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Manufactured aluminum oxide and cerium oxide nanoparticles are regularly released into
the environment, yet there are presently no regulations to monitor their non-acute effects on
respiratory health. The present study, therefore, examined effects of aluminum oxide (AL,03)
and cerium oxide (CeO,) nanoparticles on human alveolar cells in vitro. ATCC A549 human
alveolar carcinoma cells were exposed to two different concentrations of these two different
nanoparticles to test for cellular and molecular phenotypes, particularly cell viability, oxidative
stress, disease marker gene expression and epigenetic responses. Samples were collected at 22
and 88 hours of incubation with and without nanoparticles, representing cells grown to one and
four population doublings. Viability and cell health were measured using flow cell cytometry, a
fluorescent alamarBlue® assay and total SOD assay. DNA and RNA were extracted from
multiple cell samples at 22 and 88 hours of exposure. The extracted DNA was used to assess
global DNA methylation and RNA was converted to cDNA to quantify gene expression. The
MRNA levels of 15 genes, which are known to transcribe immunological and epigenetic traits,
were measured by quantitative realtime PCR. The immunological genes assayed were SOD,
SESN, iNOS, IL-6, IL-33, HLA-B, IRF8, CD44 and TNFa. The epigenetic marker genes assayed
were DNMT1, DNMT3A, EZH1, KMT2D, EHMT1 and DOT1. Neither of the nanoparticle types
nor concentrations affected viability of A549 cells, yet every experimental condition had effects
on one or more gene transcript levels. The low concentration Al,O3; showed a decrease in global
DNA methylation in 22 hours, while the high concentration showed an increase in 88 hours.
DNMT1 expression increased with exposure to AL,O3 with the high concentration in 22 hours
suggesting an increased maintenance of genome DNA methylation during the first doubling of

cells due to exposure. Conversly, two conditions of AL,O3exposure caused a decrease in



DNMT3A, the de novo methylator. Histone methylation gene DOT1L decreased in the Low 88
group. Pro-inflammatory HLA-B transcripts increased in the High group in 88 hours. ROS
reducing SESNS3 transcript levels decreased within 22 hours incubation. Cells exposed to varying
concentrations of CeO, nanoparticles showed a tendency to increase both DNMT1 and DNMT3A
transcript levels as well as HLA-B and asthma exacerbation indicator IL-6. Similar to the
response of AL,0; exposed cells, there was a decrease in DOT1L expression and SESN3
expression in CeO, exposed cells, suggesting that both Al,O; and CeO, nanoparticles induce
epigenetic modifications at various levels of biological organization. The present study, therefore,
suggests that these nanoparticle exposures can lead to increased oxidative stress, activation of
cancer and asthma related genes, and epigenetic alterations without affecting the viability of

A549 alveolar cells.
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CHAPTER |

INTRODUCTION

Initial human exposure to most airborne nanoparticles, especially via combustion
processes, is through inhalation. Inhaled particles travel from the nasopharangeal region to the
tracheobronchial regions in the lungs. Because of the lungs' extensive 150 meter? epithelial
surface area, these organs are the most susceptible to deposition and interaction with inhalants
(Gehr et al 1978). Nanoparticles have been known to penetrate into the alveoli (McDowell et al
1978 et al, Oberddrster 2005). For years, it has been known that particulate matter increases
morbidity and mortality and occupational and accidental nanoparticle inhalation has been linked
with the exacerbation of existing cardiopulmonary diseases and increased inflammation (Peters et
al 1997, Duffin et al 2007, Stone et al 1998, Li et al 2003, Pope and Dockery 1999). Exacerbated
inflammation can damage the respiratory tissues, decreasing their capacity for gas exchange
(Poland and Clift 2013). Additionally, airborne nanoparticles can cause the formation of reactive
oxygen species (ROS), microglial activation and neuron loss, all of which can lead to disease
states (Eom and Cho 2009, Wang et al 2017).

Some case studies have demonstrated that lung clearance of accumulated inhaled
nanoparticles was hindered during chronic exposure (Moller et al 2008, Braydich-Stolle et al
2010). In 1998, human volunteers inhaled a single dose of 1.2 um AL,O; and were followed for
3 months. Most of the particles were cleared in 2-4 days post-exposure, but what remained was
cleared very slowly by the kidneys, and the estimated half-life was 5.5 years (Priest et al 1998).
Following exposure to "World Trade Center Dust", some first responder's lungs aged the

equivalent of 10-12 years in the initial weeks following the attack due to the debris cloud
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particles, and the effect on smokers and pre-existing asthma sufferers was even worse (American
Lung Association 2016). To add further complications, a particle itself can also absorb ambient
chemicals and protein molecules and once inhaled, due to the lung's thin-air/blood barrier, can
translocate to the pleura and nervous, digestive and reproductive systems (Gates 2006, Saptarshi
et al 2013, Kreyling et al 2002, 2006, McAuliffe and Perry 2007, Hankin and Poland 2013, Yang
et al 2008).

Lung cancer is the leading cause of cancer death among both men and women (American
Cancer Society 2018). In America, the risk of contracting lung cancer is 1 in 15 for menand 1 in
17 for women, regardless of tobacco use history. Presently, over 2 million Americans are active
military or reserves, another 21.4 million Americans are surviving veterans and lung cancer rates
are approximately the same for both military and civilian populations (DVA 2017, DOD 2018,
Zhu et al 2009). It is currently unknown if the deteriorated respiratory health conditions have a
link to their occupational exposure to nanoparticles. This study, therefore, focused on effects of
aluminum (Al,O3) and cerium (CeO,) nanoparticles on human alveolar cells (A549) in vitro with
aims to identify phenotypic or epigenetic effects caused by exposure at two different
concentration of human exposure relevance.

Aluminum is the most abundant metal and the 3 most abundant element in the earth's
crust (Greenwood and Earnshaw 1984). Acute and chronic aluminum metal exposure has been
proven toxic to humans (Jeffery et al 1996). Aluminum attracts a natural oxide layer upon
exposure to ambient air, forming energetic bonds; it is a pro-oxidant, naturally oxidizing in most
forms (Exley 2004). Aluminum oxide nanoscale particles were initially manufactured in 2006
(Dlott 2006, Zamkov et al 2007). The first public mention of AL,05 nanoparticles for military use
appears in The Department of Defense 2008 Annual Report (Porter 2008). Aluminum

nanospheres are used by the military as fuel additive catalysts to increase propellant combustion
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speed, heat and stability and as a coating for artillery surfaces (Henz et al 2010). Aluminum
metal occupational exposure suggests that pulmonary adsorption is possible (Sjogren and
Ulfvarson 1985). In a study, a 4-69 nm mixed size aluminum slurry at a 500 ug/ml concentration
decreased pneumocyte viability and altered phagocytic behavior (Braydich-Stolle et al 2010).
Murine studies using 180 nm heat-treated aluminum nanoparticles decreased white blood cell
number, increased neutrophil number, increased mucus production and enhanced secretion of
interleukin 8 as well as BEABS lung cells toxicity (J.W. Park et al 2016). Human bronchial
epithelial cells (BEAS-2B) suffered a significant increase in DNA strand breaks as measured by a
comet assay, when exposed to 68-273 pg/ml of 50 nm AL,O3 nanoparticles for two hours (Kim et
al 2009). AL,O; nanoparticles can be found released airborne into the environment at multiple
sizes, including this project's 30 nm size. Active military personnel and veterans are particularly
vulnerable to this exposure although civilians living near military installations may also come
into contact with airborne aluminum nano-sized particles.

Cerium is moderately toxic to living creatures and is the 26" most abundant element in
the earth's crust (Greenwood and Earnshaw 1984). Nanoceria, or cerium dioxide nanoparticles,
are used as a catalyst in diesel fuel worldwide, except for on-road vehicles in North America.
The nanoceria-containing commercial fuel additive Envirox™, made by Oxonica, increases fuel
economy in the catalytic converter and reduces particulate matter emissions and other pollutants
at mg/liter (Zhang et al 2016). This oxygen containing nanofuel enhances the heat transfer
characteristics of the original base fuel and is marketed as enhancing fuel consumption by 7%
while decreasing CO, emmissions (Trovarelli 1996, Park et al 2008, Dale et al 2017, Energetics
online advertising). This insoluble, reactive metal oxide is also used in industry as a polishing
compound, glass manufacturing additive and pigment (Kilbourne 2004, Reinhardt and Winkler

2003). Nanoparticulate cerium oxide particles cycle between the more predominant Ce (111) and
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the exceptional Ce (IV) valence states. These Ce** and Ce*" mixed valence states allow the
nanoceria to both periodically scavenge free radicals as a cellular antioxidant and to act as a pro-
oxidant (Das et al 2007, Greenwood and Earnshaw 1984, Heckert et al 2008, Kitchin et al 2014,
Ma et al 2010, Grulke et al 2014). CeO, nanoparticle toxicity has been examined in vivo in
various organismal models. In the arthropod, Daphnia magna, there was no acute toxicity for 24
hours of exposure, but 29 nm CeO, nanoparticles were harmful to reproduction over a 21-day
chronic test at the 10-100 mg/L concentration range, which includes this project's two
concentrations. Algae growth inhibition was noticed at concentrations lower than the ones used in
this experiment, but nanoparticles were not observed to be taken in cellularly (Van Hoeke et al
2009). In one earthworm study, the annelid showed histological changes at 400 times greater than
this project's concentrations, but no survival or reproductive effects were sustained in another
study using levels 100 times those used in this experiment (Lahive et al 2014, Roh et al 2010). In
2013, no developmental toxicity was found in zebrafish exposed to polymer-coated CeO,
nanoparticles, however, the nanoparticles were able to penetrate the second generation embryonic
chorions (Felix et al 2013). DNA strand breaks were measured electrophoretically in comet
assays and found significant in two cell studies. One group exposed A549 cells for 4 hours to 40
ug/ml and 80 ug/ml concentrations of 4-25 nm CeQO, spheres (Kain et al 2012). Another group
exposed hepatic carcinoma (HepG,) cells to a 500 pg/ml concentration of 16-22 nm CeO,
nanoparticles (De Marzi et al 2013). One study using 2008 environmental level computer models
did not consider Envirox™ to pose an acute health risk (Park et al 2008).

At a diesel engine exhaust, 5-300 nm sized, near-spherical CeO, nanoparticles are
released into the environment (Dale et al 2017, Stafford 2008). There are 1.2 billion cars and 377
million trucks on the world’s roads today (Voelcker 2014, Smith 2016). Most medium and heavy

trucks are diesel-powered due to the fact they are the most rugged and long-lasting internal
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combustion engines. Diesel exhaust expels not only nanoparticle spray, but carbon dioxide, ozone
and nitrogenous pollutants (USDOE 2014). Although diesel exhaust is ubiquitous and potentially
dangerous to everyone, diesel fuel has long been the favorite power source of military and
peacekeeping vehicles throughout the world and its particulate matter is, therefore, an additional
threat to active duty military personnel (Anderson 2015).

As of the beginning of 2018, 1600 “nano-containing” consumer products were registered
in the Nanotechnology Consumer Products Inventory (CPI); they are ubiquitous (Bierkandt et al
2018). However, real-world Human Particle Dose of AL,03 and CeO, is currently unclear.
Theoretically, exposure may occur via direct dermal contact (Korani et al 2013), ingestion
(Szakal et al 2014) and inhalation of airborne particles (Oberddrster 2001, Kreyling et al 2009,
Donaldson and Seaton 2012). Recently, testing concentration and effects of real-world exposure
to engineered nanomaterials has been proposed (Serfozo et al 2018). For genotoxicity testing of
nanomaterials, similar to those used for pharmaceutical testing, there is not yet a battery of tests
that will adequately measure parameters (Elespuru et al 2018). Airborne particulate matter, a
component of air pollution, was cited as the 9" most hazardous factor for the global burden of
disease in 2010 (Lim et al 2012). The addition of these nanoparticles to explosives and fuels
have not yet been proven to cause acute effects to the health of current military or civilian
personnel and their ability to induce molecular and epigenetic effects and likelihood of
development of alveolar phenotypes has not been addressed. Although there are acute in vitro
toxicological studies on aluminum and cerium nanoparticles, neither have been studied
extensively for their possible silent epigenetic level effects, so potential transgenerational health
and safety concerns are unknown (Choi et al 2009, E.JPark et al 2016). Epigenetic changes do
not alter genotypes but do alter heritable phenotypic characteristics. The "epigenetic landscape"

was first introduced in the 1940s by British embryologist Conrad Hal Waddington; the concept of
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epigenetics literally means "above the gene” (Waddington 1942). Epigenetics is the study of
heritable changes in gene expression which are not related to the sequence of nucleotides, but to
the structure of the DNA molecule microenvironment itself, such as methylation of the cytosine
base or histone modification. These alterations can persist as cells divide, even after the damaging
initial stressor subsides, and these changes can be inherited through generations in the germ line
(Head 2014). This is the basis for epigenetic studies.

Pre-mitotic chromatin can be modified by epigenetic factors such as DNA methylation,
histone methylation, chromatin remodeling, higher order chromatin structure and noncoding RNA
regulation (Chen and Huang 2015). One standard tool of epigenetics is the measurement of DNA
methylation, where a methyl group is added to the 5 position of the cytosine pyrimidine ring to
form 5-methylcytosine in the DNA molecule. This process was most certainly present since
primordial eukaryotic evolution and nucleotide methylation is widespread in both the animal and
plant kingdoms (Law and Jacobsen 2010, Chan et al 2005, Thirlwell et al 2010). DNA
methylation doesn’t alter the sequence of the DNA bases but does affect the conformation and
thereby the activity of the double helix nucleic acid. Correct placement and timing of cytosine
methylation is necessary for the normal development of an organism's embryonic maturation,
chromosomal stability, gene expression/silencing in cell differentiation, x- chromosome
inactivation in vertebrates and subsequently, carcinogenesis and ageing (Teschendorff et al 2013,
Vandiver et al 2015, Chen and Riggs 2011, Feinberg 2018). Normal human adult DNA bases are
approximately 1% methylated with 60-80% of all the CpGs in the human genome being
methylated (Parente 2018, Smith and Meissner 2013). The process is reversible with ten-eleven
translocation (TET) methylcytosine dioxygenases (Chen and Riggs 2011). Extensive DNA
methylation at cytosine residues in the promoter and coding regions of genes can result in

silencing of gene expression (Richards and Elgin 2002). The aberrant gene expression affected by
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abnormal DNA methylation has been linked to disease states, including cancer, and Fragile X and
Rett Syndromes. So, measurement of DNA global DNA methylation in experimental context
presents overall methylation genomewide induced by treatment.

There are over 200 known post-translational histone modifications, including methylation
of these spindles which help wind and organize DNA into nucleosomes. H3 is one of the four
core histones, responsible for both packaging nucleosomes and for general gene suppression
(Lorch et al 1987, Han and Grunstein 1988). Histone methylation by methyltransferases can
either activate or repress transcription, depending on which amino acid is being methylated and
nearby methyl or acetyl groups (Greer and Shi 2012, Petersen and Laniel 2004). The enzymes
Histone H3 methyltransferase (DOT1L) Euchromatic Histone Lysine Methyltransferase 1
(EZH1), Histone-lysine N-methyltransferase 2D (KMT2D) and Euchromatic Histone Lysine
Methyltransferase (EHMT1) can all methylate H3. Disease states associated with these
methylations are numerous and include cancer, cell growth and neurological abnormalities (Chen
and Armstrong 2015, Chen and Huang 2015, Soshnev et al 2016).

Environmental stressors can have serious effects on dynamic heritable epigenomes,
including DNA and histone methylation. An increase in global DNA methylation may serve as
an early marker to indicate heritable phenotypic abnormalities, and the resulting dysregulation of
epigenetically modified enzymes due to environmental injury may explain heritable traits that can
not otherwise be attributed to known genetic alleles. (Rose and Klose 2014, Kondo 2009, DeBaun
et al 2002, Maegawa et al 2014, Vandiver et al 2015, Baedke 2018, Teschendoff et al 2013,
Pujada and Feinberg 2012).

As of the beginning of 2018, 1600 “nano-containing” consumer products
were registered in the Nanotechnology Consumer Products Inventory (CPI); they are ubiquitous

(Bierkandt et al 2018). Theoretically, nanoparticle exposure may occur via direct dermal contact
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(Korani et al 2013), ingestion (Szakal et al 2014) and inhalation of airborne particles
(Oberdorster 2001, Kreyling et al 2009, Donaldson and Seaton 2012). Recently, testing
concentrations and effects of environmentally relevant exposure to engineered nanomaterials
have been proposed (Serfozo et al 2018). So far, in genotoxicity testing of nanomaterials, similar
to those used for pharmaceutical testing, there is not yet a battery of tests that will adequately
measure parameters (Elespuru et al 2018).

The innovation of this research is that it examined the epigenetic risk effects of
nanoparticle exposure in alveolar epithelial cells and also examined if the cells that divide can
maintain the same level of DNA methylation and gene expression patterns across three cell
divisions. The goal was to better understand initial triggers in the expression of networks of
interacting genes and associated epigenetic changes initiated by nanoparticle exposure. Initial
expression patterns may differ from disease endpoints, but study of the first 22 hours following
exposure and 4 cell divisions thereafter gives ideas about what pathways are being activated or
silenced by the initial mode of action of these two nanoparticles at environmentally relevant
concentrations.

In order to characterize effects of nanoaluminum and nanocerium exposure in the lung
alveolar A549 cells, expression patterns of a suite of genes were examined. All the genes have
some important functions in alveolar cells and are described below:

The enzyme superoxide dismutase (SOD) is abundant throughout the body, being
synthesized in the cytosol. Naturally occurring cell process byproducts charge oxygen molecules
and these toxic free radicals must be broken down or cell damage will result. SOD1 is one of the
three superoxide dismutase genes responsible for the breakdown of superoxide radicals. SOD1
binds to copper and zinc ions and converts superoxide radicals to normal, uncharged oxygen and

hydrogen peroxide. The harmful hydrogen peroxide formed is further broken down by catalase
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(McCord and Fridovich 1969, Fridovich 1995). Dysregulation of the SOD gene can contribute to
a decrease in ROS scavenging, as seen in inflammatory bowel disease (Almenier et al 2012).

Sestrin 3 (SESN3) is a member of the sestrin family of stress-induced proteins. This
protein makes possible an effective adaptive cellular response to a variety of environmental
stresses. SESN3 reduces intracellular ROS levels, enables DNA repair, regulates pancreatic
secretions and allows for adaptation in chronic disease states including cancer, diabetes, obesity,
and chronic fatigue syndrome (Vakana et al 2013, Zamkova et al 2013, Lee et al 2013,
Parmigiani and Budanov 2016). Dysregulation of this gene could allow for increased levels of
harmful ROS.

Nitric oxide (NO) was the second biological ROS identified, after superoxide. It is
formed in virtually all mammalian cells via oxidation of the amino acid L-arginine by a family of
enzymes called nitric oxide synthases (Moncada et al 1987, Palmer et al 1987). Inducible nitric
oxide synthase, or “iINOS”, is one of three isoforms of the enzyme which produces nitric oxide,
the smallest known cell signaling compound. Inducible NOS contributes to the pathophysiology
of inflammatory diseases by regulating transcription, translation and neurotransmission (O’Dell et
al 1991, Khan et al 1996, Schuman and Madison 1991). Rheumatoid arthritis is one disease
characterized by increased NO production (Van'T Hof and Ralston 2001).

Secreted by T cells, adipocytes and macrophages at inflammation sites, interleukin 6
(IL-6) is both an anti-inflammatory cardiac myokine and a pro-inflammatory cytokine with
receptors on a multitude of cell types, including B cells. This cytokine can also work with DNA
methyltransferases to increase total DNA methylation (Kundakovic et al 2009). An IL-6 inhibitor,
tocilizumab, has been clinically successful in the treatment of autoinflammatory diseases,
although it is not yet approved for treatment by the FDA (Tanaka et al 2017). There appears to be

a link between 1L-6 mediated adipocytic inflammation and asthma exacerbation (Peters et al
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2016). Both TNFa and IL-6 are involved in angiogenesis and can augment many steps of the
cancer-related inflammation cascade (Upadhyay et al 2018).

Expressed by many cell types in its precursor form, interleukin 33 (IL-33) is an alarmin,
released upon cell damage or necrosis, having both inflammatory and anti-inflammatory. It
induces helper T cells, mast cells, eosinophils and basophils to produce type 2 humoral cytokines.
Elevated levels of 1L-33 are associated with asthma and clinical trials with an anti-I1L-33 have
proven promising for treating asthma (Bahrami et al 2015, Dinerello 2017).

There are hundreds of allelic versions of human leukocyte antigens (HLA). The HLA
B27 class | molecule, also called HLA-B, is one of many of the major histocompatibility complex
Class 1 glycoproteins. Although not yet fully understood, these molecules exist on the surface of
most cells, presenting self antigens to cytotoxic T cells. They can increase or suppress
inflammatory responses, thereby allowing for an increase in tumor incidence and metastastis of
lung cancer (Bremnes et al 2011, Bowness 2015).

Interferon regulatory factor 8 is a transcription factor which regulates apoptosis and
might be promising as a cancer therapy (Hu et al 2011). Studies indicate the IRF8 gene promoter
is hypermethylated in human colon carcinoma cells. This suggests that these cancer cells might
use DNA methylation to silence IRF8 expression to spur the development of the disease
(McGough et al 2008, Yang et al 2007).

The Cluster of Differentiation 44 antigen (CD44) is a cell-surface glycoprotein expressed
in many mammalian cell types. Hundreds of isoforms of CD 44 exist; it is a transmembrane
receptor involved in lymphocyte and macrophage activation, cell adhesion, migration, protein
assembly, resistance to apoptosis and tumor metastasis (Amash et al 2016, Alves et al 2008,
Hanly et al 2005, Ponta et al 2003). Animal experiments have shown that targeting CD44 and

CD44-soluble proteins reduces the malignant activities of various neoplasms_(Naor et al 2002),
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Tumor Necrosis Factor alpha (TNFa) is a cytokine capable of causing both systemic
inflammation and immunosppression (Tanaka et al 2017). Many defensive cells, but mostly
activated macrophages, can secrete this cell signaling pyrogen as part of the innate immune
system’s acute phase reaction. TNFa regulates apoptotic cell death and can both inhibit and
stimulate tumorigenesis (Granger et al 1969, Carswell et al 1975, Lukas 2010).

Although details are only now emerging on the exact mechanism of action of
transmembrane protease, serine 4 (TMPRSS4), it does degrade basement membrane, which
anchors epithelial cells and the structural extracellular matrix. Most importantly for our research,
TMPRSS4 facilitates a transformation from epithelial to mesenchymal multipotent cells leading
to unchecked cell division. Understandably, upregulation of TMPRSS4 is seen in many cancer
cell lines, especially in lung cancer tissue (Valero-Jiminez et al 2018).

Chemokine 11 (CXCL11) is a small chemotactic cytokine secreted by monocytes,
endothelial cells, fibroblasts and cancer cells. Receptors are enhanced by TNF o and exist on
monocytes, activated T cells, natural killer, dendritic and cancer cells (Ohmori et al 1993, Ohmori
et al 1997, Brightling et al 2005, Muehlinghaus et al 2005). It is moderately expressed in lung
tissue (Cole et al 1998). Atherosclerosis can develop from dysregulation of CXCL11 (Dunn
2010).

Chitinase-3-like protein 1 (CHI3L1) is a glycoprotein associated with inflammation and
asthma. Secretion of this substance may catalyze the AKT anti-apoptotic signaling pathway and
direct neural cell migration. Expression of this gene can be induced by a variety of cancers which
leads to metastasis (Ober et al 2008, Ma et al 2016). CHI3L1 drives hyperfibrosis in an
exaggerated repair of epithelium to lung injury in Hermansky—Pudlak syndrome lung disease

(Zhou et al 2018).
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The binding of the membrane protein Cluster of Differentiation 86 (CD86) with Cluster
of Differentiation 28 can stimulate T cell activation, although its binding with cytotoxic T-
lymphocyte-associated protein 4 reverses this response. This immunoglobulin ligand can be
expressed by monocytes, dendritic, T and B cells (Bugeon and Dallman 2000). Colon, rectal and
adenoma polyps have an increased expression of CD 86. Adenoma polyps are initially benign
tumors formed from glandular structures in epithelial tissue, including bronchi, which can
transform into malignant growths over time (Peyravian et al 2017). Tumor suppressor genes are
frequent targets of epigenetic processes, and the downregulation of them can lead to uncontrolled
cell proliferation. Inappropriate transcriptional silencing or activation can result from epigenetic
changes including DNA or histone methylation and can lead to a wide spectrum of disease states,
including lung cancer (Kadar and Rauch 2012).

The family of DNA methyltransferases includes four DNA methylating members:
DNMT1, DNMT3A, DNMT3B, and DNMT3L, and DNMT2, which methylates RNA (Goll et al
2006). DNA methylation (the CpG methylation of DNA) occurs at carbon 5 of cytosines in the
mammalian CpG dinucleotide, but not in island-rich areas of the genome (Salert and Weber,
2013). The addition of methyl groups modifies the DNA into a more compact structure limiting
the accessibility of the DNA to the binding of transcription factors necessary to convert DNA to
RNA. Many transcription factors recognize sequences that contain CpGs (Deaton and Bird 2011)
and some show a reduction in binding affinity when the cytosines in the sequence are methylated
(Campanero et al 2000, Iguchi-Ariga and Schaffner 1989, Kim et al 2003).

Previously, it was observed that DNMT1 was active at DNA replication sites during S
phase and on the partially methylated CpGs on one of the two DNA strands following replication,
leading to the conclusion that DNMTT1 is responsible for “maintenance” DNA methylation,

copying the methylation pattern from an existing DNA strand to the newly synthesized DNA
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strand and methylating hemimethylated DNA. DNMT1 is called the maintenance
methyltransferase (Arand et al 2012, Leonhardt et al 1992). Conversely, DNMT3A is
responsible for establishing de novo DNA methylation during development or adding a methyl
group to a cytosine at a new location, not one already copied. DNMT3A is prevalent in
differentiated cells and is called a de novo methyltransferases (Okano et al 1991).

The study of epigenetics also involves histone modification. The methylation, which is
reversible, takes place on arginine and lysine residues within the histone tails. Five different
types of histones spool DNA into nucleosomes: H1, H2A, H2B, H3 and H4. Four histone
methylating genes were chosen for study: EZH1, KMT2d, EHMT1, and DOT1. When a histone is
methylated, even slightly, it can cause either transcriptional repression or activation, depending
on which of its amino acids are modified and to what extent the structure is altered (Greer and Shi
2012). A range of cancers and Kabuki syndrome are known diseases caused by dysregulation of
histone methylation (Parente 2018).

DOTI1L (Disruptor of Telomeric Silencing 1), also known as Histone H3K79
Methyltransferase, catalyzes the methylation of histone H3 lysine 79 (H3K79) in humans. This
action regulates diverse cellular processes such as progression of G1 and S phases, mitosis, and
meiosis and overall DNA damage response, differentiation, and proliferation (Vlaming and
van Leeuwen 2016, Nguyen and Zhang 2011). DOT1L misregulation can lead to the
development of cancer, especially mixed-lineage leukemia, and might serve as a cellular time
clock (Wang et al 2016, Farooq et al 2016, McLean et al 2014, Soria-Valles et al 2014, Feinberg
et al 2002). Recent studies indicate DOT1 may chaperone histones in yeast, in addition to its
methylation activities (Lee et al 2018).

Histone-lysine N-Methyltransferase 2D (KMT2D) is widely expressed in human tissue

(Prasad et al 1997). More than 80% of lung cancer is categorized as non—small-cell lung cancer
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(NSCLC), and small cell lung cancer (SCLC) accounts for the remaining 15% (Van Meerbeeck et
al 2011, Chen et al 2014). KMT2D mutation is associated with reduced survival in NSCLC but
not in SCLC (Ardeshir-Larijani et al 2018). KMT2D mutations have also been observed in other
cancers, including non-Hodgkin lymphoma, medulloblastoma, prostate, renal, and bladder (Morin
et al 2011, Lopez 2014, Grasso et al 2012, Dalgliesh et al 2010, Yang et al 2017, Ardeshir-
Larijani et al 2018). Thus, epigenetic modification of histones via alteration of KMT2D gene
may indicate onset of similar phenotypes in humans.

Euchromatic histone-lysine N-methyltransferase 1, also known as G9a-like protein
(GLP), is a protein that is encoded by the EHMT1 gene in humans. It methylates the lysine-9
position of histone H3 and MDC1, a mediator for DNA repair processes (Watanabe et al 2018).
This enzyme plays a role in silencing transcription factors that regulate the cell division cycle GO
resting phase to the G1 cell size enlargement phase transition (Xiong et al 2017).

Histone-lysine N-Methyltransferase 1, also known as Enhancer of Zeste 1, or EZH1, is
the human enzyme that is encoded by the EZH1 gene (Abel et al 1997). EZH1 expression is
maintained throughout adulthood and is rich in the brain (Miller et al 2014). This
methyltransferase affects stem cell maintenance, self-renewal and differentiation hematopoeisis
differentiation. Not surprisingly, it has been associated with adenomas, neoplasms arising from
glandular or secretory epithelial cells, including bronchi (Jung et al 2018). Using knockdown
techniques, 70 other genes have been identified as altered in response to the decrease in this
enzyme. These genes regulate neurons, axons, and neurotransmitter signaling. Phenotypic
analysis of these genes showed complex associations with many learning and complex behavioral
categories (Johnstone et al 2018). Since this gene is a universal regulator of H3K9me3 histone
modification, the alteration of expression of this gene would indicate alteration in histones of

closed chromatin states that results in gene silencing (short term or long term).
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There are two aims to this study. Aim 1 was to evaluate phenotypic characterization in
A549 cells when exposed to 0.05% Tween 80™, the nanoparticle Control Vehicle, known as
Control, or exposed to both 25 pg/ml (Low) and 250 pg/ml (High) concentrations of AL,O3 and
Ce0, nanoparticles. Aim 1 focused on A549 cell viability using the alamarBlue® Assay, flow
cytometry, SOD Assay and qPCR of gene SOD1. The alamarBlue® Assay measured the cells'
ability to reduce the dye resazurin and flow cytometry descriptively differentiated dead from live
cells in the total population. The health of the exposed cells was firther evaluated by measuring
their ability to get rid of their microenvironment of superoxides. This was accomplished directly
using a xanthine/xanthine oxidase method for total oxidase enzyme activity and indirectly using
gPCR to measure the expression of the Super Oxide Dismutase 1 (SOD1) gene in Control cells
and exposed cells.

Aim 2 was to examine the cells for molecular endpoints associated with disease states
using qPCR quantitation of fifteen genes and ELISA for measurement of total DNA methylation.
Changes in expression of Sestrin 3 (SESN3) and inducible Nitric Oxide Synthase (iNOS) genes
indicate a change in their ability to reduce radical oxygen species breakdown. Exacerbated
asthmatic conditions accompany dysregulation of Interleukin 6 (11-6) and Interleukin 33 (11-33),
so measurement of these genes give insights into molecular conditions leading to the onset of
asthmatic conditions. Cancer proliferation is often preceded by variations in transcription of
Human Leukocyte Antigen B (HLA-B), Interferon 8 (IRF8), Cluster of Differentiation (CD44)
and Tumor Necrosis Factor Alpha (TNFa), so alterations in these genes give insights into the
ability of nanoparticles to tease gene networks relevant to carcinogenesis.  Alterations in
expression of epigenetic marker genes DNA (cytosine-5)-Methyltransferase 1(DNMT1) and
DNA (cytosine-5)-Methyltransferase 3A (DNMT3A) were quantitated through gPCR methods

and total DNA methylation in the cells via ELISA. The expression of histone modifications were
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indirectly examined by qPCR quantitation of histone methylase enzyme genes encoding
Euchromatic Histone Lysine Methyltransferase (EZH1), Histone-lysine N-Methyltransferase 2D
(KMT2D), Euchromatic Histone Lysine Methyltransferase (EHMT1), and Histone H3K179
Methyltransferase (DOT1). Expression of EZH1 and EHMT1 genes indicate epigenetic silencing
in place, whereas expression of DOT1 and KMT2D indicates epigenetic induction of gene

expression in the A549 cells following exposure.
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CHAPTER 1l

MATERIALS AND METHODS

2.1 Cell Culture of ATCC® A549

This line was derived from a human alveolar cell carcinoma (Lieber et al 1976). The
properties are those of Type Il alveolar epithelial cells, complete with surfactant secretion. The
alveolar region is where gas exchange takes place (Ochs and Weibel 2008). In the human body,
clearance in the non-ciliated alveolar region of the lungs is slower than in the upper respiratory
system and relies on circulating macrophages. According to American Type Culture Collection of
Manassas, VA, optimal A549 cultures can be established between 2000 and 10,000 viable
cells/cm? in filter-sterilized Gibco's Ham's F-12K (Kaighn's) Medium with 10% fetal bovine
serum (FBS) and 1% Penicillin, Streptomycin, Neomycin (PSN) antibiotic mixture stored in a
4°C refrigerator for up to one month. A549 cells are 10-15 pm (Jiang et al 2010). Confluency
may reach 95% without complications.

First, adherent human lung ATCC® A549 epithelial carcinoma cells were cultured at
37°C, 5% CO,. Adherent cells were detached with trypsin, dyed with 50% Trypan Blue and
counted using an automated hemocytometer (BioRad TC-10) to determine density and viability
percentage. Batches of cells were kept in liquid nitrogen and defrosted as passages aged. Cells
from passages 6-12 were utilized for this study. Each well on a 6 well Tissue Culture Treated
plate is a "T-9", that is, there is 9 cm? of cell adherent area, or "cell growth area" and the working
well volume is 3 ml. Every doubling provides for mitosis and therefore, genetic revisions,
predictive of an in vivo environment. The cells were allowed to double 4 times post-attachment,

the maximum for the health of these cells due to confluency constraints.
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Every plate was initially seeded with 12,000 cells per well in 3 ml of media or 1300/cm?
to help reduce stress of overcrowding for five doublings. They were allowed to adhere for 22
hours at 37°C and 5% CO,. Most cells adhered to the flat well bottoms and doubled in that time.
Gibco TrypLE™ Express (12604013) was used to release adherent cells from the TCT flasks for
counting and passaging. This ultrapure trypsin enzyme cleaves peptide bonds on the C-terminal
sides of lysine and arginine adhesive proteins in the cell membrane and allows for cell
dissociation. Cell densities were determined using a BioRad TC-10 automated cell counter.
"Tissue-culture treated (TCT) plates" refers to their polystyrene surface having been made to
become hydrophilic by increasing its negative charge through chemical and manufacturing
treatments, which allows for cell adhesion. The cells were maintained from 6,000 to 60,000
cells/cm? but never exceeded 70,000 cells/cm?. These cells doubled about every 22 hours and
they were housed for 5 doublings, the maximum for this cell line at this concentration and

volume.

12,000 — 24,000 — 48,000 — 96,000 —192,000 — 384,000 cells/ml media
1300 — 2600 — 5200 —10,400 — 20,800 — 41,600 cells/cm? flask surface

Seed — Ohour —22hr —44hr — 66 hour — 88 hour exposures

Wells contained unexposed cell controls, with and without 0.05% Tween™ 80, and cells
with added AL,0;or CeO, nanoparticles. Exposure, still at 37°C and 5% CO,, was terminated at
five exposure time points: 0 day, 22 hours, 44 hours, 66 hours and 88 hours, chosen because the
cell doubling time is approximately 22 hours. Collection times were +/- 1 hour. At the 5 time
points, cells were scraped and pipetted into labeled, sterile, nuclease-free centrifuge tubes and
centrifuged at 1400 g for 10 minutes. Supernatants and cell pellets were separated, and

transported in dry ice to a -80°C freezer for storage and future manipulation and assay. This
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completed 5 doublings of cells, 4 of which were exposed to nanoparticles. The scraped plates
were discarded.
2.2 Nanoparticle and Control Preparations

Two separate stock solutions (1g/ml and 10 g/ml), one of AL,O5 and one of CeO,
nanoparticles, were made in sterile distilled, deionized water and 0.05% Tween™ 80. The Al,O;
nanoparticles were 30 nm; the CeO, nanoparticles ranged from 15-30 nm. 75 pl of these stock
solutions were added to each 3 ml well making a total 25 pg/ml or 250 pg/ml concentration
exposure. The wells contained 0.0125% Tween™ 80 total. The nanoparticle stock solutions
were stored in a 4°C refrigerator for the duration of the experiments and vortexed during
application.

A solution of 0.05% Tween ™ was prepared in sterile distilled, deionized water and was
added to all Control (C) wells. The solution was stored in a 4°C refrigerator for the duration of
the experiments.

2.3 Cell Proliferation Reagent WST-1 (alamarBlue®) Assay

The reducing potentials of healthy living cells enzymatically convert the alamarBlue®
reagent (resazurin) into a fluorescent product (resorufin). The oxidized form of alamarBlue® is a
dark blue color, whereas when taken into cells, the reduced dye becomes a highly fluorescent red,
detectable at 570 nm. Because of this chain of events, this assay is used to measure cell viability
(Ahmed et al 1994). The MTT assay was not used to test viability due to the published history of
nanoparticles reacting with the substrate, and causing false negative results. The LDH release
kits have a history of metallic-based nanoparticles inhibiting LDH release, indicating misleading
necrotic cell totals (Belyanskaya et al 2007, Kroll et al 2009).

A549 cells were seeded onto 8 separate TCT 96-well plates, in sets of 6 replicates, at a

density of 400 cells in a volume of 100 ul media/well. This was the same concentration as used
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in the exposure studies. Only the 96 well plates' inner wells were utilized for optimal
spectrophotometer readings. The cells were allowed to adhere for 24 hours at 37 °C under a 5%
CO, atmosphere. After the 24 hour incubation, the media was pipetted off and replaced with 100
ul of warmed fresh media (M), media containing nanoparticles (high or low AL,0; or CeO,
concentrations) or media containing 0.05% Tween™ 80 vehicle (C). At each time point, (0, 22,
44, 66 and 88 hours), the wells were washed three times with warmed 1x PBS, then 100 ul of
warmed media and 10 pl/well of WST-1 was added to each well without the light on in the hood.
The plates were wrapped in foil and incubated at 37 °C under a 5% CO, atmosphere for 4 hours.
Following incubation, the fluorescence of each well was measured at 570 nm with a background
subtraction reference reading of the plain media and WST-1 at the same ratio as experimental
plates. Values were graphed as percent of negative control.
2.4 Flow Cell Cytometry

Ab549 Cells were grown and exposed as previously described, but in 1 ml total volumes in
24 well TCT plates, in triplicate. Media was aseptically pipetted off at the key exposure times of
0, 22,44, 66 and 88 hours. To disassociate the cells, 250 pl of Gibco TrypLE™ Express was
added to each well followed by incubation at room temperature for 7 minutes. The cell mixtures
were pipetted into microcentrifuge tubes and centrifuged at 1000 rpm for 7 minutes. The
supernatants were discarded and 1 ml of Phosphate Buffered Saline (PBS), pH 7.4, was used to
wash the cells, followed by centrifugation at 5000 rpm for 5 minutes. The supernatants were
discarded and the cell pellets were resuspended in 100 pl of PBS. A 10% solution of this cell
suspension and 90% Guava® ViaCount® Reagent (Guava Technologies 4000-0040) were mixed
together and allowed to incubate at room temperature for at least five minutes wrapped in foil to
protect the samples from light. To count the cells and differentiate between dead and living cells,

the samples were well mixed, then read on a Guava EasyCyte™ Flow Cell Cytometer using
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CytoSoft software containing the Guava® ViaCount module software using 1000 events, with the
viability threshold set at x intercept 1.5142, 32.16 angle.
2.5 Superoxide Dismutase Assay

A free radical is any atom or molecule with a single unpaired electron. Biological
radicals include reactive oxygen species (ROS) such as peroxides, superoxide, hydroxyl radical
and singlet oxygen (Hayyan et al 2016). ROS are present in every aerobic organism, produced as
a normal by-product of respiratory electron transport energy release and cytochome P450
reactions. At normal cellular levels, ROS regulate cell differentiation and proliferation, and are
extremely important to both the innate immune response and the development of inflammation
(Casas et al 2015). An increase in ROS, however, induces cell damage and is known as oxidative
stress. One of the most important ROS, superoxide, is a very small, mobile and unstable radical
first discovered widely distributed in human tissue in 1968 (Mccord and Fridovich, 1969). In
1990, it was found that that superoxide radicals could react with nitric oxide to form peroxynitrite
(ONOO") which breaks down to nitrogen dioxide (NO,) and hydroxyl radical (*OH), which
damages DNA and protein (Beckman et al 1990).

Removal of excess superoxide is an important step in cellular defense and anti-
inflammatory regulation. The antioxidant enzyme superoxide dismutase (SOD) decomposes
superoxide anions into less harmful hydrogen peroxide and oxygen (Valko et al 2007). There are
three families of SOD enzymes: cytosolic Cu/Zn (SOD1), mitochondrial Fe/Mn (SOD2), and the
extracellular nickel type (SODNI) (Zelko et al 2002). The total of these three types of SOD
enzymes was measured directly according to the method described by Kuthan (1986) using
xanthine/xanthine oxidase. BioAssay System’s EnzyChromTM Superoxide Dismutase Assay Kit
(ESOD-100) was utilized according to the manufacturer’s protocol. In the assay, superoxide (O,)

is provided by xanthine oxidase. Superoxide reacts with a WST-1 dye to form a colored product.
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Since SOD catalyzes the conversion of the O, to less damaging radicals, less O, is available for
the chromogenic reaction. The adherent cells were washed in PBS buffer, lysed (50 mM
potassium phosphate, 0.1 mM EDTA, 0.5% Triton X-100, pH 7.4), scraped and centrifuged at
12,000 g for 5 minutes. The supernatants were frozen for three weeks at -80°C. As suggested by
Cell Biolabs, Inc. technical support, 70 ul of sample supernatants were added to duplicate wells in
a 96 well flat bottomed plate. A mixture of 10 uL. Assay Buffer, 5 uL Xanthine and 5 uL WST-1
was added to each well. Plates were incubated at 37°C for one hour wrapped in foil, then read at
OD 490 nm.
2.6 Nucleic Acid Extraction

DNA and RNA were extracted from the scraped and centrifuged cell pellets from the 22
and 88 hour incubation times as directed by the Zymo Research ZR-Duet DNA/RNA MiniPrep
Kit. First, 300 ul of Digestion Buffer and 10 ul of Proteinase K were added to the approximate
50 ul volume lung cell pellets. Proteinase K is a broad spectrum serine protease which digests
contaminating proteins and degrades any nucleases present. Samples were then placed into a 55C
heat block for 30 minutes to further unfold proteins. RNA alcohol precipitation preceded a series
of buffers which washed the nucleic acids adsorbed onto separate silica filters before elution.
Quantitation and purity of both DNA and RNA were ascertained by Nano Drop
spectrophotometer. Both nucleic acids absorb ultraviolet (UV) light at the 260 nm wavelength
(Amax = 260 nm) due to the heterocyclic rings of the nucleotides, so that absorbance was used to
calculate the concentration and purity of extractions. A 260/280 ratio is the ratio of absorbance at
260 nm and 280 nm. A ratio of ~1.8 is generally accepted as “pure” for DNA; a ratio of ~2.0 is

generally accepted as “pure” for RNA. Samples displaying these approximate ratios were utilized.
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2.7 Quantitation of Gene Expression

RNA samples were reverse-transcribed into complementary DNA (cDNA) with reverse
transcriptase using the instructions in the High Capacity cDNA Reverse Transcription Kit by
Applied Biosystems (4368814). Amplification of a gene transcript is necessary to detect and
guantitate gene expression. The amount of an expressed gene in a cell can be measured by the
number of copies of an RNA transcript of that gene present in a sample. High quality RNA is
needed for quantitation of genetic expression.

With guantitative polymerase chain reaction (qPCR), the fluorescent Applied
Biosystems™ SYBR™ Green I Dye specifically binds to the double-stranded DNA formed via
DNA polymerase between the single-stranded sample cDNA and specific gene primers of interest
during thermal cycles. SYBR™ Green I Dye only fluoresces when bound. Fluorescence is
monitored during the whole PCR process (along 30 to 45 cycles). “Real-time” PCR instruments
measure the accumulation of the fluorescence during the exponential phase of the doubling. The
accumulation is directly proportional to the starting amount of DNA. The higher the initial
number of DNA molecules in the sample, the earlier the detection and faster the fluorescence
increases during amplification (Applied Biosystems Protocols). All gPCR wells contained cDNA
concentrations resulting from 3 ng/3 ul of original RNA concentration measurements. The
average relative fold mMRNA levels were calculated using the ““Ct method.

Cytokines can be adsorbed onto the surface of nanoparticles, making cellular secretion
direct quantitation inaccurate (Pailleux et al 2013), so it was decided to quantitate these signaling
molecules, along with several enzymes, via gene expression rather than direct measurement.
Thirteen genes responsible for proteins that respond to ROS threat, indicate asthmatic response
and chronic inflammation, and therefore tissue damage, and control cancer proliferation were

examined for possible downregulation and upregulation due to exposure to AL,O; and CeO,
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nanoparticles via quantitative polymerase chain reaction (qPCR). Nine of the thirteen genes were

successfully assayed:

Table 1. Genes Regulating ROS Inhibition, Asthma Exacerbation and Cancer

Gene Symbol | Accession ID Gene Name Function

SOD1 ENSG00000142168 Superoxide Dismutase 1 breaks down ROS
07 in cytosol;
cancer

SESN3 ENSG00000149212 Sestrin 3 a stress-induced

protein which
reduces ROS

iINOS ENSG00000169592 Inducible Nitric Oxide Synthase | catalyzes NO from
L-arginine,
modulates
vascular and
airway tone, non-
specific immune
defense

IL-6 ENSG00000136244 Interleukin 6 inflammatory
cytokine and anti-
inflammatory
myokine; allergic
response

IL-33 ENSG00000137033 Interleukin 33 drives production
of T helper
cytokines, receptor
for mast cells and
lymphocytes;
asthma

HLA-B ENSG00000234745 Human Leukocyte Antigen B2 | presents antigens
7 to T cells during
inflammation and
apoptosis

IRF8 ENSG00000140968 Interferon Regulatory Factor 8 | transcription
factor regulates
apoptosis in
myeloid cells,
possibly a tumor
suppressor

CD44 ENSG00000026508 Cluster of Differentiation 44 cell-surface
glycoprotein in
cell—cell
interactions, cell
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adhesion,
migration, cancer

T'NFa

ENSG00000232810

Tumor Necrosis Factor alpha

inflammatory
cytokine

Six genes responsible for regulating epigenetic heritable traits were examined using

quantitative polymerase chain reaction (QPCR) method:

Table 2. Genes Regulating Epigenetic Responses

Gene Symbol

Accession ID

Gene name

Function

DNMT1

ENSG00000130816

DNA (cytosine-5)-
Methyltransferase 1

maintenance
DNA methylation
enzyme

DNMT3A

ENSG00000119772

DNA (cytosine-5)-
Methyltransferase 3A

de novo DNA
methylation
enzyme

EZH1

ENSG00000108799

Euchromatic Histone Lysine
N-Methyltransferase

enzyme may both
activate certain
genes important
for cell
development and
act as a tumor
suppressor

KMT2D

ENSG0000016754

Histone-lysine N-
Methyltransferase 2D

large protein is 1
of a family of 6
methyltransferase
s necessary for
cell
differentiation
and tumor
suppression

EHMT1

ENSG00000181090

Euchromatic Histone Lysine
Methyltransferase

methylates the
histone protein,
responsible for
providing the
structural basis
for chromosomes.

DOTIL

ENSG00000104885

Histone H3K79
Methyltransferase

methylates core
histone H3 to
form H3K79me.
It is needed for
mitotic, meiotic,
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Sl and G cell
phase progression

2.8 Quantitation of Methylated DNA

Denatured, single-stranded human lung DNA was assayed for global methylation via

Zymo Research 5-mC DNA ELISA Kits (D5325). The 100 ng denatured DNA samples were

incubated to coat 96 well plate surfaces, then anti-5-methylcytosine monoclonal antibody (Anti-5-

mC mADb) and HRP-conjugated Secondary Antibody were added to make a “sandwich”. Percent

5-mC in a DNA sample was quantified after addition of the kit’s color HRP Developer and

comparison to a 450 nm absorbance standard curve read on a Biotek Synergy 2 with Gen5

software. Calculations were then made against the CpG ratio of E.coli in the standards to the

human CpG ratio.

Table 3. Forward and Reverse Primer Sequences Designed for Human Alveolar Cells Genes

Primer Name Forward Primer Sequence Reverse Primer Sequence

DNMT1 5°-AGA TCT AGC TGC CAA ACG GA -3’ 5-TGC GTC TCT TCT CCTCCT 1T -3’
DNMT3A 5°-CTG GAA AAG GGA GGC TGA GA -3° 5°-CTC CAC CTT CTG AGA CTC CC -3’
EHMTL 5°-CAT GCA GCC AGT AAA GAT CCC -3’ 5°-CTG CTG TCG TCC AAA GTC AG -3’
EZH1 5-GTC ACT GAACACAGT TGCATTG-3° | 5- TGC ACA AAA CCG TCT CATCTT C3’
KMT2D 5°- GCA GAA CTG AAT CCC AAC TCG -3° 5- GGA GCG GAT AGT CTG ACC TC -3°
CD44 5°-GCT GAT CATCTT GGC ATC CC -3’ 5-TCT TCT GCC CAC ACC TTC TT-3°
CD86 5- AGC TAC AGT CGA CAG GCA TT-3' 5-TTC AGA GGA GCA GCA CCAG -3
CHI3LL 5-GATTTT CAT GGA GCC TGG CG -3’ 5°-CCC CAC AGC ATA GTC AGT GT-3’
CXCL11 5-CAG TTG TTC AAG GCT TCC CC -3’ 5-TCT GCC ACT TTC ACT GCT TT-3’
DOTII 5-CTG CCG GTC TAC GATAAACATC -3 5-AGC TTG AGA TCC GGG ATT TCT-3'
HLA-B 5-GGA GGA AGA GTT CAG GTG GA -3 5-TGA GAG ACA CAT CAG AGC CC -3
IL-6 5°-TGT GAA AGC AGC AAA GAG GC -3’ 5°-TTC ACC AGG CAA GTC TCC TC -3°
IL-33 5-TGA ATC AGG TGA CGG TGT TG -3’ 5-TCCTTG TTG TTG GCA TGC AA -3°
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iNOS

5-CAG CGG GAT GAC TTTCCAA-3

5'- AGG CAA GAT TTG GAC CTG CA -3'

IRF8

5’-CTG GCT GCG TGAATG AAG TT -3’

5’- AAT CGT CCACAG AAGGCTCC -3

SESN3

5’- GGC AGC AAC TTT GGG ATT GT -3°

5’-GAC GCC TCT TCATCT TCCCT -3’

SOD1

5- ACT GGT GGT CCA TGA AAA AGC -3'

5-AAC GAC TTC CAGCGT TTC CT-3'

TMPRSS4

5’- CAT GTG GTG GGC ATC GTT AG -3’

5’- AGC TCA GCC TTC CAGACATT-3’

TNF alpha

5’- AGC CCA TGT TGT AGC AAACC -3’

5’-TGG TTATCT CTC AGC TCC ACG -3’

B actin

5'- GAA GAT CAAGATCATTGC TCC T -3

5-TAC TCC TGC TTGCTG ATC CA -3
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CHAPTER I

RESULTS

3.1AIm1

Aim 1 was to evaluate whether phenotypic changes occurred in A549 cells when exposed
to 0.05% Tween 80™, the nanoparticle Control Vehicle, known as Control, or exposed to either
25 ug/ml (Low) or 250 pg/ml (High) concentrations of AL,0O3; and CeO, nanoparticles. These
exposure concentrations are consistant throughout this study. Cell pellet samples were collected
and assayed at 0 hour exposure, and then at 22, 44, 66 and 88 hours of incubation, allowing for 4
cell divisions. The health of the nanoparticle-exposed and Control cells was further evaluated by
measuring their ability to rid their microenvironment of superoxides. This was accomplished
directly using a xanthine/xanthine oxidase method for total oxidase enzyme activity and indirectly
using qPCR to measure the expression of the Super Oxide Dismutase 1 (SOD1) gene in Control
cells and exposed cells at 22 and 88 hours incubation.
3.2 alamarBlue™ Assay

The alamarBlue® Assay was utilized to determine cellular viability based on the cells'
ability to reduce the dye resazurin. The alamarBlue® Assay is a standard oxidation/reduction
indicator often used in nanotechnology publications. This assay ascertains the viability of cells
via their ability to reduce resazurin dye into the fluorescent product resorufin.

Data was calculated for significance via one way anova, two way anova, and TukeyHSD

tests computed in R 3.5. Diamonds indicate significance via two-tailed t-test.
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Figure 1. alamarBlue® Assay Comparison of Media vs Control Vehicle. alamarBlue® Assay
comparison of cell viability between media and control vehicle (media with 0.05% Tween 80™
nanoparticle vehicle). N=6 except Media 88 and Control 88=11, Media 44 and Media 66=5.
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No significance was found in comparisons of both conditions at all five time points.
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Figure 2. alamarBlue® Assay Exposed Cells. This assay determined cell viability. Cells were
exposed to both Low and High concentrations of AL,03; and CeO, nanoparticles. Comparison of
exposed cell to unexposed cell cultures as a percent of control fluorescence at 570 nm. N=6
except Al High 88=4, Control 88=11, Al Low 0 and Ce High 0=5. Asterisks indicate significance
(* p <0.05, ** p< 0.01, *** p<0.001) from the control. Blue line =100% Control.
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At 66 hours incubation, all nanoparticle-exposed conditions proved significantly different
from the control indicating an increase in normal cell reduction-oxidation activity. All cells at
these same conditions lowered close to the control by the next division at 88 hours, possibly the
cells' attempt to stabilize metabolism. None of the gene expressions at this time point were
measured. Additionally, the CeO, High concentration at 0 hour showed a decrease in reduction
although at this time point, the nanoparticles had only a few hours during the assay incubation
period to affect cellular function and could have resulted from a lower starting concentration of
total cells. The significant rise in the reduction activity of cells exposed to CeO, Low 22 hour
exposure may indicate increased cellular activity.

3.3 Flow Cytometry
Flow cytometry is a technique used to both visualize and determine live versus dead cell

counts in mixed populations.

Flow Cytometry with A549 Cells
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Figure 3. Flow Cytometry with A549 Cells. Exposure to both Low and High concentrations of
both nanoparticles. Live counts divided by total counts indicate Percent Viability of Cells. N=3
except Control 22=2 and Media 88, Control 88, Ce Low 88 and Ce High 88=4. Asterisks indicate
significance (* p < 0.05) as compared to the Control at that same time point.
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Figure 4. Flow Cytometry Anaylsis of Cell Populations.
Top three graphs are Control cells at 0, 22 and 88 hours incubation in Vehicle
Carrier, 0.05% Tween ™ 80.
Middle three graphs are Al,O3exposed cells at 0, 22 and 88 hours.
Bottom three graphs are CeO, exposed cells at 0, 22 and 88 hours.
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Flow cytometry results showed significant differences in viable cell populations
(Fig 3 and 4). At 88 hours, the media and CeO, Low exposed cells had lower viable populations
than the Control cells at 88 hours, and at 44 hours, the CeO, Low cells had a lower viable
population than the Control and at 0 hour. The lowest percent of viable cells was 95.6%, the CeO,
at 44 hours. Figure 4 shows the remarable similarity in the sequence and make-up of three cell
populations, Control, Al,O; and CeO, through 0 hour, 22 hour and 88 hours exposure.

Aim 1 further evaluated the health of the nanoparticle-exposed and Control cells by
measuring their ability to rid their microenvironment of superoxides. This was accomplished
directly using a xanthine/xanthine oxidase method for total oxidase enzyme activity and indirectly
using qPCR to measure the expression of the Super Oxide Dismutase 1 (SOD1) gene in Control
cells and exposed cells at 22 and 88 hours incubation.

3.4 Total SOD Assay for Al,O3; Exposed Cells

The Total SOD Assay evaluated the Al,O3 nanoparticle exposed and non-exposed A549
cell population health, by measuring their ability to break down superoxide with SOD1, SOD2
and SOD3. Cell pellet samples were collected and assayed at 22 hours exposure and then at 88
hours of incubation with nanoparticles. BioAssay System’s EnzyChromTM Superoxide

Dismutase Assay Kit (ESOD-100) was utilized according to the manufacturer’s protocol.
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Figure 5. Inhibition of Total SODs Following Al,O3 Exposure. All three families of superoxide
dismutases were measured in Control and Low and High concentrations of AL,0O; nanoparticle
exposed cells using a xanthine/ xanthine oxidase test. N=3. Asterisks indicate significance

(* p < 0.05). Double diamond indicates two-tailed t-test significance (p< 0.01) as compared to the
control.

The cells exposed to the High 88 of Al,O; nanoparticles showed a significant inhibition
in Total SOD as compared to the control and the Low 88 suggesting inhibition of the cells' ability
to utilize the three families of SOD enzymes: cytosolic Cu/Zn (SOD1), mitochondrial Fe/Mn
(SOD2), and the extracellular nickel type (SODNI) to breakdown the superoxide radical.

3.5 Total SOD Assay for CeO, Exposed Cells
The Total SOD BioAssay System’s EnzyChromTM Superoxide Dismutase Assay Kit

(ESOD-100) measuring Total SODs was repeated for cells exposed to CeO, nanoparticles,

according to the manufacturer’s protocol.
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Figure 6. Inhibition of Total SOD Following CeO, Exposure. All three families of superoxide
dismutases were measured in Control and Low and High concentrations of CeO, nanoparticle
exposed cells using a xanthine/xanthine oxidase test. N=3. Asterisks indicate significance

(* p < 0.05) as compared to control.

Both concentrations of 88 hour CeO, exposed nanoparticles showed a significant
decrease in their ability to breakdown superoxide using the three types of Superoxide Dismutase:
cytosolic Cu/Zn (SOD1), mitochondrial Fe/Mn (SOD2), and the extracellular nickel type
(SODNI) over the Control cells.

3.6 Expression of ROS Enzyme Gene SOD1 in Al,O3; Exposed Cells

Super Oxide Dismutase 1 (SOD1) gene expression was measured indirectly using qPCR

to quantitate transcription in Control cells and Al,O3 exposed cells.
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Figure 7. SOD1 Gene Expression Following AL,0O; Exposure. qPCR results on Superoxide
Dismutase 1 expression in cells exposed to Low and High concentrations of AL,O5; nanoparticles.
N=6 except Control 88=8 and Control 22=13. Asterisks indicate significance (* p < 0.05).
Diamond indicates two-tailed t-test significance (p< 0.05).

The High 88 hour CeO, exposed cells showed a significant increase in SOD1
transcription as compared to the Control. There were differences between High 22 and High 88
as well as differences in Low 88 and High 88.

3.7 Expression of ROS Enzyme Gene SOD1 in CeO, Exposed Cells

Super Oxide Dismutase 1 (SOD1) gene expression was measured indirectly using gPCR

to measure gene transcription in Control cells and CeO, exposed cells.
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Figure 8. SOD1 Gene Expression Following CeO, Exposure. gPCR results on Superoxide
Dismutase 1 expression in cells exposed to Low and High concentrations of CeO, nanoparticles
N=6 except Ce Low 88 and Ce High 88=7, Ce Low 22 and Control 88=8 and Control 22=13.

No cell groups differed significantly in gene expression.

3.8 Aim 2

Aim 2 was to examine the expression differences of 15 genes which regulate ROS
breakdown and asthma, cancer responses, and DNA and histone methylation caused by Al,O; and
CeO; nanoparticle exposure as compared to Control cells using equivalent cDNA for quantitative
polymerase chain reaction (JQPCR). Results from 22 and 88 hour incubation time points are
presented as fold change as compared to non-exposed Control cells.

Attempts to quantitate A549 cell transcription levels of TMPRSS4, CXCL11, CHI3L1
and CD 86 in A549 cells were unsuccessful.

3.9 Expression of ROS Response Genes SESN3 and iNOS in Al;O, Exposed Cells
These two genes are indicators of the ability to breakdown harmful ROS. Stress-induced

Sestrin 3 reduces a variety of ROS and iNOS catalyzes NO-.
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Figure 9. SESN3 Gene Expression Following AL,O3 Exposure. gPCR results on Sestrin 3
expression in cells exposed to Low and High concentrations of AL,Oz nanoparticles. N=7 except
Al High 22=5, Al Low 22 and Al High 88=6, Control 22=8 and Control 88=9. Asterisks indicate
significance (* p < 0.05).

The Low 22 hours showed a significant lowering of the stress-induced protein Sestrin 3
expression as compared to the Control, which appears to increase toward the normal range in the

next 66 hours. There is also a significant difference between the High 22 and 88 hour

concentrations.
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Figure 10. iNOS Gene Expression Following AL,0; Exposure. gPCR results on Inducible Nitric
Oxide Synthase expression in cells exposed to Low and High concentrations of AL,O;
nanoparticles. N=6 except Control 88=7 and Control 22 and Al Low 88=8.

No cell groups differed significantly in gene expression.
3.10 Expression of Asthmatic Response Genes IL-6 and IL-33 in Al;O, Exposed Cells

Elevated levels of Interleukin 6 and33 are associated with asthma. These two cytokines

can serve as either anti-inflammatory or pro-inflammatory signalers.

IL-6 Gene Expression Following Al,O, Exposure B Control
™ Low
35 T m High
3.0 +
25 T
20 T
15 1
1.0

ﬁ§iﬂ ,

0.5
22 hr 88 hr
Exposure Time

Change)

Gene Expression (Fold

Figure 11. IL-6 Gene Expression Following Al,O3 Exposure. qPCR results on Interleukin 6
expression in cells exposed to Low and High concentrations of CeO, nanoparticles. N=6 except
Al Low 22 and Control 88=10 and Control 22=11.

No cell groups differed significantly in gene expression.
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Figure 12. 1L-33 Gene Expression Following Al,O; Exposure. gPCR results on Interleukin 33
expression in cells exposed to Low and High concentrations of Al,O3nanoparticles. N=8 except
Al Low 88 and Al High 88=7, Al Low 22=9, Control 88=11 and Control 22=12. Asterisks
indicate significance (* p< 0.05). Diamond indicates two-tailed t-test significance (p< 0.05).

There was a significant decrease in the Low 88 cells when compared to the Control. This

graph shows that decrease from the 22 hour concentration.
3.11 Expression of Cancer Genes HLA-B, IRF8, CD44 and TNFa in Al;O, Exposed Cells

All four of these genes have regulatory influence on neoplasm growth and metastasis.
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Figure 13. HLA-B Gene Expression Following AL,O3; Exposure. gPCR results on Human
Leukocyte Antigen expression in cells exposed to Low and High concentrations of Al,Os
nanoparticles. N=6 except Al Low 88=7, Control 88=8, Al High 88=9 and Control 22=10.
Asterisks indicate significance (* p< 0.05).

The High Concentration at 88 hours showed a significant upregulation of the HLA-B gene

as compared to the Control. That increase in transcription is shown from the High 22 hour

incubation gene expression.
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Figure 14. IRF8 Gene Expression Following Al,OsExposure. gPCR results on Interferon
Regulatory Factor 8 expression in cells exposed toLow and High concentrations of Al,O;
nanoparticles. N=6 except Control 22, Al High 22 and Al High 88=7 and Control 88=11.
Asterisks indicate significance (* p< 0.05).
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There was a significant difference in the comparison of 22 hour Low and High exposed

cells.
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Figure 15. CD44 Gene Expression Following Al,Oz;Exposure. qPCR results on The Cluster of
Differentiation 44 antigen expression in cells exposed to Low and High concentrations of Al,O3
nanoparticles. N=6 except Al High 88=7, Control 22=8, Control 88=10.

No cell groups differed significantly in gene expression.
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Figure 16. TNFa Gene Expression Following Al,O; Exposure. gPCR results on Tumor Necrosis
Factor o expression in cells exposed to Low and High concentrations of Al,Os; nanoparticles.
N=6 except Control 22=10 and Control 88=12.
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No cell groups differed significantly in gene expression.

3.12 Expression of ROS Response Genes SESN3 and iNOS in CeO, Exposed Cells.
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Figure 17. SESN3 Gene Expression Following CeO, Exposure. gPCR results on Sestrin 3
expression in cells exposed to Low and High concentrations of CeO, nanoparticles N=7 except
Control 2 and Ce Low 22=8 and Control 88=9. Asterisks indicate significance (* p < 0.05).
Diamond indicates two-tailed t-test significance (p< 0.05).

The Low 22 hours of incubation showed a significant lowering of Sestrin 3 as compared
to the Control. There were also increases between the Low 22 and the Low 88 and the Low 22

and High 22 levels.
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iNOS Gene Expression Following CeO, Exposure
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Figure 18. iINOS Gene Expression Following CeO, Exposure. qPCR results on inducible Nitric
Oxide Synthase expression in cells exposed to Low and High concentrations of CeO,
nanoparticles. N=6 except Control 88 and Ce High 88=7, Control 22 and Ce Low 22=8.
Asterisks indicate significance (* p< 0.05). Diamond indicates two-tailed t-test significance
(* p<0.05).

The Low 22 cells showed a significantl increase in inducible Nitric Oxide Synthase

transcription. as compared to the Control. The Low and High concentrations at 22 hours

incubation showed a significant difference in level also.
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3.13 Expression of Asthmatic Response Genes IL-6 and I1L-33 in CeO, Exposed Cells.
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Figure 19. IL-6 Gene Expression Following CeO, Exposure. gPCR results on Interleukin-6
expression in cells exposed to Low and High concentrations of CeO, nanoparticles. N=6 except
Ce High 22=8, Ce Low 22=9, Control 88=10 and Control 22=11. Asterisks indicate significance
(* p< 0.05, ** p< 0.01). Diamond indicates two-tailed t-test significance (p< 0.05).

The Low concentration at 88 hours incubation showed a significant increase in IL-6

transcription as compared to the Control. The Low 22 and Low 88 expression levels are

significantly different as are the Low and High 88.
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Figure 20. IL-33 Gene Expression Following CeO, Exposure. qPCR results on Interleukin 33
expression in cells exposed to Low and High concentrations of CeO, nanoparticles. N=8 except
Ce Low 88=6, Ce High 88=9, Control 88=11 and Control 22=12.

No cell groups differed significantly in gene expression.

3.14 Expression of Cancer Genes HLA-B, IRF8, CD44 and TNFa in CeO, Exposed Cells.
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Figure 21. HLA-B Gene Expression Following CeO, Exposure. gPCR results on Human
Leukocyte Antigen expression in cells exposed to Low and High concentrations of CeO,
nanoparticles. N=6 except Control88=8 and Control 22=10. Asterisks indicate significance
(* p< 0.05, *** p< 0.001).
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Both the Low and High 88 Hour exposed cells showed a significant increase in Human
Leukocyte Antigen-B expression over the Control cells. That significant increase can be viewed

between the Low 22 and Low 88 exposed cell gene expression levels.
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Figure 22. IRF8 Gene Expression Following CeO, Exposure. qPCR results on Interferon
expression in cells exposed to Low and High concentrations of CeO, nanoparticles. N=6 except
Control 22, Ce Low 22 and Control 88=11.

No cell groups differed significantly in gene expression.
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Figure 23. CD44 Gene Expression Following CeO, Exposure. gPCR results on Cluster of
Differentiation 44 expression in cells exposed to Low and High concentrations of CeO,
nanoparticles. N=6 except Control 22 and Ce Low 22=8, Control 88=10.

No cell groups differed significantly in gene expression.

TNFo Gene Expression Following CeO, Exposure o Control
= jg T * = Low
S| * m High
6 .
= 307
ve
=~ 25T
.g 20 4+
s 1571 : T
L
aeN B
O DT

0.0 N : . i :
22 hr 88 hr

Exposure Time

Figure 24. TNF o Expression Following CeO, Exposure. gPCR results on Tumor Necrosis Factor
expression in cells exposed to Low and High concentrations of CeO, nanoparticles. N=6 except
Ce High 88=9, Control 22=10 and Control 88=12. Asterisks indicate significance (* p < 0.05).
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There was significance in the differences between TNFa expression levels of the Low 22

and Low 88, as well as the High 22 and 88.

3.15 Global DNA Methylation and DNA Methylation Genes DNMT1 and DNMT3A in Al,O3

Exposed Cells
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Figure 25. Global DNA Methylation in Cells Exposed to Al,O; versus Control. ELISA technique
on cells exposed to Low and High concentrations of AL,O3nanoparticles. N=7 except Ce High
88=10, Control 22 and Control 88 = 11, Al High 22=13 and Al Lo 88=6. Asterisks indicate
significance (* p < 0.05).

There was significant difference in Global DNA methylation in cells exposed to Low

Concentration at 22 hours and in cells exposed to High Concentration at 88 hours as compared to

Control.
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Figure 26. DNMT1 Gene Expression Following Al,O; Exposure. gPCR gene expression of DNA
(cytosine-5)-Methyltransferase 1 in cells exposed to Low and High concentrations of AL,0;
nanoparticles. N=9 except Al Low 88=6, Al High 22 and Al High 88=7 and C88=15. Asterisks
indicate significance (* p < 0.05).

There is a significant difference between the gene expression levels in the High 22 hour
exposure as compared to Control, indicating increased transcription of DNA (cytosine-5)-

Methyltransferase 1, the normal maintenance methylation enzyme. There is also a significant

difference between that High 22 and High 88.
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Figure 27. DNMT3A Gene Expression Following Al,O3; Exposure. gPCR results on expression of
DNA (cytosine-5)-Methyltransferase 1 in cells exposed to Low and High concentrations of Al,O;
nanoparticles. N=6 except Al High 22 and Al High 88=9, Control 22=11 and Control 88=12.

Exposure Time

Asterisks indicate significance (**p <0.01).

Significance was observed in decreased DNMT3A levels, the de novo methylation enzyme,
in both Low and High Concentration at 22 hours as compared to the Control. There were also

significant differences between the Low 22 and 88 hour incubation cells and between the High 22

and 88 hour incubation cells.
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3.16 Histone Methylation Genes EZH1, KMT2D, EHMT1 and DOT1L in Al,O; Exposed

Cells.
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Figure 28. EZH1 Gene Expression Following Al,O; Exposure. qPCR results on expression of

Euchromatic Histone Lysine Methyltransferase in cells exposed to Low and High concentrations

of Al,O; nanoparticles. N=6 except Al Low22 and Al High 88=7, Control 22=11 and Control

88=10. Asterisks indicate significance (**p< 0.01, ***p< 0.001). Diamond indicates two-tailed t-

test significance (p< 0.05).

There was a significant increase in this histone methylation gene in the Low 88 cells as

compared to the Control. That rise can be viewed from the Low 22 cell expression and there is a

significant difference between Low 88 and High 88 exposed cell gene levels also.
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Figure 29. KMT2D Gene Expression Following Al,O; Exposure. qPCR results on expression of
Histone Lysine N —Methyltransferase 2D in cells exposed to Low and High concentrations of
Al, Oz nanoparticles. N=6 except Al Low22 and Al High 88=7, Control 22=11 and Control
88=10.

No cell groups differed significantly in gene expression.
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Figure 30. EHMT1 Gene Expression Following Al,O; Exposure. gPCR results on expression of
Euchromatic Histone Lysine N- Methyltransferase 1 in cells exposed to Low and High
concentrations of Al,Oznanoparticles. N=6 except Al High 22 and Al Low 88=7, Control 22
and Control 88=13.

No cell groups differed significantly in gene expression.
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Figure 31. DOT1 Gene Expression Following Al,O3; Exposure. gPCR results on expression of
Histone H3K79 methyltransferase in cells exposed to Low and High concentrations of Al,Os
nanoparticles. N=6 except Al High 88=7, Control 22=13, Control 88=14. Asterisks indicate
significance (* p < 0.05, ** p< 0.01).

There was a significant decrease between the Al,O; Low 88 hour exposed cells and the

Control in DOTIL expression. There were also significant differences between Low 22 and 88

cells and High 22 and 88 cells.
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3.17 Global DNA Methylation and DNA Methyltransferase Genes DNMT1, DNMT3A in

CeO, Exposed Cells

Global DNA Methylation in Cells Exposed to CeO, Control

M Low
14 1 = High
1.2 +
1.0 + I
0.8 +
0.6 +
04 +
0.2 +
0.0 i i

22 hr 88 hr

Exposure Time

77000
4

Global DNA Methylation Fold
Change

Figure 32. Global DNA Methylation in Cells Exposed to CeO, versus Control. ELISA technique
on cells exposed to Low and High concentrations of CeO, nanoparticles. Control 22 and Control
88=11, Ce High 88=10, Ce High 22, Ce Low 22 and Ce Low 88=7.

No cell groups differed significantly in gene expression.
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Figure 33. DNMT1 Gene Expression Following CeO, Exposure. qPCR gene expression of
DNA (cytosine-5)-Methyltransferase 1 in cells exposed to High and Low concentrations of CeO,
nanoparticles. N=9 except Ce Low 22=7, Ce High 22 =10 and Control 88 =15. Asterisks
indicate significance (** p<0.01).

There was a significant difference between the High 22 hour exposed cells and the

Control in maintenance DNA methylation. There were also significant differences between Low

22 and High 22 and between High 22 and High 88.
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Figure 34. DNMT3A Gene Expression Following CeO, Exposure. gPCR gene expression of
DNA (cytosine-5)-Methyltransferase 3A in cells exposed to Low and High concentrations of
CeO3 nanoparticles. N=6 except Ce Low 22=7, Ce High 22=9, Ce High 88=10, Control 22=11,
Control 88=12. Asterisks indicate significance (* p < 0.05).

There was a significant increase in the Low 88 hour exposed cells in de novo DNA

methylation over the Control cell levels.
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3.18 Histone Methylation Genes EZH1, KMT2D, EHMT1 and DOT1L in CeO, Exposed

Cells
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Figure 35. EZH1 Gene Expression Following CeO, Exposure. gPCR gene expression of
Euchromatic Histone-Lysine N-Methyltransferase in cells exposed to High and Low
concentrations of CeO, nanoparticles. N=6 except Ce High 22 and Ce Low 88=7,
Control 22=11 and Control 88=10. Asterisks indicate significance (* p < 0.05). Diamond
indicates two-tailed t-test significance against control (p< 0.05).

There was a significant decrease in Low 22 cell transcription of this histone methylator as
compared to the Control. There was a significant increase from that Low 22 hour to the Low 88

hour exposed cell expression.
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Figure 36. KMT2D Gene Expression Following CeO, Exposure. qPCR gene expression of
Histone-Lysine N-Methyltransferase 2D in cells exposed to Low and High concentrations of
CeOsnanoparticles. N=6 except Ce Low 22=7, Control 22=12, Control 88=10. Asterisks
indicate significance (* p < 0.05).

There was a significant difference between the Low 22 and High 22 hour and High 22

and High 88 exposed cells.
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Figure 37. EHMT1 Gene Expression Following CeO, Exposure. qPCR gene expression of
Euchromatic Histone Lysine Methyltransferase 1 in cells exposed to Low and High
concentrations of CeOz nanoparticles. N=6 except Ce High 22=7, Control 22 and Control
88=13. Asterisks indicate significance (* p < 0.05). Diamond indicates two-tailed t-test
significance (p< 0.05) as compared to the control.

There was a significant decrease of EHMTL histone methylation as compared to the

Control. At 88 Hours, that level significantly increased.
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Figure 38. DOTL1L Gene Expression Following CeO, Exposure. gPCR gene expression of
Euchromatic Histone-Lysine Methyltransferase 1 in cells exposed to Low and High
concentrations of CeOj3 nanoparticles. N=6 except Ce High 22 and Ce Low 88=7,

Control 22=11, and Control 88=10. Diamond indicates two-tailed t-test significance (p<0.05) as
compared to the control.

There was a significant difference between the Low 88 hour exposed cells and the control

in DOTLL histone methylation expression.
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CHAPTER IV

DISCUSSION

The present study examined the effects of 30 nm aluminum oxide and 15-30 nm cerium
oxide nanoparticle exposure on alveolar cells (A549) at the cellular and epigenetic levels.
Concentrations of 25 pg/ml (Low) and 250 pg/ml (High) were used. The Control Vehicle (Media
with 0.05% Tween 80™) was not toxic to A549 cells. Neither aluminum oxide nor cerium oxide
nanoparticles altered cell viability during an 88-hour exposure period. When the untreated control
has 100% viability, greater than 70% viability shows a treatment is not toxic (Spezatti et al 2017).
In the present study, the lowest viability demonstrated was 95.6% in the High CeO, at 44 hours.
Inhalation of environmental nanoparticles may escalate as nanomaterial becomes increasingly
utilized in manufacturing processes, food appilications, cosmetics and pharmaceuticals.
Nanoparticles can even accumulate in the lungs and chronically slow down the body's ability to
clear them (Moller et al 2008). In a cell culture condition, pinocytosis of nanoparticles occurs
within 6 hours of culture. A study by Simon-Deckers et al (2008) found a variety of different
sized and different composition of nanoparticles, including 13 nm Al,Os, aggregated into
lysosomes, with no free nanoparticles seen after 48 hours exposure (Simon-Deckers et al 2008).
Although endocytosis depends on concentration, time and energy, this indicates that nanoparticles
can enter the cell without physically damaging the cells and altering viability (Kim et al 2003, Ma
et al 2013, Meng et al 2011).

In contrary, some studies observed significant cell death in vitro due to Al,O3 exposure
when different culture conditions than in the present study were used. Use of high

concentrations of superheated Al,O3 nanoparticles, concentrations double the one in this study, or
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1 mg/ml of 0.7 nm Al,O3 dust proved harmful (Jordan et al 2009, Li et al 2016b, Roh et al 2011).
In one study, 25 ug/ml AL,0; made 400-800 nm agglomerates but was not toxic to A549 cells in
artificial lung surfactant in RPMI media with heat-inactivated serum, but was toxic to a co-culture
with alveolar human phagocytes. Aggregates proved toxic when 25ug/ml concentrations of 13-25
nm AL,O; nanoparticles without a dispersing agent were added to A549 cells (Lin et al 2008). A
low concentration (0.05%) of Tween 80™, a non-ionic surfactant, was utilized in this study to
alleviate nanoparticle clumping. The wells contained 0.0125% total Tween 80™ concentration.

Tween 80™

concentrations of up to 1% usually are not toxic to mammalian cells (Stavrovskaya et
al 1975). Plant cells and human peripheral blood lymphocytes proved susceptible to DNA strand
breaks and oxidative stress when subjected to AL,O5 particles (De et al 2016, Sliwenska et al
2015).

This study used a Low concentration of 25 pg/ml and a High concentration of 250 pg/ml
which are relevant to environment and human exposure. Based on past publications, it was
plausible to assume that cells exposed to these concentrations could survive, undergo endocytosis
and proceed to mitosis to observe gene expression changes. Earlier studies showed physical
DNA damage in 68-390 pg/ml of <50 nm Al,O3 nanoparticle exposure in human BEAS-2B and
80 pg/ml of <25 nm CeO, nanoparticle exposure in A549 cells (Kim et al 2009, Kain et al
2012).

Because of their small size and large surface area to volume ratio, nanomaterials have
shown more chemical activity leading to the increased production of ROS in a variety of cells
(Caruthers et al 2007, Choi and Hu 2008, Zoroddu et al 2014). In this study, both High 88 dose
nanoparticles significantly increased oxidative stress as indicated by the inhibition of total

superoxide dismutase activity, the sum of SOD1, SOD2 and SOD3 activity. Interestingly, in

contrast, the prolonged exposure (88 hours) of Low CeO, and High Al,Os concentrations resulted
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in increased SOD1 gene expression indicating the possibility for a decrease in SOD2 and
SOD3expressions. The ability of aluminum nanoparticles to cause oxidative stress has previously
been demonstrated. In HBE cell culture and mouse lung tissue 100 ug/ml and 500 ug/ml
concentrations of 37-64 nm Al,O; caused mitochondrial gene suppression and increased cellular
ROS (Li et al 2016b). In human intestinal caco-2 cells, 200ug/ml nanoalumina was not cytotoxic
but some oxidative stress pathways were activated (Braeuning et al 2018). In human lymphocyte
cell culture, ROS was induced and their defenses: lipid peroxidation, catalase, glutathione, and
superoxide dismutase, were reduced by the aluminum based nanoparticles (Rajiv et al 2016). In
the fresh water fish, Carassius auratus, 0.01ug/ml 0.1 pg/ml concentrations of 20 nm Al,Os
nanoparticles over 14 days exposure caused catalase (which reduces the ROS hydrogen peroxide)
and SOD activity to increase in the gills and livers (Benevides et al 2016). In vivo experiments
have revealed oxidative damage in mice and algae (Shah et al 2015, Park et al 2015).

CeO, exposed cells had decreased levels of SOD, suggesting oxidative stress was
elevated in these cells due to nanocerium exposure. Literature suggests that nanoceria do not
appear as cytotoxic as nanoalumina, possibly because of the coexistence of both Ce**/Ce** on
their surfaces (Sun et al 2012). Ceria-containing nanoparticles have shown the ability to
scavenge harmful ROS to reduce oxidative stress and are being studied for possible therapuetic
applications even with the existence of conflicting experimental results (Babu et al 2007,
Tarnuzzer et al 2005, Xia et al 2008). In spite of their promise in therapeutic applications, cerium
oxide nanoparticles can be toxic to algae (Rohder et al 2014), plants (Majundar et al 2014,
Tumburu et al 2017), earthworms (Lahive et al 2014), rodents (Aalapati et al 2014, Hirst et al
2013) and human cells (Kumari et al 2014, Mittal and Pandy 2014). In a 2014 study, A549 cells
were exposed t0100 pg/ml of 8-40 nm cuboidal CeO, nanoparticles in water, which led to DNA

damage and an initial increase in ROS, which subsided within 24 hours of exposure (Mittal and
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Pandy 2014). Conversley, cardiac progenitor cells exposed to 50 pg/ml of 5-8 nm CeO, proved
viable and and cable of decomposing H,O, to O, and H,O (Pagliari et al 2012). In vivo studies
have shown lung injury and cytokine increase, including IL-6 and TNFa, in mice inhalation tests,
but no overt toxicity when administered orally, intraveneously or intrperitoneally (Aalapati et al
2014, Hirst et al 2011). However, in this study, the CeO, exposed cells did show a decrease in
total SOD.

Expression of genes encoding the alarmin Sestrin protein (SESN3), which inhibits
oxidative stress in alveolar cells, is decreased by both aluminum and cerium nanoparticles during
22 hour exposure, suggesting an early increased oxidative stress to the cells. Sixty-six hours
later, levels had returned, with the cells leading an effort to counteract that oxidative stress. Some
toxicants induce an over production of nitric oxide and reactive oxygen species, causing oxidative
stress and cell death (Beckman and Koppenol 1996). Inducible Nitric Oxide Synthase levels may
have been varied slightly and differentially by the nanoparticles but this important bioactive
molecule is involved in the immune response at specific concentrations and dysregulation could
have dangerous holistic consequences (Kelly et al 1994, Ikeda and Shimada 1997, Vannini et al
2015).

In the present study, both aluminum and cerium exposure caused an increase in the
expression of IL-6, an asthma exacerbation indicator. Since clinical trials of an IL-33 suppressor
shows promise as a treatment for asthma, it is of note that IL-33 transcription is lowered in the 4™
doubling of exposed cells in the Low Concentration. It should be pointed out, however, that both
of these interleukins are both pro-inflammatory and anti-inflammatory agents. Most cytokines
have dual roles to both activate and repress identical processes depending on stimulation due to
co-factors, competitors, isoforms, and pathways enabled. Since cytokines can adsorb onto

nanoparticles, it was important to measure them indirectly via gene expression dysregulation
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(Pailleux et al 2013). Al,O3 nanoparticle exposure to rats led to an increase in IL-6 and white
blood cells (Park et al 2015). In another study, TNF and 1L-6, as measured by ELISA, were
downregulated without significance over 4-6 hours incubation with nanoparticles and methicillin-
resistant Staphylococcus aureus (MRSA) (Braydich-Stolle et al 2010).

Cancer proliferation is often preceded by variations in transcription of Human Leukocyte
Antigen B (HLA-B), Interferon 8 (IRF8), Cluster of Differentiation (CD44) and Tumor Necrosis
Factor Alpha (TNFa). Although there were no significant changes in the transcription levels of
IRF8, CD44 or TNFua. in the present study, HLA-B transcription levels increased after exposure,
which allows for an increase in tumor incidence and metastastis of lung cancer (Bremnes et al
2011, Bowness 2015). In another study, AL,O3 nanoparticles decreased the tumor regulator
tyrosine-protein phosphatase non-receptor type (Ptpn6) gene transcription in A549 cells
(Li et al 2016a). Also in A549 cells, silver nanoparticles have been observed to downregulate the
cancer suppressor gene P53 and caspase (important in programmed cell death) and increase DNA
and histone methylation (Blanco et al 2017). Accumulating evidence shows that generalized
chronic inflammation is associated with an increased cancer risk (Del Prete et al 2011). So the
present study, together with existing literature suggests that the prolonged exposure to aluminum
and cerium nanoparticles may induce activation of one or more cancer pathways.

One of the major objectives of this study was to examine epigenetic effects in A549 cells
caused by Al,O; and CeO, nano particles. The idea is if the nanoparticles cause epigenomic
changes, the changes should be observed in the form of gene expression or global DNA
methylation. Nanoaluminum exposure induced expression of DNA methyltransferase | (DNMT1)
gene after 22 hours of exposure and at the same time tended to suppress DNMT3A expression and
global methylation, suggesting the first wave of global hypomethylation followed by

hypermethylation of genome due to nanoaluminum exposure.
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The major protein of chromatin consists of histones, which control how much DNA can
be accessed for transcription (Strahl and Allis 2000, Tan et al 2011). This study's DNA
methylation adjustments are further supported by the decreased expression of the markers of
active chromatin state (DOT1) and increased expression of the marker of closed chromatin
(EZH1) upon prolonged exposure. On the other hand, nanocerium particle exposure led to the
increased state of DNMT1 expression with no significant alteration in global DNA methylation
which could be compensated for by the decreased expression histone markers of closed chromatin
(EHMT1) and decreased expression of open chromatin marker (DOT1). Taken together, the
present study suggests that nanoaluminum and nanocerium particles induce oxidative stress and
epigenetic alterations in alveolar A549 cells and provide insights into respiratory health risks by
their exposure in humans. There was no significant change in the transcription of the KMT2D
gene, the disregulation of which has been implicated in errant DNA repair, cell growth and
cancers. Altered methylation processes can lead to the silencing of tumor suppressor genes, which
in turn causes increased cell proliferation, the ability to metastasize to adjacent or distant sites and
changes in programmed apoptosis (Plass and Smiraglia 2006). The use of this gene expression
technique is valuable for the prediction of effects nanoparticles may have on the health of
organisms.

In summary, this study found that both Al,O; and CeO, nanoparticles have the capability
of reducing human alveolar cell defenses to protect themselves from damaging reactive oxygen
species, increasing HLA-B, a glycoprotein marker for lung cancer metastasis, and increasing the
tail methylation of core histone H3. In addition, dysregulation of DNA methylation genes
indicate exposure to the nanoparticles causes conformational changes to the cells' epigenetic
markers which can further lead to disease states. Within the context of chromatin, DNA

methylation does not function in isolation. Instead, there is a complex interplay between DNA
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methylation and histone modifications, including acetylation, methylation and ubiquitylation
(Rose and Klose 2014, Liu et al 2016, Vann and Kutateladze 2017, Smeenk and van Attikum
2013). So further histone examination is required as a follow-up to this project. Testing the co-
mingling of CeO, and Al,O5 will realistically outline any threat to active duty military personnel
as soldiers and sailors are exposed to both munitions and diesel exhaust. Without a doubt,
additional gene expression assays will prove of interest in both cell lines and at varying
nanoparticle exposure concentrations and additional time points. Effective immunity and a
disease-free state depend on thousands of the soluble messenger proteinaceuos cytokines that
affect the innate and acquired immune responses and there are a plethora to choose from for
future testing. Since alveolar cells work in conjunction with alveolar macrophages, a co-culture
experiment would make for an interesting sequel investigating effects on phagocytosis. In vitro
genotoxicity should include the HPRT Gene Mutation Assay and the Mammalian Cell
Micronucleus Test, which examine DNA damage (Elespuru et al 2018). In vivo testing could
help define particle biokinetics, uptake and fate (Becker et al 2011). Therefore, future studies
will be directed toward understanding long-term epigenotoxicity of these two nano-particles in

respiratory cells in vitro and in vivo.
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