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Abstract: Epithelial-to-mesenchymal transition (EMT), an essential mechanism for development
and wound healing, but in cancer it also mediates the progression and spread of aggressive tumors
while increasing therapeutic resistance. The use of histone deacetylase (HDAC) inhibitors as
therapy is FDA approved for so-called “liquid” cancers, however, treatment success in solid
tumors is limited. Although HDAC inhibitors treatment decreases proliferation, it has also been
shown to induce EMT in many types of cancer cells. Adoption of a mesenchymal state is also
associated with increased iron uptake, but the relationship between EMT and the key regulators
of cellular iron metabolism remains undefined. In this regard, the human adrenal cortical
carcinoma SW13 cell line represents an invaluable research model as it can exist as two
phenotypically distinct, epithelial- (SW13-) and mesenchymal-like (SW13+) subtypes. In this
study we establish SW13 cells as a model for exploring the link between iron and EMT. We then
go on to show that increased iron accumulation following HDAC inhibitor-mediated EMT is
associated with decreased expression of the iron export protein ferroportin, enhanced ROS
production, and reduced expression of antioxidant response genes. As availability of redox active
iron and loss of lipid peroxide repair capacity are hallmarks of ferroptosis, a form of iron-
mediated cell death, we next examined whether HDAC inhibitor treatment could augment
ferroptosis sensitivity. Indeed, HDAC inhibitor treatment synergistically increased erastin-
mediated ferroptotic cell death. As several HDAC inhibitors are already FDA-approved for the
treatment of certain cancer types, the findings from these studies could have immediate
implications for improving iron-targeted chemotherapeutic strategies.
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CHAPTER I

INTRODUCTION

Iron is a trace mineral with a long, established importance with regards to its function in
hemoglobin and the incidence of anemia. As advances in technology yield great breakthroughs in
science, the term “trace mineral” almost demeans the vital role of iron in numerous life-
preserving processes. Besides it well known role as oxygen carrier, iron is involved in many other
important functions such as DNA synthesis and mitochondrial respiration. However, iron also
takes part in free radical generating reactions that can cause DNA damage and significant
biologic injury. It is this duplicitous nature of iron that enables it to affect both tumor initiation
and growth!. Thus, iron can be therapeutically targeted for both cancer treatment and
prevention. Targeting iron in cancer cells is complicated however, because the pathways that
dictate cancer progression and iron utilization are regulated at multiple levels by both genetic and
epigenetic means. Therefore, a better understanding of iron usage by cancer cells could assist in

the development of more effective iron-targeted chemotherapies.

The two primary drivers of carcinogenesis are genetic mutations and epigenetic
alterations. Genetic mutations results when changes in the nucleotide sequence such as deletion,
insertion, inversion, or substitution occur in the genome, while epigenetic alterations are caused

by DNA sequence-independent modifications that influence chromatin structure, such as DNA



methylation and histone modifications*>. Regardless of the route, the outcome is either loss or
gain of function of genes that have an influence on tumor suppression or oncogenesis,

respectively.

The epithelial-to-mesenchymal-transition (EMT) is a fundamental transcriptional
program that is critical for proper embryogenesis and wound healing, but that can also become
aberrantly activated during pathologic conditions such as cancer, ischemia, and chronic
inflammation®®. During EMT, epithelial cells undergo changes in gene expression resulting in the
reorganization of the cytoskeleton, changes in cell shape, and the acquisition of migratory and
invasive properties as they transition to a mesenchymal state. Recent studies in the cancer biology
field have identified iron as an important regulator of the EMT process by demonstrating that
mesenchymal-like cancer stem cells have an increased dependence on intracellular iron®'!. Yet,

the mechanisms promoting mesenchymal cell iron acquisition and utilization are not understood.

Ferroptosis is an iron-dependent form of programmed cell death that is impacted by
biological processes such as nutrient metabolism and EMT. As mentioned above, while EMT is
critical for processes such as embryogenesis and wound healing, adoption of a mesenchymal state
is also associated with cancer progression, and has been implicated in renal, cardiovascular, and
reproductive disorders®!!. Intriguingly, adoption of a mesenchymal state is associated with
increased sensitivity to ferroptosis'?. Thus, understanding the mechanisms by which adoption of a
mesenchymal state contributes to increased ferroptosis sensitivity could have vast therapeutic

implications.



In this regard, the human adrenal cortical carcinoma SW13 cell line represents an
invaluable research model as it can exist as two phenotypically distinct, epithelial- (SW13-) and
mesenchymal-like (SW13+) subtypes. Moreover, as SW13- to SW13+ subtype transition can be
triggered by HDAC inhibition'*!, This cell culture model allows us to temporally control EMT
initiation so that alterations in cellular iron metabolism can be examined during both EMT
initiation and progression. The primary objective of this work was to determine how EMT
influences iron homeostasis in SW13 cells. The central hypothesis was that reduced rates of cell
growth and increased dependence on intracellular iron would lead to an iron regulatory signature

that promotes cellular iron uptake.



CHAPTER II

REVIEW OF LITERATURE

Iron’s role in the body:

Iron is an essential micronutrient that plays a vital role in many life preserving processes.
For example, iron in hemoglobin is responsible for the transport, transitional tissue storage, and
cellular use of oxygen. Within the mitochondria, iron has an important role in cytochromes which
are responsible for electron transfer and, eventually, energy production. Cytochrome P450 is an
iron containing enzyme in the liver and intestine that degrades environmental toxins and
endogenous compounds. Iron is also part of heme containing enzymes such catalases that are
responsible catalyzing the decomposition of hydrogen peroxide to water and oxygen; NADH
dehydrogenase which is involved in the energy production; and aconitase which catalyzes the
isomerization of citrate to isocitrate. Despite iron’s many important roles within the body
however, it is highly reactive and can create free radicals through Fenton reactions. These free
radicals can cause serious damage to the cell and further biological issues such as cancer

initiation and promotion®!3-17,



Iron uptake, utilization, and storage:

Systemic iron homeostasis is regulated at the level of absorption. The duodenum is the
primary site for iron absorption from the diet to the circulatory system where about 1-2 mg is
absorbed through endothelial cells '*%°, Tron is obtained from the diet as either heme or non-heme
Iron. Heme iron is present in animal sources incorporated within the myoglobin and hemoglobin.
Non-heme iron is found in plant-based food sources on its elemental form (Fe** or Fe**). The
enterocytes are capable of only absorbing ferrous iron thus elemental iron in the ferric state must
be reduced by cytochrome b at the apical membrane of duodenal enterocytes prior absorption?!.
Non-heme ferrous iron is then absorbed at the brush border via divalent metal transporter 1

(DMT1)'®. Heme iron is carried into the enterocyte through a, as yet unidentified transporter.

Once in the enterocyte, iron can either be used to synthesize iron-containing proteins,
stored in ferritin, excreted via the sloughing of enterocytes during regular intestinal cell turnover,
or exported out into circulation for delivery to various tissues. Iron is exported out of enterocytes
by ferroportin (SLC40A1) and oxidized by hephaestin before being picked up by transferrin (TF)
for systemic distribution??. Once oxidized, ferrous iron is then transported systemically by TF.
The expression of ferroportin is regulated by a hormonal peptide excreted by the hepatocytes,
hepcidin. Under iron excess, hepcidin binds to ferroportin and causes it to be internalized and
target for degradation, thereby preventing the release of iron into circulation. Under iron
deficiency, the hepcidin synthesis by hepatocytes is decreased, ferroportin expression is stabilized

and circulating iron levels are increased.



Transferrin receptor 1 (TFRC) is a broadly expressed receptor which is used to deliver TF
bound iron into the cell. The TF/TFRC complex is internalized via endocytosis, and iron is
released from the complex in the acidic environment in the endocytic vesicles®. Free ferrous iron
is reduced by the epithelial antigen of prostate 3 (STEAP3) and exported from the endosomal
membrane via DMT] to the cytosolic labile Iron pool (LIP)*?*. Once inside the cell iron that is
not stored or exported is used for the synthesis of iron containing proteins, synthesis of iron-sulfur

clusters, and hemoglobin synthesis'®.

Ferritin is a protein responsible for safely storing iron on its non-reactive ferric state?*.
Ferritin is a spherical molecule composed of 24 subunits with a mixture of ferritin heavy chain
(FTH), ~21 kDa, and ferritin light chain (FTL), ~19 kDa.?>¢, The ratio of FTL and FHC are
extremely homologous, and its ratio varies depending on cell type and in response to stimuli such
as inflammation'®?*, FTH is capable of oxidizing ferrous iron for storage while FTL facilitates
iron nucleation'®. Homologous to the cytosolic ferritin an H-type ferritin is present in the
mitochondria, and it has the same function of protecting the organelle from iron’s toxicity.
Different from its cytosolic counterpart, mitochondrial ferritin (FtMt) is not ubiquitously
expressed; it has been detected in tissues such as heart, pancreas, kidney, but not in spleen, gut or
liver'®. Finally, another major difference is that FtMt is not directly regulated by iron regulatory

proteins.

Iron-sulfur cluster biogenesis:

Once inside the cell, iron is readily available for usage or storage. Iron is used to

synthesize proteins, cofactors and enzymes. Among them, iron sulfur (Fe-S) clusters, are very



important cofactors that are among the most structurally and functionally versatile across all
kingdoms of life %’. Fe-S clusters are highly evolutionarily conserved, and are ubiquitous in

nature, and it may be synthesized in both mitochondria or cytosol®®,

The iron sulfur cluster assembly (ISCA) machinery within the mitochondria is considered
the major Fe-S cluster assembly system in humans?’. Fe-S cluster fabrication can be divided in
three main parts: cluster assembly, release of the cluster, and cluster transfer to target apo-
proteins. First, the mitochondria imports iron via the mammalian carrier protein mitoferrin 1 or 2.
Imported iron is then transferred to the iron sulfur scaffold assembly enzyme (ISCU) through an
iron donor frataxin (FXN) and an electron donor protein ferredoxin®’?°. Next, the cluster is
released from ISCU via a chaperone system that binds to the ISCU and induces a conformational
change which enables release of the cluster to Fe-S cluster carriers or specific Fe-S cluster
proteins. The ABCB7 is an ATP-binding cassette (ABC) transporter located on the inner
membrane of mitochondria, and it seems to be responsible for the export of Fe-S cluster and its

machinery components to the cytosol®.

The importance of Fe-S biogenesis to life is illustrated by the fact that defects in Fe-S
assembly pathway can be lethal. For instance, Friedreich’s ataxia, a fatal neurodegenerative
disease, in which depletion of FXN causes loss of activity of Fe-S dependent enzymes. In
addition, the intracellular depletion of FXN causes loss of activity of Fe-S dependent enzymes in
the cytosol, mitochondria, and possibly nucleus. As a result, loss of FXN causes increased

oxidative stress and iron accumulation in the mitochondria %°.



Iron regulatory elements (IREs) containing mRNAs

mRNAs containing 5’ IREs mRNAs containing 3’ IREs

Gene Name Function

Gene Name Function
Symbol Symbol
FTH Ferritin H Iron Storage TFR1 Transferrin Iron uptake
receptor
FTL Ferritin L Iron Storage DMT1 Divalent Iron uptake
Metal
transporter
FPN Ferroportin Iron export ~ CDC14A  Cell division Dephosphorylation
cycle 14A of p53
HIF-2a Hypoxia Hypoxia- CDC42 Cell division Cytoskeletal
inducible factor inducible (MRCKa) cycle 42 dynamics
transcription

factor-2a

eALAS Erythroid Heme HAOI1 Hydroxyacid Peroxisomal
aminolevulinate = biosynthesis oxidase 1 enzyme
synthase
ACO2  Mitochondrial = TCA cycle;
aconitase energy
production
APP Amyloid beta ~ Alzheimer's
precursor disease
protein

Table 1. A summary of Iron regulatory elements (IREs) containing mRNAs. Note that the 5’
untranslated region containing IREs results in translational repression upon IRP/IRE binding.

Conversely, IRP/IRE binding at the 3’ untranslated region containing IREs stabilizes the mRNA
and results in translational activation'®2°.



Control of cellular iron homeostasis:

Excluding obligatory losses through bleeding (e.g. menstruation) and the shedding of
epithelial cells, there is no regulated mechanism for iron excretion, and thus iron homeostasis is
tightly regulated®'. Cellular iron homeostasis is maintained by the interaction between iron
regulatory protein 1 and 2 (IRP1 and IRP2) and iron responsive elements (IREs). IRPs post-
transcriptionally regulate iron homeostasis by coordinating the expression of proteins controlling
cellular iron uptake, utilization, storage, and export. IREs are 26-30 nucleotide long stem-loop
structures with a hairpin-like sequence of -CAGUGN:- at the apical portion of the loop®2. IREs are
present in either untranslated regions of diverse mRNAs; for instance, H-ferritin, ferroportin, and
m-aconitase contain single IRE at the 5* end of its mRNA while TFRC and DMT1 contain
multiple IREs at the 3° end of its mRNAZ. Under iron depleted conditions, IRP1/2 bind to the 5’
end of H-ferritin which leads to repressed translation of ferritin; on the other hand, IRP-IRE
binding at the 3’ end of transferrin results in the stabilization of mRNA and promotes translation.
As aresult, iron storages decrease, and iron uptake increases. Interesting, IREs are present in
several genes in which some might not even be directly related to iron metabolism as shown on

tablel.

Iron regulatory proteins:

Despite their similar roles in maintaining cellular iron homeostasis, IRP1 and IRP2 are
differentially regulated in response to changes in iron availability'®. IRP1 is a bifunctional protein
whose behavior is dictated by either the presence or absence of an [4Fe-4S] cluster. In the

presence of iron, insertion of the [4Fe-4S] cluster prevents its RNA binding activity, and IRP1



assumes its cytosolic aconitase form (holo-IRP1)!8, In the absence of iron, the [4Fe-4S] cluster is
disassembled, conferring IRP1 RNA binding and its function as a post transcriptional regulator of

RNAs containing IREs (e.g. ferritin, TFRC, etc.)*.

Independently of iron, factors that can influence biosynthesis, or stability of the [4Fe-4S]
cluster can also directly impact IRP1 function. The [4Fe-4S] aconitase’s cluster is solvent
accessible and ROS and reactive nitrogen species (RNS) can initiate cluster loss**. A large
number of studies demonstrated that NO and its reactive product ONOO" can facilitate the
aconitase’s [4Fe-4S] cluster release thus converting holo-IRP1 to apo-IRP1%. As a result, apo-
IRP1 promotes TFR1 mRNA stabilization and translational inhibition of mRNA containing 5’

IREs, such as H-ferritin and ferroportin®®3’.

Different from IRP1, IRP2 does not contains an Fe-S cluster and it function only as an
RNA binding protein. Instead, IRP2 is mainly regulated at the level of protein stability by E3
ubiquitin ligase complex, SKIP1-CUL1-FBXL5%. FBXLS activity is regulated though iron
and/or oxygen dependent prolyl hydroxylation'**. Under iron deficient, or hypoxic conditions,
FBXLS5 fails to recognize IRP2, and thus IRP2 proteins levels are stabilized leading to increase
IRP2 expression and IRP RNA binding activity. Conversely, iron excess enhances FBXL5

activity, resulting in IRP2 ubiquitination and proteasomal degradation®*.

Iron metabolism in cancer cells:

Cancer cells require more iron to maintain their rapid and endless proliferation and
growth rates. Iron is essential for DNA synthesis, and it also generates free radicals which

contribute to gene mutation and may hasten tumor initiation . Indeed, distinct iron related gene

10



expression patterns are associated with both the development of metastases and patient
survival'>*#2 For example, TFRC is highly expressed in many cancer cells such as breast,
prostate, and colorectal cancer, which would be predicted to promote tumor growth by increasing
iron uptake and availability **°. One of the mechanisms contributing to increased TFRC
expression in cancer is transcriptional activation via the oncogene, c-Myc, which is one of the
most frequently dysregulated proteins in human cancer. Intriguingly, TFRC has been shown to
activate expression of c-Myc*. Thus, therapeutically targeting TFRC may have significant value

as TFRC knockout has been shown to decrease cellular proliferation in many cancer types*’#° .

Normally, excess iron will be stored in ferritin to prevent the generation of reactive
oxygen species (ROS). The role of ferritin in cancer development has shown to be tumor specific
where changes in ferritin levels may halt or promote tumorigenesis*®>*3!, For instance, in breast
cancers cells with an aggressive mesenchymal phenotype, such as MDA-MB-231 cells, it was
shown that elevated ferritin expression was associated with tumor growth>. Meanwhile,
knockdown of ferritin halted the proliferation and tumorsphere formation in cancer stem-like
cells®'. Nonetheless, cancer cells also have an altered iron export thus different types of cancer

display altered regulation of ferritin.

IRP signaling can also be corrupted in cancer, presumably in an effort to acquire
sufficient iron to support rapid cell proliferation. For example, IRP2 overexpression in breast
cancer results in increased TFRC expression, decreased FTH expression, and subsequently an

increase iron labile pool and worse cancer prognosis>2. Intriguingly however, IRP1
overexpression was actually found to decrease tumor growth in vivo>. Thus, despite their

similar roles in the maintenance of iron homeostasis, IRP1 and IRP2 exhibit opposing

11



phenotypes in the reduction and promotion of tumor growth, respectively. Therefore,

continued investigation into the roles that IRPs play in cancer progression is warranted.

Epithelial-to-mesenchymal transition:

The epithelial-to-mesenchymal transition (EMT) is a temporary and reversible biological
cellular event that naturally occurs in a broad range of tissues. EMT is critical for the early
developmental stage and wound healing, but it can also become activated during pathologic
conditions such as cancer, ischemia, and chronic inflammation’3*%, During EMT, epithelial
cells are progressively altered to resemble a mesenchymal-like cell where profound biological
differences are present. Epithelial cells tend to be non-motile, polarized, and embedded via cell-
cell tight junction in cell colonies, but during EMT they dissolve their cell-cell junctions and
convert into individual, non-polarized, motile, and highly invasive mesenchymal cells®®. EMT is
thought to occur largely through changes in gene expression. Specially for genes whose
downstream targets are important for the epithelial state such as adherent junction components
(e.g., E-Cadherin) and tight junction components (e.g., tight junction protein 1), and such genes
are repressed by EMT transcription factors including Snail Family Transcriptional Repressor 1
(SNAI1), Twist Family BHLH Transcription Factor 1 (TWIST), and transforming growth factor-
B 1 (TGFB1)*'°. At the same time, the cells also express genes associated with a mesenchymal

state by shifting the expression of cadherin and intermediate filaments.
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e
EMT_ \/Q’g\

Epithelial Markers Mesenchymal Markers
CDH1 VIM MMP2
DSP SNAI1 MMP9
TIP1 TWIST1 CD44+

Figure 1. Genes commonly expressed in the epithelial to mesenchymal transition. E-Cadherin
(CDH1), desmoplakin (DSP), tight junction protein (ZO-1) are expressed in epithelial cells.
Vimentin (VIM), SNAIl (Snail Family Transcriptional Repressor 1), Twist Family BHLH
Transcription Factor 1 (TWIST1), matrix metalloproteinases (MMP-2 and MMP-9), and cluster of

differentials 44 (CD44+) are expressed in mesenchymal like cells.
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The cytoskeleton, composed of the actin filaments, microtubules, and intermediate
filaments provide structural design and mechanical strength that is necessary to mold cell shape.
Although these cytoskeleton components act concurrently, the actin filaments are the main
driving force of cell migration by reorganizing its structure®’. The microtubule network also
undergoes modifications during EMT that leads to the formation of microtentacles, a microtube-
based membrane extension, at the invasive side’’®. Intermediate Filaments, ubiquitous in
eukaryotic cells, are the most rubbery and insoluble structures in cells with the function of
supporting the plasma membrane and maintain cell shape®’. This family of protein has six
isoforms, of which vimentin (VIM) and nestin attract the most attention. During EMT process,
intermediate filaments are typically rearranged from cytokeratin-rich to vimentin-rich networks as

a result motility capacity is significantly enhanced>*°.

The loss of cell-cell adhesion and the acquisition of a cytoskeletal architecture that
confers mobility and invasiveness that occurs during EMT is believed to be a key driver of tumor
metastasis. As such, understanding, the mechanisms that facilitate EMT could lead to the
developmental of improved cancer therapies. Recent studies in the cancer biology field have
identified iron as an important regulator of EMT process by demonstrating that mesenchymal-like
cancer stem cells have an increased dependence in intracellular®'. Yet, the mechanisms promoting

mesenchymal iron acquisition and utilization are not understood.

In addition to the change of morphology EMT also drives an increase in matrix
metalloproteinases (MMPs) expression. As the name may suggest, MMPs are enzymes

responsible for degrading extracellular matrix (ECM) such as collagen, gelatin, stromelysins, and

14



others thus facilitating cellular invasion as well as detachment of epithelial cells from surrounding

tissues®2.

Ferroptosis: An iron mediated form of cell death

Cell death is important for normal development, homeostasis, and the prevention of
hyperproliferative diseases such as cancer. It was once thought that this essential tool in the cell’s
arsenal was regulated mostly by the activation of caspases that resulted in apoptosis® 4. Dixon et.
al observed that a drug called erastin caused cell death that could not be halted by apoptotic
inhibitors and did not share morphological characteristics with apoptotic, necrotic, or autophagy
driven cell death. In addition, it was shown that adding iron chelators, such as desferrioxamine
(DFO), and antioxidants, such as and ferrostatin (Fer-1) prevented ferroptotic cell death. Thus,
the term ferroptosis was adopted to describe this distinct form of regulated cell death that is

characterized by lethal, iron-dependent accumulation of peroxidized lipids*3-¢6,

The mechanism by which erastin induced ferroptosis was found to be via the inhibition of
system X.". The system x.” mediates the exchange of extracellular I-cysteine and intracellular 1-
glutamate necessary for the synthesis of GSH. Without GSH synthesis of glutathione peroxidase
(GPX4), the major phospholipid hydroperoxide neutralizing enzyme, is impaired leading to toxic
lethal levels of ROS®%7. Thus, any perturbations of the cell’s natural ability to produce
glutathione and protect against oxidative stress can enhance susceptibility to ferroptotic cell

death®®,

Since its identification in 2012, ferroptosis was found to be involved the pathophysiology

of neurological diseases, ischemic organ damage, and cardiovascular diseases®”*°. Inhibitors of

15



ferroptosis have been shown to prevent tissue damage in models of ischemia/reperfusion and
hemochromatosis and to be protective in models of degenerative brain disorders such as
Parkinson’s, Huntington’s, and Alzheimer’s disease’’”2. On the other hand, ferroptosis inducers
show promise in cancer therapy. For example, mesenchymal-like, cancer-stem cells, and the so-
called “therapy-persister” cells are often resistant to apoptosis and common oncogenic therapies

but are susceptible to ferroptosis due it elevated ROS load!>67:68.73.74,

The epigenetically plastic SW13 cells: A model for EMT

The 2D cell culture model is widely used among the scientific community due its
affordability, reproducibly, simplicity, and ease to interpret results among many others”.
Although it isn’t an equivalent replicate of the environment in organisms, this method is a good
approach to first investigate a biological event without the complexities of an in vivo system.
Here we use the human adrenal cortical carcinoma SW13 cell line as a prime research model for

studying EMT as it exists as two distinct phenotypes that are epigenetically plastic!®!476,

In cell culture, about 2% of SW13 cells exist as a slow growing, highly invasive,
mesenchymal-like subtype designated as SW 13+, whereas the more abundant SW13- subtype is a
rapidly growing, epithelial-like cell type, with diminished migratory properties'>!4. While the
SW13 subtypes were initially characterized by dilution cloning, it was later shown that SW13-
cells can be converted to the SW13+ phenotype with the use of histone deacetylase inhibitors
(HDAC1)"*!, This unique feature allows us to temporally control EMT initiation, and thus
affords us with a powerful model for investigating the alterations in iron homeostasis during both

EMT initiation and progression. In this study, we utilize the SW13 cell line as a model of
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epigenetic phenotype regulation to examine how alterations in iron availability influence HDAC

inhibitor-mediated EMT and ferroptosis sensitivity.
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Figure 2. Working model for IRP-mediated iron accumulation during the epithelial to
mesenchymal transition in SW13 cells. Following HDAC inhibitor treatment, SW13- cells
undergo a phenotypic transition that includes reduced cellular proliferation, the acquisition of
metastatic traits, and the accumulation of intracellular iron. We hypothesize that intracellular iron
accumulation is mediated by increased IRP mRNA binding activity, leading to increased iron
uptake by TFRC while storage of iron in ferritin and export of iron by ferroportin is decreased.
Consequently, the size of the labile iron pool and reactive oxygen species (ROS) production is

increased.
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CHAPTER III

METHODOLOGY

Cell Culture

The SW13 cell line (ATCC CCL-105) is a primary small cell adrenal gland/cortex
carcinoma cell line derived from a 55-year-old Caucasian human. For all experiments, cells were
grown in (37°C, 95% humidity, 5% CO2) DMEM 1640 1X with L-glutamine (Corning #17-207-
CV Manassas, VA) supplemented with 10% fetal bovine serum and 1% penicillin streptomycin

100X (Corning #30-002-Cl Manassas, VA).

Cell Treatment:

For EMT induction, SW13 cells lines were treated with 2 nM Romidepsin (Fk228,
Selleckchem, #93020) for 48 hours. To examine the influence of iron availability on EMT, SW13
cells were treated with 2 nM FK228 for 24 hours and co-treated with 50 uM or 25 uM of the iron
chelator, desferrioxamine (DFO) or 40 uM the iron containing porphyrin, hemin 24 h,
respectively for 24 hours. All experiments followed the describe treatment dose and length unless

mentioned otherwise in the methods session.
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Figure 3. Illustration of the treatment timeline. Cells were incubated with FK228 for 48 h as
this length of treatment has previously been shown to induce EMT!*!4, Iron supplementation or

chelation was induced by treating cells with hemin or DFO for 24 h.
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Western blot

Western blot was used to measure markers of iron metabolism at the protein level. Total
protein was harvested from the SW13+ subtype by removing the adherent cells with cell stripper
creating a cell suspension with the saved media. The collected cell suspension was then be
centrifuged at 1,000 x g for 5 minutes at 4°C. The cells were then be washed with 1X PBS and re-
pelleted at 1,000 x g for 5 minutes at 4°C. Cells were lysed with RIPA buffer (50 mM Tris-HCI,
pH 8.0, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 2 mM EDTA, 150 mM NaCl, Halt
Protease inhibitor cocktail (ThermoFisher), 1 mM DTT, 1mM Citrate, ImM
phenylmethylsulphonyl fluoride (PMSF), 10uM Mg132). Samples were vortexed every 5 minutes
for 20 minutes followed by centrifugation at 14,000 x g for 15 minutes at 4°C. The supernatant
was collected and stored at -80°C. Total protein concentration was determined based on the
bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA, Cat #23209). Thirty
micrograms total protein in a RIPA and 2 X Laemmli sample buffer (0.01% Bromophenol blue,
4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.125 M Tris-HCI pH 6.8) were heated at 95°C
for 5 minutes to denature the proteins then loaded into a Mini-PROTEAN TGX Stain-Free
Precast gel with 4-20% polyacrylamide (Biorad # Hercules, CA) and electrophoresed at 150V for
60 minutes and then be transferred onto a PVDF membrane at 300 mA for 75 minutes. Equal
transfer was confirmed with Ponceau S staining before blocking of the membrane for 1 hour in
5% nonfat milk in 1X TBS-Tween at room temperature. Blots were incubated in CD71/TFRC
(Cell signaling, #D7S5Z7), SLC40A1 (ferroportin; FPN) (Invitrogen, #PA5-22993), and GAPDH
(Santa Cruz, #0411) primary antibody overnight at 4°C at 1:1000 dilution in 5% non-fat dry milk

in 1X Tris-buffered saline with 0.01% Tween-20. HRP-linked secondary antibodies were used at
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1:10,000 dilution for 1 h at room temperature to detect primary antibody biding. The blot was
then washed before being imaged with chemiluminescence (ProteinSimple Fluorchem, R&D

Systems) and analyzed using ImageJ software’’

Immunofluorescence

To assess changes in morphology immunofluorescence was performed using standard
techniques. SW13 cells were fixed with 4 % paraformaldehyde, permeabilized with 0.2 % Triton-
X, and blocked with 1 % BSA before incubation with 1:1000 Alexafluor 488 (Invitrogen,
A12379) in 1%BSA 1X PBS for 1 h in the dark. Three washes were performed with 1X PBS
prior mounting coverslip with DAPI. Samples were photographed using a Keyence BZ-X700
Fluorescent Microscope at 495 xcitation/S 1 8emission and 360excitation/460emission fOr actin filaments and

DAPI, respectively, with uniform exposure.

CellRox

CellRox deep red (#C10422; Thermofisher) was used to measure oxidative stress
following FK228 treatment. Cells were seeded into pre-collagen coated 8-well chamber slides
(Ibidi, #80841) at 10,000 cells/well and treated with 2nM FK228 for 48 hours. Cells were washed
once with Hank’s Balanced Salt Solution (HBSS)(Cellgro, 21-022-CV) prior incubation with
CellRox reagent at a final concentration of SuM for 30 min at 37 °C. Then, the cells were washed
twice with HBSS, and the fixed with 4 % paraformaldehyde. Three washes of 1X PBS were
performed prior mounting slide with DAPI. Samples were imaged at 40X using a Keyence BZ-

X700 Fluorescent Microscope with fluorescence read at 640 nMexcitation/665 NMemission and 360
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NMexcitation/460 NMemission. LOW photobleach settings and exposure were held consistent through

imaging process.

Cell viability

Cells were seeded at 4000 cells per well in a 96 well plate and cultured for 24 h before
treatment with DMSO (vehicle) or the previously described doses of FK228 and DFO or Hemin.
Cell viability measured using PrestoBlue (ThemoFisher) according to the manufacturer’s
instruction. Fluorescence was read at 560cxcitation/S 7 Oemission Using Biotek Synergy H1 (Biotek,
Winooski, VT, USA) plate reader. Differences in cell viability were normalized relative to the

vehicle control group for each cell line.

Cell proliferation assay

To assess the impact of iron availability on proliferation of HDAC inhibitor induced
EMT, cells were seeded into pre-collagen coated 8-well chamber slides (Ibidi, #80841) at 4000
cells/well. Cells were treated with FK228 and DFO or hemin as previously described and 10 uM
Click-iT EdU reagent (ThermoFisher, #C10337) at the 48 hours’ time mark. Prior imaging,
nucleus was stained with Hoeschst 33342 stain 1:1000 (Thermofisher, #62249) for 10 min. Cells
were then imaged at 4X live imaged using a Keyence BZ-X700 Fluorescent Microscope at 361
NMexcitation/497 NMemission aNd 495 NMexictation’S 19 NMemission Wavelengths for Hoechst and EdU,
respectively. Low photobleach settings and exposure were held consistent through imaging
process. ImagelJ software’” was used to count numbers of green (EdU) and blue (Hoechst) nucleus
and percent proliferation was determined by the ratio between number of newly synthesized DNA

(EdU) by the total nuclei (Hoechst).
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Intracellular iron measurements

Total intracellular iron was measured in SW13 and H1299 cell lines following FK228
treatment for 48 h. At least 1 x 10° cells were counted prior lysed, and total intracellular iron
levels were determined by measuring its colorimetric reaction with an Iron Assay Kit
(MilliporeSigma; MAKO025-1KT). Total intracellular iron levels were normalized to picogram per

cell.

RNA Extraction

To determine gene expression changes in each cell line following FK228 treatment, cells
were seeded in a 6-well plate at 3 x 10° cell/well and allowed to grow for 24 hours before
treatment with 2 nM FK228. After the 48-hour treatment, media was aspirated from the wells and
cells were homogenized using 800 ul of Trizol (Invitrogen Cat# 15596026), collected into
microcentrifuge tubes and incubated for 5 minutes. Then 160 pl of chloroform were added and
the samples were incubated for 3 minutes before being centrifuged at 12,000 x g for 15 minutes.
at 4°C. The supernatant was transferred to a fresh microcentrifuge tubes and 400 pl of 100%
isopropanol was added to each tube. Samples were stored at -80 °C overnight to increase RNA
precipitation and yield. The next day, the samples were centrifuged at 12,000 x g for 15 minutes
at 4°C. The supernatant was then removed and the RNA pellet was washed in RNase-free 75%
ethanol, vortexed and recollected by centrifugation at 7500 x g for 5 minutes at 4°C. Samples
were then dried and re-suspended in nuclease free water. Concentration, 0D260/230 and
0D260/280 ratios of RNA were measured using a Nanodrop (Thermo Fisher Scientific)
spectrometer to check for purity of samples. RNA integrity was assessed by electrophoresis on a

1 % agarose 1% bleach gel at 100V for 30 minutes. Samples were stored at -80°C.
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Real Time Quantitative Polymerase Chain Reaction (RT-QPCR)

For RT-qPCR, 1 ug total RNA was used to create cDNA. For cDNA synthesis, 1 ug
RNA, was DNase treated and then reverse transcribed using Superscript II (Thermo Fisher
Scientific). Each reaction contained SYBR green chemistry, 50 ng cDNA, and 2.5 uM of the
primer mix obtained from Integrated DNA technology (IDT, Coraville, IA). Reactions were
performed on an ABI 7900HT Real-Time PCR system (ThermoFisher; Waltham, MA, USA) and

2-44Ct method and Cq values

mRNA expression levels were analyzed using relative quantification
were obtained for the genes measure. The sequences for the housekeeping gene (CYCLO) and

genes of interested analyzed are listed in Table 2.
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Gene
CYCLO
TFRC
FPN
HMOX1
VIM
TGFp1
SNAI1
BRM
SLC7A11
GPX4

ACSL-4

Forward
5’tgccatcgeccaaggagtag
S'agttgaacaaagtggcacgagcag
S'tgaccagggcgggaga
5’cgggccagcaacaaagtg
5’gctegtcaccttcgtgaata
5’tcctggegatacctcageaa
5’gctgcaggactctaatccaga

5’ gattgtagaagacatccattgtgg
5’atgcagtggcagtgaccttt
5’acaagaacggctgecgtggtgaa

5’agaatacctggactgggaccgaag

Table 2. Primer sequences for gPCR
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Reverse
5’tgcacagacggtcactcaaa
S'agcagttggctgttgtacctctca
5’agaggtcaggtagtcggcca
5’gtgtaaggacccatcggagaa
5’tcgttgataacctgtccatctc
5’cteattttccectccacgge
5’atctccggaggtgggatg
5’gacatataaccttggctgtgttga
5’ggcaacaaagatcggaactg
5’gccacacacttgtggagctaga

5’tgctggactggtcagagactgtaa



Electrophoretic Mobility Shift Assay (EMSA)

In order to analyze spontancous IRP IRE biding activity, SW13 cells were treated with 2
nM FK228 for 24 hours and total protein was harvested by removing the adherent cells with cell
stripper creating a cell suspension with the saved media. The collected cell suspension was then
centrifuged at 1,000 x g for 5 minutes at 4°C. The cells were washed with 1X PBS and re-pelleted
at 1,000 x g for 5 minutes at 4°C. Then, the cell pellet was re-suspended in 2-volumes cytosol
buffer (ImM HEPES, 10mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 0.1M PMSEF, 10
uM Mgl132, 100 X Halt protease inhibitor cocktail (ThermoFisher). After 15 minutes, 0.1 volume
of 10% NP40 was added to the suspension and the samples were vortexed for 10 seconds then
centrifuged at 12,000 x g for 10 minutes at 4 C. Then, supernatant (cytosol) was removed to a
fresh microfuge tube and stored at -80° C until use. Cytosolic protein concentration was
determined based on the bicinchoninic acid assay (ThermoFisher Scientific, #23209).
Spontaneous IRP1 and IRP2 RNA binding activities was assessed by incubating 5 g total
protein with saturating levels of [**P] labeled RNA from the L-ferritin IRE as previously
described’. Total IRP1 RNA binding activity was measured by adding 1 pg of cytosolic protein

in the presence of 4% B-mercaptoethanol to saturating levels of RNA.

Statistical Analyses:

Differences in cell growth, proliferation, viability, and lipid peroxidation were analyzed
using one-way ANOVA. When statistically significant effects were identified by ANOVA, post
hoc analyses were performed to make pairwise comparisons using the Tukey HSD method. Also,
Student’s t-test was used to compare differences between treatment group and control in total iron

and relative mRNA expression. All tests were performed using SPSS v23.0 software (IBM-SPSS;
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Chicago, IL, USA). Descriptive statistics were calculated for all variables and include mean +

SEM. All experiments were repeated 3 times, with n = 3 per group.
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CHAPTER 1V

FINDINGS

HDAC inhibitor treatment induces EMT and promotes iron accumulation in SW13 cells.

The epigenetically plastic SW13 cell line exists as two distinct subtypes whose switch
can be epigenetically regulated'*!*. The rapidly growing, highly tumorigenic, epithelial-like
subtype SW13- accounts for majority of a SW13 colony, while the other subtype SW13+is a
slow growing, metastatic, and more mesenchymal-like that accounts to a small percentage of the
total colony. It has been previously shown that HDAC inhibitors induce the phenotype transition
from the tumorigenic SW13- to the metastatic SW13+, and the conversion can be confirmed by
the expression of the tumor suppressor protein BRM'3. Thus, we hypothesized that HDAC
inhibitor treatment of SW13 cells could serve as uniquely powerful model that would allow us to
temporally control EMT initiation. To confirm that the HDAC inhibitor-induced SW13
phenotype conversion indeed models canonical EMT signaling pathways, cells were treated with
2 nM FK228 for 48 hours, and morphology and EMT markers were assessed. Figure 4A shows
the representative images of SW13 under control conditions (left panel) where cells displayed an
epithelial-like cortical actin cytoskeleton. Whereas, HDAC inhibitor treatment (right panel)
resulted in loss of cell-cell tight junctions and a mesenchymal-type morphology evidenced by
their fiber-like actin organization. SW 13+ phenotype conversion was further confirmed by the

strong induction of BRM mRNA expression (Figure 4B). Such as large increase was observed
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because, as expected, BRM mRNA expression in untreated SW13 cells was nearly undetectable.
To support our hypothesis that the SW13 mesenchymal phenotype shift was occurring via an
EMT-like process, we analyzed EMT gene expression markers by qPCR. Indeed, the relative
mRNA expression of transforming growth factor-p 1 (TFG-B1) and SNAII, which are critical for
EMT induction, significantly increased 1.5-fold and 2.4 fold, respectively (Figure 4C). Recent
studies in the cancer biology field have identified iron as an important regulator of EMT process
by demonstrating that mesenchymal-like cancer stem cells have an increased dependence on

intracellular iron'!®!

, and so we also investigated the influence of SW13 phenotype conversion on
total intracellular iron. HDAC inhibitor treatment significantly increased total intracellular iron
levels by 29.5% in SW13 cells, p < 0.05. These findings indicate that SW13 cells can serve as a

model for exploring the link between iron and EMT.
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Figure 4. HDAC inhibitor induces-mediated SW13 phenotype conversion can serve as a
model of the epithelial to mesenchymal transition. (A) Treatment with 2 nM FK228 alters
SW13 cell morphology and actin (green) organization, induces the expression of (B) the
mesenchymal markers BRAHMA (BRM), transforming growth factor 1 gene (TGFp1), snail
family transcriptional repressor 1 (SNAI1), and promotes (C) intracellular iron accumulation.
Images were taken using a 40X objective lens. Data are presented as mean + SEM. * Denotes

significant difference compared to control, p < 0.05.
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Iron availability does not interfere with SW13 cell phenotype conversion.

Iron chelation has previously been shown to attenuate TGFB1-induced EMT!. Thus, we
sought to determine how alterations in iron availability could influence HDAC inhibitor-induced
EMT in SW13 cells. To do so, cells were treated with 2 nM FK228 for 24 hours, and then were
treated with either 50 pM DFO or 40 pM hemin to assess how iron chelation or iron
supplementation, respectively, influence changes in morphology and the expression of EMT
markers. Intriguingly, a much smaller number of cells were observed following co-treatment with
FK228 and DFO, and while some more fiber-like cortical actin structures were observed, several
more epithelial-like clusters of cells were observed as well. Contrarily, the iron supplemented

FK228 treated cells (bottom right-hand) appeared very similar to cells treated with FK228 alone.

As iron chelation appeared to have a more significant impact on HDAC inhibitor
mediated EMT in SW13 cells, we then investigated the influence of DFO treatment on the
expression of EMT markers. Cells were co-treated with FK228 and DFO as described above and
the expression of BRM, TGFB1, and SNAIL1 mRNA was measured by qPCR. These finding
suggest, that at in SW13 cells, once EMT is initiated, limiting cellular iron availability Is not

sufficient to block the EMT process.
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Figure 5. Changes in cellular iron availability does not alter HDAC inhibitor mediated
EMT in SW13 cells. (A) Morphology differences following 2 nM FK228 treatment for 24 hours
and then co-treatment with 50 uM DFO or 40 uM hemin for another 24 hours. (B) Co-treatment
with DFO did not impact the FK228-mediated increase in the expression of the EMT markers
BRM, TGFp1, or SNAII in SW13 cells. Images were taken using a 40X objective lens. Data are
presented as mean + SEM. Superscript denotes statistical significance, p < 0.05. Treatments that

share the same superscript are not statistically different.
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Iron regulatory proteins contribute to iron accumulation during HDAC inhibitor-mediated

SW13 cell EMT.

Intracellular iron homeostasis is regulated by iron regulatory proteins (IRP1 and IRP2).
These proteins bind mRNA in an iron-dependent fashion, thereby “sensing” intracellular iron
status and, accordingly, coordinating the uptake, storage, and utilization of iron. Thus, to
investigate the mechanisms contributing to increased intracellular iron following SW13 cell
EMT, we analyzed the activity of IRPs following HDAC inhibitor treatment. In SW13 cells,
spontaneous IRP mRNA binding activity significantly increased 14%, from 57 + 2 to 74 £ 3 fimol

RNA/mg protein following 2 nM FK228 treatment for 24 hours, p <0.01, Figure 6B.

The addition of the reductant B-Mercaptoeathanol (B-ME) results in disassembly of the
Fe-S cluster in IRP1 and slight increase in the binding of the latent IRP2 thus allowing for the
measurement of the total IRP1/2 protein present’”®. Following the addition of B-ME to the same
cytoplasmic extracts from SW13 cells, we observed a significant increase in total IRP mRNA
binding capacity ~14%, from 415 £ 20 to 525 + 22 fmol/mg, p < 0.02, Figure 5D. These findings
suggest that the observed increase is likely due to an increase in the total abundance of IRPs.
Regardless of mechanism, increased IRP mRNA binding is expected to increase the expression of
the iron uptake protein, TFRC, and decrease the expression of the iron export protein,
ferroportin'®!%27-787 ‘While we did not observe the expected corresponding increase in the
expression of TFRC, ferroportin expression was decreased in SW13 cells following HDAC
inhibitor treatment, Figure 6E. These finding suggests that the accumulation of iron in SW13
cells, as it transition to a mesenchymal phenotype, is a result from its lack of ability to export

intracellular iron.
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Figure 6. IRP mRNA binding activity is increased and ferroportin expression is decreased
following HDAC inhibitor-mediated EMT in SW13 cells.
IRP1/2 mRNA binding activity was assayed by gel shift in SW13 cell line following 5 nM
FK228 treatment for 24 hours and quantitated revealing a significant increase in spontaneous IRP
RNA binding. (E) Changes in protein expression of transferrin receptor (TFRC) and ferroportin
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Iron chelation and iron supplementation can reduce proliferation and promote cell death in

HDAUC inhibitor treated SW13 cells.

HDAC inhibitors have been extensively studied for their anti-cancer properties®®%3,

However, while HDAC inhibitors induce toxicity and slow cell growth in some cell types, they
can also increase metastatic properties and chemotherapy resistance in others>*8%, As iron is
also critical for tumor cell growth, we were interested whether manipulation of intracellular iron
availability could improve HDAC inhibitor treatment outcomes. SW13 cell proliferation and
viability was assessed following co-treatment with 2 nM FK228 and 50 uM DFO or 40 uM as
described below, Figure 7A. As expected, proliferation was significantly reduced following
FK228 treatment alone, p < 0.05. However, co-treatment with either DFO or hemin did not
further decrease proliferation rates (Figure 7B). To understand whether the observed decrease in
proliferation was due to a slowdown in cell division or some toxic effect from iron chelation or
iron overload, we next assessed cell viability. Viability was unaffected by FK228 treatment alone,
but notably both iron chelation and iron supplementation in combination with FK228 treatment
significantly decreased cell viability as indicated by a reduced number of metabolically active
cells (Figure 7C). Collectively, these results indicate that HDAC inhibitor-induced
mesenchymal-like SW13 cells are more sensitive to alterations in iron availability and suggest
that manipulation of iron-dependent pathways could be used to enhance the therapeutic efficacy

of HDAC inhibitors.
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Figure 7. Both iron chelation and iron supplementation reduce cell viability in HDAC
inhibitor treated SW13 cells. (A) Images and (B) quantitation of EdU-positive ratio in SW13 cells
following 2 nM FK228 treatment for 24 hours and then co-treatment with 50 uM DFO or 40 uM
hemin for another 24 hours (C) Percent cell viability was measured by fluorometric assay. Images
were taken on 4X objective lens. * Denotes statistical significance, p < 0.05. Treatments with a

shared superscript are not statistically significant. Data are presented as mean + SEM.
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SW13 cells exhibit increased oxidative stress during HDAC inhibitor mediated EMT.

Due to its propensity to form free radicals, iron is an essential but potentially toxic
nutrient. To investigate mechanisms that could contribute to increased sensitivity to alterations in
iron availability following HDAC inhibitor induced EMT in SW13 cells we used a fluorescent
probe to measure cytosolic oxidative stress and found that SW13 cells have significantly higher
levels of ROS following 48 hours of FK228 treatment (Figure 8A). To further investigate other
variables that may contribute to the observed increased oxidative stress, we analyzed the
expression of genes involved in the antioxidant response®. Interestingly, HDAC inhibitor
treatment significantly decreased the mRNA expression of glutathione peroxidase 4 (GPX4),
superoxide dismutase 1 (SOD1), solute carrier family 7 member 11 (SLC7A11), and tumor
suppressor superoxide dismutase 1 (SOD1), the solute carrier family 7 member 11 (SLC7A11),
and the tumor suppressor TP53 (Figure 8B). As this gene signature is consistent with an induced
ROS pattern that is often observed in ferroptosis, we also examined the mRNA expression of
acyl-CoA synthase long-chain family member 4 (ACSL4), which is critical for the production of
polyunsaturated fatty acids that are required for phospholipid peroxidation and ferroptosis®>-6-8,
Indeed, ACSL4 mRNA expression was also increased following HDAC inhibitor treatment
(Figure 8B). Altogether, the weaken antioxidant defenses and increase in a lipogenic marker
suggests that EMT induced SW13 cells may be more susceptible to ferroptosis, an iron mediated

form of cell death.
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Figure 8. HDAC inhibitor-converted mesenchymal-like SW13 cells have increased levels of
ROS and reduced expression of antioxidant defense genes. (A) SW13 cells exhibited increased
oxidative stress following 2 nM FK228 treatment measure by incubating cells with 5 pM Cell Rox
deep red reagent for 30 minutes prior images were taken on 40X objective lens. (B) The relative
mRNA abundance of the antioxidant genes solute carrier (SLC7A11), tumor suppressor gene
(TP53), glutathione peroxidase (GPX4), and superoxide dismutase (SOD1) significantly decreased,
while mRNA abundance of the lipogenic gene, acyl-CoA synthase long-chain family member 4
(ACSLA4), significantly increased. * Denotes significance when compared to control, p <0.001. **

Denotes significance when compared to control, p < 0.00005. Data are presented as mean + SEM.
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HDAC inhibition enhances ferroptosis sensitivity in mesenchymal-like SW13 cells.

An ideal environment for ferroptosis to occur involves an increased labile iron pool (LIP)
and a decrease of the natural antioxidant defenses of the cell. An abnormal LIP carries a danger for
the cells as it can interact with phospholipids containing polyunsaturated fatty acids chains (PUFA-
PLs) to generate ROS®. Thus, we hypothesized that HDAC inhibitor treatment would increase
SW13 cell susceptibility to ferroptosis. To test this hypothesis, we assessed cell viability and lipid
peroxidation following 24 and 48 hours of HDAC inhibitor treatment, with or without erastin (1
uM or 5 uM), a potent inducer of ferroptosis. At 24 hours, only the higher dose erastin treatment
significantly reduced cell viability (Figure 9A), which was also observed at 48 hours (Figure 9B).
However, after 48 hours, we also observed significantly more cell death in SW13 cells that were
co-treated with FK228 and the low dose of erastin than when they were treated with erastin alone
at an equivalent dose (Figure 9B). Lethal lipid peroxidation is a hallmark of ferroptosis thus we
used BODIPY C-11, a lipid peroxidation sensor, to measure ROS generated by lipids. BODIPY
was performed for 24 and 48 hours with 5 uM Erastin and/or 2 nM FK228 treatment hours.
Interestingly, at 24 hours FK228 alone exhibited the highest levels of lipid peroxidation among all
groups, Figure 9C. On the other hand, at 48 hours 5 uM erastin alone displayed the highest levels
of lipid peroxidation, Figure 9D. While timing appears to be an important factor to be taken in
consideration, altogether the results suggest that ferroptosis may be a viable approach to improve

therapeutic outcomes of HDAC inhibitor treatments.
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Figure 9. Ferroptosis induction synergistically improve HDAC inhibitor treatment on SW13
cells. Cell viability was assessed at 24 hours (A) and 48 hours (B) following treatment with the
FK228 (1 nM or 2 nM) and/or erastin (1,3, or 5 uM). Lipid peroxidation was assayed using
BODIPY C11 probe following 2 nM FK228 and/or 5 uM erastin for 24 (C) and 48 hours (D).
Changes in viability and amounts of oxidized probe were quantified relative to the control.
Superscript denotes statistical difference, p < 0.05. Treatment with a shared superscript it is not

statistically significant. Data are presented as mean + SEM.
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CHAPTER V

DISCUSSION

The epithelial-to-mesenchymal transition is a normal event in living organisms occurring
during embryonic development, tissue regeneration, and wound healing. However, EMT is also
implicated in the pathogenesis of many disease as well, such as ischemia and reperfusion and
numerous cancers. EMT is an undesirable for those with any type of cancer as it involved with
tumor growth, metastatic expansion, and the generation of tumor cells with stem cell -like
properties that play a major role in resistance to cancer treatments®’-*%, Intriguingly, adoption of a

mesenchymal state is also associated with increased iron uptake>'-!-86

and enhanced sensitivity to
ferroptosis'2, but the mechanisms promoting mesenchymal cell iron acquisition and utilization are

not understood.

To begin to elucidate the link between iron adoption of a mesenchymal state, we utilized
the SW13 cell line that can be driven through the EMT process by HDAC inhibitor treatment.
First, we established that treatment with 2 nM FK228 for 48 hours was sufficient to induce
morphologic changes consistent with EMT, and that these changes coincide with the increased
expression of classical EMT-driving transcription factors, TFGB1 and SNAI1%%1°_ Also, in

agreement with previous findings, the more mesenchymal-like HDAC inhibitor treated SW13
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cells were found to have higher levels of intracellular iron®!, establishing them as a model system

for exploring the relationship between iron and EMT.

To investigate the mechanisms contributing to the accumulation of iron following EMT,
we began by analyzed changes in IRP mRNA binding as IRPs the primarily regulators of
intracellular iron homeostasis'®*’, Interestingly, both spontaneous and total IRP mRNA binding
increased about 14% each following HDAC inhibitor treatment. As human IRP1 and IRP2 do not
separate during standard gel shift analyses we cannot determine the individual contributions to
the increase in spontaneous and total IRP mRNA binding. However, as IRP1 is regulated by
insertion and removal of an Fe-S cluster, whereas IRP2 is regulated at the level of protein
stability, it is tempting to speculate that the equivalent increase in spontaneous IRP binding and
total IRP protein levels are due to increased IRP2 stability alone. Future research should

interrogate mechanisms that could promote IRP2 stability during HDAC inhibitor induced EMT.

To determine how increased IRP mRNA binding activity could contribute to the
increased levels of intracellular iron in HDAC inhibitor converted mesenchymal-like SW13 cells,
we next examined the expression of two downstream IRP targets, TFRC and ferroportin.
Typically, an increase in IRP mRNA binding is results in the stabilization of mRNA containing
3’IRE such as TFRC and the inhibition of the translation of mRNA containing 5’ IRE leading to
increased iron uptake and reduced iron uptake, respectively'®!°. While we did not observe the
expected corresponding increase in the expression of the iron uptake protein, ferroportin protein
expression was significantly reduced following HDAC inhibitor treatment. These findings are
consistent with previous research demonstrating that suppression of ferroportin alone can

promote EMT, presumably by increasing iron availability to the tumor!'”*’. Thus, exploration of
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mechanisms that could restore ferroportin expression during EMT could potentially help limit
tumor cell iron availability and mitigate tumor expansion. Currently, the question remains as to
how and why IRP mRNA binding activity is increased in HDAC inhibitor-converted

mesenchymal-like SW13+ cells even though cellular iron levels are higher.

In this regard, we questioned whether the apparent perturbation in IRP-dependent iron
sensing during SW13 cell EMT could be exploited to improve HDAC inhibitor treatment
outcomes. That is, could we harness the previously observed benefits of HDAC inhibitor-
mediated reduced proliferation while mitigating undesirable consequences of increased
invasiveness and chemotherapeutic resistance'>!'*. We found that while neither iron chelation nor
iron supplementation further reduced proliferation in HDAC inhibitor treated cells, both
treatments promoted increased cell death. While these findings are consistent with the essential,
yet potentially toxic nature of iron, to develop successful iron-targeted therapeutic strategies, it is
first necessary to understand how manipulation of iron availability can lead to augmented cell

death in HDAC inhibitor treated cells.

Increased levels of intracellular iron, as observed in the mesenchymal-like SW13 cells,
can contribute to the formation of ROS that can both drive EMT, but also damage the DNA of
cells, ultimately leading to cell death®®. Thus, we next examined how HDAC inhibitor mediated
EMT influenced cellular ROS production and found that ROS levels were significantly higher
following HDAC inhibitor treatment. To investigate factors that could be contributing higher
ROS levels following HDAC inhibitor-mediated EMT, we measured the expression of genes
involved in the antioxidant response and observed a significant reduction in antioxidant gene

expression. EMT has also been shown to increase sensitivity to iron-mediated cell death by
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promoting phospholipid peroxidation via the upregulation of ACSL4%, and we observed a
significant increase in ACSL4 expression as well. Altogether, the increased levels of intracellular
iron, reduced antioxidative capacity, and enhanced lipid peroxidation signaling pathways
indicated that induction of EMT in SW13 cells may increase their sensitivity to ferroptotic cell

death.

To test this hypothesis, we treated cells with the potent ferroptosis inducer, erastin, either
by itself or in combination with the HDAC inhibitor for 24 and 48 hours and measured changes in
lipid peroxidation and cell viability. Intriguingly, increasing levels of lipid peroxidation did not
correlate with reduced levels of cell viability. This could be a result of looking at static ROS
levels at singular timepoints however, rather than total ROS production over the total treatment
time periods. Importantly though, by 48 hours, significantly more cell death was observed in
SW13 cells that were co-treated with FK228 and erastin then when they were treated with erastin
alone at an equivalent dose. These results suggest that HDAC inhibitor-mediated EMT can
enhance ferroptosis sensitivity and that HDAC inhibitor treatment could be used synergistically to

augment ferroptotic cell death.

In this study, we have established the epigenetically plastic SW13 cell line as a model to
temporally control EMT initiation and explore the relationship between iron and EMT348084,
Using this model, we have established the HDAC inhibitor-converted mesenchymal-like SW13
cells have increased intracellular iron accumulation, diminished IRP sensing of intracellular iron
levels, and reduced antioxidative capabilities that significantly increase their susceptibility to
ferroptotic cell death. The importance of these studies is underscored by the fact that iron is both

an essential, yet potentially toxic nutrient. Thus, understanding how to manipulate iron
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availability in specific cell types, while minimizing the impact on patient iron homeostasis are
essential components to the development of iron-targeted therapeutic strategies. In this regard,
ferroptosis is an ideal pathway to target as activation of ferroptosis can facilitate cell death by
weakening the cell’s antioxidant defenses against the free iron that is already inside the cell.
Herein, we show that HDAC inhibitor treatment can augment ferroptosis sensitivity in SW13
cells by inducing EMT. The implications of these findings are significant as many other cell types
have also been shown to adopt a mesenchymal phenotype following HDAC inhibitor treatment’.
Moreover, as several HDAC inhibitors are already used clinically to treat a wide variety of

diseases, the findings from these studies could be used to develop iron-targeted therapeutic

strategies that will improve clinical outcomes for multiple disorders.
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CHAPTER VI

CONCLUSION

Iron is an important nutrient that facilitates cell proliferation and growth. However, iron
can be detrimental as it can phase between its reduced and oxidized form leading to free radical
formation. An excess of free radicals contributes to DNA damage thus tumor initiation and
progression®!!. The most aggressive types of cancer adopt a stem cell phenotype which is
correlated with metastasis and chemotherapy resistance®>®. The switch from epithelial to
mesenchymal phenotype is regulated by EMT transcription factors, that in turn, are upregulated
by ROS. It has been observed that mesenchymal cancer cells have a higher dependency on iron,
and that iron chelation reduces EMT makers by decreasing ROS formation!®!2, The mechanisms

of iron acquisition by mesenchymal cells are yet not be fully elucidated.

Histone deacetylases inhibitors have been extensively studied in cancer biology due its
ability to alter the cell’s epigenetic make-up. The success was limited to liquid cancers (e.g., T-
lymphoma) however with little success on solid tumors®. The use of HDAC inhibitor promoted
mesenchymal phenotypes several types of cancer including colon, prostate, and breast>*##, The
epigenetically plastic adenocarcinoma SW13 was shown to convert from epithelial-to-
mesenchymal phenotype by the use of HDAC inhibitor, and conversion could be confirmed by

increased expressions of the BRM gene'>!'4. Thus, to hypothesize that HDAC inhibitor -induced
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EMT SW13 cells can be used as a powerful model that allow us to temporarily initiate EMT. We
did observe increase mesenchymal markers and morphology change in the HDAC inhibitor —

induced SW13 cells.

In agreement with previous data, SW13 cells accumulated iron as they transitioned to a
mesenchymal phenotype following HDAC inhibitor which led us to use this model to study the
effects of iron availability on EMT outcomes. We found that neither iron chelation nor iron
supplementation alter proliferation and mesenchymal markers of HDAC inhibitor. However, it
did decreased viability thus showing the essential/toxic effects of iron. Yet, the mechanisms
behind the observed accumulation of iron still needed to be explore. As expected, we saw an
increase in IRP mRNA binding followed by a decreased ability to export iron. After investigating
the potential side-effects of an increased LIP, we found that the HDAC inhibitor treated group
exhibited an increase in ROS as well as a decrease in antioxidant properties. In addition, the
generated ROS was derived in part from lipid peroxidation. A cell with increased LIP and lipid
peroxidation, and reduced antioxidant capacity is a perfect environment to ferroptosis. Indeed,
mesenchymal like SW13 cells were more sensible to ferroptotic cell death. Viswanathan et. al.
also showed that mesenchymal cells were more susceptible to ferroptosis due its increased

dependency on the GPX4 antioxidant pathway.

Our findings suggests that HDAC inhibitor induced EMT SW13 cells are a powerful
model that could be extended to study other metabolites that may be involved during the EMT
conversion. We also shown that mesenchymal SW13 cells have an increased dependency on iron
as either iron chelation or supplementation affects cells viability. The accumulation of iron was
due to a decreased ability of export iron. In addition, EMT induced SW13 cells display increase
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oxidative stress and decreased antioxidant defense, scenario that can be taken advantage off.
Although manipulation of iron appears an attractive approach to cancer therapy, its vitality for
systemic processes makes it a challenge. Instead, targeting the elevated intracellular iron of
mesenchymal cells might be a clearer approach as it is has a specific target. As the implication of
these finding can be extended to other cell lines, these findings are relevant to a variety of

clinically important cancer research and drug development.
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