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Abstract

By Md Anisur Rahman
University of the Pacific
2023

Epithelial - mesenchymal transition is a process by which cancer cells increase their capability for
metastasis. EMT involves conversion of epithelial cells into a mesenchymal phenotype which makes
cancer cells more invasive and motile. Lung cancer has the highest mortality rate among different types
of cancers globally. Lung cancer exists in various types, the most prevalent of which is non-small cell
lung cancer (NSCLC). Several factors, including oxidative stress, can induce EMT in cancer cells.
However, the mechanism of how reactive oxygen species (ROS)-induced changes in cysteine redox state
affect EMT remains elusive. Our studies aim to understand this mechanism by inducing cysteine redox
state alteration with intracellular ROS generation, particularly inside A549 lung adenocarcinoma cells (a
type of NSCLC). We also seek to determine how subcellular generation of peroxide influences EMT
progression.

We successfully generated hydrogen peroxide (H,0;) intracellularly using several methods
including plasmid-based chemo-genetic approaches, by increasing H,0, persistence with peroxidase
enzyme inhibition, and by quinone metabolism. First, we used commercially available plasmids
containing a peroxide generator. These plasmids deliver the gene coding for the enzyme D-amino acid
oxidase (DAAQ) which metabolizes D-amino acids and produces hydrogen peroxide which can be
detected by the ‘HyPer’ fluorescent sensor, also a part of the fusion protein coded by the plasmid. By

altering D-alanine concentrations, we were also able to regulate hydrogen peroxide production. We



generated hydrogen peroxide at different subcellular locations (cytoplasm, nucleus, mitochondria).

EMT progression was evaluated in each manner of H,0;increase (whether by generation or persistence)
by morphology observation, EMT-related marker protein expression change, as well as measurements of
cell motility rate.

Our studies found that H,O; generation in the cytoplasm induces EMT in A549 cells, particularly
when the peroxidase enzyme catalase is inhibited. This treatment resulted in production of the
mesenchymal phenotype (elongated, loosely connected cells), downregulated the epithelial marker E-
cadherin and upregulated the mesenchymal marker N-cadherin. The motility assay also showed a trend
toward faster movement. Similar results were also obtained when catalase or catalase plus thioredoxin
reductase was inhibited to increase H,0; persistence. Quinone metabolism to generate H,0, did not
show EMT-related marker expression changes but showed an enhanced rate of motility.

Investigation of the molecular targets of oxidation that promote EMT in the cytosol is in process.
Beta-catenin, SMAD2/3, SNAI1/2, and pan-AKT have been selected as the initial cytoplasmic targets. In
initial results using a fluorescence-based microplate technique, peroxide persistence by catalase
inhibition with 3-aminotriazole showed significantly higher oxidation of SNAI1/2 and pan-AKT, but the
reproducibility of this observation must be verified.

In summary, this research has shown that the cytoplasm is the probable subcellular location
inside A549 cells where the molecular target of cysteine oxidation leading to EMT is present. Peroxide
persistence by catalase inhibition also induces EMT and the probable molecular targets may be SNAI1/2

and pan-AKT.
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CHAPTER 1: INTRODUCTION

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells are converted to
mesenchymal cells. Such conversion makes the cells more invasive with enhanced motility (1).
Although EMT is a normal physiological process during early embryonic development and tissue repair,
it may lead to organ fibrosis and metastasis in cancer. It is estimated that about 90% of cancer-related
deaths are due to metastasis (2). Among different types of cancers, lung cancer is the deadliest one
with the second highest prevalence rate. Non-Small Cell Lung Cancer (NSCLC) is the most common form
of lung cancer (about 80%-85%) (3) and remains undiagnosed in most patients before it undergoes
metastasis. Several factors, including reactive oxygen species (ROS), can modulate EMT(4, 5). However,
the molecular mechanism by which ROS induces EMT is not yet known.

This project was designed to investigate the role of thiol redox state in modulating EMT in
NSCLC cells. The A549 cell line (adenocarcinoma type) was used, and thiol redox state changes were
induced in various ways. The approaches to alter thiol redox states involved the application of
extracellular hydrogen peroxide (H.0,), the intracellular generation of H,0, within different subcellular
compartments of the cells (cytoplasm, nucleus, and mitochondria), peroxidase inhibition to allow the
accumulation of naturally generated H,0,, and drug metabolism to generate H,0, in the cytoplasmic
compartment. The process of EMT was also measured in various ways, including morphology
observation, scratch wound healing assay, western blot and in-cell Western assays. In order to
investigate the molecular targets altered by H,0,, a microplate reader technique ‘Redoxifluor’ was used
(6).

EMT was found to be induced in the presence of the generation of H,0; in the cytoplasmic
compartment or the accumulation of H,0, produced by cellular metabolism. In the observation of

cellular morphology, scratch wound healing assays, and in western blot analyses of specific marker
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proteins, epithelial-mesenchymal plasticity was observed. The search for specific protein targets of that
both react with H,0, and are instrumental in triggering EMT was inconclusive.

Our specific aims were:

1. To generate H,0; in different locations inside A549 cells using various chemical and biological
methods.

2. To evaluate the relationship between H,0, generation at various intracellular locations and the
progression of EMT.

3. Tofind out the molecular target(s) whose function is/are changed by these cysteine-redox

alterations.
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CHAPTER 2: LITERATURE REVIEW

Natural aging, unwanted accidents, and disasters can cause death, but by leading to the death
about 10 million people in 2020, cancer ranks as a leading cause of death worldwide (7). Cancer cells
can develop in nearly any organ and a typical feature of cancer cells is their ability to proliferate
uncontrollably (8, 9). However, cancers have been broadly classified as benign or malignant based on
their ability to spread and invade other organs. The ability to spread and invade other organs is the
deadly feature of cancer cells, known as metastasis.

Cancer cells are named according to the organ or tissue from which they develop (9). For
example, cancer developed from liver cells is called hepatic or liver cancer. However, among different
types of cancer, lung cancer is a leading cause of cancer-related death although breast cancer is the
most prevalent one (7) (Figure 2.1).

2.1 Lung Cancer

When the cells in the lung develop cancer, it is called lung cancer (10). The most dangerous fact
about lung cancer is it may metastasize to lymph nodes or brain. One of the major causes of lung cancer
is tobacco smoking (11). However, non-smokers may also develop lung cancer through exposure to
tobacco smoke in their environment, termed “passive” or second-hand smoke (12). Also, genetically
someone can be susceptible to developing cancer. Lung cancer can be broadly divided into two major

categories: Non-Small Cell Lung Cancer (NSCLC) and Small Cell Lung Cancer (SCLC) (13).
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Figure 2.1

Prevalence and Mortality of Three Major Cancer Types Worldwide, 2022
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2.1.1 Non-Small Cell Lung Cancer (NSCLC)

This is the most common type with about 80-85% of lung cancer cases and is usually diagnosed
at the advanced stage (stage 3 or 4) (14-16). NSCLC can be further divided into adenocarcinoma (ADC),
squamous cell carcinoma (SCC) and large cell carcinoma (LCC) types. Adenocarcinoma develops in
glandular cells which are usually present at the outer side of the lungs. Squamous cell carcinomas
typically develop in the cells which line the inner part of the lung airways, particularly in the bronchi.
Large cell carcinoma is the fastest growing NSCLC and can start from anywhere in the lung.

2.1.2 Small Cell Carcinoma (SCLC)

Although small cell carcinomas (SCLC) are not very common, only about 10%-15%, this type of
lung cancer is more aggressive. It is in most cases detected when metastases have already developed
(14). SCLC s also known as ‘oat cell cancer’.

2.1.3 Pathophysiology of Lung Cancer

The Lung is a very complex organ with different cell types involved in the exchange of gases
(oxygen and carbon dioxide) between blood and inhaled air (13). The inhaled air may contain infectious
agents as well as toxic or carcinogenic materials. Infectious agents can be destroyed by the immune
system whereas large particulates are removed from the larger airways by ciliary action. However,
chronic exposure to infectious agents or toxic elements may induce a group of lung cells to become
transformed. These cells proliferate uncontrollably by escaping regulatory mechanisms of the cell cycle
and immune recognition of transformed cells (17).

At the molecular level, the damage is mostly associated with alteration of genes (i.e.
mutations), including rearrangement or copy number alterations of various oncogenes or tumor

suppressor genes (18).
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2.2 Metastasis

Metastasis is one of the major hallmarks of cancer. Most cancer related deaths are due to
metastasis. According to a recent publication in the Journal of the National Cancer Institute (19), Over
600,000 metastatic cancer cases (breast, prostate, lung, colorectal, bladder or melanoma) in United
States were estimated to occur in 2018. This number is projected to go up to 700,000 cases by 2025.

Metastasis is the process by which cancer cells spread to various other parts of the body (20-23).
The metastatic cascade involves five sequential events shown in Figure 2.2 (20). The first step is known
as ‘Invasion’, where cancer cells leave the primary tumor and invade the epithelial lining of the organ.
Next, ‘Intravasation’ occurs where cancer cells invade the blood or lymphatic vessel endothelium and is
followed by ‘Circulation’ in the blood. Then, through ‘extravasation’ cancer cells invade the vascular
endothelium again to enter another organ site where they finally establish a nascent metastatic site.
This final step is also known as colonization.

Cancer cell metastasis (24) and chromosomal defects (25) can trigger the metastasis cascade.
Many of these steps are facilitated by a process known as ‘Epithelial-Mesenchymal Transition’ or EMT
(24, 26).

2.3 Epithelial-Mesenchymal Transition (EMT)

Epithelial cells are tightly attached to each other on a basement membrane (27). Therefore,
they exhibit apical and basal polarity and are not able to move. Many tumors arise from epithelial cells
(adenocarcinomas). To enter the metastasis, cascade some cancer cells must be detached from the
tumor in order to acquire motile and invasive abilities (24, 26). Mesenchymal cells are long, elongated,
spindle shaped, separated, or loosely connected to each other with the ability to move in any direction.

Moreover, their shape allows them to invade easily.
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Many factors, including Transforming Growth Factor-B (TGFB) and Epidermal Growth Factor
(EGF) may induce these epithelial cells to become mesenchymal (28, 29), increasing their capability to
enter the metastasis cascade (Figure 2.3B) (30-35). This plasticity of epithelial cells to gain
mesenchymal characteristics is known as epithelial-mesenchymal transition (EMT). However, the
opposite (i.e. mesenchymal-epithelial transition or MET) (36) also occurs at the colonization step of the
metastasis cascade to form secondary tumors (Figure 2.3A). EMT as well as MET also take place during
embryonic development, tissue repair, and fibrosis (28, 36-39).

EMT has recently come to be known as Epithelial-Mesenchymal Plasticity (EMP) (27), because
cells undergoing EMP can co-exist at various states in between true epithelial and mesenchymal
phenotypes. Also, the ‘Plasticity’ of EMP means these cells have the ability to move quickly between
these various states.

2.3.1 Mechanism of EMT

EMT starts with the dismantling of different types of junctions that allow epithelial cells to
establish and maintain their attachment to one another (Figure 2.3.1) (40). With the loss of these
junctions, they also lose apical/basal polarity when Crumbs, Partitioning defective (PAR) and Scribble
complexes are disrupted (41, 42). At this point, epithelial gene expression is reduced and mesenchymal

gene expression is enhanced.



Figure 2.3A
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Figure 2.3B
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Figure 2.3.1
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As these epithelial and mesenchymal gene expressions are altered, the actin architecture is
reorganized. Cells start to gain higher motility and invasiveness by upregulating expression of MMPs
(Matrix metalloproteinases) which degrade the surrounding extracellular matrix (ECM) proteins. At the
same time, developing lamellipodia, filopodia, and invadopodia also contribute to high motility and
invasiveness.
2.3.2 EMT Regulatory Network

EMT is regulated by a complex network where EMT-related Transcription Factors (EMT-TFs) are
induced or repressed (Figure 2.3.2) (4). The three main EMT-TF families are the L (a zinc-finger-binding
transcription factor) (44, 45), TWIST (a basic helix-loop-helix (bHLH) factor) (46, 47) and ZEB (a zinc-
finger E-box binding homeobox factor) (48, 49) protein families. Several cell signaling pathways such as
TGFB/Smad, Wnt/B-Catenin, GF/MAPK/NFkB, Notch/NICD, Hypoxia/HIF1a may stimulate the EMT-TFs.
At the post transcriptional and translational level, the EMT-TFs can be further regulated. The stimulated
EMT-TFs can ultimately lead to EMT (50). With the induction of EMT, several epithelial markers,
including E-Cadherin, Occludins, Claudins, Cytokeratin, Epithelial adhesion, and polarity genes which
confer adhesive properties, are downregulated. At the same time, several mesenchymal markers
responsible for invasion and motility (e.g., N-Cadherin, Vimentin, MMPs, Fibronectin, f1 and B3
integrins), regulation of immunity (e.g. TGFB, PD-L1, TSP1, CCL2, LCN2) and stemness (Bmi1, Sox2, KLF4)
are upregulated (Figure 2.3.2). Cancer cell stemness is a property of malignant tumors, where a group
of cells has the capability to differentiate into various cell types within the tumor. Although there is
evidence of EMT associated with enhanced stemness of cancer cells, there are some conflicting findings

as well (4).
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2.3.3 Role and Regulation of EMT-TFs
2.3.3.1 SNAI

The zinc finger binding transcription factor SNAI is one of the major transcription factors that
represses E-Cadherin to control EMT (51). It has subfamilies of which SNAI1 and SNAI2 (or SLUG) induce
EMT by repressing epithelial markers and by activating mesenchymal markers (52). Several studies have
shown the significant roles played by 1 and 2 during embryonic development as well as cancer
progression (53-56). Also, it has been established that SNAI1 can induce EMT by suppressing genes
responsible for tight junctions and apical-basal polarity (57, 58). Additional studies showed SNAI1 can
directly stimulate some mesenchymal genes, including FN1 (a fibronectin gene) and VIM (Vimentin) (59-
61). Both SNAI1 and SNAI2 have been reported to act in concert with other EMT-related transcription
factors, such as TWIST (40, 62).

SNAI1 can be phosphorylated by GSK3B (Glycogen synthase kinase-3p) in two steps: First, inside
the nucleus, phosphorylation causes expulsion of SNAI1 from the nucleus; at the second step GSK3f3
phosphorylation will facilitate degradation of SNAI1 by ubiquitination (40). PKD1 (protein kinase D1) can
also phosphorylate SNAI1 and eject it from the nucleus. However, PAK1 (p21 activated kinase 1) and
LATS2 (large tumor suppressor 2) mediated phosphorylation can keep the phosphorylated SNAI1 inside
the nucleus, enhancing its EMT induction potential. On the other hand, SNAI2 also activates EMT.

SNAI2 is regulated when p53 recruits it to the MDM2 (mouse double minute 2) complex and expels 2 to
the cytoplasm for ubiquitination. Major signaling pathways inducing SNAI expression are TGF3, WNT,
Notch pathways, and growth factors (GF) acting through RTK pathways (62).

2.3.3.2 TWIST

TWIST1 and TWIST2 belong to the bHLH family of transcription factors which also induce EMT by
suppressing epithelial genes and by stimulating mesenchymal genes (40). However, repression of E-

Cadherin by TWIST is not direct, it requires SNAI2 to be activated (63). Like the SNAIs, TWIST1 is also
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important for EMT in embryonic development and cancer progression (4). Yang et al. showed that
Hypoxia Inducible Factor-1a can stimulate TWIST to induce EMT (64). Overexpression of TWIST has
been reported to enhance invasiveness and thereby facilitate metastasis (65, 66). MAPK p38 (mitogen-
activated protein kinase) , JINK (JUN N-terminal kinase) and ERK (Extracellular signal-regulated Kinase)
phosphorylate TWIST and insert it into the nucleus to induce EMT (40). Under hypoxia, HIF1a is the
major signaling pathway inducing TWIST expression, resulting in EMT (64).
2.3.3.3ZEB

ZEB1 and ZEB2 are the two members of the ZEB family (4). Their binding to the E-box elements
is responsible for the suppression of E-cadherin (67, 68). However, they can also repress the expression
of other tight junction genes as well as apical-basal polarity complex components, thereby contributing
to EMT (69-71). They facilitate EMT progression by inducing the mesenchymal marker proteins vimentin
and N-Cadherin as well (71, 72). ZEB proteins are also essential during embryonic development (73, 74).
A study published in 2017 showed that expression of ZEB1 in a murine pancreatic cancer model was
crucial to initiate metastasis and invasiveness efficiently (75). However, two studies in 2013 and 2014
showed ZEB1 and ZEB2 functioning opposite to each other in malignant melanoma where ZEB1 acted as
a tumor inducer while ZEB2 was a tumor suppressor (76, 77).

Regulation of ZEB involves sumoylation of ZEB2 by PRC2 (Polycomb repressive complex 2), which
expels it from the nucleus, thereby controlling ZEB activity (40). Also, SNAI1 and TWIST1 have been
found to induce ZEB1 expression (78). At the post-transcriptional level, ZEB expression is suppressed by
microRNAs (miRNA), especially members of the miR-200 family (79). The major signaling pathways
activating ZEB expressions include TGFB, WNT, and RAS-MAPK signaling activated by growth factors (40,
62).

Apart from the above three major EMT-TFs, there are several other TFs that also take part in

regulating EMT. For example, Fox and Sox transcription factors, PRRX1, HGMA?2 act as EMT regulators
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(30, 40). Also, genetic modifications, alternative splicing, miRNA and other non-coding RNA modulation,
and translational and post-translational modifications are also involved in EMT-TFs regulation (4).
2.4 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are continuously generated under aerobic conditions in different
cellular compartments including at the plasma membrane, the cytoplasm, peroxisomes, membranes of
mitochondria and endoplasmic reticulum, microsomal cytochrome P450 enzymes, and flavoprotein
oxidases (80-82). ROS are known to participate in several intracellular signaling programs such as
apoptosis, cell cycle progression, and aging. Also, as indicated in Figure 2.3.2, HIF1la can induce EMT via
stimulating EMT-TFs (4), particularly the expression of TWIST under hypoxic conditions. Hypoxia
enhances oxidative stress at least partly by generating various reactive oxygen species (ROS) which
include superoxide (O), H20,, and hydroxyl radicals ({OH) and their reaction products (83). ROS are
highly reactive unstable molecules containing oxygen, a high concentration of which may cause cell
death via DNA, RNA, and protein damage inside cells (84). Several studies have shown that ROS
generation can induce EMT (80, 85-88).

ROS can exist in two major forms: (i) Free Oxygen form [e.g. superoxide (O,-°), nitric oxide (NO),
hydroxyl radical (*OH), sulphonyl radical (:502) and (ii) Non-radical form [e.g. hydrogen peroxide (H20,),
ozone (03s), singlet oxygen (0;), among others (89, 90).

2.4.1 ROS Generation and Its Role in Physiology

The most significant sources of ROS in cells include the oxidation of NADPH by NADPH oxidase
(NOXs) (91) or the leakage of electrons from Complexes | or lll in the electron transport chain in
mitochondria (92). Both processes produce superoxide (O;-¢). One or more forms of superoxide
dismutase (SOD) then assist native (uncatalyzed) dismutation and convert the superoxide into H,0, (87).
The dismutation reactions as follows (93):

20,7+ 2H* = H,0; + 0,
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Compared to other ROS, particularly the free radical types, H,0is more stable and produced
substantially inside the cells (94). It is the major ROS known to be involved in the redox-dependent
regulation of cellular processes (95-97). H,0; can oxidize cysteine residues of proteins; it is at this point
that redox signaling (§2.4.2) is thought to occur (98-100). H,0O; can also be converted to hydroxyl free
radical when it reacts with transition metal ions (the Fenton reaction) resulting in oxidative stress
through macromolecular damage (101). However, cells also produce antioxidants such as
peroxiredoxins (Prdx), glutathione (GSH), glutathione peroxidase (GPX), catalase (CAT), which convert
H,0, into water (102). The overview of this ROS generation and biological fate has been illustrated in

Figure 2.4.1.
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An important physiological role of ROS is that they are produced in phagocytic cells when
destroying engulfed pathogens (103). Therefore, over-production of antioxidants may lead to a
pathological state by neutralizing and interfering with this physiological ‘waste disposal’ function of ROS
(104).
2.4.2 Redox Signaling

Redox signaling, which begins after oxidation of cysteine residues of target proteins, is a
physiological cell signaling process required for cells to survive and function properly (102, 105). Redox
signaling occurs when ROS act as stimuli to modulate the activity of signaling proteins. Redox signaling
with an elevated ROS level can also result in a pathological condition (oxidative stress) by the excessive
generation of ROS. As a result, levels of different cellular antioxidants including SODs, GSH, GPx,
Peroxiredoxin (Prx) are elevated to protect the cells (102). The concentration of H,0, can raise up to
approximately 100 nM (106). At a lower concentration of intracellular H,O, enables normal cellular
function such as proliferation, differentiation, migration, and angiogenesis (Figure 2.4.2). As the
concentration rises a bit more, stress responses and adaptation occur by the cells. However, when the
concentration rise even higher, pathological conditions arises including inflammation, fibrogenesis,

metastasis, cell death (Figure 2.4.2).



Figure 2.4.2
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ROS signaling has been reported to be involved in tissue homeostasis and adaptation (80). The
pathways known to be activated by ROS include Akt/protein kinase B, p42/p44 MAPK, p38 MAPK, Rho-
GTPase, the Smads cascades, Ras-Raf-MEK-ERK (extracellular signal regulated kinase), signal transducers
and activators of transcription (STAT), and protein kinase C (PKC), NF-kB and p21 kinase. Also, a wide
variety of gene families, including MMPs, integrins, growth factors (EGF, EGFR, VEGF, and others), TGF-
B, HIF-1, HGF, NADPH oxidases (Nox), p53, Bcl-2, caspase are also reported to be modulated by ROS
(107-113). Moreover, some transcription factors including NF-kB, C-Jun and HIF-1 are also reported to
be redox sensitive and involved in several cell-survival pathways (109).

2.5 Antioxidants

Antioxidants are substances with the ability to react with and eliminate ROS, thereby reducing
their oxidation of cellular components (114, 115). These can be either naturally produced inside the
cells (e.g., catalase, thioredoxin reductase, glutathione, and others) (116-120) or can be provided
exogenously (e.g., ascorbic acid through citrus, vitamin E through diet, etc.) (121-124).
2.5.1 Catalase

Catalase is a cellular antioxidant enzyme with the capability of neutralizing H,O; by converting it
to oxygen and water (125). Additionally, catalase can decompose peroxynitrite (126, 127), oxidize nitric
oxide to nitrogen dioxide (128). It also exhibits low oxidase activity (129, 130). The usual subcellular
locations of catalase are peroxisomes, cytoplasm and mitochondria (125, 131-133). Itis also found in
the cytoplasmic membrane of cancer cells (134). It is very hard to measure the exact amount of catalase
present in the cells as it is lost during tissue management or processing (135). However, a study showed
catalase level along with H,0, removal rate among various cell lines including lung A549 cells (136)
(Figure 2.5.1). The study found a strong correlation between the rate constant at which these cell lines

remove extracellular H,0, and the effective number of fully active catalase molecules per cell (R? =0.88).
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Catalase has been reported to be downregulated in many studies leading increased H,0: level
(137-141). Such elevated H,0; level can activate pathways leading to cancer cell proliferation, migration
and invasion (142-144). Catalase can be inhibited by 3-amino-1,2,4-triazole (3AT) (145-147). A major

application 3AT is as a herbicide (148), but it is also teratogenic and carcinogenic (149).



Figure 2.5.1
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2.5.6 Thioredoxin reductase (TrxR)

The thioredoxin system is composed of the small protein thioredoxin along with its cognate
reductase enzyme and NADPH (150). These proteins are chemically a part of the flavoprotein family of
pyridine nucleotide-disulfide oxidoreductases, which also includes lipoamide dehydrogenase,
glutathione reductase, and mercuric ion reductase (151). Inside cells, thioredoxin-I (Trx) and
glutaredoxin 1 (Grx1) are present in the cytosol and thioredoxin-2 (Trx2) is in the mitochondria (152,
153). Through the disulfide reductase activity of thioredoxin, this antioxidant system controls protein
dithiol/disulfide balance to protect against oxidative stress (154). Additionally, the Trx system has been
reported to repair DNA and proteins via reducing ribonucleotide reductase and methionine sulfoxide
reductases (150). A study showed Trx expression in some lung cancer lines (155) (Figure 2.5.6). The
A549 cell line was found to express a high level of Trx. Auranofin, a gold-containing small molecule, can

be used to inhibit TrxR (156) to enhance H,0, concentrations.
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Figure 2.5.6

Western Blot Results Showing High Expression Level of Trx among four different Lung Cancer Cell Lines

A H1299 H460 A549 SK

TI'X —— —— 12KD

GAPDH —— — ——  — | 3TKD

[Adapted from (155)]



50

ROS can act to either suppress or promote cancer progression. Therefore, the role of
antioxidants as cancer treatments is also unclear. For instance, several studies have shown that many
forms of glutathione transferases (GST) prevent the progression of skin, liver, and colon cancer in mice
(157-160). Glutathione peroxidases (161-163) and TRX system (164) have also been found to suppress
tumor growth in several studies. However, these antioxidant systems have also been reported to
promote cancer progression. For example, several studies with various glutathione (GSH)-related
enzymes such as GPX and GST, and the Trx system have been shown to promote tumor growth (165-
172).

However, externally supplied antioxidants may also create oxidative stress. Vitamin C has been
reported to generate ROS when it is oxidized to dihydroxyascorbate (173, 174). Alpha-tocopherol
(Vitamin E) which is well known to have anti-tumor potential (175) has also been found to promote
cancer in a multi-center clinical trial (176-178). N-acetyl cysteine (NAC) and vitamin E have also been
found to induce lung cancer and melanoma progression (179, 180).

2.6 Role of ROS in Cancer

The role of ROS in cancer is very dose-dependent, either suppressing or promoting tumor
growth (181). The role of ROS in cancer is illustrated below (Figure 2.6.1). Tumor suppression occurs by
activation of the Ras-Raf-MEK-ERK pathway which induces the p38 MAPK cascade (182). p38 activation
suppresses tumor growth by inducing apoptosis, cell cycle arrest, senescence by oncogenes or

inflammation, DNA damage response (DDR).



Figure 2.6.1
Dual Role of ROS on Tumor Suppression and Progression [Adapted from (87)]
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Phosphorylation of p38 is reported to activate the tumor-suppressing activities of downstream
p53 and p21"WAF(182) (Figure 2.6.2). Also, cell cycle inhibitors such as p16INK4A, p14/p19 can also be
upregulated to suppress tumor. Regulating kinases associated with DNA damage can also activate p38
when ROS damages DNA (183) (Figure 2.6.2). A co-activator of p53, p18"™¢t, can also be stimulated to
induce apoptosis (184, 185). DDR activated p38 can also inhibit two important mitotic phosphatases,

cdc25B and cdc25C, resulting in cell-cycle arrest (186, 187).



Figure 2.6.2
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One of the major reasons for the stimulation of tumor growth by ROS is that cells continue to
grow with damaged or faultily repaired DNA leading to mutations (188, 189). These mutations are base
pair deletions in most cases.(190-192). Mutations of oncogenes or tumor suppressor genes are
reported to induce tumor progression (189). For example, in p53 tumor suppressor gene, transversions
of the DNA bases G to T is very common in cancer (193-195). ROS can modulate the redox sensitive
kinases such as Src, JAK, PI3K, Akt, MAPK, thereby activating oncogenes leading to cancer progression
(189).

Receptor tyrosine kinases (RTKs) are also known to generate an increased amount of ROS which
can be activated by EGF, PDGF, FGF, TNF, IFN-y, and interleukins (196). Such increased ROS level can
activate oncogenic Ras which in turn conveys downstream signaling through Raf, MEK1/2 and ERK1/2
(181) to induce tumor progression (Figure 2.8.1). Several oncogenes, such as c-myc, c-jun, and CREB,
can be activated by ERK leading to cell proliferation after inhibiting apoptosis (197). Ras can also be
stimulated by ROS generated by NOX-1 enzyme activity, which in turn facilitates angiogenesis via
increased VEGF expression (198). This angiogenesis helps provide more nutrients to tumor cells,
thereby stimulating their growth and proliferation (199-202). However, oxidative stress from increased
ROS can translocate the cytoplasmic transcription factor thioredoxin into the nucleus where it can
induce nuclear signaling factors (e.g. redox factor-1) and transcription factors such as AP-1, NFkB, and
Egr-1 (203). These transcription factors support tumor growth in various ways. AP-1 activation induces
cyclin-D and CDKs leading to proliferation (189, 203). NFkB helps cell survival by- regulating clAP1/2,
Bcl-2 and Bcl-xL (204); by upregulating VEGF and MMP-9 expression, angiogenesis and metastasis are
facilitated (205).

2.7 Role of ROS in Ferroptosis
Ferroptosis is an iron-dependent programmed cell death process (206-209). It can occur in

many diseases including cancer, neurodegenerative disorders, and ischemia-reperfusion injury, among
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others. The process starts with increased intracellular iron concentration leading to increased highly
reactive ROS generation particularly by the Fenton reaction. A large amount of ROS utilizes excessive
amounts of glutathione (GSH) leaving the membrane lipid peroxidation unchecked. Excessive lipid
peroxidation damages the membranes of organelles and/or cell membranes resulting in loss of

membrane integrity and ultimately cell death (Figure 2.7).



Figure 2.7
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The intracellular iron concentration can go increase in several ways (206) (Figure 2.7). Iron is
normally transported by transmembrane receptor-1 as Fe** into the cell, which is converted to Fe?* by
Six-Transmembrane Epithelial antigens of the phosphate-3. These Fe? ions are known as labile iron
pool (LIP) which are not membrane bound and are used for normal cellular function. Some are stored
complexed with ferritin in the lysosome. Excessive Fe?* can be excreted out of the cells by a membrane
transporter FPN (Ferroportin). Overexpression or defective TFR1 and FPN can increase the intracellular
LIP. Fe?*from LIP can generate large amounts of highly reactive ROS through the Fenton reaction (Fe?*+
H,0, = Fe*+ OH+ OH:). The increased ROS level can oxidize more PUFA-PE (polyunsaturated fatty acid -
phosphatidyl ethanolamine) to generate lipid peroxides (L-OOH). GSH is one of the major enzymes
neutralizing the ROS and excessive ROS generation due to high LIP leads to overconsumption of GSH.
The GSH is also required to activate GPX4 (Glutathione peroxidase) which converts L-OOH into lipid L-
OH. As increased ROS overwhelms the GSH dependent antioxidation, GPX4 remains inactive and excess
L-OOH are not neutralized. L-OOH cause membrane oxidization leading to loss of membrane integrity.
As a result, the cell death takes place.

2.8 Role of ROS in EMT

The role of ROS in EMT has been reported in many studies and reviews (5, 80, 86, 210). TGFB
has been reported to increase ROS level followed by EMT induction primarily through MAPK pathway
activation, and then subsequently ERK/Smad pathway (211). Various mechanisms can be involved in
these processes. Release of iron (in the form of the labile iron pool [LIP]) from ferritin heavy chain (FHC)
was reported for such ROS elevation in the process of promoting TGFB induced EMT (212). Also, TGFB
can also elevate ROS by inhibiting the mitochondrial complex IV and by the upregulation of NOX4 (213).
The antioxidant system can also be disturbed by TGFB leading to increased ROS level and EMT (210). For
example, deletion of GSH is promoted by TGFB, which leads to imbalanced intracellular redox

homeostasis. Several recent studies showed that oxidative stress promotes EMT via TGFB/Smad,
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Whnt/B-catenin, and JNK1/ B-catenin pathways in lens epithelial cells (214, 215). Another study showed
that the Wnt/ B-catenin pathway is involved in inducing EMT in liver cancer (216). Also, stimulation of
Poly (ADP-ribose) polymerase 3 (PARP3) by TGFB induced ROS has been reported to promote EMT in
breast cancer (217). Such EMT induction by ROS involved TG2-I-E-Cadherin axis modulation to increase
SOX2 and OCT4 expression.

TNF-a, an inflammatory cytokine, is also reported to elevate ROS level (80). The increased ROS
level can potentially activate NF-kB. Activation of NF-kB has been reported to induce EMT via cell-cell
dissociation caused by upregulation of TWIST1, 1, 2 (SLUG) and ZEB1/2 (218). Also, activated NF-kB
helps to maintain the mesenchymal phenotype and increases metastatic potential through inducing
transcription of vimentin and matrix metalloproteinases as well as CSN2 (COP9 signalosome 2) (219).
Dong et al. reported EMT induction in MCF-7 breast cancer cells by TNF-a which was facilitated by NF-kB
through upregulation of L (220). Dong et al. reported EMT induction in MCF-7 breast cancer cells by
TNF-a which was facilitated by NF-kB through upregulation of or DHMEQ (an NF-kB inhibitor) to reverse
such EMT (83, 221, 222). Also, another antioxidant, catalase reversed the NF-kB mediated EMT
indicating that H,0, to be a potential inducer of NF-kB mediated EMT (223).

ROS has been reported to induce EMT during hypoxia (87). HIF-1 (Hypoxia Inducing Factor-1) is
another important factor known to induce EMT through activating EMT related TFs including TWIST, 1
and ZEB1 (210, 224, 225). ROS has been found to induce EMT via HIF-1/LOX/E-Cadherin pathway (226).
Also, B-catenin phosphorylation has been reported to induce EMT through ROS stimulated HIF-1a
activation (227). HIF-1 has two subunits, a and B, which form a heterodimer under hypoxic conditions.
This heterodimer then binds to the hypoxia-response element (HRE) after translocating to the nucleus
(228). The activation of the HIF-1 pathway involves several steps. In the normal cellular oxygen
environment, HIF-1 is hydroxylated at several proline residues via O,, or 2-oxoglutarate (2-0G), and

ferrous iron (Fe?*) activation of prolyl hydroxylase domain (PHD) enzymes. In hypoxia, ROS
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accumulation causes oxidation of Fe?* to Fe3* (229, 230), at the same time hydroxylation of PHD is
blocked. As a result, HIF-1 pathway gets activated. However, a receptor tyrosine kinase member, Axl
has been found to be a direct target of HIF mediated EMT (231). Axl can activate Rac1 followed by ROS
accumulation. Also, treatment with H,0; causes excessive phosphorylation of Axl, which activates
PI3K/Akt cascade resulting in increased cell migration (232).

PI3K/Akt pathway can also activate NF-kB followed by EMT (233) (Figure 2.8.1). PI3K/Akt
activation is closely related to GSK-3p inhibition leading to B-catenin stabilization which in turn activates
SLUG and upregulates mesenchymal vimentin (234). Apart from Axl phosphorylation, ROS can also
suppress phosphatase and tensin homolog (PTEN) activity, thereby inducing EMT (235). PTEN is known
for PI3K/Akt regulation and ROS inactivates PTEN by forming a disulfide bond between two cysteine
residues (Cys124 and Cys71) (236, 237). The role of PI3K/Akt pathway inducing ROS mediated EMT was
confirmed by using wortmannin (a PI3K inhibitor), which hampered ROS production through restricting
the translocation of NOX4 (238).

In addition to PI3K/Akt, focal adhesion kinase (FAK) and the tyrosine kinase Src also play vital
roles in promoting EMT through regulating actin rearrangements leading to enhanced cell motility (210)
(Figure 2.8.1). FAK is a non-receptor type tyrosine kinase known to be expressed ubiquitously. It is
involved in signal transduction and facilitates spreading and migration of cells via kinase-dependent or
independent mechanisms (239, 240). Lawson et al. reported that FAK recruits talin to nascent
adhesions, thereby regulating cell motility (241). An activated FAK-Src complex is formed when
clustering of integrin receptors occurs during cell association with extracellular matrix proteins and
induces auto-phosphorylation of FAK (242). Activation of FAK then activates RhoA/ROCK pathway which
in turn results in focal adhesion (FA) and actin stress fiber formation. Also, another FAK complex known
as FAK-p130Cas complex may result in ECM degradation by incorporating MT1-MMP into focal

adhesions (243). FAK can also interact with Mdm2 which cause proteasomal degradation of p53 (244).
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ROS have been reported to modulate FAK activation, but redox alteration of specific cysteine residues in
FAK is not well studied (210). When ROS is generated by NOX enzymes, phosphotyrosine-phosphatase
(PTP) is inhibited which increases phosphorylation of FAK"%’. As a result, focal adhesions are stabilized

along with actin polymerization (Figure 2.8.1) (245).
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Figure 2.8.1
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Dysregulation of various GF signaling pathways such as EGFR, VEGFR and FGFR, may lead to
overexpression of Src in cancer cells. Activation of Src can increase cell motility through focal adhesion
turnover, promote cell detachment from tumor via MMP upregulation and E-Cadherin downregulation,
and phosphorylation of adhesion components of cadherin e.g. p120-catenin (210, 246-248). Src has also
been reported to help maintain the mesenchymal phenotype by disrupting cell adhesion. This
disruption occurs when Src cooperates with MAPK and ROCK leading to peripheral accumulation of
phospho-myosin(249).

The activity of Src is controlled by phosphorylation of two tyrosine residues Tyr416 (activates
Src) and Tyr527 (inactivates Src) (250). Tyr527 phosphorylation is controlled by C-terminal Src kinase
(Csk) and Csk homology kinase (Chk). On the other hand, Tyr527 dephosphorylation is induced by PTPs,
such as SH2-containing protein tyrosine phosphatase 1/2 (SHP-1 and SHP-2), PEST domain-enriched
tyrosine phosphatase (PEP) and low-molecular-weight protein tyrosine phosphatase (LMW-PTP). ROS
has been reported to affect the phosphorylation and dephosphorylation of Src. Out of 5 cysteine
residues in the Src sequence, two (Cys245 and Cys487) are sensitive to oxidative activation by ROS (251).
The importance of ROS to Src activation was proven in several studies. For instance, Src-FAK signaling
was inhibited when mitochondrially-derived ROS decreased by the action of tumor suppressor B-cell
translocation gene 2 (BTG2) in prostate cancer (252). Also decreased level of NOX-derived ROX
inactivated Src (253). Several studies reported reversible oxidation can control the function of PTPs,
including SHP-1, SHP-2 and LMW-PTP (254-257). Also, enhanced Src phosphorylation was reported in a
number of studies when the cysteine residues in the catalytic PTP domain are altered by oxidation (258-
260).

In our project, we investigated the role of metabolically-generated peroxide at different
subcellular locations (cytoplasm, nucleus and mitochondria) on EMT progression in lung

adenocarcinoma A549 cell lines. However, this project started with investigating the ability of
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extracellular H,0, application to trigger EMT, as a study by Gorowiec et al. reported in 2009. In that
study, 12 days were required to detect an effect of H,0, on EMT in A549 cell lines (261). Until recently,
there was no study on subcellular ROS generation related to EMT. We hypothesized that identifying a
subcellular location would suggest where the trigger or target is for EMT induction. As noted previously,
EMT is triggered by alterations in the activity of Wnt/beta-catenin, TGFb/Smad, PI3K/Akt pathways.
Therefore, in this project, the search for an oxidizable molecular redox alteration target focused initially
on beta-catenin, smad2/3 and Akt. A fluorescence technique, redoxifluor, was used to examine both
global and protein-specific cysteine-redox ratios. A large change was observed in the global cys-redox
after peroxide generation, but so far, nothing was significant for the specific proteins noted above.

The identity of the protein whose oxidation induces EMT is unknown. A multiplicity of protein
targets has been proposed (Figure 2.3.2 and 2.8.1), (214, 215, 227, 233), but no definitive identification
has been made. Thus we undertook to test the hypothesis that protein-thiol oxidation is responsible for
inducing EMT. To test this hypothesis, we investigated three specific aims:

1. To generate H,0; in different locations inside A549 cells using various chemical and
biological methods.
a. Chemogenetic, quinone metabolism and peroxide persistence by peroxidase inhibition
were used to increase the concentration of H,0,.
2. To evaluate the relationship between H,0, generation at various intracellular locations and the
progression of EMT.
a. Morphology observation, EMT-related marker protein expressions and motility assays
were performed to evaluate EMT induction after H,O, generation.
3. Tofind out the molecular target(s) whose function is/are changed by these cysteine-redox

alterations.



a.

A fluorescence based microplate technique (Redoxifluor) was used to identify the

cysteine-thiol redox state alteration of the potential molecular targets.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Cell Culture

3.1.1 Cell Line

Lung adenocarcinoma cell line (A549) was used. Source: ATCC (American Type Culture
Collection).
3.1.2 Culture Media, Buffers, Reagents and Routine Procedure

RPMI 1640 medium with HEPES modification (25mM HEPES) from Sigma-Aldrich (Cat# R5886)
supplemented with 10% Fetal Bovine Serum (FBS) and Glutamine-Penicillin-Streptomycin (GPS). D-PBS
(Dulbecco’s Phosphate Buffered Saline; Sigma-Aldrich # D8537), Modified, without calcium chloride and
magnesium chloride, was used as wash buffer for cell culture procedures. 1X Trypsin-EDTA (Sigma-
Aldrich # T3924) was used for cell recovery procedures. Routine cell cultures were passaged when cells
reached 70 — 80% confluence and diluted from 1:5 to 1:20.
3.1.3 Method for Cryo-Preservation of Cells

Cryo-Preservation of cells in multiple vials was necessary for long term storage. After
sedimentation, media from above the cell pellet was completely removed. Cells were resuspended in
ATCC serum-free freezing media. Samples of 1 mL were added to each Cryo-vial. The vials were placed
in an isopropanol bath and slowly frozen overnight at ‘-80°C’. Then the vials were transferred to liquid
nitrogen for long term storage.
3.1.4 Method for Recovering Cryo-Preserved Cells

A vial of cells was removed from liquid nitrogen with appropriate safety precautions. The vial
was thawed immediately by holding it under running tap water. Once thawed, the cell suspension was
quickly added to 9 mL of RPMI complete media and centrifuged at 200g for 5 minutes and resuspended

for growth.
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3.2 Preparation of Bacterial Growth Media
3.2.1 Preparation of Agar Plates (Ampicillin)
Ampicillin agar plates were prepared whenever required for bacterial transformation. Ampicillin
agar plates were prepared as all the plasmids used in this project had the ampicillin resistance site. The

formula used for these plates are shown in the table below:



Table 3.2.1A

Formula for a 250 mL LB Agar Solution (Ampicillin Antibiotic final concentration: 100 ug/mL)

Ingredient Amount
LB Agar Powder (Product#) 10g
Deionized Water 250 mL

Ampicillin (Product#) 100mg/mL 250 pL
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Stock Ampicillin was prepared as a concentration of 100 mg/mL in deionized water, which was
then filter sterilized, aliquoted and were stored at -20°C.
According to the formula above (Table 3.2.1A), ingredients were weighed, mixed, and then
dissolved the agar with vigorous shaking in an appropriate Pyrex bottle. The bottle was then taken for

autoclaving according to the following set-up Condition:



Table 3.2.1B

Autoclave Condition for Sterilizing LB Agar Solution

Exhaust Selector

Temperature
Timer

Slow (Liquids)
110°C (230°F)
30 minutes
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After 30 minutes of autoclave, The bottle was then allowed to cool down to 55°C in a pre-set
water bath. When the temperature came down to 55°C, 250 pL of stock Ampicillin (thawed on ice) was
added carefully to it in a sterile zone and mixed with gentle shaking. Agar solution was then added to
each cell culture dish very quickly without forming any bubble (Otherwise the agar solution would
solidify inside the bottle). After solidification of agar, the plates were covered, put inside a disinfected
storage box, and stored at 4°C.

NOTE: All the steps after autoclaving were performed within the sterile zone created by Bunsen
burner flame.
3.2.2 Preparation of LB Broth (Ampicillin):

For bacterial transformation, LB broth was also prepared whenever required. For each 1000 mL
LB broth solution 25 g of LB broth powder (Miller) was required. We used to prepare either 400 mL for
long term storage (6 months) and 100 mL for immediate uses. The Ampicillin antibiotic concentration
was as same as for LB agar plate explained above. The general procedure is explained below:

The required amount of LB broth powder was weighed and mixed with vigorous shaking in a
Pyrex bottle. Then it was autoclaved similarly as explained for agar plates. The solution was allowed to
cool and when room temperature is achieved, the Ampicillin stock solution was added, then mixed
gently in a sterile condition. After mixing the LP broth bottle was stored at 4°C. This solution was
suitable to use for 6 months.

3.3 Plasmids Used for Intracellular and Subcellular H;0; Generation

In this project, a total of four different plasmid DNA sequences were used. All of the plasmids
had a localization sequence specific to express D-amino acid oxidase (DAAO) which can catalyze the
oxidation of a D-amino acid (e.g. D-Alanine) to generate H,0,. There was also a fluorescent tag ‘HyPer’
within the plasmid sequence. HyPer can react with H,0; and increase fluorescence. With increased

generation of H,0,, the fluorescence intensity of HyPer increases (262, 263). Two different forms
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(“generations") of ‘HyPer’ were used; the third generation and the 7th generation named as such by the
inventor of the HyPer fluorescent protein (264). The excitation and emission spectra of third generation
HyPer are shown in Figure 3.3.A a. Also, it was interesting that with increased concentrations of H,0,,
the fluorescence intensity goes down in the 420 nm region and increases at about 500 nm (Figure
3.3.Ab) (263). This allows ratiometric analysis of the ‘HyPer’ oxidation state.

The excitation and emission spectra of the 7" generation of HyPer is shown in Figure 3.3.B
below (264).
3.3.1 pAAV-HyPer-DAAO-NES

This plasmid incorporates the 3rd generation of HyPer, the sequence of DAAO (from R. gracilis)
and expresses HyPer in the cytoplasm, by virtue of the nuclear exclusion sequence (Figure 3.3.1) (262,
265).
3.3.2 HyPer7.2-DAAO-NES

This plasmid was also used to deliver DAAO (Synthetic) with 7*" generation ‘HyPer’ in the
cytoplasm (Figure 3.3.2)(266).
3.3.3 HyPer7.2-DAAO-NLS

This is also a plasmid with 7™ generation HyPer, but the DAAO (synthetic) and HyPer are

expressed in the nucleus with this plasmid (Figure 3.3.3) (266).



Figure 3.3 A

‘HyPer’ Excitation and Emission Spectra and Fluorescence Intensity Changes with Different
Concentrations of H,0;
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[Belousov et al., 2006 (263)]



Figure 3.3.B

The Excitation and Emission Spectra of 7" Generation of HyPer
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Figure 3.3.1

PAAV-HyPer-DAAO-NES Plasmid Map
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Figure 3.3.2

HyPer7.2-DAAO-NES Plasmid Map
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Figure 3.3.3

HyPer7.2-DAAO-NLS Map
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3.3.4 HyPer7.2-DAAO-mito

This plasmid was used to deliver DAAO (synthetic) and 7*" generation HyPer to the mitochondria
(Figure 3.3.4)(266)

3.4 Plasmid Processing Methods

3.4.1 Plasmid Processing Method from Commercial Agar Stab

All plasmids used in this project were received as transformed bacteria in agar stab culture
format from addgene (Watertown, MA). Once received they were stored at 4°C before processing
(usually stable for about 2 weeks) (267). All plasmids were ampicillin resistant in this project, so only
ampicillin agar plates and ampicillin LB broths were used. The plasmids were processed from these agar
stabs further by following the general protocol from addgene (267). The procedure involved streaking
the bacterial sample on an agar plate and incubating at 37°C for about 24 hours. Next, clear and round
single bacterial colonies were selected, transferred to LB broth for overnight (about 12-16 hours)
inoculation at 37 °C from where plasmids were purified using ‘Monarch Plasmid Miniprep kit" of New
England biomedicine (NEB, Cat# T1010S) and following their protocol (268). After purification, the
concentrations of plasmids were measured using a NanoDrop spectrometer (ThermoFisherScientific).
These purified plasmids were then stored at -20°C freezer.
3.4.2 Bacterial Transformation and Maxi-Prep Purification Method

Bacterial Transformation was performed using high efficiency competent E.coli, purchased from
New England Biolabs (NEB, Product # C2987H). Important materials required were S.0.C. growth
medium (Thermofisher#t 15544034), incushaker, Heat block, ampicillin agar plate, inoculating glass
spreader, Bunsen burner, 70% ethanol, beaker, ice, and bacterial incubator, Centrifuge Machine

Eppendorf 5810R.



Figure 3.3.4

HyPer7.2-DAAO-mito Map
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The bacterial transformation method was performed according to the guideline from addgene
protocol (269). After transformation, further steps of overnight LB broth inoculation and purification
were followed according to the protocol of PurelLink HiPure Plasmid Filter DNA Purification Kit,
(Thermofisher Cat# K210017) (270). The concentration plasmid from each tube was then measured and
stored at -20°C. After Plasmid purification, the concentrations of plasmids were measured using using
ThermoFisher NanoDrop Lite Spectrophotometer (ThermoFisher).
3.4.3 Restriction Digest Analysis

Using the online NEB cutter tool several restriction enzymes (Single cutter) were found which
could be used for the restriction digest analysis. For each plasmid used in this project, we purchased the
required enzymes from NEB and the protocols came with each enzyme. We selected the blunt end
cutter so that no re-annealing could take place. Both one-enzyme and two-enzyme restriction digest
analyses were performed for each plasmid. For pAAV-HyPer-DAAO-NES plasmid (7182 bp), BsaB1 (271)
(cuts at 806 bp) and Psil-v2 (272) (cuts at 5018 bp) enzymes were used. For HyPer-7 plasmids, Hpal
(273) and PshAl (274) restriction enzymes were used. The cutting positions of these plasmids on HyPer-

7 plasmids are illustrated (Figure 3.4.3).



Figure 3.4.3

Cutting Sites on HyPer7.2 Plasmids by Hpal and PshAl restriction enzymes
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The materials and equipment required for restriction digest analysis included Nuclease free
water, Cutsmart or rCutsmart buffers, required enzymes, agarose powder, 1X TAE, gel loading dye
(SYBR-Safe DNA Gel Stain, ThermoFisher Scientific, Invitrogen Cat# S33102), DNA loading Buffer (Gel
Loading Dye, Purple (6X), NEB #B7025), DNA Ladder (1 Kb DNA Ladder, NEB# N3232S); Heat block,
Microwave, Electronic balance. For each restriction digest, maximum 1 ug plasmids DNA was adequate
according to manufacturer’s guidline. A 50 pL reaction mixture was set up for each plasmid with one
enzyme or two enzymes. Here, Formula for restriction digest analysis of HyPer7.2 plasmids using one-
enzyme (Table 3.4.3A) and Two enzyme (Table 3.4.3B) methods is shown as an example.

The reaction mixture tubes were incubated at 37C in the heat-block for 15 minutes. Next, 7 puL
DNA loading Buffer (Purple) + 7 uL of plasmid DNA from each tube for each sample load were mixed,
and transferred into pre-assigned gel pockets (Left side: one enzyme digest; Right side: two enzymes
digest). DNA ladder (1kb) was then loaded. The electrophoresis was then carried out for 30 minutes at
100 mV. Then gel was transferred on to a Blue light transilluminator where images of the DNA bands
were captured and saved for analysis.
3.4.4 Long Term Storage Procedure of Plasmids

After confirming the purity of the plasmids, it was necessary to make glycerol stocks for the long
term storage (275). Addgene protocol was followed here (267). The 50% glycerol solution was prepared
by adding 1 part 100% Glycerol to 1-part Sterile Deionized Water. For each plasmid, 500 uL of the
overnight LB broth culture was added to 500 pL of 50% Glycerol in each 1.5 mL sterile microcentrifuge
tube. In this project, two glycerol stocks were prepared for each plasmid. These glycerol stocks were

then stored at -80°C where they should be stable for many years.



Table 3.4.3 A

Formula for One-Enzyme Restriction digest by Hpal:
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Component Amount (pL)
Plasmid DNA Suspension 0.5
rCutSmart buffer 5
Hpal 1

Nuclease-free water

Q.s to make 50 pL (Here, 43.5 pL)




Table 3.4.3 B

Formula for Two Enzyme Restriction digest by PshAl and Hpal:
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Component Amount (pL)
Plasmid DNA Suspension 0.5
rCutSmart buffer 5
PshAl 1
Hpal 1

Nuclease-free water

Q.s to make 50 pL (Here, 42.5 plL)
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3.5 Transfection Methods

A549 cells were transfected with various plasmids containing H,0, generator DAAO with
localization sequences for cytoplasm, nucleus, and mitochondria. For transfecting the cells both
chemical and electroporation methods were used. For chemical methods, Lipofectamine 3000
Transfection Reagent (ThermoFisher # L3000015) and Polylet in Vitro DNA Transfection Reagent
(Signagen # SL100688) were used. Methods with both chemical reagents are described as follows:
3.5.1 Transfecting A549 Cells with Lipofectamine 3000 Transfection Reagent

This reagent was used at the initial stage of this project. pAAV-HyPer-DAO-NES plasmid which
contained the third generation of HyPer was mostly transfected with this reagent (Thermofisher Cat#
L3000015). The typical method involved seeding the cells a day before in such concentration so that
they reach about 70-80% confluency at the time of transfection. Then transfections were carried out in
antibiotic-free RPMI Media following the manufacturer’s protocol (276), returned to the CO; incubator
at 37°C. After 2 days, the cells were observed with EVOS Auto microscope for transfection efficiency
and quality.
3.5.2 Transfecting A549 Cells with Polylet In Vito DNA Transfection Reagent

Due to very high toxicity, use of the Lipofectamine 3000 reagent was discontinued. Polylet In
Vitro DNA Transfection agent (Signagen, Frederick, MD) (Cat# SL100688) was used as the alternative
which showed much better transfection efficiency with almost no cytotoxicity. After performing a few
trials of DNA to Polylet ratio, 1:2 ratio was found to be optimum for transfection in A549 cells. Cells
were seeded a day before transfection at such number so that they reach at least 70-80% confluency at
the time of transfection. The transfection was then carried out according to the manufacturer’s general
protocol (277). Transfection efficiency and quality were observed under the EVOS auto microscope 1 —

2 days after transfection.
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Electroporation method of transfection was also attempted using the Beckman xxx instrument.
With several modifications of the protocol, optimization was attempted. However, electroporation did
not show better results compared to the chemical methods. As this method was not used to observe
any end results, the method is not described here.

3.5.3 Method of Observing Transfection Efficiency

To observe transfection efficiency, the GFP (Green Fluorescent Protein) channel in the EVOS
auto microscope was used. HBSS (Hank’s Balanced Salt Solution, Sigma# H8264) was used instead of
regular media to avoid background of phenol red. Both 10x and 20x lenses were used. With 10x
objective lens, the efficiency of transfection was evaluated whereas with the 20x objective lens the
subcellular localization was confirmed.

3.5.4 Methods to Evaluate ‘HyPer’ Function in Transfected Cells

It was necessary to confirm if ‘HyPer’ is responsive to increased H,0, production inside the cells.
To do so two approaches were taken: first with GFP and CFP channels of EVOS Auto microscope and
second with chemiluminescence method using ‘AquaSpark Peroxide Probe 510’ (BioSynth # A-
8170_P00). The first method worked conveniently with the early generation of HyPer plasmid (pAAV-
HyPer-DAAO-NES) as their excitation and emission wavelengths were very close to GFP and CFP.

3.5.5 Fluorescence Microscopy Based Evaluation:

24 well plates were used for these experiments. Cells were transfected with pAAV-HyPer-
DAAO-NES plasmids. After 48 hours of transfection, media was replaced with HBSS and the transfection
was confirmed with EVOS Auto microscope in the GFP channel. The ‘Time Lapse’ recording function was
set up to take images of specific cells from each well at fixed intervals (both GFP and CFP channels).
After the first set of images were acquired, D-Alanine solution (at various concentrations depending on
the experiment) was quickly added to the assigned wells. The time lapse was run for about 2 hours in

most experiments. At the end of time lapse imaging, the images were collected and analyzed using the
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Fiji (Image J) software and the statistical analysis was performed using GraphPad Prism. This method
was not compatible with the latest generation of HyPer7.2 plasmids as their excitation and emission
spectrum were too remote from the GFP and CFP channels and our EVOS Auto microscope did not have
the appropriate channels to detect the fluorescence changes of HyPer7.2 (Figure 3.2). So, the second
method, the chemiluminescence method was used to determine HyPer7.2 functionality.
3.5.6 Chemiluminescence Assay Based Evaluation:

Luminescence assays involve quantifying an analyte by chemical generation of a light-emitting
unstable structure. The usual range of luminescence is from 300 to 800 nm in the visible to near visible
range (278). In this project, AquaSpark™ 510 Peroxide Probe (Biosynth-carbosynth, Tel-Aviv University)
(279) was used to determine the amount of H,0, generated by various metabolic reactions, including
DAAO and the metabolism of dimethoxy-naphthoquinone and menadione It is a dioxetane based
molecule which can react with H,0, and result in luminescence (280).

In this method, a 96-well plate was used where cells were transfected with HyPer7.2 plasmids.
After 48 hours of transfection, the transfection efficiency as well as subcellular localization were
confirmed by EVOS Auto Microscope in the GFP channel. AquaSpark-510 solution was prepared by
diluting the 10mM stock solution 1000 times. Media from all wells were removed and washed with 1X
D-PBS. Diluted AquaSpark solution was added to each well (100uL/well). Treatments of D-Alanine and
other controls were added to wells in at least quadruplicate. The plate was then placed in the plate
reader (Spectramax ID3) and the light production of each well was measured every two minutes for 3
hours at the following setup (Table 3.5.6):

At the end of reading/scanning, data were transferred to Microsoft Excel. The Data were first
organized in Excel to integrate 20 to 60 minutes of data after an initial dark-adaptation period and then

statistical analysis was performed using GraphPad Prism.



Table 3.5.6

Plate Reader Scan Parameters for Chemiluminescence Assay
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Kinetic Luminescence Plate Type More Settings PMT & Optics
Time: 3:00:00 LM1=All 96 Well Coastar Read Order Integration
Interval 00:02:00 Blk/Clrbtm Up Column 1000msec
Reads 91 Height 14.3mm Temperature = Read Height
Reading from (no lid) 37°C 1.00mm

B2:G11
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3.6 Methods to Induce Redox State Alteration
Several methods were applied to induce redox state change in A549 cells.
3.6.1 By Applying Extracellular H,0,

Media from the plates/wells were removed, washed with D-PBS, then cells were treated for 1
hour with 400 uM H,0, in serum-free RPMI stock media supplemented with antibiotics. After 1 hour,
treatment media was replaced with RPMI complete media and returned to the CO; incubator at 37°C
where cells were allowed to grow further.

3.6.2 By Generating Intracellular H.O, with Chemo-Genetic Approach

Cells were seeded in 100mm cell culture dishes and transfected with specific plasmids for
expressing the H,0, generator D-amino acid oxidase at different subcellular locations. After 48 hours of
transfection, specific subcellular transfection was confirmed with EVOS Auto microscope on GFP
channel. Then cells were detached by trypsinization, resuspended in 2 mL RPMI complete media,
counted using the Specter 3 Automatic cell counter. A specific number of transfected cells were then
seeded into 6-well plates or new cell culture dishes. Cells were then allowed to attach and grow for at
least 12 hours. Next, cells were serum starved for at least 24 hours (in some experiments, serum
starvation was not applied). After 24 hours of serum starvation (or 36 hours after re-seeding), a specific
concentration of D-Alanine (according to the specific experiment plan) was added to the cells. Controls
in this method were untreated cells, D-Alanine with Peroxidase inhibitors (3-Aminotriazole, Auranofin).
Treatment was applied for various durations, but in most experiments, it was for about 24 hours.

3.6.3 By Generating Cytoplasmic H.0, Chemically with DMNQ (2,3-dimethoxy-1,4-naphthalenedione)

Cells were seeded and on the next day when they reached at about 70% confluent, serum
starvation started. After 24 hours of serum starvation, DMNQ solution in RPMI complete media (in most
cases 10 uM) was added, incubated inside the CO, incubator at 37°C for 1 hour. After 1 hour, treatment

media was replaced with fresh RPMI complete media, and returned to the CO; incubator at 37°C.
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3.6.4 By Inhibiting Peroxidase Inhibition

This method also did not require any transfection but was performed on both transfected and
non-transfected cells. The initial steps are the same as discussed for both transfected and non-
transfected cells. After 24 hours of serum starvation, media was removed and peroxidase inhibitor
solutions made in RPMI complete media (25mM 3-amino-1,2,4-triazole (3AT) or 2 uM Auranofin either
alone or together) and then returned to the CO; incubator at 37°C. After 6 hours, treatments were
removed, fed with fresh RPMI complete media, and returned to the CO; incubator at 37°C.

3.7 Evaluating EMT

EMT progression of A549 cells was measured in several ways after altering the redox state.
Transforming Growth Factor 1 (TGFf1 5 ng/mL or 10 ng/mL) was used as a positive control and
untreated cells were used as a negative control. TGF1 was usually applied to cells 48 hours prior to the
last day of growth. The progression of EMT was evaluated by the following methods:
3.7.1 By Morphology Observation

After removal of the redox state alteration treatments, cells were allowed to grow for up to 8
days. There was a 50% media change every other day during this period. With a phase contrast
microscope, cells were observed for any phenotypic changes from Day 03, 05, and 07 after removal of
thiol redox treatments. The mesenchymal cells would show elongated spindle like shape, loosely
connected with surrounding cells.
3.7.2 By Scratch-Wound Healing Assay

These experiments were performed in 6-well plates following a well-established protocol and
optimizing the conditions for our laboratory (281). After removing the redox state altering treatment,
cells were allowed to grow for 5 to 7 days with 50% media replacement every other day. Two days
before the cell lysate collection (either day 03 or day 05, dependent on experiment plan), cells were

scratched horizontally and/or vertically with a 200 pL sterile pipette tip. Images of scratch areas at
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specific points were captured using the ‘Time Lapse’ function of the EVOS Auto microscope at 10x lens
Phase contrast mode. Images from the same location were captured at different intervals (usually at 12
hours, 24 hours, 36 hours and 48 hours). After collecting all the images, data were saved electronically.
Images were then analyzed using (Fiji Inagel) software with the Montpellier Resources Imagerie Wound
Healing Tool plugin (Montpellier, France). The wound healing was measured as percent (%) of open
area from time zero ‘0’. These data were then statistically analyzed by GraphPad Prism software.

3.7.3 By In-Cell Western (ICW) Method

These experiments were performed using black-sided, clear-bottom 96-well plates and
optimizing the well-established protocol of LI-COR or our laboratory conditions (282). After removing
the redox state altering treatments, cells were allowed to grow up to 5-7 days with 50% media
replacement every 48 hours. On the final day, media from all the wells were discarded, washed with D-
PBS and fixed with Four percent formaldehyde solution (made in D-PBS). After fixation, formaldehyde
solution was discarded, cells were permeabilized with 0.1% Triton-X washes (prepared in D-PBS), and
then blocked with either (i) Odyssey Blocking Buffer (OBB) or (ii) Intercept Blocking Buffer (IBB) for
about 2 hours at room temperature. Primary antibody solutions (prepared by diluting them in OBB or
IBB) were added at the end of blocking to appropriate wells according to a pre-set plate map. The plate
was then wrapped with foil, incubated overnight at 4°C on a rocking table. Next day, Primary antibody
solutions were discarded, cells were washed with 0.1% Tween 20 in PBS, secondary antibody solution
with Cell tag 700 Stain (LICOR # 926-41090) in OBB or IBB was added to each well, incubated at room
temperature on the orbital shaker (100 RPM) for 2 hours. Next, antibody solutions were then discarded,
washed with 0.1% Tween 20 in PBS. At the end of the final wash, the wash buffer was discarded and
taken for scanning with an Odyssey CLx Imaging System. The scanning was performed in plate mode

using both the 800 and 700 channels, data were saved and stored electronically. LICOR ImageStudio
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software was used to analyze the data, transferred to an excel sheet where data were organized.
Statistical analysis was performed using GraphPad Prism.

3.7.4 By Western Blot (WB)

The Western blot experiments were performed by optimizing the general protocol for Western
Blotting (283) from BIO-RAD according to our laboratory conditions. The cells were grown and treated
in either 100 mm cell culture dishes or 6-well plates for these experiments. After removing the redox
state altering treatments, cells were allowed to grow from 5-7 days with 50% media replacements every
other day. Pre-diluted 1X RIPA Buffer solution was supplemented with 5 uL/mL of Protease Inhibitor
Cocktail (Sigma) and 5 puL/mL of 200 mM phenyl methyl sulfonyl fluoride solution (in ethanol), added
immediately before cell lysate collection.
3.7.4.1 Cell Lysate Preparation

Media from the well or petri-dish was removed, washed with ice cold D-PBS. 1X RIPA Buffer was
then added to the well/petri-dish (250 pL /well of 6-well or 1 mL/100 mm petri-dish). Cells were
scraped, cell lysate from specific well/petri-dish was collected in the respective ice-cold microcentrifuge
tube. Next, these tubes were centrifuged at 14,000 RPM for 20 minutes at 4°C. After centrifugation, the
supernatant solutions were collected in other ice-cold microcentrifuge tubes. 10 puL from each sample
tube was taken and added to 90 uL of Deionized water (10 fold dilution) to perform protein
quantification by BCA Assay (will be discussed later). At this point, the lysates were divided into aliquots
and stored at -80°C.
3.7.4.2 Buffer Preparation

1X Tris/Glycine/SDS Electrophoresis Buffer (BioRad # 1610772 diluted in deionized water) was
used as Running Buffer, 1X Tris-Glycine Buffer (BioRad# 1610771 diluted in deionized water and ethanol)

was as Wet-Transfer Buffer, and 0.1% Tween 20 in PBS+deionized water was used as Wash Buffer.
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Blocking Buffer was purchased from LICOR (Intercept Blocking Buffer, IBB, LICOR# 927-70001). Buffers
were stored at 4°C before proceeding for SDS gel Run step.
3.7.4.3 SDS-Gel Run

Materials and equipment needed: Laemmli Buffers (either 2X (BIO-RAD# 1610737) or 4X (BIO-
RAD # 1610747) supplemented with 2-Mercaptoehanol, Criterion Cell SDS Gel Electrophoresis system
(BIO-RAD# 1656001), Criterion pre-cast TGX gels (types varied depending on the experiment need) from
BIO-RAD, BIO-Rad PowerPac basic (BioRad # 1645050).

After thawing the cell lysate aliquots, gel loading samples were prepared by diluting each
sample with deionized water and Laemmli Buffers according to pre-calculation. In each diluted sample,
the total protein amount was 20 ug, final Laemmli buffer concentration became 1X. These loading
samples were then boiled at 95°C for 5 minutes, then allowed to cool down to room temperature.
While cooling, the Criterion Cell SDS Gel Electrophoresis system was prepared by placing two Criterion
pre-cast TGX gels (types varied depending on the experiment need) immersed in running buffer. After
cooling to room temperature, samples and protein ladders were loaded on gels according to a pre-set
gel map. The gel was then run with the Bio-Rad PowerPac basic for 60 minutes (80V for 5 minutes, 150V
for next 5 minutes and finished at 200V for about 50 minutes).
3.7.4.4 Blotting

Nitrocellulose membranes (Bio-Rad # 1620112) were prepared to match the gel size used,
soaked in transfer buffer at 4°C. When electrophoresis was finished, each gel was attached to a
nitrocellulose membrane at the center of the blot cassette, sandwiched by filter paper and sponges on
both sides. The blot cassettes were then placed in the transfer tank immersed in Transfer Buffer. A gel
pack and magnetic stirrer were added to the tank. The tank was closed and was run at 4°C, at 100 V for
60 minutes.

3.7.4.5 Blocking and Primary Antibody Incubation
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After the blot transfer, the nitrocellulose membranes were carefully separated from gels, cut
into two pieces with the help of ladder guide in such a way that the top part contained the target
protein, and the bottom part contained the loading control protein GAPDH. Each part of the membrane
was transferred, completely immersed in IBB inside an opaque black incubation box, blocked by
incubation for about 1 hour on an orbital shaker at 100 RPM at room temperature. Next, Blocking
buffers (IBB) were removed, the primary antibody solutions were added to their assigned boxes and
incubated overnight on a rocker at 4°C.
3.7.4.6 Secondary Antibody Application

On the next day, the primary antibodies were removed, washed at least 3 times with wash
buffer (on orbital shakerat 100 RPM for 5 minutes). Secondary antibody solutions (IRDye 800; LICOR in
IBB) were added and incubated at room temperature on the orbital shaker at 100 RPM for 1-2 hours.
The membranes were washed at least 3 times with the wash buffer followed by one wash with 1X PBS
and scanned with an Odyssey CLx system. After the scan, data were saved and stored electronically,
protein expression was quantified with ImageStudio software, data were organized in excel sheet and
then statistically analyzed with GraphPad Prism software.

3.8 BCA Assay for Protein Quantification

The bicinchoninic acid (BCA) assay was performed to determine protein concentration in the cell
lysates collected for western blots. Pierce BCA Protein Assay Kit (Thermoscientific Cat#f 23225 and
23227) was used for these assays. The cell lysate samples were diluted 10 times and the microplate
protocol was performed following the manufacturer’s procedure (284).

3.9 RedoxiFluor Methods
RedoxiFluor is a recently-developed fluorescence method for measuring protein thiol redox

changes across global cellular proteins as well as measuring thiol redox changes in individual proteins (6)
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(Figure 3.9). The method involves sequential derivatizations with thiol-reactive fluorescent tags, before

and after mild chemical reduction of thiol oxidation products.
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Figure 3.9
Redoxifluor Technique
RedoxiFluor: A microplate technique to quantify target-specific protein thiol redox
state in percentages and moles
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Reduced thiols are labelled as ‘Green’ and oxidized thiols as ‘Red’ with thiol reactive maleimide
fluorescent reporters (Figure 3.8). Depending on the target protein, a specific capture antibody is
immobilized in a microplate. The target protein from the samples is captured by this antibody which can
then be measured using a microplate reader. This method can be used in different modes such as
Protein-A mode, ELISA mode, array mode and the global mode. Protein A mode is used to quantify
relative thiol redox state change in percentage, ELISA mode can be used for quantifying the changes in
percentage and in moles.

In Redoxifluor method, the fluorescent maleimide (F-MAL1) is used to bind to the reduced thiols
by thioether bond utilizing the Michael addition reaction (6). Then, by using 1-4-dithiothreitol (DTT) or
tris-carboxyethylphosphine (TCEP), the reversibly oxidized thiols (RSox) are reduced to maleimide
reactive sulfhydryl state (RSH/RS-) via sulphur exchange reactions. After that the second fluorescent
maleimide reporter (F-MAL2), which is spectrally different, is used to label the sulfhydryl state
(RSH/RS-). Using a plate reader, the signals from F-MAL1 and F-MAL2 can be measured and then be
used to calculate thiol-redox state change in percentage.

Protein-A mode of Redoxifluor method was used to find out the probable molecular targets
where redox state change might happen. First, cell lysates were collected in a similar manner to
western blot lysates. The difference here was that in the RIPA Lysis Buffer, Fluorescein-5-Maleimide
(FMAL1) was added at 2.5 mM concentration. After centrifugation at 4°C for 20 minutes, the
supernatant was collected. Lysate supernatant was passed through a size-exclusion spin columns to
remove excess FMAL-1. Then 5 mM neutral-Tris-CarboxyEthyl Phosphine was added to the flow through
for 30 minutes on ice to reduce disulfides, sulfenic acids and persulfide oxidation products. Excess TCEP
was removed using a second size-exclusion spin columns, added 1mM AlexaFluor 647-C2-maleimide
(FMAL2) and incubated on ice for 60 minutes. Excess FMAL2 was removed with a third size-exclusion

spin column. Samples were then stored at -80°C.
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For the analysis of specific protein oxidation, the “Protein-A” redoxiFluor method was followed
(6). Pre-labeled Protein-A coated well strips (Biomat, Italy) were assembled in the plate rack. The wells
were washed (hydrated) three times at room temperature (2 min/wash) with 200 pL PBS with 0.1%
Tween-20 (PBST) with orbital shaking at 450 RPM. 100 uL/well of binding buffer (50% SuperBlock in
PBST) was added followed by 0.1 pg/well capture antibody. The plate was sealed with acetate film and
incubated at room temperature for 30 to 90 minutes on a plate shaker at 450 RPM. Wells were washed
three times at room temperature with PBST using orbital shaker at 450 RPM. Fluorescence-derivatized
samples were diluted at 1:4 ratio with PBS and 100 pL of each sample was loaded into triplicate wells.
The plate was sealed with acetate plate film. The plate was then incubated for 4 hours in the dark at
room temperature at 400 RPM. Then wells were again washed 3 times with PBST followed by one wash
with PBS only to remove Tween 20.

After removal of the final wash, 100 uL of elution buffer (4% w/v sodium dodecyl sulfate) was
added to each well, the plate was sealed and incubated in the dark at room temperature for 1 hour at
600 RPM. F-MAL signals were then measured on a fluorescence plate reader (SpectraMax ID3) for 100
ms at the appropriate wavelengths (FMAL1 480nm excitation; 540nm emission; FMAL2 635nm
excitation; 685nm emission). Data were saved and stored electronically, organized in excel and
statistically analyzed with GraphPad Prism.

3.10 Statistical Analysis

GraphPad Prism (Version 9.5.1) was used to do statistical analyses. To compare means between
two groups, unpaired two-tailed t-tests were performed. One-way ANOVA was performed to compare
means when there were three or more groups and only one factor was considered. 95% Confidence
interval was established for all analyses. The multiple comparison correction method of Dunnett was

used when comparing treatments to a control group.
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CHAPTER 4: RESULTS

4.1 A549 Cells are stimulated to undergo EMT by TGFp1

Transforming Growth Factor B1 is a well-established inducer of EMT (285) and was used at a
concentration of 5 ng/mL (286) as the positive control in this project. Initially, 5ng/mL TGFB1 was
applied for 48 hours in serum free medium supplemented with antibiotics. Later in the project, the
5ng/mL TGFB1 treatment was applied for 48 hours in complete medium (supplemented with 10% serum
and antibiotics) immediately after serum starvation for 24 hours, as this pretreatment was more
effective in inducing EMT in A549 cells. During the treatment process, EMT progression was evaluated
by morphology change observation (§3.7.1) and motility change observation (3.7.2) every 12 hours. At
the end of 48 hours, EMT-related markers were measured by immunoassays such as western blot (3.7.4)
or in-cell western (§3.7.3) assays.
4.1.1 TGFB1 Treatment induces changes in Morphology and Motility

Morphological changes (elongated and loosely connected cells) were not clearly detectable with
TGFB1 treatment as cells were confluent after 48 hours of treatment, regardless of treatment condition.
Motility changes were observed in most of the scratch wound healing assays. Compared to untreated
cells, there was a trend toward faster wound healing by TGFB1 treated cells at 12, 24, 36, and 48 hours

after scratching (Figure 4.1.1), however, the results did not reach at significant level due to variability.



Figure 4.1.1

Motility Change by TGFB81 Treatment
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Motility change by TGFTB1 treatment; Top: Wound healing progress images at different time points;
Bottom: Statistical Analysis of % open area as an indicator of wound healing rate. Paired t-test (Two
Tailed), 95% Cl, n=3.
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4.1.2 TGFB1 Treatment induced Changes in EMT Marker Protein Expression

Both in-cell western and western blot assays showed EMT progression through changes of EMT
related markers (decrease of epithelial marker E-Cadherin and increase of mesenchymal marker N-
Cadherin) after 48 hours of TGFB1 treatment (Figure 4.1.2). However, the 24-hour serum starvation
prior to the treatment in complete medium showed more extensive changes in EMT marker proteins
compared to the initial induction methods used in this project. In those initial methods, there was no
prior serum starvation and treatment was in serum-free medium for 48 hours.

4.2 In-Cell Western (ICW) Assays Measuring Extracellular H,O; Effect on EMT
4.2.1 Extracellular H,0; induces EMT-related marker changes on day 10 and 12

According to Gorowiec et al.(261), it takes about 10 days to develop a detectable mesenchymal
phenotype after H,0, treatment in lung epithelium. The In Cell Western method was used to determine
if that is true for A549 cells. Two 96-well plates were used for two different time points (10 days and 12
days) where cells were exposed to 400 uM H,0, applied extracellularly for 1 hour in RPMI serum-free
medium. After the treatment, cells were allowed to grow and then were fixed on day 10 and day 12.
The cells in TGFB1+H,0; group had 1 hour treatment of 400 uM H,0, at ‘Day 0’ and 5ng/mL TGFB1 in
serum free medium was added at 48 hours before cell fixation.

The epithelial marker E-Cadherin expression decreased significantly for both time points,
although another epithelial marker Zona Occludins-1 was minimally suppressed on day 10 (Figure
4.2.1B) compared to untreated control cells. However, the mesenchymal markers (N-Cadherin, a-SMA
and Fibronectin) showed mixed results. On day 10, but not on day 12, only TGFB1+H,0, group showed
significant upregulation of a-SMA. However, the positive control TGFB1 also did not result in significant
mesenchymal marker expression on day 10 and 12 (excluding fibronectin on day 12) compared to

untreated cells (Figure 4.2.1).
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Figure 4.1.2

TGFB1 Treatment Changed Expression of EMT-related Marker Significantly
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Change of EMT related marker expression after 48 hours of 5ng/mL TGFB1 treatment, (A) ICW assay
showed significant downregulation of epithelial marker E-Cadherin (E-Cad) and upregulation of
mesenchymal marker N-Cadherin (N-Cad) by 48-hours treatment of TGFB1 in serum-free medium; (B)
Western blot showing similar EMT related marker expression changes by 48 hour TGFB1 treatment in
complete media after 1 day serum starvation, (C) statistical analysis of Western blot showing such
changes were significant. Unpaired t test (Two Tailed), 95% Cl, (for A, n=4, for C n=3) P:
<0.0001(****), 0.0021(**), 0.0332(*).
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Expression of Epithelial and Mesenchymal Markers on Day 10 and Day 12 After 400 uM H,0, Treatment
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Expression of Epithelial and Mesenchymal Markers after 400 uM H202 Treatment on (A) Day 10 and

(B) Day 12 in ICW Study. ONE WAY ANOVA, 95% Cl, n=4, P: <0.0001(****), 0.0002(***), 0.0021(**),

0.0332(*).
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Figure 4.2.1 Continued:

Expression of Epithelial and Mesenchymal Markers on Day 10 and Day 12 After 400 uM H,0, Treatment
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(Continued) Expression of Epithelial and Mesenchymal Markers after 400 uM H202 Treatment on
(A) Day 10 and (B) Day 12 in ICW Study. ONE WAY ANOVA, 95% Cl, n=4, P: <0.0001(****),

0.0002(***), 0.0021(**), 0.0332(*).
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4.2.2 Time course ICW Experiments further confirmed H,0; induced EMT Progression with significant
downregulation of epithelial marker E-Cadherin
In time-course ICW experiments, A549 cells were treated with 400 uM H,0; for 1 hour in RPMI serum-
free medium. Cells were fixed and processed for ICW on days 02, 04, 06, 08, 10, 12, and 14. For each
time point, the positive control TGFB1 (5ng/mL) in serum-free medium was added 48 hours before fixing
the cells. E-Cadherin expression decreased compared to untreated cells from day 04 and became
significant on day 08. The expression of the mesenchymal marker fibronectin was not increased
compared to untreated control cells (Figure 4.2.2). However, the positive control (5ng/mL TGFB1) also
did not induce EMT in this experiment.
4.3 Extracellular H.0; Induces EMT as measured by western blot of marker proteins

To investigate the extracellular H,0; effect on EMT, standard western blot methods were used.
The cells were exposed to similar experimental conditions as described in §4.2, however for this set,
cells were grown in 100 mm cell-culture dishes. After the 1-hour treatment with 400 uM H,0;in serum
free media, cells were allowed to grow in complete media for up to 8 days. TGFB1 (5ng/mL in serum-
free media) was added about 48 hours prior to cell lysate collection for appropriate cell culture dishes.
Morphology of the cells was observed every day (Figure 4.3.1) and cell lysates were collected at pre-
selected time points (Day 6, Day 07 and Day 08). Western blot assays were then performed to
determine epithelial E-cadherin and mesenchymal fibronectin expression changes. The Western blot
results showed downregulation of E-Cadherin and upregulation of Fibronectin (on day 06 and 07) as

shown in Figure 4.3.2A and Figure 4.3.2B.
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Figure 4.2.2

Time Course ICW Experiment Shows Significant E-Cadherin Downregulation at about Day 08
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ICW time course experiment showed (A) Downregulation of epithelial E-Cadherin from day 4
compared to untreated control, significant from day 08; (B) Fibronectin expression was lower
compared to untreated cells, TWO WAY ANOVA, 95% Cl, n=4,P: <0.0001(****), 0.0002(***),

0.0021(**), 0.0332(*).
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4.3.1 Morphology Changes Started from Day 04 after Extracellular H,O, Application

A549 cells started to show phenotypic changes from day 04 and on day 05 the morphological
change was very clearly detected with spindle like elongated and loosely connected cells (Figure 4.3.1).
4.3.2 Western Blot Results showed EMT Progression through EMT related Marker Expression Changes
on Day 06, 07 and 08.

Western blot analysis showed decreased expression of epithelial E-cadherin on day 06, 07, and
08 compared to untreated control cells (Figure 4.3.2A), and such downregulation was most significant
on day 07. Similarly, the mesenchymal marker fibronectin results also showed significant upregulation

on day 07 compared to untreated controls (Figure 4.3.2B).
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Figure 4.3.1

EMT Progression by 400 uM H»O, Detected by Phenotypic Change on Days 01-05
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EMT Study with 400 uM H,0, for 1 hour in serum-free media resulted in EMT progression detected
by phenotypic changes starting from Day 04 and Day 05
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Figure 4.3.2A

Western Blot Results of E-Cadherin Expression Changes on Day 06, 07 and 08
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Western blot for epithelial marker E-Cadherin expression changes on different time points after 400
MM H,O, treatment for 1 hour in serum-free media compared to untreated cells. Top: Decreased

expression of E-Cadherin on Day 06, 07 and 08. Analysis showing E-Cadherin expression was
downregulated.
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Western Blot Results of Fibronectin Expression Changes on Day 06, 07 and 08

No Treatment

Fibronectin

(~250 KDa)
Day 06

GAPDH
(37 KDa)

Fibronectin
(~250 KDa)

Day 07
GAPDH
(~37 KDa)

Fibronectin
(~250 KDa)

Day 08

GAPDH
(~37 KDa)

Day 06

Normalized Ratio with GAPDH

\p—

Normalized Ratio with GAPDH

400 uM H,0,

TGFb (5 ng/mL)

D
Day 07 ay 08

Normalized Ratio with GAPDH

Western blot for mesenchymal marker Fibronectin expression changes on different time points after
400 pM H, 0O, treatment for 1 hour in serum-free media compared to untreated cells. Top: Increased

expression of fibronectin on Day 06, 07 and 08. Bottom: Analysis showing Fibronectin expression was

upregulated on day 06 and 07.
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4.4 Intracellular H,0, Generation

To generate H,0; intracellularly, several approaches were utilized. These approaches included
chemo-genetic methods with various plasmids (containing the peroxide generator D-Amino Acid
Oxidase), peroxidase inhibition to increase the persistence of naturally produced intracellular H,0,, and
chemical methods with quinone metabolism.
4.4.1 Plasmids Expansion and Purification for Chemo-genetic Peroxide Production

All the plasmids were expanded by bacterial transformation and then purified (§3.4.1). The first
attempt was made with pAAV-HyPer-DAAO-NES, a gift from the Thomas Michel lab, addgene
Plasmid#119164 (description in Chapter 3, §3.3.1). After purifying this plasmid with the mini-prep kit
(8§3.4.1), restriction digest analysis (§3.4.3) with BsaBIl and Psil-V2 was performed, which cut this plasmid
at positions 806 bp and at 5018 bp, respectively. The digest with BsaBl only showed one single clear
band at the position corresponding to the 7000 bp region (plasmid size is 7182 bp) (Figure 4.4.1.1A).
Next, the digest with both enzymes showed two clear bands at about 4000 bp and 3000 bp levels (Figure
4.4.1.1B). As this analysis showed purity, pAAV-HyPer-DAAO-NES was then expanded by bacterial
transformation, purified using a Maxiprep kit (§3.4.2), and then verified by restriction digest analysis
with the same two enzymes as explained above (Figure 4.4.1.1B).

More advanced generations of plasmids with HyPer7-DAAO were obtained as gifts of Thomas
Michel Lab (addgene plasmids#168301, #168302 and #168304 ) for subcellular delivery of DAAO to
generate hydrogen peroxide in the cytoplasm, nucleus, and mitochondria of transfected cells
respectively. These plasmids were also processed in a similar way, but their restriction digest analysis
was performed with two other enzymes Hpal and PshAl. Hpal cuts HyPer7.2-DAAO-NES at 3837 bp,
HyPer7.2-DAAO-NLS at 2858 bp and HyPer7.2-DAAO-Mito at 741 bp. PshAl cuts HyPer7.2-DAAO-NES at
3484 bp, HyPer7.2-DAAO-NLS at 3259 bp and HyPer7.2-DAAO-Mito at 1070 bp. Both miniprep and

maxiprep purifications resulted in pure plasmids. After the miniprep purification, the digests with Hpal
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alone showed a single clear band at between 7000 and 8000 bp region for all three plasmids (Figure
4.4.1.2). Also, the Hpal+PshAl showed two bands, one strong and clear band at little above 6000 bp and
a very faint band at about 300-400 bp (Figure 4.4.1.2) confirming that the plasmids were pure. The
same restriction digest results (Figure 4.4.1.3 to Figure 4.4.1.5) were observed when each plasmid was
expanded by bacterial transformation followed by Maxi-prep purification. All these results confirmed

the purity of the plasmids used in this project.



Figure 4.4.1.1A

Restriction Digest Analysis of MiniPrep Purified pAAV-HyPer-DAAO-NES Plasmid
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Figure 4.4.1.1B

Restriction Digest Analysis of MaxiPrep Purified pAAV-HyPer-DAAO-NES Plasmid
One-Enzyme (BsaBl) Digest Two-Enzymes (BsaBI+Psil-V2) Digest
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Restriction Digest Analysis confirmed purity of pAAV-HyPer-DAAO-NES plasmids purified with
MaxiPrep Kit, ‘C’ represents bacterial colonies from where samples were taken.



114

Figure 4.4.1.2

Restriction Digest Analysis Confirmed Purity of HyPer7.2-DAAO Plasmids
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Figure 4.4.1.3

Restriction Digest Analysis Confirming Purity of HyPer-DAAO-NES Plasmids (Maxi-Prep Purified)

Two enzymes (Hpal+PshAl) Digest

One enzyme (Hpal only) Digest

(—/l—\ —
pot I o pad o ]
S o o o ©
@ > > = z ]
- c c = IS -
°a o o ° = Q
~ ° ° o S =~
— O o o —

Stze. pp g5 pg

88

1% agaro¥e stained in SYBR Safe
5888 88

1% agarose stained in SYBR Safe

0.5 pg/lane 1X TAE
1X TAE

Restriction Digest Analysis, HyPer7.2-DAA-NES Plasmids (bands appeared at about 6500 bp and at
350 bp (very fade)



116

Figure 4.4.1.4

Restriction Digest Analysis Confirming Purity of HyPer-DAAO-NLS Plasmids (Maxi-Prep Purified)
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Figure 4. 4.1.5

Restriction Digest Analysis Confirming Purity of HyPer-DAAO-Mito Plasmids (Maxi-Prep Purified)
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4.4.2 Transfection of pAAV-HyPer-DAAO-NES Plasmids into A549 Cells Resulted in Cytoplasmic
Localization of DAAO and Peroxide Generation by D-Alanine

Transfection with pAAV-HyPer-DAAO-NES, resulted in cytoplasmic localization of ‘DAAQO’ and
3™ generation ‘HyPer’ (Figure 4.4.2.1 and 4.4.2.2). Treatment of transfected cells with D-Alanine
resulted in increased H,0, production detected by the fluorescence increase of ‘HyPer’ (§3.3) with GFP
and CFP channels (Figure 4.4.2.1). However, there was no change of fluorescence when transfected
cells were treated with L-Alanine (Figure 4.4.2.2).
4.4.3 D-Alanine increased HyPer fluorescence in a Concentration-dependent Manner in DAAO-
Transfected Cells.

By changing D-Alanine concentrations, a dose-response effect was found in cells transfected
with DAAO, when delivered by the pAAV-HyPer-DAAO-NES plasmid. In an initial experiment, the D-
Alanine concentrations used were 2mM, 5 mM, 10 mM and 15 mM with a 15 mM L-Alanine control
group (Figure 4.4.3A). As these concentrations produced a saturated fluorescence image, a subsequent
experiment showed a dose-response effect at concentrations of 250 uM, 500 uM, 750 uM, 1mM, 2 mM
D-Alanine with a 2 mM L-Alanine control. In this experiment, the dose-response effect reached the
plateau at 750 uM D-Alanine (Figure 4.4.3B). The concentrations were adjusted further in following
experiments and 600 uM D-Alanine was found to be the concentration with the highest ‘HyPer’
fluorescence response (Figure 4.4.3C). However, there was no detection of fluorescence change by

HyPer below 200 uM D-Alanine and the effect started to appear from 400 uM D-Alanine.
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Figure 4.4.2.1

Cytoplasmic Localization of DAAO & HyPer by pAAV-HyPer-DAAO-NES Transfection and H,O, Generation
by D-Alanine

A.

Non-transfected Cells

600 uM D-Alanine
3

Transfected Cells Increased Fluorescence after 75 minutes

Cytoplasmic localization of DAAO and HyPer detected with GFP and CFP Channels, (A) No
fluorescence detected in non-transfected cells; (B) Transfected cells were detected with dark nucleus
at the center. Addition of 600 uM D-Alanine resulted in increased fluorescence of HyPer indicating
cytoplasmic H,0; production
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Figure 4.4.2.2

Cytoplasmic Localization of DAAO & HyPer and No H,O, Generation by L-Alanine
A.

Non-transfected Cells

1 mM L-Alanine
I—

Transfected Cells Unchanged Fluorescence after 75 minutes

Cytoplasmic localization of DAAO and HyPer detected with GFP and CFP Channels, (A) No
fluorescence detected in non-transfected cells; (B) Transfected cells were detected with dark nucleus
at the center. Addition of 1 mM L-Alanine did not change fluorescence of HyPer confirming D-Alanine
specific functionality of DAAO.
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Figure 4.4.3

Dose-Response Relationship between D-Alanine and DAAO Activity
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response effect, (C) Further adjustment of D-Alanine dose showed effect starts at around 400 uM D-
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D-Alanine), n=4 (A and B) and n=12 (C). No Statistical Analysis was performed with these data.
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4.4.4 Delivery of DAAO to Subcellular Compartments with HyPer7.2-DAAO Plasmids was Confirmed
with Fluorescence Microscopy

The 7th generation of HyPer plasmids, HyPer7.2-DAAO with localization sequences directing
delivery to subcellular compartments, were transfected into A549 cells. With the GFP channel in
fluorescence microscopy, cytoplasmic, nuclear, and mitochondrial delivery and expression of DAAO
along with HyPer7.2 were confirmed. There was strong fluorescence all over the cells with dark nuclei
where DAAO was delivered to the cytoplasm by HyPer7.2-DAAO-NES (Figure 4.4.4A). The nuclear
expression of DAAO by HyPer7.2-DAAO-NLS was confirmed by a strong fluorescence signal of attached
HyPer7.2 from the nucleus with other parts of the cell invisible (Figure 4.4.4B). The mitochondrial
delivery and expression of DAAO by HyPer7.2-DAAO-Mito was similar to cytoplasmic expression with
dark nuclei, but the fluorescence light appeared to be small spots of fluorescence throughout the

cytosol instead of solid fluorescence (Figure 4.4.4C).
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Figure 4.4.4A

Cytoplasmic Localization of HyPer7.2-DAAO Delivered by HyPer7.2-DAAO-NES

Cytoplasmic localization of HyPer7.2 DAAO delivered by HyPer7.2-DAAO-NES (20X Image at GFP
Channel)
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Figure 4.4.4B

Nuclear Localization of HyPer7.2-DAAO Delivered by HyPer7.2-DAAO-NLS

Localization of HyPer7.2-DAAO-NLS at the nucleus of A549 cells (images taken with 20x lens GFP
channel)
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Figure 4.4.4 C

Mitochondrial Localization of HyPer7.2-DAAO Delivered by HyPer7.2-DAAO-Mito

Localization of HyPer7.2-DAAO-Mito at mitochondria of A549 cells (images taken with 20x lens GFP
channel)
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4.4.5 Chemiluminescence Assays Confirmed DAAO Activity of HyPer7.2-DAAO Plasmids
Experiments to detect DAAO activity with HyPer7.2 fluorescence change were performed in a

similar fashion as for 3™ generation HyPer, but the closest available channel (GFP) in the EVOS
microscope could not detect any fluorescence change (Data not shown). Therefore, chemiluminescence
assays with AquaSpark reagent was utilized which confirmed that the DAAO expressed in different
subcellular locations are functional (Figure 4.4.5A and 4.4.5B). However, this assay required Peroxidase
inhibitors (2 uM Auranofin and 25 mM 3-Amino-1,2,4-Triazole) to prevent neutralization of DAAO

generated H,0..
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Figure 4.4.5A

Chemiluminescence Assay Confirmed HyPer7.2-DAAO-NES delivered DAAO Activity
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Chemiluminescence Assay Confirmed DAAO activity in HyPer7.2-DAAO-NES transfected A549 cells in

the presence of Peroxidase Inhibitors (Inhib). One Way ANOVA, 95% Cl, n=3, P: <0.0001(****),
0.0002(***),
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Figure 4.4.5B

Chemiluminescence Assay Confirmed HyPer7.2-DAAO-NLS and HyPer7.2-DAAO-Mito delivered DAAO
Activity
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Chemiluminescence Assay Confirmed DAAO activity in HyPer7.2-DAAO-NLS and HyPer7.2-DAAO-Mito

transfected A549 cells in the presence of Peroxidase Inhibitors (Inhib), One Way ANOVA, 95% Cl, n=3,
P: <0.0001(****), 0.0002(***), 0.0021(**), 0.0332(*).
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4.4.6 Transfection Efficiency Remained Very Low with Chemical Transfection Method
Transfection Efficiency remained very low with chemo-genetic methods (§3.5). The best transfection
efficiency which was achieved with these methods is shown in Figure 4.4.6 below for each plasmid type

of 7" generation. Chemical transfection with Polyjet© reagent (§3.5.2) was the most successful...



Figure 4.4.6

Low Transfection Efficiency with Chemical Transfection Methods

Very Low Transfection Efficiency Observed, (A) Cytoplasmic, (B) Nuclear and (C) Mitochondrial
transfection (images taken with 20x lens GFP channel and corresponding Phase contrast). These
pictures represent the best transfection efficiency after several optimizations

130
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4.4.7 Electroporation method did not improve transfection efficiency
Electroporation (§3.5.2) was applied several times in an attempt to improve the transfection
efficiency but was unsuccessful (Figure 4.4.7). Electroporation resulted in much higher cytotoxicity

along with inconsistent transfection efficiency.
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Figure 4.4.7

Inconsistent and Low Transfection Efficiency with Electroporation Methods

Transfection Efficiency not improved significantly but showed higher toxicity (images taken with 20x

lens GFP channel and corresponding Phase contrast). These pictures represent the best transfection

efficiency after several optimization with electroporation methods. pAAV-HyPer-DAAO-NES plasmids
were used here (Left: GFP image, Right: Corresponding phase contrast image)
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4.4.8 Persistence of H,0, by Peroxidase Inhibition

Peroxidase inhibition, particularly catalase inhibition by 3-amino-1,2,4-triazole (3AT) and
thioredoxin inhibition by Auranofin resulted in accumulation of H,0, (Figure 4.4.8A and 4.4.5A and
4.4.5B). As 3AT was found to be major inducer of EMT among the two peroxidase inhibitors (Figure
4.7.1.5), the chemiluminescence experiment was performed later with 3AT only to cause persistence of
H,0, (Figure 4.4.8A). Also, the cytotoxicity assays for these drugs showed no toxicity for prolonged
exposure whether used alone or in combination at low concentrations (Figure 4.4.8). Buthionine
sulfoximine (BSO) which inhibits GSH synthesis (and thereby starves glutathione peroxidase activity)

(287) was not used in this project.



134

Figure 4.4.8A

Increased accumulation of H,O; by Catalase inhibition with 3AT
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Figure 4.4.8B

Cytotoxicity Assay of Peroxidase Inhibition
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Cytotoxicity assay showed no cytotoxicity by 5 mM 3AT and 1uM Auranofin whether used alone or in
combination for 3 days. Note: Buthionine sulfoximine (BSO) which inhibits GSH synthesis (and
thereby starves glutathione peroxidase activity) was not used in this project. TWO WAY ANOVA, 95%
Cl, n=3, P: <0.0001(****), 0.0002(***), 0.0021(**), 0.0332(*).
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4.4.9 Quinone Metabolism Generates H,0,

Quinone chemicals such as Menadione and 2,3-Dimethoxy-naphthoquinone (DMNQ) were used
to generate H,0, and a chemiluminescence reagent (AquaSpark) was used to produce light when
reacted with the generated H,0,. Different concentrations of quinones were used (1uM, 5 uM, 10 uM
and 25 uM) both alone and with a combination of peroxidase inhibitors (25mM 3AT and 10uM
auranofin). A dose response effect was observed for both drugs and it appeared to plateau (and
possibly decline) after 80-90 minutes or so (Figure 4.4.9.1). When measured at pH 8.5, DMNQ

generated a much higher amount of H,0, compared to menadione (Figure 4.4.9.2).

4.5 In-Cell Western (ICW) Assays to Investigate EMT Progression by Intracellular H,0, Generation
To investigate the effect of intracellular H,0, generation on EMT, In-Cell Western (ICW)
assays (method in §3.7.3) were performed to generate a larger amount of data in less time. For these
experiments, chemo-genetic approaches were used for intracellular H,0, generation. As ICW
experiments were in 96-well plates and cell growth quickly filled the wells to full confluence,

morphological observation over time was not possible.



Figure 4.4.9.1

Generation of H,0,with Quinone Metabolism
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Initial experiment showing generation of H,0, by two quinone drugs; Menadione (Top) and DMNQ
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Figure 4.4.9.2

Comparison between Menadione and DMNQ on Generation of H,O, with Quinone Metabolism
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Comparison of HZO2 generation between Menadione and DMNQ. DMNQ generated much higher
amount of HZO2 Compared to menadione. M: Menadione, D: DMNQ. One Way ANOVA, 95% Cl, n=4,
P: <0.0001(****),
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4.5.1 Initial ICW Experiments Showed EMT Progression on Day 07 with Intracellular H,O, Generation
for 3 hours with DAAO and D-Alanine
Early ICW experiments to investigate the effect of intracellular H,O, generation on EMT

were performed with E-cadherin and fibronectin expression was evaluated. Cells transfected with the
pAAV-HyPer-DAAO-NES plasmid were treated with different concentrations of D-Alanine (200 uM, 400
UM, 600 uM, 800 uM and 1 mM) for 3 hours. Cells were then allowed to grow for 7 days and were then
fixed and processed for ICW. These experiments showed significant downregulation of E-Cadherin in
treated cells and higher expression of mesenchymal fibronectin compared to control cells (Figure 4.5.1).
However, no dose-response effect was observed with these conditions.
4.5.2 ICW Experiments Failed to Show Reproducible Data

ICW experiments started to show inconsistent results in further experiments (Figure 4.5.2). In
one experiment E-cadherin expression went down significantly (Figure 4.5.2 B), but in another one, it
was not significant (4.5.2 A). Fibronectin expression was much lower than the untreated cells and most
importantly, TGFB treated cells also showed unpredictable results. As a result, the in-cell western assay

method was abandoned.
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Figure 4.5.1

EMT Progression with Cytoplasmic H,0, Generation measured by in-cell western assay
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Preliminary ICW experiment showed EMT Progression on day 07, but no significant dose-response
effect between the amount of H,0, generation and EMT Marker expressions, Epithelial marker E-

Cadherin expression went down significantly, but mesenchymal marker fibronectin expression did
not increase significantly compared to untreated ‘Cell only’ group; (One-Way ANOVA, 95% Cl, n=6,
P<.0001(****), 0.0021(**).



Figure 4.5.2

Non-reproducible ICW Results for EMT Study
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E-Cadherin

Fibronectin

ICW Experiments showed inconsistent results: (A) E-Cadherin expression went up significantly

compared to untreated cells instead of going down, D-Alanine treatments decreased E-Cadherin
expressions, but were not significant here. Fibronectin Expression was significantly high in TGF
treatment, it was significantly low (instead of higher) in all D-Alanine treatments. (B) E-Cadherin

expressions were decreased significantly in all treatments compared to untreated control as
expected, but fibronectin results were unexplainable. Two Way ANOVA, 95% Cl, P****<.0001,

P*** 0002); A: n=8, B: n=6
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4.6 Subcellular H,0, Generation induced EMT

After subcellular H,0, generation in the cytoplasmic, nuclear and mitochondrial compartments,
cells were allowed to grow after treatment removal. In the initial experiments, the cells were treated
for about 24 hours to generate H,0,, then morphology was observed periodically until fully confluence
was obtained. Scratch wound healing assays were also performed 48 hours prior to cell lysate collection
for western blot assays of marker expression.

4.6.1 EMT-related Morphological Changes were observed after cytoplasmic H,O, generation while
Nuclear and mitochondrial H,0, Generation Showed Negligible Changes of Morphology

HyPer7.2-DAAO-NES transfected A549 cells treated with D-alanine for 24 hours started to show
mesenchymal morphology development from day 04 compared to untreated cells (Figure 4.6.1A). Also,
cells treated with D-alanine along with peroxidase inhibitors (i.e., 25 mM 3-amino-1,2,4-triazole (3AT)
and 2 uM Auranofin) showed phenotypic changes. Many cells in the treatment groups started to
become loosely connected to each other, gaining elongated spindle shapes by the end of day 05.

The same D-alanine treatment to generate nuclear H,0; also developed phenotypic changes,
but to a much lesser extent than cells with cytoplasmic peroxide generation (Figure 4.6.1B). However,
the presence of peroxidase inhibitors combined with nuclear peroxide generation showed similar
phenotypic changes to those treated with cytoplasmic peroxide generators.

The mitochondrial H,0, generation showed negligible phenotypic changes even in the presence
of peroxidase inhibitors (Figure 4.6.1C). However, peroxidase inhibitor-only treated groups showed

some mesenchymal features regardless of the subcellular location where H,0, was generated.
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Figure 4.6.1A

EMT Morphology Changes Started from Day 04 in A549 cells after Cytoplasmic H.O, Generation
Untreated 1 mM D-Alanine 1 mM D-Alanine + Px Inh Px Inh

Day 00

Day 03

Day 04

Day 05

Epithelial to Mesenchymal Morphology Change from Day 04 after Cytoplasmic H,O, Generation by

the reaction between DAAO and D-Alanine. Both D-Alanine and D-Alanine in the presence of
peroxidase inhibitors (25 mM 3-AT and 2uM Auranofin) caused A549 cells to become spindle like
elongated shaped and loosely connected. Px Inh: Peroxidase Inhibitors only group also showed slight
morphological change.
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Figure 4.6.1B

EMT Morphology Changes in A549 cells after Nuclear H,O, Generation
Untreated 1 mM D-Alanine 1 mM D-Alanine + Px Inh Px Inh

Day 00

Day 03

Day 04

Day 05

Epithelial to Mesenchymal Morphology Change from Day 04 after Nuclear H,0, Generation by the

reaction between DAAO and D-Alanine. Here, D-Alanine in the presence of peroxidase inhibitors (25
mM 3-AT and 2uM Auranofin) caused A549 cells to become spindle like elongated shaped and
loosely connected. Px Inh: Peroxidase Inhibitors only group also showed negligible morphological
change.
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Figure 4.6.1C

Negligible EMT Morphology Changes in A549 cells after Mitochondrial H,O; Generation
Untreated 1 mM D-Alanine 1 mM D-Alanine + Px Inh Px Inh

Day 00

Day 03

Day 04

Day 05

Negligible Epithelial to Mesenchymal Morphology Change after Mitochondrial H,0, Generation by

the reaction between DAAO and D-Alanine. Here, D-Alanine in the presence of peroxidase inhibitors
(25 mM 3-AT and 2uM Auranofin) caused A549 cells to become spindle like elongated shaped and
loosely connected. Px Inh: Peroxidase Inhibitors only group on day 05 showed some phenotypic
changes here.
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4.6.2.1 EMT induction after Cytoplasmic Peroxide Generation in the Presence of Peroxidase Inhibitors
7 days after Treatment Withdrawal

The Western blots were processed after collecting cell lysates on day 07 after removal of
peroxide generating treatments. The results showed EMT progression with decreased expression of the
epithelial marker E-cadherin and upregulation of the mesenchymal marker N-cadherin (Figure 4.6.2.1A)
after peroxide was generated in the cytoplasm. However, such induction of EMT was significant only
with D-alanine treatment along with peroxidase inhibitors (Figure 4.6.2.1B). The positive control TGFB
(5 ng/mL) also induced EMT significantly in these studies. However, no dose response effect was found
in these studies between the amount of H,0, produced from D-alanine/DAAO reaction and the intensity

of EMT marker expression.
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Figure 4.6.2.1A

Preliminary Western Blot Results Showing EMT Progression on Day 07 after Cytoplasmic H,0, Production
in A549 Cells

Epithelial E-Cadherin Expression Level at 07 Days After
Cytoplasmic H,0, Generation
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Cytoplasmic H,0, Generation
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Changes in epithelial (Top) and mesenchymal marker (bottom) progression on day 07-after
cytoplasmic HZO2 production; Px Inh: Peroxidase inhibitors (2uM Auranofin + 25mM 3-AT)
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Figure 4.6.2.1B

Analysis of Western Blot Results Showing Significant EMT Progression on Day 07 after Cytoplasmic H.0;
Production in A549 Cells by D-Alanine+ Px Inhibitors

E-Cadherin Expression N-Cadherin Expression

%k %k I

Fold Change

Western Blot Analysis Showing Significant EMT Progression on Day 07 after Cytoplasmic H,O,
Production in A549 Cells particularly by D-Alanine+ Px Inhibitors groups. One Way ANOVA, 95% ClI,
n=6 for E-Cadherin, n=7 for N-cadherin P: <0.0021(**), 0.0332(*).
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4.6.2.2 No Significant EMT Progression was observed in A549 Cells after Nuclear and Mitochondrial
Peroxide Generation

Western blot results showed no significant EMT progression with inconsistent expression of
epithelial E-cadherin and mesenchymal N-cadherin in A549 cells where peroxide was generated in the
nucleus (Figure 4.6.2.2A and 4.6.2.2B) and mitochondria (4.6.2.2C and 4.6.2.2D). Here, the presence of
peroxidase inhibitors was not effective in promoting EMT marker expression. The positive control TGF3

(5 ng/mL) induced EMT significantly in these studies.
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Figure 4.6.2.2A

Preliminary Western blot Results Showed No Significant EMT Progression on Day 07 after Nuclear H,0>
Production in A549 Cells

Epithelial E-Cadherin Expression Level at 07 Days After H,0, Generation
at the Nucleus
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Changes in epithelial (Top) and mesenchymal marker (bottom) progression after 7-days of Nuclear
H,O, production; Px Inh: Peroxidase inhibitors (2uM Auranofin + 25mM 3-Aminotrazole)
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Figure 4.6.2.2B

Analysis of Western Blot Results Showing Inconsistent EMT Progression on Day 07 after Nuclear H,0,
Production in A549 Cells
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Western Blot Analysis showing inconsistent EMT Progression on Day 07 after Nuclear H,O,
Production in A549 Cells. One Way ANOVA, 95% Cl, n=4, P: <0.0001(****),
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Figure 4.6.2.2C

Preliminary Western blot Results Showed No Significant EMT Progression on Day 07 after Mitochondrial
H,0; Production in A549 Cells

Epithelial E-Cadherin Expression Level at 07 Days After H,0, Generation
at the Mitochondria
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Mesenchymal N-Cadherin Expression Level at 07 Days After H,0, Generation
at the Mitochondria
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Western Blots Showing Changes in epithelial (Top) and mesenchymal marker (bottom) progression
after 7-days of mitochondrial H,O, production; Px Inh: Peroxidase inhibitors (2uM Auranofin + 25mM

3-Aminotrazole) Each sample was loaded in pair.



Figure 4.6.2.2D

Preliminary Western Blot Results Showing Inconsistent or No EMT Progression on Day 07 after
Mitochondrial H,0, Production in A549 Cells

E-Cadherin Expression N-Cadherin Expression
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Western Blot Analysis showing inconsistent or no EMT Progression on Day 07 after Mitochondrial
H,O, Production in A549 Cells. One Way ANOVA, 95% Cl, n=6, P: <0.0002(***), 0.0021(**).
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4.7 Induction of EMT by Peroxidase Inhibition
4.7.1 EMT-related Marker Expression Changes Showed Induction of EMT by Peroxidase Inhibition
Treatment of A549 cells with 25 mM 3-amino-1,2,4-triazole (3-AT) and 2 uM Auranofin for 24
hours resulted EMT related marker expression changes in A549 cells by day 07 (Figure 4.7.1). The
epithelial marker E-cadherin (E-CAD) expression was significantly downregulated, and mesenchymal
marker N-cadherin (N-CAD) was significantly upregulated in all cases. The positive control TGFB1

(5ng/mL) also showed EMT progression with relevant marker expression changes.
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Figure 4.7.1

EMT-related Marker Expression Change Showing EMT by Peroxidase Inhibitors
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Peroxidase inhibition induced EMT, One Way ANOVA, 95% Cl, n=8, P: <0.0001(****), 0.0021(**).
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4.7.1.1 EMT induction was mostly attributable to 3-Amino-1,2,4-Triazole

3-Amino-1,2,4-triazole was found to be the major EMT contributor in the peroxidase inhibitor
combinations tested (Figure 4.7.1.1). In western blot analysis, Auranofin (Au) was found to have a
negligible effect on EMT marker expression and the 3AT effect was very close to the effect of the
peroxidase inhibitor combination. Also, it was found that on day 05 after treatment, the EMT marker
expression was already altered to a significant extent. This result is interpreted to mean that catalase
inhibition is likely adequate to induce EMT. In later studies, the effect of 3AT remained consistent as an
EMT inducer.
4.7.2 EMT-like Morphology Changes Are Induced by Peroxidase Inhibitors

Morphological changes were also observed during the time when cells were allowed to grow
after peroxidase inhibitor treatments. However, the cells became confluent on day 05 and it was not
possible to follow their morphological change observation beyond that. Also, some of the image data
were lost (particularly for NLS and Mito groups on day 03) due to technical challenges.

Cells in untreated groups did not show any morphological change relevant to EMT (Figure
4.7.2.1), but cells with peroxidase inhibitor treatments showed some EMT related morphological
features on day 03 and day 05 regardless of their transfection status. These treated cells became

spindle-like, elongated, and loosely connected with each other (Figure 4.7.2.2).
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Figure 4.7.1.1

3AT was Found to be the Major Inducer of EMT in Peroxidase Inhibitor Combinations
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3AT alone was found to be the main player to induce EMT and within 5 days, (A) Western Blot results
showing significant downregulation of E-Cadherin (E-CAD) and upregulation of mesenchymal N-
Cadherin (N-CAD) in 3AT treated cells. Au: Auranofin, 3AT: 3-Aminotrazole. (B) Statistical analysis,
One Way ANOVA, 95% Cl, n=4 P: < 0.0021(**), 0.0332(*).
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Figure 4.7.2.1

No EMT-related Morphological Changes in Untreated Control Cells

UnTransfected NES-Transfected NLS Transfected Mito-Transfected

No EMT-related morphological changes were observed until day 05 in cells where there was no
treatment of peroxidase inhibitors
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Figure 4.7.2.2

EMT-related Morphological Changes Observed in Peroxidase Inhibitor Treated Cells

UnTransfected NES-Transfected NLS Transfected Mito-Transfected

Day 00

Data Lost Data Lost

EMT-related morphological changes (elongated, spindle like, loosely connected) were observed until
day 05 in cells treated with peroxidase inhibitors (25 mM 3-amino-1,2,4-triazole (3-AT) and 2 uM
Auranofin). Data on Day03 for NLS and mito group was lost.
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4.7.3 Cells Treated with Peroxidase Inhibitors showed increased motility in wound-healing assays.

As 3-AT was found to induce EMT in previous experiments, scratch wound healing assay was
performed with 25 mM 3-AT treatment only, Auranofin was ditched. In these experiments, cells were
treated with 25 mM 3-AT for 6 hours after 24 hours of serum starvation. After 6 hours of treatment, the
media were replaced with fresh RPMI complete medium and allowed to grow for 5 days with 50% media
replacement on every other day. Scratches were made on day 03, images were taken every 12 hours,
up to 48 hours. Cells treated with 3-AT showed faster wound healing compared to untreated controls
and it was statistically significant at 12, 24 and 36 hours (Figure 4.7.3A and B).

4.8 Intracellular H,0, Generation for 6 hours after 24 Hours of Serum Starvation was Adequate to
Induce EMT

Further experiments showed that 6 hours duration of several treatments to generate
intracellular H,0; was sufficient to induce EMT after 5 days. The cells were serum starved for 24 hours
before adding the treatments.

4.8.1: Peroxide production for 6 hours induced EMT-related Marker Expression Changes

The Western Blot results confirmed both 3AT alone and D-Alanine+3AT can induce EMT via
significant upregulation of mesenchymal N-CAD (Figure 4.8.1) by day 05. Here, the treatment duration
by 3AT or D-Alanine + 3AT was for 6 hours. The DMNQ treatment was for 1 hour which had no influence

on EMT.
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Figure 4.7.3A

3-AT Treatment Showed Faster Motility compared to untreated Controls
OHr 12 Hr 24 Hr 36 Hr 48 Hr

Untreated Control

TGFB1

3AT

Figure 4.7.3A Motility Assay by 3-AT Showing faster wound healing compared to untreated controls
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Figure 4.7.3B

3-AT Treatment Showed Faster Motility compared to untreated Controls, which was statistically
significant at 24 hours
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Motility Assay by 3-AT Showing faster wound healing which was statistically significant. One Way
ANOVA, 95% Cl, n=3, P: <0.0021(**), 0.0332(*).
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Figure 4.8.1

Western Blot Results Showing EMT Induction by Intracellular H,0, Generation within 5 Days
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Western Blot Results (3 biological replicates for each treatment) showing EMT Induction by TGFb, D-
Alanine+3AT and by 3AT alone. D-Alanine and 3AT treatments were for 6 hours after serum
starvation. One Way ANOVA, 95% Cl, n=3, P: <0.0001(****), 0.0002(***), 0.0332(*).
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4.8.2 Scratch Wound Healing Assay Results Showed Faster Wound Healing Trends

The scratch wound healing assays were also performed by scratching the cells on day 03 after
treatment removal. Images were captured at about 24 hours and about 48 hours. All the treatments
showed faster wound healing trend compared to untreated controls (Figure 4.8.2A), but the results
were not statistically significant (Figurer 4.8.2B).

4.9 Quinone Metabolism Is Associated with EMT Induction

Quinone metabolism to generate hydrogen peroxide and thus to promote EMT was performed
for DMINQ (2,3-Dimethoxy-naphthoquinone) metabolism only. Cells were treated with 10 uM DMNQ
for 1 hour in complete media immediately after 24 hour of serum starvation. Cells were then allowed to
grow for 3 days when scratches were made, morphology was observed, and on day 05 cell lysates were
collected for measurement of marker expression.
4.9.1 EMT-related Marker Expression Changes were not induced by DMNQ Treatment

The western blot assay did not show any EMT-related marker expression changes after 1 hour

DMNQ treatment (Figure 4.9.1).
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Figure 4.8.2A

Scratch Wound Healing Assay Showing 5 days Post-Treatment Growth was sufficient to induce EMT-like
motility
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Untreated Control
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DMNQ
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Scratch Wound Healing Assay Showing increased motility in A549 cells where intracellular HZO2 was

allowed to accumulate and cytoplasmic HZO2 was generated
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Figure 4.8.2B

Scratch Wound Healing Assay Showing 5 days Post-Treatment Growth trended toward EMT-like motility
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Statistical Analysis showing a trend toward enhanced motility up to 46 hours in A549 cells with
different treatments to increase intracellular HZOZ, but the results were not statistically significant

(One Way ANOVA, n=3)



Figure 4.9.1

EMT-related Marker Expression Change Results by DMNQ Treatment
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Western Blot Results (3 biological replicates for each treatment) showing no significant changes of
EMT related marker expression changes by DMNQ. Samples shown were from the same blot. One

Way ANOVA, 95% Cl, n=3, P: <0.0002(***).
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4.9.2 Scratch Wound Healing Results by DMINQ Treatment
The scratch wound healing assays were performed after treatment with 10 uM DMNQ for 1
hour, immediately following 24 hours of serum starvation. After treatment removal, cells were allowed
to grow and on day 03, scratches were made, images captured at about every 12 hours, up to about 48
hours. Although the marker expression results were not positive, DMNQ treated cells here showed
much faster motility compared to untreated cells (Figure 4.9.2A), and this change was statistically

significant at all time points (Figure 4.9.2B).
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Figure 4.9.2A

DMNQ Treatment Showed Faster Motility Compared to untreated Control
OHr 12 Hr 24 Hr 36 Hr 48 Hr

Untreated Control |

TGFB1

DMNQ

Motility Assay by DMINQ Showing faster wound healing compared to untreated controls
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Figure 4.9.2B

DMNQ Treatment Showed Faster Motility Compared to untreated Control and was Statistically
Significant at 24 hours
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Motility Assay by DMINQ Showing faster wound healing which was statistically significant. TWO WAY
ANOVA, 95% Cl, n=3, P: <0.0021(**), 0.0332(*).



171
4.10 Intracellular Target Identification Results

4.10.1 Selection of Candidate Targets and Criteria for Selection
To determine the intracellular target(s) whose oxidation induces EMT by H,0,, a thorough literature
review was performed, and EMT-regulatory networks were identified. Several criteria were considered
for selecting the candidate target(s). The target must have at least one oxidizable cysteine residue
(288), must be present mostly in the cytoplasm, has been reported to be involved in EMT or fibrosis, and
proper antibodies against these target proteins must be commercially available.
4.10.2: Initial Target List

Based on the above criteria, the followings were selected as initial target list.
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Table 4.10.2

Details of the Selected Target Proteins for Protein-A Mode Redoxifluor Experiments

Protein UniProt Id Number of oxidizable Cysteine residue
B-catenin P35222 8
Pan-AKT P31749 4
SMAD2/3 Q15796, P84022 6,3
SNAI1/2 043623* 1

* SNAI2 only
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4.10.3 Global Mode Oxidation Measurements

To interrogate the EMT-regulatory targets identified as potentially modifiable by oxidative
events (§4.5.1.1), the ‘Redoxifluor’ method was used (6). A549 cells were treated with one of several
intracellular H,0O>-generating systems. Since oxidative events are likely to be corrected quickly after
their generation (by virtue of their radical nature or the presence of reductive protective mechanisms
(134, 289), no time was allowed for such recovery after oxidative treatment. Instead, cells were washed
at the end of the exposure period and lysed in the presence of the first fluorescent-maleimide (FMAL1)
for labeling of native thiol groups on proteins. Lysate samples were processed as noted in §3.x.x, with
subsequent tris-carboxyethylphosphine (TCEP) reduction and derivatization with the second fluorescent-
maleimide (FMAL2) to label oxidation sites that can be biochemically reduced (including disulfides,
sulfenic acids, and persulfides).

Parallel cell samples untreated with oxidants were lysed in the presence of dithiothreitol (DTT),
a mild but effective reducing agent for native (uninduced) oxidized thiols (290). After lysate processing
and removal of the DTT, samples were derivatized with single FMAL reagents to simulate a fully reduced
or fully oxidized thiol proteome. These samples were then processed in parallel with experimental
samples to “anchor” the measurement of reduced/total thiol redox.
Measurement of the “global” oxidation level with this procedure by quantifying the fluorescence from
both wavelength channels allowed estimation of the overall oxidation of thiol proteome in H,0,-
generating conditions.

DAAO + D-alanine
Peroxidase inhibition by 3-AT
DMNQ metabolism

In the presence of 5uM DMNQ for about 24 hours, the A549 global thiol proteome showed a significant

level of oxidation, with about 30% less reduced thiols in the treated samples (Figure 4.10.3).
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4.10.4 Protein-A Mode Oxidation of Initial Targets

Protein-A mode is the principal method for identifying oxidation of individual candidate protein
targets. The method is still being optimized for our experimental system. The method has been
explained in detail in section 3.9.
4.10.4.1 Targeting Beta Catenin and SMAD2/3

Using samples from 25mM 3-AT treatments for 24 hours, beta-catenin and SMAD2/3 were
investigated. None of the candidate target proteins showed more oxidation compared to the untreated
control samples (Figure 4.10.4.1). 5uM DMNQ treatment led to more reduction of beta-catenin and

3-AT treatment significantly reduced SMAD2/3.
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Figure 4.10.3

Global Mode Redoxifluor Results with DMNQ
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Figure 4.10.3: Global mode Redoxifluor experiments showing higher oxidation in DMNQ treated
samples. Unpaired t-test (Two tailed), n=6, P: <0.0001(****), 0.0002(***), 0.0021(**), 0.0332(*).



Figure 4.10.4.1

Protein-A Mode Results for Beta Catenin and SMAD2/3
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Protein-A mode Redoxifluor Results for beta catenin and SMAD2/3. Beta catenin was found
significantly reduced by DMNQ and SMAD2/3 was significantly reduced by 3-AT. One way ANOVA,

95% Cl, n=3, P: <0.0001(****), 0.0002(***).
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4.10.4.2 Targeting panAKT & SNAI1/2

Using the cell lysates from the samples treated with 24 hours of DMNQ (5uM) and 3-AT (25mM),
protein-A mode investigation was conducted to determine if Snail1/2 and/or panAKT were more
oxidized compared to untreated controls (Figure 4.10.4.2). Both protein targets were found to be
significantly oxidized by the 3-AT treatments, but not by DMNQ. DMNQ led to significant reduction of
these proteins instead.

4.11 Investigation of Superoxide Formation by Chemiluminescence Assay

Our intracellular generation of hydrogen peroxide (H,0,) is dependent on enzymes which may
provide one- or two-electron reduction of oxygen to yield superoxide anion radical (O;°) as an
intermediate prior to dismutation into hydrogen peroxide (H,0;) and molecular oxygen (02)(291). It was
important to determine if superoxide was being generated since it can react in vivo with nitric oxide to
produce the toxic byproduct peroxynitrite (-OONQ) (292). Here, we used a cell-permeable superoxide
dismutase mimic manganese tetrakis-benzoic acid porphyrin (MnTBAP) at different concentrations to
try to promote peroxide generation faster and more completely than non-enzymatic dismutation.
DMNQ 5uM and 10uM concentrations were used to generate H,0,.

Here, we used a cell-permeable superoxide dismutase mimic manganese tetrakis-benzoic acid
porphyrin (MnTBAP) at different concentrations to promote peroxide generation faster and more
completely than non-enzymatic dismutation. DMNQ 5uM and 10uM concentrations were used to
generate superoxide and H,0,.

At both 5 and 10uM DMNQ, there was a significantly elevated amount of H,0, detected when
up to 10uM Manganese TBA-porphyrin was included in the reaction mixture (Figure 4.11). This may
represent dismutase action of the porphyrin, indicating that superoxide is being produced. At higher

concentrations of the porphyrin, this elevated peroxide was suppressed, suggesting the possibility of



178
dismutation of peroxide or inhibition of the DMNQ metabolizing enzyme. Thus, interpretation of results

where H,0, was generated with DMINQ metabolism, should be interpreted with caution.
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Figure 4.10.4.2

Protein-A Mode Results for SNAI1/2 and panAKT
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Figure 4.10.4.2: Protein A Mode results of Snail1/2 and panAKT oxidation by 3-AT and/or DMNQ.
3-AT treatment led to significant oxidation of both Snail1/2 and panAKT, whereas DMNQ results
were opposite. One Way ANOVA, 95% Cl, n=3, P: <0.0001(****), 0.0002(***).
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Chemiluminescence Assay Showing Probable Superoxide Generation by DMNQ

500000

400000

300000

200000

100000 -

Luminescence (RLU)

0-

5uM DMNQ

Luminescence (RLU)

10 M DMNQ
%
| % %k
500000- *k \

400000-
300000-
200000~
100000
0_

9

NSO o

A2
& ‘\w IS sgg
O

Results Showing there was a significantly elevated amount of H,0; detected when up to 10uM
Manganese TBA-porphyrin was included at both 5 and 10uM DMNQ. One Way ANOVA, 95% Cl, n=4,
P: < 0.0002(***), 0.0021(**), 0.0332(*). Here, MP: MnTBAP, AqgS; AquasPark Chemiluminescent

reagent.
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CHAPTER 5: DISCUSSION

In this project, efficacy of redox state alteration by H,0, to induce EMT was explored.
Extracellular H,O, was tested first for its ability to induce markers of EMT along with functional aspects
of this process, including morphology change, and EMT-related marker expression changes.
Extracellular H,O, showed EMT progression by mesenchymal type morphology development,
downregulation of epithelial marker E-Cadherin and upregulation of mesenchymal marker fibronectin.
However, it was important to find out the subcellular location of molecular target of H,0,, intracellular
H,0; at different sub-cellular locations was produced or increased with various methods such as
plasmid-based chemo-genetic methods, peroxide persistence by peroxidase enzyme inhibition, and
qguinone metabolism. The EMT progression was measured by morphology observations, motility rate,
and EMT-related marker expression changes. This project found that cytoplasm is the probable
subcellular site where the molecular target is present. Also, peroxide persistence particularly by
catalase inhibition has been found strong enough to induce EMT. However, it is important to mention
that there was no evidence of ferroptosis happening in these experiments. The identification of
molecular target is still in process with a fluorescence-based microplate technique ‘Redoxifluor®. B-
catenin, SNAI1/2, SMAD2/3 and pan-AKT have been selected as initial molecular targets have been
selected. In our preliminary study, SNAI1/2 and panAKT have been found significantly oxidized when
H,O, persistence was increased by 3-AT.

Initially, it was necessary to determine if EMT is inducible in our A549 cell culture and to
ascertain if the presence of H,0, has an effect on EMT progression. To answer the first question, TGF1
was chosen as it is a well-known inducer of EMT in many cancer cell lines (293). In our experimental
system we optimized the dose and condition to induce EMT by TGFB1. In our laboratory, both 5 ng/mL

and 10 ng/mL doses were used and both doses efficiently induced EMT in various experiments. At first,
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TGFB1 treatments were applied to cells in serum free medium for 48 hours, but later we found 5ng/mL
TGFB1 in complete media for 48 hours immediately after serum starvation induced EMT more intensely
as evidenced by EMT related marker expression (Figure 4.1.2). Moreover, 5ng/mL TGFB1 also showed
enhanced motility after scratching the cells, although the rate of wound healing was not statistically
significant (Figure 4.1.1). The morphology observation with TGFB1 treatment was not possible as the
cells became confluent prior to or concurrent with mesenchymal change. However, the combination of
marker expression and motility result showed that TGFB1 was a good choice as a positive control for
EMT induction. Also, TGFB1 was used a successful positive control to induce EMT in A549 cells in our lab
previously.

Next, the high throughput screening method, in-cell western (ICW) assays were performed to
determine how epithelial and mesenchymal markers change their expression for 10 to 12 days. 10 - 12
days were allotted based on a study (261) which reported 12 days are required to see the effect of H,0,
on EMT in the A549 cell line. In these experiments, the epithelial markers E-cadherin, ZO-1 and the
mesenchymal markers N-cadherin, fibronectin, and a-smooth muscle actin (a-SMA) were investigated.
The ICW studies found similar results on day 10 (Figure 4.2.1). E-Cadherin expression went down
significantly on both day 10 and day 12 after 400 uM H,0,; treatment. The mesenchymal marker a-
smooth muscle actin (a-SMA) went up significantly on day 10 with TGFB and H,0, combined treatment
(although not significant by H,0, treatment alone). Although the expression of some other epithelial
(20-1) and mesenchymal markers (N-cadherin and fibronectin) did not change significantly, this
provided clues that 10 days after peroxide treatment could be sufficient to induce EMT in our system.

However, we noticed that cells started to change their morphological features from day 04 or
day 05 (Figure 4.3.1). These results are similar to a study (86) reporting that EMT was induced
significantly on day 2 and 3 after 200 uM H,0, treatment in breast cancer cells. Another study reported

morphological changes starting after 24 hours of oxidative stress by hypoxia (294). So, we explored the
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idea that 10 days growth after H,O, treatment may not be necessary and therefore shortening the
experiments could be possible. So, a large experiment with several ICW plates for different time points
was conducted. Cells were fixed and processed for ICW on day 04, 06, 08, 10, 12 and 14, with
investigation of the expression of the epithelial marker E-cadherin and the mesenchymal marker
fibronectin (Figure 4.2.2). Although the mesenchymal marker fibronectin results were unacceptable, the
epithelial E-Cadherin started to be downregulated from day 4 and it became significant from day 08.
Also this ICW experiment may have had a confound: we saw that E-cadherin expressions went up
significantly every day, but it should be constant due to normalization.

As we noticed morphological changes in our experimental system started to appear on day 4 or
5, we decided to allow cells to grow at least 6 - 8 days after extracellular H,0, treatment so that they can
express EMT marker proteins adequately. Several western blot experiments were also performed for
which cell lysates were collected on day 06, 07 and 08 to check at which day EMT marker protein
expression was optimal. These immunoassays investigated the expression of the epithelial E-cadherin
marker protein and the mesenchymal marker protein fibronectin. The E-cadherin expression went
down on day 06, 07 and 08, but this decrease became significant on day 07 (Figure 4.3.2A). On the
other hand, mesenchymal marker fibronectin was upregulated on day 06 and 07 and became significant
on day 07 (Figure 4.3.2B). Therefore, we decided to allow cells to grow and develop EMT for 7 days in
our EMT studies. However, we decided to go intracellular to find out the exact subcellular location
where the cysteine redox state is altered. Also, the dose of H,0, (400 uM) was very high (106) in these
experiments and may trigger many other stress pathways including ferroptosis.

Next, we explored the option to generate H,O; intracellularly, because extracellular H,0; is
subject to the need for uptake mechanisms (peroxiporins) that limit the actual concentration that alters
intracellular targets. Also, when present extracellularly, H,O, may be neutralized by extracellular

enzymes and may affect the tumor microenvironment. We also aimed to identify the trigger point or
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target inside the cell that is responsible for promoting EMT. Several methods were successfully used to
generate H,0; intracellularly including in specific subcellular locations.

Our first approach to intracellular peroxide delivery was to generate ROS with plasmid-delivered
D-amino acid oxidase. It was a chemo-genetic approach using pAAV-HyPer-DAAO plasmids developed
by Thomas Michel lab which was purchased from addgene (265). With this plasmid, we successfully
generated intracellular H,O, (Figure 4.4.2.1), and regulated with various D-Alanine concentrations
(Figure 4.4.3).

To generate H,0; at different subcellular locations, additional plasmids were gifted to us by
Thomas Michel Laboratory. These plasmids had the latest 7*" generation HyPer gene attached to the
DAAO along with different subcellular localization sequences. While HyPer v.7.2 is claimed to have
better sensitivity to H,0, along with pH stability and reversible reaction (295) we were unable to use it
as a peroxide sensor due to its spectral requirements.

The functionality of DAAO in the presence of D-Alanine was tested. Cells were transfected with
pAAV-HyPer-DAAO-NES plasmids which delivered DAAO to the cytoplasm (NES = Nuclear Exclusion
Sequence). The cytoplasmic localization of HyPer-DAAO was visible with the GFP and CFP channel in our
EVOS auto microscope. Then addition of D-alanine, but not L-alanine, increased the fluorescence
(Figure 4.4.2.1 and Figure 4.4.2.2, respectively). This result coincides with the study conducted by
Thomas Michel Laboratory for cardiac muscle cells and was similar to a result reported in zebrafish
larvae tissue (296). The main reason for choosing DAAO as a peroxide generator is that most of the
amino acids present in the physiological system are L-isoforms and lung cells are not known to have D-
amino acids (297). DAAO can only react with D-isoform of an amino acid and therefore, it was
controllable by altering D-Amino acid concentration given from outside.

After confirming the functionality of DAAO with the fluorescence change of this 3" generation

HyPer, the relationship between D-alanine concentration and HyPer ratiometric fluorescence was
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investigated. After several trials, it was found that in A549 cells, the HyPer activity becomes noticeable
at about 400 uM D-alanine concentration and the effect reached plateau with 600 uM D-Alanine (Figure
4.4.3). This finding is similar to Thomas Michel research group, but they found dose response effect
started from 1 mM D-Alanine to 10 mM D-Alanine in cardiac myocytes (262).

The next step was to determine if the HyPer7.2 containing plasmids can deliver the HyPer7.2-
DAAO to their assigned subcellular locations. The HyPer7.2-DAAO plasmids were successfully expressed
based on their respective localization sequences. These plasmids were expressed in A549 cells
successfully which was similar to that reported for vascular endothelial cells (266).

We attempted to determine by HyPer ratiometric fluorescence whether DAAO in these
subcellular compartments is functional. Due to a lack of proper instrumentation, we were unable to
detect HyPer7.2 fluorescence. The excitation maximum peak for HyPer7.2 is 520nm and its excitation
curve is very narrow and sharp (264). The emission maxima for GFP is 510 nm (298) therefore was not
able to detect subtle changes in fluorescence, in spite of rapid image capture, high D-alanine
treatments, and the presence of peroxidase inhibitors (264, 266). We also attempted to determine the
exact excitation and emission spectrum of these HyPer7.2 by using the PTI spectrofluorimeter in Dr.
Thomas’ Laboratory (data not shown), but these attempts were unsuccessful. Finally, a
chemiluminescence assay was designed using AquaSpark reagent (280). With these chemiluminescence
experiments, we were successful in detecting DAAO activity when delivered by HyPer7.2-DAAO-NES
plasmids. For all three subcellularly localized DAAO, the enzyme function was detected significantly
higher with D-alanine with peroxidase inhibitors compared to untreated cells or with only peroxidase
inhibitor treated cells or only D-alanine treated cells (Figure 4.4.5A and 4.4.5B). Interestingly, cells
treated with peroxidase inhibitors only showed significantly higher luminescence compared to cell only

untreated groups, indicating that peroxidase enzymes (particularly catalase and thioredoxin reductase)
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are active in A549 cells to neutralize the D-alanine generated H,0,. This study confirms the reported
natural antioxidant capability of cells by many studies (289, 299-302).

After the DAAO functionality was confirmed, the next task was to achieve maximum
transfection efficiency with minimal toxicity. Initially the efforts were made with Lipofectamine 3000
transfection reagent. Transfection efficiency was low and this reagent resulted in substantial
cytotoxicity (data not shown). Changing to the Polylet transfection agent did not improve transfection
efficiency significantly, but it was very gentle on A549 cells, no toxicity was observed. Several ratios of
DNA to Polyjet were tested to obtain the optimum transfection efficiency. The best transfection
efficiency was observed with 1:1.5 DNA-to Polylet ratio (Figure 4.4.6), but it was only about 20-30%.

We also used an electroporation method using a BioRad Gene Pulser Il instrument. Transfection
efficiency was not improved significantly even after several attempted optimizations (including voltage,
cell number, and DNA amount) (Figure 4.4.7). Moreover, there was clear inconsistency of protein
expressions among the cells along with extremely high cytotoxicity.

Intracellular H,0, was also generated utilizing the metabolism of the quinone drugs menadione
and 2,3-dimethoxy-naphthoquinone (DMNQ). Menadione has been reported to generate superoxide
and oxidative stress particularly in mitochondria (303-306). DMNQ generates intracellular H,0 through
redox cycling (307). Both drugs generated intracellular H,O; (Figure 4.4.9.1), but DMNQ generated
significantly higher amount of H,O, than menadione (4.4.9.2). Moreover, both drugs showed dose
response effects (Figure 4.4.9.1) for the production of peroxide during metabolism.

To determine if the dose response effect of intracellular H,0, generation is also reflected in EMT
induction, we first performed an ICW experiment on pAAV-HPer-DAAO-NES transfected A549 cells with
various concentrations of D-Alanine (from 200 uM to 1 mM). On day 7, the epithelial E-Cadherin
expression was significantly downregulated in all D-alanine treated cells regardless of their doses. The

mesenchymal marker fibronectin expression also went up for all D-alanine treated cells but were neither
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dose responsive nor significant (Figure 4.5.1). However, in our further trials with ICW experiments, the
results were highly inconsistent, particularly with the mesenchymal marker fibronectin (Figure 4.5.2).
These inconsistent results with fibronectin could be due to an artifact of the ICW procedure. Before the
cells were fixed, the media from the wells is removed. As fibronectin is a component of extracellular
matrix (308-310), it is highly probable that this fibronectin is lost when the media is removed. We made
several procedural attempts to avoid this issue but none of these modifications preserved the
fibronectin. When the plates were centrifuged before fixing, the fibronectin was sedimented at the
center of the wells and this solved the problem of mesenchymal markers, but the measurement of
epithelial markers was compromised. As we were unable to solve this issue in a robust analytical way,
the data from these experiments were not shown here and the ICW method was abandoned for further
studies.

The EMT studies involved regular morphology observation of cells to detect any phenotypic
change, evaluation of EMT marker expression by western blot, and scratch wound healing assays. In
case of subcellular H,0, generation, morphological changes were mostly found in cells where H,0, were
generated in the cytoplasm (Figure 4.6.1A) and, to a lesser degree in cells with nuclear H,0, production
(Figure 4.6.1B). Several studies have reported such morphological changes with extracellularly applied
H,0, (86, 294) , but the observation on EMT related morphology changes following specific subcellular
H,0, generation appears to be a novel part of this project. Although the EMT related morphology
changes were predominant in D-alanine treated and D-alanine with peroxidase inhibitors treated cells,
interestingly, a few EMT related morphological changes were detected in cells treated with peroxidase
inhibitors only regardless of the transfection status. This outcome, however, coincides with the
chemiluminescence results where significant H,O; levels were detected as luminescence compared to
untreated cells. It was also another novel observation, as we could no literature reporting the EMT

related morphology changes due to peroxidase inhibition.
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Western blot studies were performed from cell lysates collected on day 07 after D-alanine
treatment different subcellular locations. Both, E-cadherin and N-cadherin are at the surface of the cells
(311) and therefore have less chance of being lost during cell lysate collection. Cytoplasmic H,0,
generation regardless of the presence of peroxidase inhibitors showed a trend toward EMT progression
in these studies (Figure 4.6.2.1A). However, statistical analysis showed such progression significant only
in the presence of peroxidase inhibitors (Figure 4.6.2.1B). However, there was no dose-response effect
with these treatments. Although nuclear H,0, generation showed EMT related morphological changes
in a few cases, this treatment did not show consistency in EMT related marker expression (Figure
4.6.2.2A and Figure 4.6.2.2B). Mitochondrial H,0, generation also showed random expression of EMT
related markers which coincides with the morphology observations (Figure 4.6.2.2C and 4.6.2.2D). In all
these studies, the positive control TGFB1 showed EMT progression through significant E-cadherin
downregulation and significant N-Cadherin upregulation. The TGFB1 results showing EMT induction
coincides with many studies (312-316). However, the variances were high which may be related to the
inconsistent and low transfection efficiency throughout various experiments. So, our finding from these
experiments was that the cytoplasm of A549 cells could be the location from where EMT is triggered.

As morphology and EMT-related marker expressions support the conclusion of the cytoplasm as
containing an EMT trigger, we performed motility assay after scratching the cells after cytoplasmic
generation by HyPer7.2-DAAO-NES. A trend toward higher motility was detected in D-alanine and D-
alanine + 3AT treated cells (Figure 4.8.1A), but the results were not statistically significant (Figure
4.8.1B). Higher transfection efficiency might show significant motility with this treatment.

Next, we investigated the effect of peroxidase inhibitors alone on EMT induction. The duration
of these experiments was also shortened to 5 days based on morphology change observations on day 04
after treatment removal. 25 mM 3AT and 2 uM Auranofin as peroxidase inhibitors showed EMT

progression by downregulating E-cadherin and upregulating N-cadherin, regardless of the transfection
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status (Figure 4.7.1.1 to Figure 4.7.1.4). Although, some of these results were not statistically
significant, these results did indicate a trend of inducing EMT. Later, we confirmed using 3-AT alone is
sufficient to induce EMT and auranofin played a very little role (Figure 4.7.1.5). The effect of 3AT was
almost same as the effect of 3AT + Auranofin, but auranofin alone was not close to the combination.

Morphological observation also showed that cells treated with 3AT + Auranofin were more
elongated, spindle shaped and loosely connected (Figure 4.7.2.2) compared to untreated controls
(Figure 4.7.2.1). The motility assays were also performed after scratching the cells on day 03. The 3-AT
treated cells showed faster wound healing compared to untreated cells (Figure 4.7.3A) and was
significant at 24 hours after scratching (Figure 4.7.3B).

These results are novel outcomes of this project as no literature has previously reported that
catalase inhibition can induce EMT. Catalase is known for decomposing H,0,, thereby reducing
oxidative stress (125). Therefore, our hypothesis is that EMT induction by the catalase inhibitor 3AT is
due to accumulation of H,0,. In support of this hypothesis, our chemiluminescence results also showed
H,0, accumulation by peroxidase inhibitors (Figure 4.4.5A and 4.4.5B).

We further optimized the experiment conditions, making all cells serum free for 24 hours before
adding any treatment. Even the untreated cells were serum starved in parallel with the treatment
groups. Fetal Bovine Serum (FBS) may vary batch to batch and therefore may lead to inconsistent
results (317). Therefore 24-hour serum starvation has been a common practice to synchronize all cells
to the same cell cycle phase. In many treatments, duration was also decreased from 24 hours to only 6
hours for D-alanine and 3AT groups. In addition to using D-alanine to generate cytoplasmic H,0,, we
also used a quinone, 2,3-dimethoxy-1,4-naphthalenedione (DMNQ) for 1 hour to generate cytoplasmic
H,0,. Western blot results again showed EMT progression in cells with 3AT alone and D-Ala + 3AT on

day 05 (Figure 4.8.1). The motility assays also showed a trend toward faster wound healing in cells
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treated with H,0, generators, (Figure 4.8.2A) but this result was not statistically significant (Figure
4.8.2B).

We did not examine EMT by generating intracellular H,0, with menadione, as this quinone
structure did not produce significant levels of H,0,in our experimental system. Only a few experiments
with DMNQ were performed to examine EMT promotion, but these needed further optimization,
particularly with respect to the treatment duration. Western blot results in our low-dose studies did not
show any EMT induction by 10uM DMNQ (Figure 4.9.1), but the motility results were positive (Figure
4.9.2A) and was significant at 24 hours after scratching (Figure 4.9.2B). However, these experiments
need further optimization.

While these EMT experiments need further optimization, it was also important to begin
investigating the molecular targets for peroxide oxidation. As our experiments indicated the cytoplasm
to be the primary location from where EMT is triggered by H,0,, we selected probable molecular targets
present in the cytoplasmic space. Literature reports describing regulatory molecular targets were
reviewed for possible redox “switches” or proteins whose function may be significantly enhanced or
inhibited by cysteine oxidation with H,0,. The subcellular locations of these potential targets were
compiled using their UniprotID and a database of available oxidizable cysteine residues (iCysMod) was
consulted. Based on our literature review, we selected beta-catenin, SMAD2/3, SNAI1/2 and pan-AKT.

To identify if these potential targets are significantly oxidized by our EMT induction methods,
the “Redoxifluor” technique was utilized (6) (§4.10.3). First, we investigated if we could see significant
oxidation throughout the cell lysate (global mode) after DMINQ treatment to examine the proof of
concept. There was significantly high oxidation in DMINQ treated cells compared to untreated controls
(Figure 4.10.3).

Next, using protein-A mode (in which antibodies recognizing the potential target allow isolation

of individual fluorescence-derivatized proteins), we first investigated beta-catenin and SMAD2/3
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oxidation. These initial experiments found opposite results from what we expected (Figure 4.10.4.1).
These targets were reduced more compared to untreated controls when H,O, was generated by DMNQ
or increased by 3AT. However, our investigation for SNAI1/2 and pan-AKT found that treatment with
3AT for 6 hours caused significant oxidation of these targets (Figure 4.10.4.2). These findings are also
novel as there is no study on 3AT showing redox alteration of SNAI1/2 or pan-AKT. However, we are still
optimizing these experiments and generating samples to find clear molecular targets. If these
optimizations confirm SNAI1/2 and/or panAKT as cysteine-redox target(s), the downstream targets of
these transcription factors will be examined for activation or inhibition. With these more complete
target investigations, the influence of the production of H,0, by transfected cells for target alteration
will also be examined.

We also examined if our methods of intracellular generation of hydrogen peroxide (H,0) are
also generating superoxide since this form of reactive oxygen can also react in vivo with nitric oxide to
produce the toxic byproduct peroxynitrite (-OONQ) (292). Here, we used a cell-permeable superoxide
dismutase mimic manganese tetrakis-benzoic acid porphyrin (MnTBAP) at different concentrations to
try to promote peroxide generation faster and more completely than relying on native SOD enzymatic or
non-enzymatic dismutation. DMNQ (at both 5 and 10uM concentrations), produced a significantly
elevated amount of H,0, when up to 10uM Manganese TBA-porphyrin was included (Figure 4.11). This
may represent dismutase action of the porphyrin, indicating that superoxide is being produced. At
higher concentrations of the porphyrin, this elevated peroxide was suppressed, suggesting the
possibility of dismutation of peroxide or inhibition of the DMNQ metabolizing enzyme. However, the
superoxide has been known to react mostly with Fe—S clusters in proteins leading to Fenton reaction,
but H,0, is known to react mostly with Cys-S sites (106, 318).

Although we have a few novel findings in this project such as the promotion of EMT by the

cytoplasmic H,0; generation as well as by catalase inhibition by 3AT, there are significant limitations to
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this project. A major deficiency was the low transfection efficiency with chemical or electroporation
methods; a viral transfection method may have been able to improve this limitation. Also, due to time
constraints, we worked mostly with only one epithelial marker E-Cadherin and one mesenchymal
marker N-cadherin. Target identification will require a broader range of potential targets as well as clear
delineation of positive and negative outcomes with this fluorescence technique. Targets positively
identified by RedoxiFluor will require mass spectrometry proteomic analyses for confirmation of the
critical cysteine(s) that are oxidatively modified. A single cell line was used, and no in-vivo experiments
were performed to determine if oxidative events result in more widespread or quantitatively greater
metastatic outcomes. In addition to A549 cell line used in this project, examining the results with at
least another type of NSCLC cell line (e.g. H1648, Calu-3, H460) (319) was important. But due to time
constraints we could not expand the tests into another cell line. Also, in-vivo experiments were required
to see if the results are similar in physiological system. But we did not have enough funds to afford the
in-vivo experiments. We observed generation of superoxide along with H,O, when DMNQ metabolism
method was used, but we did not have enough time to investigate whether these superoxides play any
role in EMT induction through Fe-S oxidation.

Future studies may include a more complete examination of targets for cysteine-redox changes.
Such examination would include functional studies on downstream targets as well as proteomic analysis
by mass spectroscopy.

In conclusion we can say that we have found cytoplasmic H,O, generation and H,0; persistence
by catalase inhibition to induce EMT in lung A549 cells. SNAI1/2 and pan-AKT may be the molecular

target of redox alteration leading to EMT.
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