N-cadherin (CDH?2), an event called
the cadherin switch. The mesenchymal cells have an increased ability to migrate and
invade [146]. One important feature of EMT is its transient nature and the possibility
of mesenchymal cells to revert to epithelial cells through mesenchymal-to-epithelial
transition (MET). During development, several rounds of EMT/MET occurs to give

rise to the different organs [147].

Regulation of EMT is complex and multilayered and involves several different
transcription factors, DNA-methylation, histone modifications, microRNAs and
post-translational modifications (Fig. 3) [148, 149]. Much research on EMT has
focused on the EMT master transcription factors. The two zinc finger transcription
tamilies Snail (SNAI1, SNAI2) and ZEB (ZEBI1, ZEB2), and the basic helix-loop-
helix family member TWIST are transcriptionally activated early during EMT [143].
All of these genes can bind E-boxes in the DNA and act as both repressors and
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Figure 3: Epithelial to mesenchymal transition. Epithelial cells are polar cells that form a rigid
tissue layer interconnecting through junctions (Tight Junction, Adherence Junctions,
Desmosomes). During EMT epithelial cells lose expression of epithelial genes such as E-cadherin
(CDH1). A range of transcription factors including the SNAT and ZEB families are involved in
activating EMT. EMT also involves epigenetic reprogramming of the histone code, altered DNA
methylation and loss of expression of epithelial-specific microRNAs. The transition from
epithelial to mesenchymal state occurs over a gradient, and there may be several metastable states
where the cells possess partially mesenchymal and epithelial traits. Mesenchymal cells do not have
any junctions, are more motile, and can invade surrounding tissues. Figure modified from Nieto
etal. 2016 [148]. Printed with permission from Elsevier.

activators of gene transcription [143]. TWIST actively induces transcription of
CDH?2 by binding to an E-box element in the first intron of CDH2, making it an

essential transcription factor (TF) in establishing the cadherin switch [150].

During EMT, the gene expression landscape is modulated through an epigenetic
reprogramming of the histone landscape with a global reduction in the
heterochromatin mark H3K9Me2 and an increase in the euchromatin mark
H3K4Me3 and the transcription mark H3K36Me3 [151]. The EMT driver SNAI1
recruit chromatin modifiers including SIN3A, HDAC1, HDAC2, LSD-1, PRC2,
and the G9a and Suv39H1 histone methyltransferases. SNAI1 binds transiently to
its target promoters, triggering both transient and long-lasting chromatin changes
[148, 152]. ZEB1 represses its target genes by recruiting the LSD1-containing co-
repressor complex, as well as HDAC1 and HDAC2 [148, 153, 154]). Although
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alterations in CDH1 expression can occur through multiple mechanisms, including
loss of heterozygosity and mutational inactivation, CDHI is frequently silenced
through DNA-methylation of its promoter which has been observed in several types
of cancer. Hypermethylation of the CDH1 promoter is a potential prognostic factor
for NSCLC [55, 155, 156].

Several microRNAs have also been implicated in EMT, some of them directly
regulated by TP53. In the absence of wild-type TP53 function, SNAI1-dependent
EMT is activated in the colon, breast and lung carcinoma cells as a consequence of a
decrease in miR-34 (MIR34) levels. miR-34 suppresses SNAI1 activity by binding
to highly conserved 3’'UTR in SNAI7 mRNA [157]. The two microRNAs miR-21
and miR-31 enhances motility and invasiveness of colon carcinoma cell lines in TGF-
b induced EMT [158]. Members of the microRNA miR-200 family (MIR141,
MIR200A4, MIR200B, MIR200C and MIR429) are important in maintaining an
epithelial phenotype [159]. For example, miR-200c regulates EMT by repressing
ZEBI and ZEB2, thus ensuring normal expression of CDHZ [160]. The miR-200
family is directly activated by TP53, which serves as a guardian of the genome and
guardian of the epithelial phenotype [148, 160]. TP53 transactivates miR-200c
through direct binding to the miR-200c promoter. Loss of TP53 in mammary
epithelial cells leads to decreased expression of miR-200c and activates the EMT

program [160].

1.3.2 EMT in lung cancer

Tumor cells are not purely “epithelial” or “mesenchymal”, but transition through a
spectrum of intermediate phases, and cells carrying characteristics of both epithelial
and mesenchymal phenotype has been observed (Fig. 3) [149]. These intermediate
states are referred to as “metastable” and cells in these states can induce or reverse the
EMT process [161]. In a metastable state, the cell can have lost E-cadherin without
induction of N-cadherin. Cells that are in different metastable states might have
different phenotypes, such as distinct migration and invasion abilities due to
differences in adhesion behavior [148]. EMT cells can also reach an epigenetically

fixed state that is reversible only through chromatin remodeling [161].
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EMT is readily observed in vifro after lung cancer cells are treated with the EMT-
inducing TGF-B, and most research on EMT has been done on cell lines [162].
Whether EMT occurs in cancer iz vivo has been controversial, but EMT has been
reported in the invading front of colorectal tumors [163, 164]. In NSCLC, DNA-
methylation patterns separate tumors and cancer cell lines into epithelial-like and
mesenchymal-like, suggesting that cells with different degrees of EMT could be
present in tumors 7z vivo [55]. Due to its role in enabling cells to migrate and invade,
EMT has been suggested as an important mechanism during metastasis. Recent
studies suggest that EMT may be important in initiating invasion and intravasation,
but may be dispensable for establishing the metastatic tumor at secondary sites [165-
167]. In mouse models, motile tumor cells had undergone EMT while the epithelial
tumor cells that expressed high levels of E-cadherin were not migratory.

Mesenchymal cells that arrived at the secondary site adapted an epithelial state
(MET) after a few cell divisions [167].

An interesting question is whether EMT occurs as a consequence of random
alterations during carcinogenesis, or if cellular signaling deliberately activates it.
Intriguingly, the AHR has been found to regulate more than just transcriptional
activation of xenobiotic metabolizing genes. AHR is found to govern a vast range of
cellular functions including cell cycle progression, cell adhesion, cell morphology, and
cell migration [168-170]. AHR directly binds to an XRE in the SNAI2 gene and
induces its transcription. Knock-down of AHR in HaCaT human keratinocyte cells
resulted in silencing of SNAI2 transcription which inhibited EMT in keratinocytes
and palate cell lines [171]. Another study found opposite effect of Ahr on Snai2 in
mouse keratinocytes [172]. Ahr repressed Snai2 expression and inhibited EMT.
Even if the findings in human and mice cell lines differ they indicate a possible cross-
talk between PAH exposure and EMT, and this could play an important role in lung

carcinogenesis.

When selecting treatment options for lung cancer patients, research suggests that
EMT status of the tumor should be taken into account. As previously mentioned,
EGFR TKIs have become important in treating lung cancer patients with EGFR

mutations, but patients often acquire resistance to these inhibitors. Cancer cell lines
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undergoing EMT have intrinsic resistance to EGFR TKIs, and EMT has been
negatively associated with EGFR TKI sensitivity in NSCLC [173]. ZEB1 is
upregulated in NSCLC cell lines with resistance to EGFR tyrosine kinase inhibitors
while miR-200c expression was markedly reduced in NSCLC cell lines [174]. In
mammary cells iz vivo, overexpression of miR-200c, which targets ZEB1, increased
the susceptibility for chemotherapy, showing that blocking EMT may be an approach

for treating chemoresistant cancers [165].

An exciting new treatment option for lung cancers is immunotherapy. This type of
therapy is, however, also troubled by the development of treatment-resistant cells.
Resistance is often conferred by the tumor cells expression of the PD-L1 (CD274)
surface protein which signals “self” to the PD-1 (PDCDI) receptor on the T-cells.
miR-200 is found to repress PD-L1 in NSCLC. When ZEB1 represses miR-200
during EMT, PD-L1 protein is generated at a higher level, thus providing the tumor

cell with a mechanism for evading immune destruction [175].

1.4 Forkhead Box Transcription Factors

Increasing evidence supports a role of steroid receptors and steroid signaling pathways
in lung cancer. Steroid receptors act as ligand-activated transcription factors that are

stimulated by steroid hormones.

1.4.1 Pioneer transcription factors

Transcription factors regulate gene activity by binding to regulatory elements
throughout the genome. These proteins can roughly be divided into three main
groups; lineage- determining transcription factors (LDTFs), collaborating
transcription factors (CTFs), and signal-dependent transcription factors (SDTFs).
Common for all these groups of TFs are their ability to recognize short DNA
sequences, called transcription factor binding sites (TFBSs), and initiate transcription
upon binding. LDTFs poises enhancers for binding of other TFs by opening up the
chromatin structure. The forkhead box A (FOXA) family belongs to a group of TFs
called pioneer factors due to their ability to bind TFBS that resides in condensed,
inactive chromatin [176, 177]. Binding of FOXA factors initiates chromatin

restructuring resulting in the availability of TFBSs of other transcription factors,
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Figure 4: FOXA1 binding to chromatin. FOXA1 can identify and bind TFBSs in condensed
chromatin. FOXA1 binding occurs in a sequence specific and lineage-dependent way predefined
by the histone code. FOXA1 binding enables binding of signal-dependent transcription factors,
such as ER or AR. TFBS binding activates transcription through long-range chromatin
interactions. The figure is adapted from Lupien et al., 2008 [66]. Printed with permission from
Elsevier.

including estrogen receptors and androgen receptor (AR) [178, 179]. In liver,
FOXA1 and FOXA2 binding occur mainly in enhancers distal to gene transcription
start sites (T'SS) [180].

FOXAs contain a winged helix domain, a structure also found in linker histones H1
and H5 [181, 182]. In contrast to most transcription factors, which are not able to

bind condensed chromatin, the winged-helix domain makes FOXAs able to
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recognize and bind partially available binding motifs on nucleosome cores [176]. The
C-terminal domain of FOXAs recognizes nucleosome core structures by binding
histone H3 and H4 complexes [177]. The winged-helix and the C-terminal domains
cooperate in the binding of nucleosome DNA. FOXAs displace linker histone H1
on the nucleosome core particle. The displacement leads to the release of compacted
linker DNA from the nucleosome and decompaction of chromatin [176]. FOXA1
binds to its TFBS in a lineage-specific way, guided by H3K4me1/2 [66]. FOXA1 is,
however, unable to bind forkhead motifs marked with H3K9me2 (Fig. 4). Thus the
cell type-specific epigenetic landscape dictates active and repressed FOXA binding

sites.

The open chromatin configuration in FOXA occupied enhancers makes it possible
for other transcription factors to bind their respective binding sites. In the prostate,
FOXA1 and FOXA2 are essential in the binding of the androgen receptor (AR) to
its response element [183, 184]. In mammary cells, FOXA1 is essential for binding
of ERal to DNA and is thus necessary for estrogen-mediated gene regulation [185].
FOXA1 and ERa are involved in long-range gene regulation and chromatin looping

of distal regulatory sites (enhancers) to gene proximal sites (promoters) [179, 186].

1.4.2 FOXAs in lung cancer

There are three known FOXA factors, FOXA1, FOXA2, and FOXA3. The lung
only expresses FOXAI and FOXA2 while the liver, stomach, and pancreas expresses
FOXA3 [187]. FOXAI and FOXA?2 are critical for normal branching of the lung
during morphogenesis and is also expressed in adult lung tissue [145, 188]. Previous
studies have suggested a possible increase of FOXAT in lung adenocarcinoma [189],
lung squamous cell carcinoma [190], pancreatic cancer [191], prostate cancer [192]
and thyroid cancer [193]. These findings indicate that FOXAI may be oncogenic in
these cancer types. Contradictory to this, FOXAI may act as a tumor suppressor in
the breast and expression of FOXA1 is associated with good prognosis in breast cancer
[194, 195]. FOXA2, on the other hand, may be suppressed in lung cancer cell lines
[196, 197] and gastric cancer [198], and is involved in suppressing metastasis in lung

adenocarcinomas [199]. In breast cancer, expression of FOXA?2 is associated with

poor prognosis [200]. The function of FOXA1 and FOXA2 thus appear to be tissue
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dependent. FOXAI is potentially overexpressed due to gene amplification in
esophageal and lung ADCA, while FOXA2 is found to be down-regulated by DNA

methylation in lung cancer cell lines [189, 197].

FOXA1 and FOXA2 share homologous protein sequence and a degree of
overlapping function has been found [145]. In liver, FOXA1 and FOXA2 have been
tfound to have many overlapping binding sites, but the two transcription factors also
bind and activate different sets of genes. FOXA1 binding sites are enriched for TP53
binding, where FOXA1 and TP53 seem to have opposite effect on transcription of
the target gene [201, 202]. FOXA1 is involved in regulating expression of genes
involved in cell cycle regulation, while FOXA?2 binding occurs in genes involved in

steroid and lipid metabolism [201].

In lung cells FOXA2 regulate the xenobiotic metabolizing genes CYP2413 and
ABCBI through directly binding to enhancer elements in these genes, suggesting a
role for FOXA in regulating the cell's response to environmental chemicals [203].
FOXA2, together with Nkx2-1, which is significantly amplified in ADCAs, and
Cdx2 has previously been reported to cooperate in inhibition of a metastatic program

in lung adenocarcinoma [38].

1.4.3 FOXAsin EMT

FOXA1 and FOXA2 are considered to play an essential role in maintaining the
epithelial phenotype, and loss of FOXAI and FOXA2 expression has been reported
during EMT in some tissues, including lung [161, 204]. FOXA binds forkhead
binding sites ~800 bp upstream of the CDH1 transcription start site, and this binding
coincides with transcriptional activation of CDHZI [205]. Interestingly, increased
expression of FOXA has been reported to reduce the migratory capacity of tumor
cells regardless of CDHI expression status [205]. This uncoupling suggests that
FOXAs are involved in regulating EMT not only by inducing CDH1 but possibly
also by regulating other genes. Down-regulation of FOXA2 is observed in cells
entering EMT [196, 206]. Both FOXA1 and FOXA2 has been found to repress
expression of SNAI2 directly by binding its promoter [196, 207]. FOXA1 recruits
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HDAC2 to the SNAI2 promoter, resulting in deacetylation of histone H3K9,
initiating the repressive mark H3K9me3 [207].

In breast cancer, exposure to the endocrine disruptor bisphenol A (BPA) results in
downregulation of FOXAI which in turn leads to EMT [208]. FOXA2, although
associated with poor prognosis in breast cancer, has been found to prevent EMT in
breast cancer cells were FOXA2 and epithelial phenotype strongly correlated [206].
Zhang and colleagues found that FOXA?2 directly stimulated the promoter of CDH1
and repressed the expression of EMT-related transcription factor ZEB2 by recruiting
the repressor TLE3 to the ZEB2 promoter. In addition to maintaining the epithelial
phenotype, the overexpression of FOXA2 abolished metastasis of breast cancer in
vivo [206]. Similar findings of FOXA2 maintaining an epithelial phenotype has been
done in lung cancer cell lines. High expression levels of FOXA2 were associated with
elevated levels of CDHI and low levels of vimentin (VIM), whereas low expression of
FOXA?2 is linked to low levels of CDHI and high VIM levels. FOXA2 knockdown
induces EMT and promotes invasion in lung cancer cells. FOXA2 binds to the

promoter of SNAI2 suppress its transcription [196].

FOXA1 and FOXA2 are important regulators of steroid signaling and are also
involved in regulating the transcriptional reprogramming of EMT, establishing a
possible link between ER activity and EMT. Moreover, EMT is often observed
during cell transformation in witro, as well as in treatment resistance [165, 166].
Considering the close connection between FOXA1 and FOXA2 and EMT, it is thus
plausible that abnormal expression of these two transcription factors is important in

cancer pI'OgI'CSSiOI’l.

1.5 Lung cell transformation in vitro

Cellular transformation is a stepwise process, and several genetic, and epigenetic
changes in oncogenes and tumor suppressor genes are required for malignant
transformation to occur. For decades, cancer research has used iz vifro experimental

models to study the biology of cancer and carcinogenesis.

Human primary cells have limited ability to proliferate in vitro. After a few population

doublings, they will enter replicative senescence, or they enter cellular crisis with
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slowed cellular growth and apoptosis [209, 210]. Tumor cells, on the other hand, are
capable of escaping senescence and cellular crisis and can be cultured as cell lines for
extended periods of time. The most cited lung epithelial cell line, A549, is derived
from bronchial alveolar carcinoma [211]. Despite its origin in malignant tissue, it has
been widely used to study lung biology. A concern regarding tumor cell lines is that
their biology is altered from that of normal cells and that they contain many

undefined molecular changes [212].

Efforts have been made to establish cell lines that are not derived from tumors. In the
literature, immortalized cells are often distinguished from transformed -cells.
Immortalized cells have the ability to divide indefinitely while they do not grow in
soft-agar or in xenografts in immunodeficient (nude) mice. Transformed cells are
immortal but also, they have the ability to grow in soft-agar and/or as tumors
xenografts in nude mice. Immortalization of cells by infection with SV40 virus has
been a common approach [213, 214]. Infected cells are capable of avoiding
senescence, but most cells enter crisis after a few rounds of subculturing. A few clones,
however, can be resistant to the crisis and will continue to grow and can be cultured
more or less indefinitely. SV40 make cells able to surpass the senescence threshold by
binding TP53 and RB proteins. Inhibition of TP53 substantially extends the lifespan
of several cell types in vitro [215]. TP53 induces transcription of the CDK inhibitor
p21CIP1, which inhibits cell cycle progression. Thus activation of TP53 initiates

senescence in cultured cells [216].

Lundberg and colleagues reported in 2002 the generation of an immortalized human
airway epithelial cell line by making the cells express both the large T oncoprotein of
the SV40 (LT) virus and TERT'[217]. These cells were able to avoid both senescence
and crisis, showing that the shortening of telomeres is important during the crisis and
that this is avoided by maintaining the telomeres through 7ERT expression. The
concern of using viral oncogenes for the immortalization of cells it that there might

be unknown, uncontrollable effects that contribute to the transformation process.

Other approaches in immortalization of bronchial epithelial cells without viral
oncoprotein is for instance by overexpressing 7ERT, CDK+4 and a dominant negative

torm of TP53 [218]. The expression of CDK+4 avoids a p16INK4a —mediated stress
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response that occurs in cultured epithelial cells in defined medium. The
nonfunctional form of TP53 mimics the effect of the SV40 oncoprotein. Another
group reported the immortalization of human bronchial epithelial cells (HBEC:s)
using vectors expressing CDK+4 and TERT without creating a non-functional TP53
[219]. None of the cells immortalized in this manner generates colonies in soft-agar
or tumors in nude mice. They retain an intact TP53 signaling pathway and the gene
expression patterns of immortalized HBEC:s clusters with normal non-immortalized
bronchial epithelial cells and not with lung tumors [219]. This makes HBECs well
suited for studying molecular pathways in normal lung cells. Cells that are
immortalized can further be transformed to soft-agar growing cells. This can be
achieved by making the cells express medium levels of the oncogenes KRAS and MYC
[218]. Human small airway epithelial cells immortalized by 7ERT, CDK4 and a
double negative form of TP53 were able to form colonies in soft agar and tumors in

nude mice only if they also expressed both KRAS and MYC [218].

Malignant transformation of lung cells has been shown in vifro for different types of
carcinogenic compounds including BPDE, B[4]P, hexavalent chromium, MNU and
cigarette smoke condensate (CSC) [220-222]. Transformation of immortalized
human bronchial epithelial cells by BPDE or MNU exposure resulted in increased
protein levels of DNA-methyl transferase 1 (DNM7T17) [220]. The increased
DNMT1 levels led to hypermethylation and suppressed gene expression of CDHI
and FOXA2 [220]. Exposure of bronchial epithelial cells to B[2]P has been associated
with transformation involving a higher expression of 7P53 in transformed versus

non-transformed cells [221].

The first study showing that epithelial cells suspended in a collagen gel obtained a
mesenchymal-like phenotype was published in 1982 [223]. Since then, several studies
have shown that cell transformation in vifro, involves EMT. Nicotine is usually not
considered a carcinogen but is a considerable risk factor in lung cancer due to its
addictiveness. In cancer cell lines, nicotine has been shown to induce EMT, evident
by reduction of CDH1 and induction of VIM and fibronectin (#NI1) [224]. The
nicotine-treated cells had disrupted cell-cell contacts and increased invasiveness

mediated by nAChRs, according to the EMT phenotype. Their findings show that
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nicotine could aid the transformation of lung cells and induce invasive and migratory
phenotype. EMT has also been observed in lung cells after exposure to other
environmental carcinogens, such as ultrafine particulate matter [225], multi-walled
carbon nanotubes [226], or as a spontaneous event without carcinogenic exposure in
prostate cell lines [227]. Human bronchial epithelial cells exposed to CSC had
repressed expression of miR-200c which leads to EMT and cell transformation [100].
Similarities between the different approaches to cell transformation in vitro is the
observation that transformed cells often have increased motility, gain the ability to
grow in soft agar or nude mice xenografts, loss of expression of CDH1, and increased
expression of CDH2 and VIM [227, 228]. Together, these studies indicate that EM'T

may be a major mechanism during cell transformation.
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2 AIMS OF STUDY

The main goal was to explore the role of FOXA1 and FOXA2 in lung carcinogenesis
with focus on cell transformation, EMT, carcinogen metabolism, and clinical

implications in vivo. Specifically, the goals were to:

. Investigate the role of FOXA1, FOXA2, and EMT during carcinogen-
induced lung cell transformation.

. Investigate the expression and gene regulation of FOXA1 and FOXA2
in lung cancer patients and identify possible clinical implications.

. Characterize the role of FOXA1 in the regulation of CYP1A1 and

CYP1B1 and the implications on carcinogen metabolism.
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3 SUMMARY OF PAPERS

Paper I: Epithelial-mesenchymal transition and FOXA genes during tobacco smoke

carcinogen-induced transformation of human bronchial epithelial cells.

An in vitro cell transformation study was performed on two different immortalized
human bronchial epithelial cell lines (HBEC2, HBEC12). Cells were exposed to
Bla]P, cigarette smoke condensate (CSC) or methylnitrosourea (MNU) for 12
weeks. Cells that were able to grow in soft-agar after carcinogen exposure was defined
as transformed. Gene expression was analyzed by RT-qPCR and protein levels were
analyzed by immunofluorescent microscopy. Cell migration was analyzed by a wound
healing assay and invasiveness was analyzed by a Matrigel wound healing assay.
Time-lapse images were acquired every hour for 48 and 72 hours for migration and
invasion, respectively. Chromatin immunoprecipitation (ChIP) was used for
identification of histone variants in regulatory regions of FOXAI and FOXA2. For
HBEC2, exposure to CSC leads to the formation of a subpopulation of cells that
were able to grow anchorage-independent in soft-agar. For HBEC12, exposure to
Bla]P, CSC, and MNU all lead to colony formation in soft-agar. Cell colonies were
isolated and cultured in monolayer. These transformed cells displayed altered,
elongated morphology, increased invasiveness and gene expression patterns evident
of EMT. Specifically, CDH1 (E-cadherin) was down-regulated in all transformed
cells. CDH2 (N-cadherin) was up-regulated in both HBEC2 and one of the
HBEC12 transformed cell lines. The EMT-markers SNAI1, ZEBI, VIM, and
MMP2 were up-regulated, and SNAI2 was down-regulated in HBEC2 transformed
cell lines. The expression levels of these EMT markers were more inconsistent in the
HBEC12 transformed cell lines. Apart from upregulation of ZEBI in B[a]P and
MNU transformed cells and reduced expression of SNAI2 in all but one of the B[a]P
transformed cell lines, the gene expression of the EM'T markers was unchanged from
the non-transformed HBEC12. The switch in cadherin expression from CDHI to
CDH?2 appeared in HBEC2 prior to full transformation and was observed after six
weeks of exposure. The expression of the two transcription factors FOXAI and
FOXA2 was down-regulated in all transformed cell lines. This down-regulation

occurred before full transformation and was present after six weeks of carcinogen
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exposure. Reduction of FOXAI and FOXA2 was also observed by immunofluorescent
microscopy. Increased binding of histones H3, macroH2A, and H2A.Z was seen in
transformed cell lines compared to non-transformed cells for all assays analyzed,
except those assays spanning TSS of both the FOXAI and FOXA2 genes. Together
the results show that tobacco smoke carcinogens can transform human bronchial
epithelial cells in vitro. Cell transformation may involve FOXA1 and FOXA2, and

EMT appears to play a major role in the transformation.

Paper II: Altered expression of FOXA1 and FOXA2 in non-small cell lung cancer:

genetic and epigenetic mechanisms, and diagnostic implications

A case-control study including three geographically independent lung cancer cohorts
was performed. FOXAI and FOXA2 expression was measured by RT-qPCR in
matched pairs of adenocarcinomas (ADCA) in cohorts from Norway and Italy
(n=155), squamous cell carcinomas (SCC) from Norway and USA (n=94), and large
cell carcinomas (LCC) from Norway (n=19). Gene expression of FOXA1 and
FOXA2 was analyzed by RT-qPCR on matched pairs of tumor and non-tumor lung
tissue from the three cohorts. Gene amplification of FOXAI was studied in the
Norwegian cohort by gPCR. DNA methylation levels of FOXA2 was analyzed by
bisulfite pyrosequencing in the Norwegian cohort and by Illumina Infinium
HumanMethylation27 BeadChip. Additionally, two public datasets, TCGA and
CURELUNG, containing DNA methylation data from Illumina Infinium
HumanMethylation450 BeadChip were mined. The gene expression of FOXAI was
increased while that of FOXA2 was decreased in tumor compared to non-tumor
tissue. In non-tumor lung tissue the expression levels of FOXA1 and FOXA2
correlated. Lung tumors appeared to express low levels of both factors or high levels
of one factor, but never both. While the expression levels of both FOXAs in non-
tumor tissue showed little interindividual variation, greater variation was observed in
tumors indicating a destabilization of regulation of these genes during carcinogenesis.
A small sub-population of patients showed gene amplification of FOXA1. Patients
with gene amplification expressed more FOXAI mRNA than patients without gene
amplification. Increased DNA methylation was found in the FOXA2 gene in tumors,

providing a possible mechanism for the suppressed gene expression. Increased DNA-
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methylation was observed in a CpG-island (CpG1) located 1.3 kb upstream of
FOXA2 TSS, while no increase was observed in a CpG-island (CpG2) located 700
bp upstream of the TSS in the Norwegian cohort. DNA-methylation analysis in the
US cohort only included two probes associated with FOXA2. One of the probes were
located between CpG1 and CpG2, which showed increased methylation in tumor
compared to non-tumor. This could correspond to the increased methylation in
CpG1 of the Norwegian cohort. Contrary to the unchanged DNA methylation levels
in CpG2 in the Norwegian cohort, increased DNA methylation levels were found in
CpG2 in tumors compared to matched non-tumor tissue in TCGA. The most
pronounced difference in DNA methylation between tumor and non-tumor in the
Norwegian cohort was observed in an assay located at the 5’ end of a CpG island
(CpG3, End assay) within the FOXA2 gene body. DNA methylation in this area was
confirmed in the TCGA database. Data from the CURELUNG database contained
DNA methylation data from lung tumors only. The highest level of DNA
methylation was observed in and around the same region as the End assay from the
Norwegian cohort. Interestingly, unsupervised clustering of DNA methylation
patterns in the TCGA dataset successfully separated lung tumors from non-tumor
tissue indicating distinct DNA methylation patterns. Taken together the results show
that deregulation of FOXAI and FOXA2 may be important in lung cancer and that
DNA-methylation patterns of FOXA2 may serve as a potential clinical lung cancer

biomarker.

Paper III: The role of FOXA1 in regulation of CYP1A41 and CYP1B1 expression in
human bronchial epithelial cells.

Steroid receptors have increasingly been implicated in lung cancer, and sex differences
in CYP1A1 expression and B[a]P-DNA-adduct formation has been reported. We
hypothesized that FOXAs may be involved in regulating gene expression of
cytochrome P450s and that this may affect the metabolism of B[4]P and consequent
DNA-adduct formation. The study focused on FOXA1, which was knocked down
by RNA interference in five different human bronchial epithelial cell lines, including
HBEC2. Gene expression of FOXA1, CYP141 and CYP1B1 was analyzed by RT-
qPCR in siRNA transfected cells and transformed HBEC2 cells. Binding of FOXA1

42



to CYP1A1 and CYPIB1 regulatory regions was analyzed by chromatin
immunoprecipitation (ChIP) and qPCR. B[a4]P-metabolism was analyzed by
LC/MS/MS. B[a]P-DNA-adduct formation was analyzed by *?P post-labeling. In
transformed HBEC2 cells (from paper I) which show suppressed levels of FOXA1,
CYP1A41 was decreased and CYPIBI was increased compared to non-transformed
cells. The CSC-transformed cell line (T2KT-CSC-H) generated more B[a]P
metabolites than the non-transformed counterpart. FOXA1 binding was observed in
a distal regulatory site of CYP1B1. No indication of FOXA1 binding to CYP1A1 was
found. Knockdown of FOXAI in five different bronchial epithelial cell lines
(HBEC2, HBEC3, HBEC12, BEP2D, BEAS-2B) lead to increased expression of
CYP1B1. FOXA1 siRNA transfected cells were exposed to E2, TCDD, and B[4]P.
There was no difference in generation of B[4]P metabolites between FOXAI siRNA
transfected cells and scrambled control siRNA transfected cells. Moreover, the
knockdown of FOXAI did not show any effect on the formation of B[a]P-DNA-
adducts. The formation of E2 metabolites was similar between FOXA1 knockdown
and control siRNA transfected cells. The only difference in E2 metabolites was
observed for 2-MeO-E2 metabolite between cells treated with TCDD and those
exposed to E2 only. The in vitro data show that while FOXA1 may be involved in
regulating gene expression of CYP1B1, its contribution is not sufficient for altered
metabolism of E2 or B[4]P and does not contribute to changes in B[«]P-DNA

adduct formation.
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4 DISCUSSION

Cancer arises as a combined result of genetic and epigenetic alterations triggered by
extrinsic (exposure) and intrinsic mechanisms, and individual predisposition. Some
cancer types associate more strongly with carcinogen exposure than others. Scrotal
cancer was the first cancer type to be connected with a particular occupational risk
among London chimney sweepers in 1775 by Sir Percivall Pott [229]. Cook, Hewett,
and Hieger identified Benzo[a]pyrene as a carcinogenic constituent of coal tar for the
first time in 1932 [230]. Since then B[2]P and other PAHs has been found to cause
several types of cancers including lung cancer, colorectal adenoma [231] and bladder
cancer [232]. B[a]P is generated during incomplete combustion of organic material
and is found in cigarette smoke, urban air pollution, diesel exhaust, and food products

such as cereals, potato chips and fried meat [233].

Transformation of cells 7z vitro has been used to model the carcinogenic effect of
diverse chemical compounds. Studies have demonstrated that papillomavirus-
immortalized BEP2D can be transformed to grow in soft-agar by exposure to NNK
[234] and cigarette smoke condensate [235]. The activated metabolic mutagen
BPDE can transform HBECs (HBEC1 and HBEC2) to grow in soft agar in vifro
[220]. The results from paper I show that long-term exposure to the procarcinogenic
B[a]P can transform HBECs in witro. B[a]P is not a mutagen per se but is
metabolically activated to a DNA-binding form through the cell's metabolic system.
Moreover, the results in paper I show that CSC and MNU are also able to transform
HBEC:s in vitro after 12 weeks of exposure. The transformed cells from all exposure
scenarios were able to grow anchorage-independent in soft-agar, displayed altered
morphology and changes in gene expression programs. These results show that in
vitro transformation may serve as a useful model for observing the transformational

capacity of a range of carcinogenic compounds.

Whether there is a sex difference in lung cancer susceptibility is disputed, but steroid
receptors could present molecular differences that are relevant for diagnosis or
treatment options [236]. Estrogen receptors are expressed in lung and accumulating

evidence suggest a role of estrogen receptors in lung carcinogenesis [137, 138].
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Estrogen signaling in lung cells could be involved in the sex differences observed in
metabolic capacity [237]. Female lung cells contain more DNA-adducts of B[a]P
metabolites than male cells which suggest a possible role of steroid signaling in
carcinogen metabolism [111]. The two pioneer factors FOXA1 and FOXA?2 are
crucial in estrogen-regulated gene transcription. In paper I, FOXAI and FOXA2 was
down-regulated in all transformed cell lines. Down-regulation of FOXA2 in
transformed lung cells was previously observed after exposure to BPDE [220]. We
also found reduced protein levels of FOXA1/2, as observed by immunofluorescent
microscopy in transformed HBEC2 cells (T2KT). For transformed HBEC12 cells
(T12KT) the difference in fluorescent signal was weak, but there was an indication
of a difference in the protein levels. The down-regulation of FOXA1 and FOXA2
suggest that they may be critical in maintaining normal cell function and that their

loss can lead to cell transformation.

In paper 111, the transformed HBEC2 cell lines (T2KT) were found to express lower
levels of CYP1A1. Moreover, the transformed cell line T2KT-CSC-H (HBEC2,
CSC High dose, 3 pg/ml) had higher expression levels of CYP1BI. Cell culture media
from T2KT-CSC-H was analyzed by LC/MS/MS showing that the transformed cell
line had a greater ability to metabolize B[4]P than the non-transformed HBEC2 cell
line. Greater metabolic activation of B[4]P may result in increased mutation rate. It
was hypothesized that the altered CYP1 gene expressions and increased B[a]P-
metabolite levels could be a result of ablated FOXA gene expression in the
transformed cells. Given the role of FOXA1 in ERa signaling, the involvement of
ERa in regulating CYPIBI expression, and the CYP1 enzymes participation in
steroid metabolism, a direct regulatory link between FOXA1 and CYP1 is plausible.
FOXA1 has recently been found to regulate two other xenobiotic metabolizing genes,
CYP2A13 and ABCB1 [203], but its role in CYP1 regulation was unknown.

Experiments with siRNAs targeting FOXAI showed that down-regulation of
FOXAI resulted in increased CYPIBI expression in HBEC2 cells and four other
bronchial epithelial cell lines (HBEC3, HBEC12, BEAS-2B, and BEP2D). Overall,
the CYP1AI expression was not affected by FOXA1 siRNA. ChIP against FOXA1
was performed in CYP1A1 and CYPIBI regulatory regions. No binding of FOXA1
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was observed in CYP1A1 in agreement with no general effect of FOXA1 knockdown
on CYP1A1. In the CYP1BI gene, however, FOXA1 binding was found at a distal
regulatory site approximately 20 kb upstream of T'SS. FOXA1 and ER are known to
be able to induce chromatin interaction between distal sites [179], so the distal region
in CYPIBI is a putative enhancer. The RNA interference and ChIP experiments
suggest that CYPIB1, but not CYP1A1, is directly regulated by FOXA1, and that
binding of FOXA1 to a distal regulatory region repress the expression of CYPIB1.

The findings of FOXAT’s regulation of CYP1BI in paper III is limited by the lack of
functional investigation of the distal site. The observations suggest a link between
FOXA1 binding to the region 20 kb upstream of CYP1B1 TSS, but whether this
region interacts with the CYP1BI promoter in an FOXA1 dependent manner and
has any effect on CYPIBI gene activity remains unknown. However, chromatin
interaction data available in ENCODE show that the investigated distal region
interacts with CYP1B1 TSS through ERa, suggesting a functional role of this site.
The mechanisms underlying inhibition of CYPIBI should be subject to further
studies involving chromatin conformation capture and reporter assays to confirm

functional enhancer activity.

Cell culture media from FOXAI siRNA transfected cells were analyzed by
LC/MS/MS to investigate whether the FOXA1 mediated induction of CYP7B1 had
any effect on the generation of B[4]P and E2 metabolites. Increased formation of the
mutagenic metabolites BPDE and 4-OH-E2 could result in increased mutation rate
in cells with low FOXAI levels. No effect of FOXAI status on the metabolism of
Bla]P and E2 was observed. Taken together the results in paper III indicate that
FOXA1 may repress CYP1BI expression, but this has no observed effect on the
metabolism of E2 or B[a]P.

The transformation of a normal cell to a cancer cell is a multistage process where the
cell must overcome several hallmarks of cancer before reaching tumorigenicity. The
transcriptional reprogramming of EMT may be pivotal in establishing invasiveness,
metastasis, evasion of immunosuppression and chemoresistance of cancer cells [147,
148, 165, 166, 175]. One of the main events in EMT is a switch from CDHI
expression to CDH?2 expression (the cadherin switch). CDHI has been reported to
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be down-regulated in cells transformed by BPDE exposure [220]. In paper I, we show
that CDHI was down-regulated in all transformed cell lines. Loss of E-cadherin is
associated with increased local invasiveness and metastasis [238, 239]. The
transformed T2KT showed increased ability to invade a matrigel in wound healing
assay. In contrast, migration was decreased in the T2KT cells compared to non-
transformed HBEC2. Reduced cell migration in EMT cells in vitro has previously
been reported by others, suggesting that migration and invasion are uncoupled events
[240]. This finding suggests that invasiveness may be a better than migration as a

measure of EMT and cell transformation in the transformation model in paper I.

Many transcription factors are thought to be important in EMT. Among the most
established EMT driver TFs are SNAI1, SNAI2, ZEB1, and TWIST1. All of these
TFs repress the expression of CDH1 [241-243]. SNAII and ZEB1 were up-regulated
in transformed versus non-transformed HBEC2 cell lines, while the transformed
HBEC12 cell lines were found to express EMT-TFs to the same degree as non-
transformed cells. The unclear patterns of EMT-TF transcription in HBEC12
suggest that other mechanisms than TF mediated repression are involved in
suppressing CDHI. Epigenetic reprogramming has been implicated in EMT.
Histone modifications, DNA methylation and microRNAs (miR-9) have all been
tound to repress CDH1I [244, 245]. Epigenetic regulation of CDH1 was not studied
in paper I, so the exact mechanisms regulating CDH1 in this cell transformation
model remains to be investigated. SNAI2 is, as SNAI1 and ZEB1, involved in
repression of CDHI. Therefore, it was interesting to note that SNAI2 is down-
regulated in the transformed HBECs. Moreover, SNAI2 is directly targeted and
repressed by FOXA1 which binds in the SNAI2 enhancer [246, 247], meaning that
a decrease in FOXA1 level, as observed in the transformed cell lines, would result in
induced expression of SNAI2 [246, 247]. In conclusion, the results from paper I
suggest that carcinogen-induced cell transformation involves loss of epithelial

markers and progression of an EMT.

As models for carcinogenesis studies, cell culture experiments have several limitations.
For example, cells iz vivo grow in a three-dimensional environment, while they in

cell culture grow in a two-dimensional monolayer, which may not be a good
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representation of physiological conditions. Also, during prolonged cell culturing,
natural selection does occur, and evolutionary drift could be a concern.
Authentication of cell lines is an important measure in avoiding such drift as well as
cross contamination by other cell lines. The HBECs used for the transformation-
study in paper I was recently verified by an external laboratory (Leibniz Institut
DSMZ). The HBECs are immortalized by insertion of the TERT gene which
provides the cell with immortality, and the CDK4 gene which confers the cell
prolonged proliferation [219]. With these two genes, the HBECs are given a
kickstart in the transformation process. The TERT and CDK4 are both often found
to be altered in cell transformation 77 vitro as well as in tumors [90, 218, 248-250].
Nevertheless, the HBECs do not grow in soft agar and are not tumorigenic in
immunodeficient mice, like tumor-derived cell lines can be. Furthermore, HBECs
do not enter senescence, as primary cell lines do. The capability for prolonged
culturing of non-transformed cell make the HBECs a useful model for studying

carcinogenesis; they are not transformed but still keep on proliferating.

In the transformation study conducted for paper I, human lung cells were exposed to
three different carcinogenic compounds, MNU, B[4]P and CSC. It is interesting to
note that all three exposures lead to transformed cells with similar characteristics.
Other studies have found similar results: exposure of lung cell lines to BPDE, CSC
or even spontaneous transformation of prostate cells without exposure, lead to cells
with mesenchymal characteristics that could grow in soft agar [220, 227]. These
observations raise the intriguing question of whether exposure type specifies the
teatures of the transformed cells or if the mechanisms underlying cell transformation
are similar regardless of the type of exposure. One possibility is that the transformed
phenotype is selected for under the applied pressure of the soft-agar assay. In our
study, FOXA1/2 and CDHI were down-regulated in HBEC2 after six weeks of
carcinogen exposure and before full transformation. CDH2 was up-regulated at the
same time point, indicating that the cadherin switch and FOXA1/2 ablation occurs
as a result of exposure and cellular stress, rather than an effect of selection in soft-
agar. Alterations of FOXAs and CDHs may be early events in carcinogenesis, but
they are apparently not sufficient alone for full transformation. Other, later events are

necessary for anchorage-independent growth. The in vitro transformation model is
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useful in establishing an understanding of the mechanisms regulating EMT and can

potentially uncover biomarkers for detection of cancer or targets for treatment.

In paper II, the expression of FOXAI and FOXA2 was studied in matched pairs of
tumor and non-tumor from a total of 268 patients from three geographically
independent cohorts (the USA, Italy, and Norway). A small variation in expression
of FOXA1 and FOXA2 was observed in non-tumor, indicating that a relatively stable
expression of FOXAs is necessary for normal lung cell function. The variable FOXA1
and FOXA2 expression in NSCLC could disrupt the normal lung cell function.
FOXA2 was found to be down-regulated in the tumor, as it was in the transformed
cells in vitro. In contrast to the in vitro transformed cells, FOXAI was increased in
lung tumor compared to matched non-tumor. The discrepancy of FOXA1 expression
in vitro and in vivo is unknown. Similar to the results in paper II, a recent study
showed that expression of FOXAI was increased, and expression of FOXA2 decreased
in NSCLC [251]. FOXA1 is for lung cancer and several other cancer types considered
an oncogene, while it is associated with good prognosis in breast cancer. Increased
FOXA1 expression has previously been reported as promoting EMT in lung cell lines
[204]. FOXA2 on the other hand, show opposite patterns with tumor suppressor
function in tissues such as lung and prostate, and oncogene function in the breast.
Thus, the role of FOXAI and FOXA2 in cancer may depend on tissue and steroid

sensitivity of the tumor cells.

The observation that increased FOXA1 and decreased FOXA2 gene expression occurs
in three different histologies of NSCLC suggest that the deregulation of FOXA1 and
FOXA2 may serve as a common mechanism of lung carcinogenesis. Previous studies
reported increased FOXAI in lung adenocarcinoma [189], lung squamous cell
carcinoma [190], pancreatic cancer [191], prostate cancer [192] and thyroid cancer
[193] and FOXA1 is considered an oncogene in these cancer types. The expression
of FOXA?2 is suppressed in lung cancer cell lines [196, 197] and gastric cancer [198],
and was suggested to be important in suppressing metastasis in lung adenocarcinomas

[199].

A study in prostate cells found that the expressions of more than 900 genes were

altered by FOXAI knockdown [247] and another study found by ChIP-seq that
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FOXA1 bind to 40,000 — 80,000 sites in mammary gland cancer cell lines [185]. If
chemical exposure deregulates FOXAI transcription, it may have a great impact on
the chromatin landscape and the transcriptional program of the cell due to the high
number of FOXA1 targets and FOXA1’s ability to bind compact chromatin and

remodel chromatin structure [66].

Significantly increased expression of FOXAI was found in tumor tissue compared to
matched non-tumor tissues from all three cohorts studied in paper II. Moreover, the
increased FOXAI expression occurred independently of tumor histology. Mutations
and CNV have been reported for FOXA1 in lung adenocarcinoma, resulting in higher
expression of FOXAI in tumors [252]. It is apparent that regulation of FOXAI in
lung cancer may be complex. In paper II, lung cancer tissue samples were analyzed by
qPCR of genomic DNA to identify whether the observed higher expression levels in
a tumor could be due to gene amplification. The results showed that amplification
rate was low in ADCA and SCC with 4.9% and 3.1%, respectively. The percentage
of cases with amplification of FOXA1 was higher in LCC with 26.3%, although the
total number of LCC cases were quite small and gave a greater degree of uncertainty
to the data. The cases with amplification of FOXAI showed higher average expression
level of FOXA1 than cases with no amplification of FOXAI. Recently published data
from the TCGA found that FOXAI amplifications in 6.4% (73/1144: 9.1% ADCA,
2.5% SCC) of NSCLCs (ADCA and SCC), similar to our findings [38]. The results
from the FOXAI gene amplification analysis indicate that amplification of FOXAI
accounts for the highest expression levels of FOXAI, but apart from a minor fraction
of tumors showing FOXAI gene amplification, the mechanisms behind increased

expression of FOXA1 in NSCLC tissue of all major histology’s remains unknown.

No difference in expression of FOXAI or FOXA2 was observed between men and
women (paper II). FOXAT has been associated with poor prognosis in prostate cancer
and good prognosis in female breast cancer. This discrepancy indicates that the
tunction of FOXAI may be dependent on the cooperating steroid factor and that ER
and AR may have opposite effect. The female and male lung express similar levels of
ER, but female ADCAs may be more sensitive to E2 [253, 254]. It is possible that

even though the expression of FOXAs in men and women are equal, the functional
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result on lung cell or lung tumor physiology may differ between the sexes. Future
studies should look into the gender-specific effect of FOXAs in lung tumors.
Experiments could be done iz vitro in male and female cell lines or by generating
transgenic cell lines with manipulated (overexpression and knockdown) expression of

ER or AR, along with treatment of steroids.

Tumors are heterogenic and consist of cells with different genotype and gene
expression patterns. The same is the case for non-tumor cells and a recent study show
that normal (eyelid) skin consist of heterogeneous cell populations that are not
malignant but still contain many of the same alterations as in cancer cells [255]. The
consequences of heterogeneity in a matched pair study as the one conducted in paper
I is that changes that are drivers but not sufficient for tumorigenicity can be present
in the non-tumor tissue. The presence of drivers in non-tumor tissue can confound
actual drivers in the tumor. Other issues with analyzing tissue samples are that i) the
sampled tissue may contain a small subpopulation with genetic, epigenetic and gene
expression patterns not present in the majority of the tumor cells, ii) the tumor may
contain surrounding normal tissue distorting the identification of drivers iii) tumors
are infiltrated by stromal cells that can occlude downstream analysis. Particular care
was taken when isolating tumors analyzed in paper II. The tumors were
pathologically classified by experienced pathologists and only tumor tissues

containing at least 80% of tumor cells were analyzed in the study.

The regulation of FOXAs may be due to epigenetic changes, as shown by DNA
methylation in paper II and histone modifications in paper I. MacroH2A bind
FOXA2 in cell lines that do not express FOXA2 but is absent in cell lines that do
express the gene [256]. In paper I, macroH2A binding is increased in transformed
cell lines compared to the non-transformed cells. MacroH2A is associated with
transcriptional repression [71] and has previously been associated with EMT in breast
cancer cells [257] and positive prognosis in lung cancer [72]. An interesting
observation in the ChIP-qPCR experiments is that all investigated chromatin
locations had higher levels of histone binding in the T2KT transformed cell lines
(T2KT-CSC-L and T2KT-CSC-H). These findings suggest that suppression of
FOXAI and FOXA2 in these cell lines may be due to increased nucleosome density
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and macroH2A enrichment, resulting in compaction of chromatin and gene
silencing. Histone H2A.Z was also found to be enriched at FOXAI and FOXA2 in
transformed T2KTs. Histone H2A.Z serves a different function in regulating
transcription depending on location. When bound in gene bodies H2A.Z is
associated with repressed gene activity [258], consistent with the findings in the paper
I where H2A.Z binding was enriched in the gene body assays. In promoters, on the
other hand, H2A.Z is associated with nucleosome depletion and active transcription
[259, 260]. The enrichment of H2A.Z in promoters in the transformed cell lines is,

therefore, unexpected.

In paper II, DNA hypermethylation was found by bisulfite pyrosequencing in several
regions of FOXA2 in tumors from the Norwegian cohort. Specifically, a CpG-island
located upstream of FOXA2 (CpG1 assay) and an assay located within the gene body
at the end of a long CpG-island spanning the length of the FOXA2 gene (End assay),
were found to contain the highest DNA methylation levels in both tumor and non-
tumor tissue. The DNA-methylation level was elevated even further in tumors
compared to non-tumor for both CpG1 (14.8% increase) and End (20.4% increase).
In the US cohort, two Illumina Infinium 27K DNA methylation probes, one located
between two CpG-islands (CpG1 and CpG2) upstream of FOXA2 and within the
FOXA2 gene body (CpG3), both showed increased DNA methylation in tumors
compared to matched non-tumors. To confirm these findings, we mined two
different databases, TCGA and CURELUNG, both of which contain Illumina
Infinium 450K DNA methylation data. The TCGA included matched pair tumor
and non-tumor and showed increased DNA methylation patterns in CpG2 and

around the End assay in CpG3.

An interesting observation is that in unsupervised clustering, cases from the TCGA
clusters into the tumor and non-tumor depending on the FOXA2 DNA methylation
levels. Moreover, cases from the CURELUNG project show distinct DNA
methylation patterns in CpG3 in adenocarcinoma and squamous cell carcinoma.
DNA methylation patterns have previously been shown to separate different subtypes

of NSCLC, including ADC and SCC, but also NSCLC with epithelial or

mesenchymal characteristics or adenocarcinomas with or without EGFR mutations
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[54-56]. These earlier findings suggest that distinct DNA methylation patterns could
represent potential biomarkers for detection of cancer as well as sub-classification of
cancer types. The result in paper II indicates that DNA methylation patterns in
FOXA2 may be used for diagnosing and classifying NSCLC. The analysis of DNA
methylation in a single gene compared to the whole genome of a patient could provide

a quick method for correct diagnosis.

The three papers conducted for this thesis together support a role of FOXA1 and
FOXA2 in lung cancer and lung carcinogenesis in vitro and in vivo. Paper I note that
the expression of the FOXA genes is down-regulated by long-term tobacco smoke
carcinogen exposure and that this coincides with EMT. Paper II shows deregulation
of both FOXA1 and FOXA2 expression in cancer, partly due to DNA amplification
and DNA methylation, respectively. The finding of increased FOXAI and decreased
FOXA2 gene expression occurs in three different histologies of NSCLC suggest that
their deregulation may serve as a common mechanism of lung carcinogenesis. It is
becoming increasingly clear that steroid receptors and steroid signaling pathways are
involved in lung cancer. In paper II no effect of sex was observed in the gene
expression patterns of FOXAI or FOXA2. In paper 111, FOXAI expression affected
CYP1B1 transcription, but this had no consequence for B[«]P and E2 metabolism.
Together these results do not support a functional role of FOXAs in metabolic
differences between the sexes during carcinogenesis. FOXA1/2 may, however, affect

lung cancer in other steroid dependent ways not studied here.

EMT has been invoked in chemoresistance, resistance to EGFR tyrosine kinase
inhibitors and immune evasion. Since FOXAI and FOXA2 are associated with EMT
in paper I and changes in FOXA1/2 expression in vivo in paper 11, it is intriguing to
suggest the possibility that manipulating these transcription factors could sensitize
resistant tumors to conventional treatment of lung cancer. This thesis lay the grounds
for further studies to uncover the potential of FOXAI and FOXA2 as biomarkers in

diagnosis, histology classification, and possible treatment options in lung cancer.
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5 FURTHER STUDIES

Some interesting findings were made in the three papers conducted for this thesis
that can lay the basis for further research. One limitation of the transformation study
was that the role of FOXA1/2 in EMT was not investigated mechanistically. Further
studies should examine the direct effect of FOXA1/2 in regulating EMT TFs
through ChIP-seq to unravel the full contribution of these two pioneer factors in
activating EMT in lung cells. Furthermore, the effect of FOXA1/2 in establishing
and maintaining an epithelial epigenotype, and the effect of FOXA loss should be
studied. The HBEC and their transformed derivatives provide an excellent platform
for such research. Loss of FOXA function in HBEC and overexpression of FOXAs
in transformed cells in parallel with ChIP of key histone mark at EMT genes (or
ChIP-seq) or whole genome bisulfite methyl-DNA-seq could provide a thorough
understanding of FOXA function in lung cells.

Several studies have found that DNA-methylation, CNV, and SNV are mutually
exclusive mechanisms in gene silencing of tumor suppressors or activating oncogenes.
In paper II, CNV was investigated as an underlying mechanism of increased FOXAI
expression in tumors. Only a small subset of tumors (6.7%) were found to have gene
amplifications of FOXA1. For the cases that did not harbor FOXA1 amplifications,
but still expressed a higher level of FOXAI in tumor than in matched non-tumor
tissue, another mechanism for gene regulation must be present. Further studies
should look into resolving the mechanisms underlying increased gene expression,
such as mutations in response elements in promoter and enhancer or changes in gene
expression of TFs that regulate FOXAI. The same goes for FOXA2, where DNA
methylation is found to possibly down-regulate gene expression in lung tumors.
Functional studies of the identified methylated regions should be conducted to

elucidate which regions have the greatest impact on FOXA2 transcription.

Both FOXAI and FOXA2 was down-regulated during EMT in the transformation
assay, while the FOXA1 expression was increased and FOXA2 expression was
decreased in lung tumor. The dissimilarity between the iz vivo and in vitro studies

raises the question whether both FOXA7 and FOXA?2 is necessary for inducing EMT

55



or if down-regulation of FOXA2 is sufficient. One way to investigate this is to
simulate the observed expression patterns in lung cancer in cells in vitro. FOXAI and
FOXA?2 could individually be overexpressed by expression vectors in the transformed
cells to study the effect on invasiveness and expression of EMT markers. Reversely,
FOXA1 and FOXA2 could individually be knocked down (or out) in non-transformed
HBEC, as an extension of the siRNA experiments performed for paper III.

Considering the results from papers I and II, it would be interesting to study how
FOXA1/2 expression correlate with EMT in vivo by measuring gene expression of
EMT markers in matched tumor and non-tumor tissue. The finding that the
cadherin switch and FOXA1/2 suppression occurs before transformation suggest that
this is a result of exposure rather than selection in soft agar, indicating that EMT and
FOXA TFs are important in tobacco-related lung carcinogenesis. As a future study,
it would be interesting to examine if the suppression of FOXA1 and FOXA2 is a direct

result of exposure and if the AHR mediates this repression.

A large-scale study could be performed on the transformed cells. Whole genome
DNA-seq on transformed and non-transformed HBEC could provide a map of the
mutational burden induced by carcinogen exposure. Exome sequencing could be
added to unveil the effect that mutations have on the transcriptional program. Then
add whole genome bisulfite-seq and histone ChIP-seq to map the epigenetic
landscape of the transformed and non-transformed cell lines. The goal of such a study
would be to identify which alterations are due to mutations and DNA damage, and
which alterations are due to signal disruptive properties of B[2]P, CSC, and MNU.
This would provide a thorough understanding of how the environment affects our
genome, and how carcinogens affect the transcriptional program of human lung cells

and induce transcriptional reprogramming to a promote a transformed, EMT-like

phenotype.
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ARTICLE INFO ABSTRACT

Article history:

Lung cancer is largely an environmentally caused disease with poor prognosis. An in vitro transformation model
of human bronchial epithelial cells (HBEC) was used to study long-term effects of tobacco smoke carcinogens on
epithelial-mesenchymal transition (EMT) and the forkhead box transcription factors FOXA1 and FOXA2. CDK4
and hTERT immortalized HBEC2 and HBEC12 cell lines were exposed weekly to either cigarette smoke condensate
(CSC), benzo[a]pyrene, or methylnitrosourea. Transformed cell lines were established from soft-agar colonies
after 12 weeks of exposure. HBEC12 was transformed by all exposures while HBEC2 was only transformed by
In vitro transformation CSC. Untransformed HBEC2 showed little invasive capacity, whereas transformed cell lines completely closed
Lung carcinogenesis the gap in a matrigel scratch wound assay. CDH1 was down-regulated in all of the transformed cell lines. In con-
EMT trast, CDH2 was up-regulated in both HBEC2 and one of the HBEC12 transformed cell lines. Furthermore, trans-
Gene expression formed cells showed activation of EMT markers including SNAI1, ZEB1, VIM, and MMP2. All transformed cell lines
Cigarette smoke condensate had significant down-regulation of FOXA1 and FOXA2, indicating a possible role in cell transformation and EMT.
Benzoa]pyrene ChIP analysis showed increased binding of Histone-H3 and macroH2A in FOXA1 and FOXAZ in the transformed
HBEC2 cell lines, indicating a compact chromatin. In conclusion, long-term carcinogen exposure lead to down-
regulation of FOXA1 and FOXA2 concomitantly with the occurrence of EMT and in vitro transformation in HBEC
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1. Introduction

Lung cancer is the most common cause of cancer death worldwide
(Ferlay et al., 2015). The advances in the treatment of lung cancer
have been slow with current 5-year relative survival rates below 20%
(Siegel et al., 2015). The single most important etiological factor for
lung cancer is tobacco smoke but also occupational and environmental
carcinogens contribute significantly to the disease, making it largely
an environmentally induced cancer (Dela Cruz et al., 2011). In Norway,

Abbreviations: B[a]P, benzo[a]pyrene; ChIP, chromatin immunoprecipitation; CSC,
cigarette smoke condensate; EMT, epithelial-mesenchymal transition; HBEC, human
bronchial epithelial cells; MNU, N-Nitroso-N-methylurea; NSCLC, non-small cell lung
carcinoma; PAH, polycyclic aromatic hydrocarbon; qPCR, quantitative PCR; TF,
transcription factor; TSS, transcription start site.
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it is estimated that approximately 20% of all lung cancer cases may be a
result of occupational exposure (Haldorsen et al., 2004).

The development of human lung carcinoma is a long-term process
typically spanning several decades, resulting from chronic exposure to
environmental carcinogens. Cigarette smoke is composed of a complex
chemical mixture containing around 5700 different compounds of
which 76 are classified as carcinogenic in laboratory animals or humans
(Hecht, 2012; Rodgman and Perfetti, 2013). Based on their potency and
levels, polycyclic aromatic hydrocarbons (PAH), N-nitrosamines,
aromatic amines, aldehydes, ethylene epoxides, 1,3-butadiene, and
benzene are considered the most important carcinogens in cigarette
smoke (Hecht, 2006).

Epithelial-to-mesenchymal transition (EMT) is a complex
reprogramming process providing epithelial cells with a mesenchymal
phenotype. EMT takes place via several different pathways and plays
an essential role during organogenesis, tissue repair and fibrosis, in ad-
dition to tumor invasion and metastasis (Thiery et al., 2009). In cancer
development, transcriptional changes occurring during EMT may in-
volve the loss of epithelial markers (E-cadherin, a- and T-catenin)
and the gain of mesenchymal cell markers (N-cadherin, vimentin, and

0887-2333/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fibronectin) (Thiery, 2002). The “cadherin switch”, which involves
down-regulation of E-cadherin (CDH1) and up-regulation of N-cadherin
(CDH2), is a typical EMT marker in cancer. The resulting mesenchymal
cells display a more stem cell like phenotype with increased migratory
capacity and increased invasiveness (Morel et al., 2012).

Several studies have reported reduced levels of E-cadherin in lung
tumors (Bremnes et al., 2002; Nagathihalli et al., 2012). This may be
caused by direct or indirect repression of transcription by several tran-
scription factors (TFs). Two zinc finger TF families, Snail (SNAI1 and
SNAI2) and ZEB (ZEB1 and ZEB2), repress CDH1 gene expression by di-
rectly binding to E-box elements in the CDH1 promoter. Other transcrip-
tion factors, such as the basic helix-loop-helix TF TWIST, down-regulate
E-cadherin levels by binding E-boxes in CDH1 or in other repressors of
CDH1 (Pozharskaya et al., 2009; Vesuna et al., 2008). Epigenetic regula-
tion of the CDH1 gene may also be important and CDHI promoter
hypermethylation represents a prognostic factor for non-small cell
lung cancer (NSCLC) (Yoshiura et al., 1995). TWIST actively induces
transcription of CDH2 (Alexander et al., 2006 ), making it a critical player
in establishing the cadherin switch. The expression of certain matrix
metalloproteinases (including MMP2 and MMP9) are increased during
EMT and cell invasion. These proteins proteolytically degrade compo-
nents in the extracellular matrix, rendering the cell able to migrate
and invade (Ura et al., 1989).

FOXAT1 and FOXA?2 are pioneer TFs that bind to and open condensed
chromatin, making response elements in regulatory regions available
for binding of other TFs. FOXA1 and FOXA2 are considered to play an es-
sential role in maintaining the epithelial phenotype, and loss of FOXA1
and FOXA2 expression has been reported as essential for EMT in some
tissues, including lung (Song et al., 2010; Tang et al.,, 2011; Wang
et al., 2013). Moreover, FOXA1 expression has been associated with
metastasis and low survival in lung squamous cell carcinoma (Deutsch
et al,, 2012). The chromatin “opening” action of FOXA proteins provides
the foundation for hormone receptor interactions with DNA, and their
deregulation may result in reprogramming of gene regulatory actions
(Carroll et al., 2005). Interestingly, whereas FOXA1 may be up-regulated
by gene amplification, FOXA2 has been found to be down-regulated in
association with promoter hypermethylation in lung cancers (Basseres
et al.,, 2012; Lin et al., 2002). The role of FOXA1/2 in cancer is not
completely understood and may be tissue dependent. For instance,
opposing roles of FOXA1 are observed during cancer development in
the prostate and breast (Robinson and Carroll, 2012).

A large number of studies have characterized mechanisms in-
volved in lung carcinogenesis in vitro (Gazdar et al., 2010). In the
past, many of these have relied on already tumorigenic lung cell
lines or bronchial epithelial cell lines immortalized with viral onco-
genes (e.g. A549, BEAS-2B, and others). Such cell lines often show
mutated TP53 and/or impaired TP53 signaling, which makes them
less suited for studies of early steps during lung carcinogenesis. In
the present study we used two human bronchial epithelial cell
lines immortalized in the absence of viral oncoproteins (HBEC2-KT
and HBEC12-KT). The HBECs cluster with primary lung epithelial
cells in global gene expression analysis, show UV-inducible, wild
type TP53, a high degree of chromosomal stability, have retained
the ability to differentiate and may represent a relevant model for
in vitro lung epithelial carcinogenesis studies (Delgado et al., 2011;
Ramirez et al., 2004).

Little is known about the role of FOXA1 and FOXA2 during chemical
carcinogenesis in human lung cells. Here, in vitro transformation of
human bronchial epithelial cell lines (HBECs) was studied after long-
term exposure to a cigarette smoke condensate (CSC), the model PAH
benzo[a]pyrene (B[a]P), and methylnitrosourea (MNU). Transformed
cell lines show characteristics of loss of epithelial and gain of mesenchy-
mal morphology and phenotype. Concomitant down-regulation of the
FOXA1 and FOXA2 factors in both pre-transformed and transformed
cells was demonstrated by gene expression analysis and confocal im-
munofluorescence microscopy. Reduced expression of FOXA genes

may be due to epigenetic regulation indicated by altered histone
marks in regulatory regions of the genes.

2. Materials and methods
2.1. Cell culture

The hTERT and Cdk4 immortalized human bronchial epithelial cell
lines HBEC2-KT (male donor, 68 y.o., NSCLC, smoker) and HBEC12-KT
(female donor, 55 y.o., NSCLC, ex-smoker) were a kind gift from Dr.
John D. Minna (Ramirez et al., 2004). The HBEC lines have recently
been authenticated by the Leibniz-Institut DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH). Cells were grown in
LHC-9 media (Thermo Fisher Sci.) supplemented with FBS (10%). For
transformation cells were seeded in 6-well multidishes with a seeding
density of 1 x 10* cells per well (HBEC2) and 2 x 10* cells per well
(HBEC12). Seeding density was determined in order to get confluent
wells after 1 week of incubation. The cells were incubated in a humidi-
fied atmosphere at 37 °C, 5% CO,.

2.2. Cell transformation

Cytotoxicity was assessed using CellTiter-Blue cell viability assay
(Promega). Cells were passaged (day 1) and seeded in quadruplicates
in 6-well multidishes. During the whole experiment, cells from each of
these wells were kept separate. Twenty-four hours after passaging,
the cells were exposed to B[a|P (high dose: 1.0 uM, low dose: 0.3 uM)
or CSC (high dose: 3.0 pg/ul, low dose: 1.0 ug/ul). Due to different toxic-
ity of MNU between the cell lines 2KT and 12KT, the doses used were
1.0 uM and 0.5 pM, respectively. Vehicle control was DMSO (0.1%).
After 72 h of exposure the culture media were removed, the cells
were washed with PBS, and fresh media were added. The cells were
then incubated for 72 h before being passaged again. This seven days ex-
posure routine was repeated for a total duration of 12 weeks (outline of
experimental design in Supplementary Fig. S1). After the 6th, 9th, and
12th exposure, a fraction of cells from each treatment was assayed for
growth in soft-agar. In addition, cells were seeded for gene expression
analysis of pre-transformed cells.

2.3. Selection in soft-agar

The soft-agar assay was performed in a 6-well multidish. The bottom
and top layer had an agarose concentration of 0.7% (1.5 ml per well) and
0.35% (1.0 ml per well), respectively. Seeding density was 1 x 10* cells
per well. Quadruplicates were seeded for each of the four replicates for
each treatment (total of 16 wells soft-agar for each treatment). Soft-
agar cultures were incubated for 3-4 weeks before colonies were de-
tected. Colonies were then isolated using a micropipette and transferred
to a 24-well multidish. Cells were incubated until confluency and then
passaged to 100 mm petri dishes. Soft agar assay was carried out
twice to ensure stable transformation and true clonality of the isolated
cell lines. The cell lines established from soft agar colonies were cryopre-
served. Transformed cell lines established from soft-agar colonies after
12 weeks of carcinogen exposure were used for further studies.

2.4. Cell migration and invasion assay

Migration and invasion studies were performed using IncuCyte
Zoom Live Cell Imaging microscope and software (Essen BioScience).
Cells were seeded on matrigel (BD Biosciences, 356230) coated
ImageLock 96-well plates (2.5 x 10* cells/well). After 24 h, a scratch
wound was made in the confluent cell layer using the WoundMaker
toll (Essen BioScience). For migration, the plates were readily placed
within an IncuCyte Zoom microscope inside the incubator and images
were acquired every hour for up to 72 h to monitor closure of the
wound. For assessment of invasion, the scratch wounded cell layer
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was overlaid with matrigel before returning the plates to the incubator
and images were acquired in the same manner.

2.5. Gene expression analysis

Total RNA was isolated from cultured cells by the Izol-RNA Lysis Re-
agent (5 PRIME). Reverse transcription was done using qScript cDNA
synthesis kit (Quanta Biosciences). Analysis of relative gene expression
was performed by quantitative PCR (qPCR) using the ABI Prism 7900HT
(Life Technologies) and PerfeCTa SYBR green fast mix (Quanta Biosci-
ences). All gene expression levels are normalized to [3-actin levels and
are calculated by the AAC, method (Livak and Schmittgen, 2001).

2.6. Immunofluorescence confocal microscopy

HBEC2 and HBEC12 control and transformed cells were grown on
cover slips until confluent. Cells were fixed for 20 min in 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100 in PBS for 5 min.
Cover slips were blocked by incubation with 5% BSA in 0.1% PBS-Triton
X-100 for 1 h at room temperature and incubated overnight with
primary antibodies against E-Cadherin (ab40772, Abcam), N-Cadherin
(ab98952), FOXA1 (ab23738), or FOXA2 (sc6554, Santa Cruz Biotech-
nology) in 3% BSA in PBS, at 4 °C in a humidified chamber. Secondary
antibody Alexa fluor 488-linked goat anti-rabbit IgG (A11070, Life
Technologies), Alexa fluor 647-linked goat anti-mouse IgG (A323) or
Alexa fluor 488-linked donkey anti-goat IgG (A11055), (all from Molec-
ular Probes, Life Technologies) were left on the cells for 1 h at room
temperature in a humidified chamber. To visualize cell nuclei cells
were counterstained with Hoechst (Sigma-Aldrich). Fluorescence
signals were monitored using a pinhole confocal microscope (Zeiss
Oberkochen, Germany) and images were acquired with an AxioCam
camera (Zeiss).

2.7. Chromatin immunoprecipitation (ChIP)

Chromatin cross-linking and nuclei isolation was performed
using truChIP chromatin shearing kit (Covaris) according to the
manufacturer's protocol. Briefly, chromatin was cross-linked for two
minutes by adding formaldehyde (1%) to the cell culture media. The
cross-linking was subsequently quenched for 5 min. The cell pellet
was collected by scraping, then washed and lysed. Chromatin was
sheared using Covaris ultrasonicator M220. The IP was performed as de-
scribed by Cortazar et al., with some modifications (Cortazar et al.,
2011). Briefly, 25 pg chromatin was used in each ChIP with 2 g of the
appropriate antibody against H3 (Abcam, Ab1791), H2A.Z (Abcam,
Ab4174), macroH2A (Abcam, Ab37264), or negative control rabbit im-
munoglobulins (DacoCytomation, X-0903). For each cell line, chromatin
from four independent experiments was pooled. Negative control ChIPs
were conducted in parallel with every experiment. ChIP DNA-eluates
were assayed by qPCR with primers targeting 6 regions in FOXA1 and
4 regions in FOXA2 (Supplementary Table 1). For all qPCR assays eluates
from the negative control (mock IgG) were included. C, values for each
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sample was normalized to the Cq of an non-immunoprecipitated
(IP input) sample and all results are presented as per cent of input.

2.8. Statistical analysis

Calculation of mean and standard deviation of qPCR results was
done using the Pandas package in Python. Gene expression plots were
created in Mathematica (Wolfram). All gene expressions are expressed
as mean values of fold change + standard deviations (SD). Hypothesis
testing was done by two-way ANOVA with Dunnett's multiple compar-
ison test. Significance is indicated as ***p < 0.001, **p < 0.01, *p <0.05 in
the figures. Cell migration and invasion was analyzed by a linear mixed
model (Stata, StataCorp LP). An interaction term between treatment
and time allowed us to estimate the difference over time between the
transformed cell lines and the control cell line. To take into account
the dependency in the data, random effects were added for wells,
while a random slope for time accounted for different individual slopes
of the curve for each well. Finally, an autoregressive (AR) structure of
order 2 was assumed for the residuals.

3. Results
3.1. Transformation of HBEC2 and HBEC12

To gain insight into how tobacco related carcinogens transform
human bronchial epithelial cells we used two HBEC lines immortalized
with the CDK4 and hTERT genes (HBEC2-KT and HBEC12-KT) (Ramirez
etal,, 2004). To test if exposure to CSC was sufficient to achieve transfor-
mation, HBEC lines were exposed for 12 weeks and then seeded in soft
agar. In parallel, both cell lines were exposed to the pre-carcinogenic
compound B[a]P or the direct acting carcinogen MNU. The toxicity of
MNU was different between the two cell lines, thus different doses
were used. HBEC12 was the most readily transformed cell line, with col-
onies being observed after all treatments (Table 1). In contrast, HBEC2
was only transformed after exposure to CSC. Transformed cells were
subjected to a second round of soft agar colony formation to ensure sta-
ble transformation and true clonality. In total, 28 independent trans-
formed cell lines were established (four clones from each exposure;
termed A-D; Table 1). Neither HBEC2 nor HBEC12 treated with vehicle
for 12 weeks showed signs of colony formation in soft agar.

3.2. Transformed cells display characteristics of EMT

The mechanisms controlling the early stages of carcinogen induced
cell transformation are largely unknown. One suggested mechanism is
that cells undergo EMT to gain invasiveness and metastatic capacity.
While the vehicle treated cells in the present study retained an epithe-
lial morphology after 12 weeks of culturing, the transformed cells
displayed a morphology resembling that of mesenchymal cells (Supple-
mentary Fig. S2). To investigate whether the transformed cell lines had
transitioned from an epithelial to a mesenchymal cell type, the expres-
sion levels of several genes known to be involved in EMT were analyzed.

Table 1
Transformation of HBEC cells after 12 weeks of exposure to tobacco smoke carcinogens.
DMSO Bla]P Bla]P csc csc MNU
(0.3 uM) (1.0 uM) (1 pg/ml) (3 pg/ml)
HBEC2 Neg. Neg. Neg. + + (1 mM)
Neg.
Names of transformed cell lines T2KT-CSC-L T2KT-CSC-H
(A-D) (A-D)
HBEC12 Neg. + + + + (0.5 mM)
+
Names of transformed cell lines T12KT-B[a]P-L T12KT-B[a]P-H T12KT-CSC-L T12KT-CSC-H T12KT-MNU
(A-D) (A-D) (A-D) (A-D) (A-D)

“+" indicates transformation, while neg. indicates that no colonies were detected after the particular exposure.
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Fig. 1. Cadherin switch event in transformed HBECs. Cadherin expression was measured in untransformed and transformed HBEC2 and HBEC12 cell lines at the gene and protein level. (A)
and (C) Expression of CDH1 and CDH2 mRNA in transformed HBEC2 and HBEC12 cells, respectively. Relative gene expression levels as compared to the particular untransformed control
cells are presented (fold change; 2~24%9), (B) and (D) Representative images from confocal immunofluorescence microscopy of HBEC2 and HBEC12 control and transformed cells stained
for E-cadherin (B) and N-cadherin (D), respectively. Nuclear/DNA staining was done by Hoechst. Scale bar: 50 um. T2KT: transformed HBEC2, T12KT: Transformed HBEC12, CSC-L:
cigarette smoke condensate 1.0 pg/ul, CSC-H: CSC 3.0 ug/ul, B[a]P-L: Benzo[a]pyrene 0.3 uM, B[a]P-H: B[a]P1.0 uM, MNU: Methylnitrosourea 0.5 mM. Gene expression data display
mean =+ SD, n = 4, where each replicate represents clones isolated from individual colonies in soft-agar. ***p < 0.001 (ANOVA Dunnet's posttest).

Statistically significant reduced levels of CDH1 were observed in CDH1 was significantly down-regulated between 10 and 10* times,
transformants of both HBEC2 and HBEC12, compared to untransformed compared to the untransformed controls. In contrast, transformed
control cells (Fig. 1A). The transformed cell lines originating from cells derived from HBEC2 showed a significant increase in CDH2 expres-
HBEC2 (CSC low and high dose) showed significantly reduced expres- sion (>103 times) (Fig. 1C). In transformed cells derived from HBEC12,
sion of CDH1 (>2 x 10 times). Similarly, in HBEC12 transformed clones only those arising from the high dose of CSC had significantly increased
exposed to either low or high dose of CSC, B[a]P, or single dose MNU,
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Fig. 2. Timing of the cadherin switch. Expression levels of CDH1 and CDH2 were measured prior to selection for transformed cells in soft agar in HBEC2 cells exposed to low and high dose
CSC for 6,9, and 12 weeks. Relative gene expression levels as compared to the particular control cells (DMSO) are presented (fold change; mean =4 SD, n = 4). **p <0.01, and ***p < 0.001,
(ANOVA Dunnet's posttest).

A SNAI1 B SNAI2
T2KT-CSC-L : |l o= E
T2KT-CSC-H e W
001 0410 1 10 100 001 040 1 10 100
T12KT-CSC-L — : =
T12KT-CSC-H —— -l
T12KT-BalP-L - EA
T12KT-Bla]P-H — T O
T12KT-MNU o L o :
0.01 0.10 1 10 100 0.01 0.10 1 10 100
2-BAC, 5-0AC,
C TWIST D ZEB1
T2KT-CSC-L : | i -
T2KT-CSC-H E —— [ 5 -
01 05 1 5 10 0001 0400 10 1000
T12KT-CSC-L S '[ —
T12KT-CSC-H . | S —
T12KT-BlalP-L —— [ ; ——
T12KT-BlalP-H ; | ; S
TI2KT-MNU | —_— | ; -
0.1 0.5 1 5 10 0.1 05 1 5 10
2-84C, 5-8AC,
E vim F MMP2
T2KT-CSC-L ; id ; 3
T2KT-CSC-H 5 = ; o
0.001 0.100 ' 10 1000 0.001 0.100 ' 10 1000
TI2KT-CSC-L e bo——
T12KT-CSC-H —— J——
T12KT-BlalP-L e —
T12KT-B[a]P-H —— o
T12KT-MNU —— t ——
0.1 05 1 5 10 0.1 05 1 5 10
-84, 5-84C,

Fig. 3. Expression of EMT marker genes in transformed HBEC lines. The expression of the EMT marker genes (A) SNAI1, (B) SNAI2, (C) TWIST, (D) ZEB1, (E) VIM, and (F) MMP2 was
measured in untransformed and transformed HBEC2 and HBEC12 cell lines. Relative gene expression levels as compared to the particular control cells (DMSO) are presented (fold
change; mean =+ SD, n = 4). *p < 0.05, **p < 0.01, and ***p < 0.001, (ANOVA Dunnet's posttest).



60 A. Bersaas et al. / Toxicology in Vitro 35 (2016) 55-65

CDH?2 gene expression. All other HBEC12 transformants showed rela-
tively unaltered expression of CDH2.

Cadherin deregulation in HBEC2 transformants was also evident at
the protein level, when analyzed by fluorescence microscopy (Fig. 1B).
In both untransformed HBEC2 and HBEC12, strong staining of E-
cadherin was found in the membranes, especially of adherent cells indi-
cating its being organized in junctional adhesion. In contrast, E-cadherin
protein expression was abolished in transformed cell lines of both
HBEC2 and HBEC12, as exemplified by B[a]P and CSC low dose, respec-
tively. N-cadherin showed little staining in untransformed cells but was
increased in transformed 2KT (T2KT-CSC-L and T2KT-CSC-H) compared
to the controls (Fig. 1D). For T12KTs, a slight increase in the fluorescent
signal in the T12-KT-CSC-L cells was apparent, despite a non-significant
change in mRNA levels.
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To ascertain the occurrence of the cadherin switch, expression of
CDH1 and CDH2 was measured in CSC exposed HBEC2 at different
time points prior to testing for soft agar colony formation. For short
term exposure to CSC (1 or 3 weeks) no changes in the expression of
CDH1 and CDH2 were apparent (data not shown). However, down-
regulation of CDH1 and up-regulation of CDH2 was observed after 6, 9,
and 12 weeks (Fig. 2). Thus, these data indicate that the timing of the
cadherin switch is in line with or precedes transformation of the
HBEC2 cell line.

Further evidence of EMT during in vitro cell transformation was
obtained from gene expression analyses of typical EMT markers
(Fig. 3). Expression of the EMT driver SNAIT was significantly up-
regulated in T2KT-CSC-L (15-fold; Fig. 3A). In T2KT-CSCH, a non-
significant increase of SNAIT mRNA was observed. In contrast,
SNAI2 was down-regulated in transformed HBEC2 as compared to
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Fig. 4. In vitro migration and invasion capacity of HBEC2 cell lines. The capacity of untransformed and transformed HBEC2 cell lines to migrate or invade through a matrigel in vitro was
measured by live cell imaging in a scratch wound healing assay (IncuCyte ZOOM). (A) Microscope images of migrating HBEC2, T2KT-CSC-L, and T2KT-CSC-H acquired at 0, 12, and 48 h.
Black lines denote the original scratch wound and the white lines indicate the migration cell front. Scale bar: 150 um. (B) Relative wound density. Migration of T2KT-CSC-L was significantly
different from that of 2KT-DMSO after 1 h until 30 h and further forward, and T2KT-CSC-H was significantly different from 2KT-DMSO after 1 h (mixed models test, p < 0.05, n = 8). (C)
Microscope images of invading HBEC2, T2KT-CSC-L, and T2KT-CSC-H acquired at 0, 24, and 72 h. Black lines denote the original scratch wound and the white lines the invasive cell front.
(B) Relative wound density. Migration of T2KT-CSC-L was significantly different from that of 2KT-DMSO after 4 h, and T2KT-CSC-H was significantly different from 2KT-DMSO after 12 h

(mixed models test, p < 0.05, n = 8).
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the controls (approx. 25-fold; Fig. 3B). Furthermore, in the T2KT cell (>103-fold). Expression of TWIST was also increased in T2KT cells,

lines increased gene expression levels were observed for other EMT but not significantly.

markers such as ZEB1 (>100-fold), VIM (>103-fold), and MMP2 Even though HBEC12 was the most readily transformed cell line,
it showed a less clear pattern of EMT markers. No significant changes
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Fig. 5. FOXA1 and FOXA2 transcription factors are down-regulated in transformed cells. Expression of the pioneer transcription factors FOXA1 and FOXA2 was investigated in untransformed
and transformed HBEC2 and HBEC12 cell lines at the gene and protein level. (A) and (C) Expression of FOXA1 and FOXA2 mRNA in transformed HBEC2 and HBEC12 cells, respectively.
Relative gene expression levels as compared to the particular untransformed control cells are presented (fold change). (B) and (D) Representative images from confocal
immunofluorescence microscopy of HBEC2 and HBEC12 control and transformed cells stained for FOXA1 (B) and FOXA2 (D), respectively. Nuclear/DNA staining was done by Hoechst.
Scale bar: 50 pm. T2KT: transformed HBEC2, T12KT: Transformed HBEC12, CSC-L: cigarette smoke condensate 1.0 pg/ul, CSC-H: CSC 3.0 pg/ul, B[a]P-L: Benzo[a]pyrene 0.3 pM, B[a|P-H:
B[a]P1.0 uM, MNU: Methylnitrosourea 0.5 mM. Gene expression data display mean =+ SD, n = 4, where each replicate are clones isolated from individual colonies in soft-agar.
**p <0.001 (ANOVA Dunnet's posttest).
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were observed for SNAI1. However, SNAI2 was significantly down-
regulated in all but one of the T12KT transformants (Fig. 3). The ex-
pression of ZEB1 was significantly increased in B[a]P and MNU trans-
formed T12KTs, but not in the CSC transformed cells. No significant
changes were observed for any of the other EMT markers in T12KTs.

3.3. Cell migration and invasion

One characteristic of EMT is that it increases the cells migration and
invasion capabilities. A scratch-wound closure assay was performed to
test the capability of the untransformed and transformed HBEC2 cells
to migrate or to invade through a matrigel. All cell lines showed migra-
tion on the matrigel-coated surface (Fig. 4A). Interestingly, in case of
HBEC2, untransformed cells showed the fastest rate of migration and
complete closure was obtained after 12 h. T2KT-CSC-L and T2KT-CSC-
H closed the wound after approximately 20 and 35 h, respectively.
Statistically significant differences from the untransformed cells were
observed between 1 and 30 h (T2KT-CSC-L) and from 1 h and beyond
(T2KT-CSC-H) (Fig. 4B). In the invasion assay, the transformed HBEC2
cells readily invaded through the matrigel (Fig. 4C). The T2KT-CSC-L
cell line closed the wound after approximately 30 h, whereas the
T2KT-CSC-H showed almost complete wound closure after 72 h. In con-
trast, although some wound intrusion was apparent in the untrans-
formed HBEC2 line during the first 40 h of the assay, this leveled off
and further closure was not obtained. The invasiveness of T2KT-CSC-L
was significantly different from that of untransformed HBEC2 after 4 h
and beyond, and for T2KT-CSC-H it was significantly different from
12 h (mixed models, p < 0.05) (Fig. 4D). In addition to faster closure of
the scratch wound, the transformed cells also invaded by an apparent
different mechanism than the non-transformed cells including protru-
sions stretching into the matrigel (Supplementary Videos 1-3). Inter-
estingly, a few hours after addition of the matrigel the control cells
became less confluent on either side of the wound. When embedded
in the matrigel the untransformed cells appeared to pack more tightly
together creating open areas within the monolayer (Fig. 4C).

3.4. FOXA1/2 pioneer TF's are down-regulated during cell transformation

Deregulation of the transcription factors FOXA1 and FOXA2 has been
implicated in tumorigenesis and EMT. Here, the expression levels of the
FOXA1 and FOXA2 genes were down-regulated in all transformed cell
lines compared to controls (Fig. 5). In T2KTs, FOXA1 gene expression
was reduced by 2 x 10° and 3 x 10°-fold for low and high concentration
of CSC exposure, respectively. In T12KTs, a smaller degree of down-reg-
ulation of FOXA1 was observed ranging between 10-fold and 100-fold
(Fig. 5A). The FOXA2 expression level in T2KT was reduced approx.
300-fold and 600-fold for low and high dose CSC, respectively, and for
T12KT the expression level was reduced between 40-fold and 10°-fold
(Fig. 5C).

By fluorescence microscopy analysis, untransformed control cells of
both HBEC2 and HBEC12 showed nuclear staining of FOXA1 (Fig. 5B).
FOXA1 expression was absent in T2KT-CSC-H and T12KT-CSC-L.
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Although FOXA1 mRNA was almost absent in T2KT-CSC-L there was
still some staining of FOXAT1 in these cells. However, nuclear staining
was significantly reduced compared to the untransformed HBEC2. In
transformed T12KT-B[a|P-L cells no clear evidence of reduced nuclear
staining was apparent. FOXA2 also showed nuclear staining in untrans-
formed HBEC2 and HBEC12 cells, which was significantly reduced or al-
most abolished in the transformed cell lines (Fig. 5D). Thus, apart from
FOXA1 in T12KT-B[a]P-L, immunohistochemical analysis confirmed the
gene expression measurements.

Interestingly, down-regulation of FOXA1 and FOXA2 mRNA was
observed in pre-transformed HBEC2 cells after 6, 9, and 12 weeks of
carcinogen exposure (Fig. 6), indicating that down-regulation of these
two transcription factors coincides or even precedes in vitro cell
transformation.

3.5. ChIP-gPCR

To investigate possible mechanisms of altered FOXA1 and FOXA2
gene expression, analysis of binding of selected histone variants was
performed. ChIP-qPCR assays for FOXA1 were designed within or close
to CpG-islands that are indicated to be bound by transcription factors
in the ENCODE database and have chromatin state (ChromHMM) of
promoter/enhancer (Fig. 7A). Binding of histone-H3 and the suppres-
sive histone variant macroH2A to FOXA1 was low at the transcription
start site in untransformed HBEC2, indicative of an open chromatin
state in the immediate vicinity of the transcription start site (TSS)
(Fig. 7B and C). A minor increase in binding of both histone variants
was observed at the TSS in both of the transformed cell lines. Histone-
H3 and macroH2A showed increased binding in transformed cell lines
at all the other sites analyzed, suggesting a more compact chromatin.

For the analysis of FOXA2, four genomic ChIP-qPCR assays were de-
signed in possible regulatory regions (ENCODE) (Fig. 7E). Histone H3
and macroH2A show increased binding in transformed cell lines in all
four assays with lower overall binding at the TSS (Fig. 7F and G).

Interestingly, binding of the histone variant H2A.Z, which has been
associated with destabilized and actively transcribed chromatin, was in-
creased in both FOXAT and FOXA2 of transformed cells (Fig. 7D and H).

4. Discussion

HBEC2 and HBEC12 cells were exposed to CSC, B[a]P, or MNU for
12 weeks before selecting for transformed cells in a soft agar assay.
Prior to this study these cell lines have been immortalized by the inser-
tion of the CDK4 and TERT genes (Ramirez et al., 2004). They were char-
acterized as genomically stable, having few genetic changes and an
intact tumor protein p53 checkpoint, making them well suited for
lung carcinogenesis studies (Gazdar et al,, 2010). While in the present
study, neither of the unexposed control cell lines showed signs of trans-
formation, tobacco carcinogen exposed cells formed colonies in soft
agar. It should be noted, however, that whereas CSC was able to induce
colony formation in both cell lines, B[a]P and MNU only produced colo-
nies in HBEC12 after exposure for 12 weeks.

6 weeks 9 weeks 12 weeks
< CSCL: s N - 1
Qesch W sl =
0.001 0.100 10 1000 0.001 0.100 10 1000 0.001 0.100 10 1000
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Fig. 6. Down-regulation of FOXA1 and FOXA2 in HBEC2 after long-term exposure to CSC. Expression levels of FOXA1 and FOXA2 were measured prior to selection of transformed cells in soft
agar in HBEC2 cells exposed to low and high dose CSC for 6,9, and 12 weeks. Relative gene expression levels as compared to the particular control cells (DMSO) are presented (fold change;

mean 4+ SD, n = 4). **p < 0.01, and ***p < 0.001, (ANOVA Dunnet's posttest).



A. Bersaas et al. / Toxicology in Vitro 35 (2016) 55-65 63
A chr14:38,069,500 chr14:38,052,500
FOXA1 gene | |
CpG-lslands _I H I- I- -I
Colf-assars CpG1  CpG2 TSS  CpG3 CpG4 CpG5
B
Histone-H3 macroH2A H2A.Z
120
0.6
_5100 05
g8 0.4
G 60 03
3 40 0.2
20 0.1
& 0.0 a2 o
R c,QG <& c,QG’ ('_,QG (_',QG’ G "% & QG 090 & Qe Sl QQG QG ©
Assay Location Assay Location Assay Location
E chr20:22,568,000 chr20:22,561,500
FOXA2 gene | ————— |
CpG-islands 1 I T
ChiP-assays [l | | 0 B
CpG1  CpG2 TSS CpG3
F G H
120 Histone-H3 0.5 macroH2A 0.6 H2A.Z
.. 100 04 0.5
a 0.4
5 80 03 .
%5 60 o 0.3
S 40 ' 0.2
20 0 0.1
0 0.0 0.0
A 2 ) A 1 ) & @b 2 P
RS P & P L & & T ®

Assay Location

Assay Location

Assay Location

mmm Control
== T2KT-CSC-L
mm T2KT-CSC-H
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EMT is a transcriptional reprogramming of epithelial cells character-
ized by loss of cell-to-cell contact and gain of increased invasion capabil-
ity. In this study, transformed cells showed characteristics of EMT,
including a significant decrease of CDH1 gene expression and concor-
dantly reduced levels of E-cadherin protein. Loss of E-cadherin is associ-
ated with loss of epithelial phenotype and increased local invasiveness
and metastasis (Onder et al.,, 2008; Vleminckx et al., 1991). The loss of
E-cadherin and gain of N-cadherin (the “cadherin switch”) is considered
a hallmark of EMT. Although E-cadherin levels were reduced in both
T2KTs and T12KTs, only the T2KT cell lines showed significantly in-
creased levels of N-cadherin. The reason for this discrepancy is not
known. The expression levels of CDH1 and CDH2 were significantly
down- and up-regulated, respectively, prior to soft agar selection in
cells exposed to CSC for 6,9, and 12 weeks, compared to vehicle treated
cells. However, the HBECs did not become transformed before 12 weeks
of exposure. These results indicate that although deregulation of the
cadherin switch may be important in enabling growth in soft agar, it is
not sufficient.

Increased levels of SNAIT and ZEB1 mRNA expression was observed
in transformed HBEC2 cell lines, both of which are repressors of CDH1
gene expression (Batlle et al.,, 2000; Eger et al., 2005). In HBEC12
transformed cells, however, no significant induction of SNAIT was ob-
served. The level of ZEB1 was increased in three out of five transformed
cell lines (T12KT-B[a|P-H, T12KT-B[a]P-L, and T12KT-MNU). Similar to
SNAI1 and ZEB1, SNAI2 is involved in repression of the CDH1 gene

(Conacci-Sorrell et al., 2003). However, the expression patterns of the
repressors in the HBEC12 transformed cell lines were unclear and thus
it is plausible that additional mechanisms may be involved in the
regulation of CDH1. Indeed, it has been reported that reduced levels of
CDH1 can be attributed to increased DNA methylation levels in the pro-
moter and translational suppression by binding of microRNA miR-9
(Lombaerts et al., 2006; Ma et al., 2010). Whether this is the case with
the transformed cell lines in this study remains to be clarified.

Vimentin (VIM) and MMP2 are considered to play important roles in
regulating the cells invasiveness by modulating the cytoskeleton and
extracellular matrix, respectively (Giannelli et al., 1997; Ivaska et al.,
2007). In the transformed HBEC2 cell lines an increase in expression
of both these genes was observed, consistent with the invasive pheno-
type observed in the matrigel invasion assay. In HBEC12, the levels of
VIM and MMP2 were unchanged similarly to the transcription levels of
the other EMT markers tested. These results suggest that although VIM
and MMP2 may be important in the cells ability to grow in soft agar, a
change in the expression of these two genes is not the critical step for
gaining this ability.

A decrease in the gene expression level of SNAI2 was observed in all
but one (T12KT-B[a]P-H) of the transformed cell lines. SNAI2 is, as
SNAI1 and ZEB1, known to suppress expression of CDH1. In addition,
SNAI2 expression has been shown to be suppressed by direct binding
of FOXAT1 in its enhancer (Jin et al., 2013; Liu et al., 2012), thus it
would be expected that decreased FOXA1 expression levels would lead
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to increased levels of SNAI2. However, this was not the case in either
T2KT or T12KT cell lines suggesting that other mechanisms in addition
to FOXA1 may be important in regulating SNAI2 in human lung cells.

Consistent with the change in gene expression of the different EMT
markers, T2KT cells were able to invade a matrigel faster than control
cells. In addition, the morphology of invading cells was different in the
transformed vs control cells (Supplementary Fig. 2). In contrast, in-
creased migration rate was found in untransformed HBEC2 cells com-
pared to the transformed derivatives. The common interpretation is
that EMT and cell transformation involves increased invasiveness
often in conjunction with increased migration. Interestingly, in agree-
ment with our results it has been demonstrated that EMT can reduce
cellular migration while increasing in vitro invasiveness, indicating
that these processes may be uncoupled (Schaeffer et al., 2014).

In transformed cells originating from both HBEC2 and HBEC12 there
was a significant reduction in the expression levels of FOXA1 and FOXA2.
The protein levels of both FOXA1 and FOXA2 in T2KT cells were also
reduced as observed by fluorescent microscopy. For T12KTs, however,
differences in the fluorescent signals were weak, but there was an indi-
cation of a difference in the protein levels. It is interesting to note that
the reduction of FOXA1/2 in exposed cells occurs prior to clonal selec-
tion in soft agar, indicating that FOXA1/2 deregulation may be an early
event.

FOXA1 has been shown to be important in transcriptional
reprogramming of EMT in several cancers, including lung cancer, and
>900 genes may be affected by FOXA1 deregulation (Jin et al., 2013;
Wang et al, 2013). Hence, if the FOXA1 transcriptional level is
deregulated by chemical exposure it may have great impact on the
chromatin landscape and on the transcriptional program of the cell
due to FOXATs ability to bind compact chromatin and remodel chroma-
tin structure. In the prostate, FOXA1 has been found to positively
regulate CDH1, resulting in reduced invasiveness in vitro (Jin et al.,
2013). In a previous study on lung adenocarcinomas, FOXA1 was
overexpressed and amplified in a subset of the cases tested (Lin et al.,
2002). In another study, alterations in FOXA1 not only comprised gene
amplification, but also deletion and sporadic mutation in lung adenocar-
cinoma (Li et al,, 2013). Thus, it is apparent that regulation of FOXAT in
lung cancer may be complex. However, down-regulation of FOXA1
during in vitro transformation with concomitant appearance of EMT is
in agreement with a role of FOXA1 in maintaining the epithelial pheno-
type. Interestingly, Jin et al. (2013) found that while FOXAT is slightly
up-regulated in localized cancer of the prostate it is down-regulated in
metastatic prostate cancer. FOXA2 may also suppress EMT and thereby
metastasis in human lung cancer cell lines (Tang et al., 2011). In agree-
ment with our study, FOXA2 was down-regulated in lung adenocarci-
nomas (Basseres et al., 2012).

The results of the present study indicate that the expression of the
FOXA genes is down-regulated by long-term carcinogen exposure, and
that this coincides with the occurrence of EMT. In our model, it is thus
reasonable to speculate that deregulation of FOXA1/FOXA2 and EMT
are associated, and that these mechanisms are involved in the tobacco
smoke carcinogen induced transformation of HBECs.

To get insight into the possible mechanisms involved in their down-
regulation, binding of histone H3 and the histone variant macroH2A in
the genomic regions surrounding FOXA1 and FOXA2 was quantitated
by ChIP-qPCR. These analyses included CpG islands, chromatin state,
and regions showing high TF binding in the FOXAT and FOXA2 genes
that were all identified from the ENCODE database (UCSC Genome
Browser) (Fig. 7) (Kent et al., 2002; Rosenbloom et al., 2013). Lower his-
tone binding was found in regions surrounding the transcription start
site (TSS) in both FOXA1 and FOXA2, consistent with nucleosome deple-
tion around TSS (Lee et al., 2004). MacroH2A binds FOXA2 in cell lines
that do not express FOXA2 while being absent in cell lines that do ex-
press the gene (Barrero et al., 2013). This is consistent with our finding
of increased macroH2A binding in transformed cell lines. Interestingly,
for all investigated chromatin locations, higher levels of histone binding

were found in the transformed cell lines (T2KT-CSC-L, T2KT-CSC-H)
compared to the control cell line. This result suggests a more compact
chromatin state surrounding the FOXA genes in the transformed cell
lines, consistent with the reduced level of transcription.

Using the same qPCR assays as above, the level of histone variant
H2A.Z was found to be increased in the transformed HBEC2 cell lines
when compared to the controls. H2A.Z preferentially binds in regions
flanking TSS and is associated with nucleosome depletion and active
gene expression (Barski et al., 2007; Li et al., 2012). In gene bodies, how-
ever, increased H2A.Z has been associated with repression of gene ex-
pression (Zemach et al., 2010). This is in accordance with our results
for the GpG3 assays for both FOXA1 and FOXA2 (Fig. 7A and E). However,
the finding of increased H2A.Z in the other FOXA1 and FOXA2 genomic
regions tested was unexpected.

Exposure of HBECs to activated carcinogenic metabolites (such
as BPDE) has previously been shown to transform HBECs in vitro
(Damiani et al., 2008). In their paper, Damiani et al. (2008) showed
that E-cadherin was down-regulated due to increased DNA methylation
in the CDH1 promoter of transformed cells. Consistent with their finding
we find that all transformed cell lines have reduced levels of E-cadherin,
confirming the importance of adherence proteins in the cell transforma-
tion process. Both HBEC2 and HBEC12 were responsive to B[a]P and CSC
in regard to induction of typical PAH induced xenobiotic metabolism
genes like CYP1A1 and CYP1B1 (data not shown), indicating their ca-
pacity to metabolically activate PAH pro-carcinogens (Uppstad et al.,
2010). However, only in HBEC12 this resulted in transformed cells
after exposure to B[a]P.

Similarly to the findings reported by Damiani et al. (2008)), our
transformed cell lines were incapable of forming tumors in immunode-
ficient nude mice (data not shown). This suggests that even though the
cells have gained some tumor cell characteristics including soft agar col-
ony formation, EMT and in vitro invasiveness, they have not developed
to become tumorigenic and the model may thus be representative of
early stages of lung carcinogenesis.

In summary, our results show that long-term exposure of immortal-
ized human bronchial epithelial cells to tobacco smoke carcinogens can
lead to cell transformation in vitro. The transformed cells are able to
grow anchorage independent and show increased invasiveness. In addi-
tion they have reduced expression of FOXA1 and FOXA2, co-occurring
with EMT. These results indicate that EMT and down-regulation of
FOXA1 and FOXA2 may be important in chemical carcinogen induced
transformation of human bronchial epithelial cells, and should stimu-
late further studies on their role in lung cancer.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tiv.2016.04.012.
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