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Popular Scientific summary
Cancer stem cells (CSCs) are the leading players of all neoplastic systems, which are

characterized by their self-renewal capacity, pluripotency, metastasis, heterogeneity,
multidrug resistance, and low proliferation rate. These characteristic features have
been designated as the sole causes of cancer relapse. With the experimental validation
of CSCs, the understanding of cancer has changed significantly over the last two
decades. CSC characteristic features like cellular hierarchy, the role of CSCs in the
tumor niche, regulation of the biological activity, abnormal metabolism, immune
interactions, and drug resistance. Understanding the key features of CSCs is essential
to paint a clearer picture of carcinogenesis progression, which can help us formulate
strategies to eradicate this subpopulation. Reactive oxygen species have been
implicated in the etiology of many human diseases, including cancer. Their function in
developing and maintaining cancer stem cells is not well understood yet. But
considering their role in cancer recurrence and chemo- and radio-resistance, this

seems to be one of the most critical research areas in current oxidative medicine.

Nicotinamide adenine dinucleotide phosphate (NADPH Oxidase) is a superfamily of
enzymes consisting of 5 members NOX1, NOX2, NOX3 NOX4, NOX5, DUOX1, and
DUOX2. They have been known to be critical producers of ROS. Out of the seven
members of the NOX family, NOX1, NOX2, NOX3, and NOX5 are transmembrane
proteins that function to transport electrons across biological membranes to reduce
oxygen superoxide. At the same time, NOX4, DUOX1, and DUOX2 are hydrogen

peroxide (H202) producers. Cellular reactive oxygen species (ROS) such as hydrogen



peroxide (H202) and superoxide anion (O2 ¢-) are generally produced in response to
cytokine or growth factor stimuli or as a by-product of mitochondrial oxidative
phosphorylation. These ROS molecules play the role of secondary messengers involved
in regulating cell differentiation, growth, migration, and host defense. However, these
enzymes can also be mediators of oxidative stress, apoptosis, migration hypertension,
fibrosis. Cellular proliferation and angiogenesis. | hypothesized in this study that
complete or partial blockage of NOX activity would affect the mitochondrial respiration
of CSCs resulting in significant energy depletion showcasing anti-CSC effects. In this
dissertation, | evaluated the small molecule NOX inhibitors NOX inhibitors Apocynin,
Diphenyleneiodonium chloride (DPI), GLX7013144, GLX7012166, and VAS2870 to
target metabolic pathways in CSCs. Of the drug mentioned above, only
Diphenyleneiodonium chloride showed an anti-CSC effect on the cancer stem cells
derived from miPS cells designated as miPS-Huh7cmP cells on MTT assay. Even though
DPI has long been evaluated as an anti-cancer drug inhibiting NADPH oxidase, the IC 50
in several cancer cell lines was reported to be 10 uM, which is too high for efficacy.
This study employed miPS-Huh7cmP cells, which we previously established as a cancer
stem cell (CSC) model. We found the cells from a primary culture of a tumor developed
in @ nude mouse when miPSCs treated with the conditioned medium of human
hepatocarcinoma cell line Huh7 cells were transplanted. | re-evaluated the efficacy of
DPI using this CSC model because CSCs are currently one of the main foci of
therapeutic strategies to treat cancer but are generally considered resistant to

chemotherapy. As a result, the conventional assay for the cell growth inhibition by DPI



accounted for an IC50 at 712 nM that was not enough to define the effectiveness as an
anti-CSC drug. Simultaneously, the wound healing assay revealed an IC50 of
approximately 500 nM. Comparatively, the IC50 values shown on sphere formation,
colony formation, and tube formation assays were 5.5, 12 and 8.7 nM, respectively.
However, these inhibitory effects were not observed by VAS2780, also a reputed
NADPH oxidase inhibitor. It is noteworthy that these three assays evaluate the
characteristics of CSCs designed in the 3D culture. Since the anti-CSC effect of DPI has
successfully demonstrated on the liver CSC model, | developed the glioblastoma stem
cell model using miPSCs to assess the efficacy of DPI on other CSC models. miPS cells
were treated with the conditioned medium of human glioblastoma cell lines A172, GI1,
and U251MG cells. Out of the 3 types of condition media, those from A172 and
U251MG cells effectively prepared the cells with characteristics of CSCs. Considering
that the markers of neuro-phenotype are positive on the obtained cells, the

establishment of glioblastoma stem cells could be retained shortly.
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Chapter One: General Introduction

Abstract

Cancer stem cells (CSCs) are the leading players of all neoplastic systems, characterized
by their self-renewal capacity, pluripotency, metastasis, heterogeneity, multidrug
resistance, and low proliferation rate. These characteristic features have been
designated as the sole causes of cancer relapse. With the experimental validation of
CSCs, the understanding of cancer has been changed significantly over the last two
decades. In this paper, we briefly review the literature emphasizing six essential points
that will allow us to understand the CSCs in a nutshell. These include CSC's
characteristic features like cellular hierarchy, the role of CSCs in the tumor niche,
regulation of the biological activity, abnormal metabolism, immune interactions, and
drug resistance. Describing the critical features of CSCs will allow us to paint a
somewhat more precise picture of carcinogenesis progression, which can help us
formulate strategies to eradicate this subpopulation. Thus, providing a solution to the

problem of drug resistance and metastasis of cancer in the future.

Keywords

Cancer stem cells, CSC cellular hierarchy, CSC tumor niche, CSC metabolism, CSC

immune escape, CSC drug resistance



Introduction

Cancer is the uncontrolled growth of abnormal cells in the human body. This
unchecked growth happens when the body's normal control mechanism stops working.
Cancer can involve any body tissue and have many different forms in each body area.
In the 21st century, cancer is the world's second leading cause of death. The IARC
Global Cancer Observatory reported in 2018 that the global tumor burden had been
estimated to rise to 18.1 million, and the Abdullah death toll due to cancer is 9.6
million. Due to the high rate of population growth, aging, and distribution of risk
factors associated with socioeconomic development, it is estimated that there will be
29 million new cases of cancer by 2030% 2. Although millions have been invested in this
field both by government and private authorities, still to this day, approaches to treat
cancer patients give the outcome of 1- or 5-year relative survival rate, depending on
the metrics that are relevant at a particular point in follow-up time after diagnosis>.
Tumors are composed of different types of cancer cells that contribute to tumor
heterogeneity. CSCs play a significant role in cancer initiation and progression between
these populations of cells. This CSCs were first recognized in leukemia using the
experimental xenotransplantation procedure?. CSCs have now been identified in many
other malignancies from this early discovery. CSCs (CSCs) exist within the tumor niche,
varying in frequencies which range around 0.02% to 25% depending on the type of the
tumor, where higher CSC proportions are found in undifferentiated tumors > & 7
Usually, upper CSC rates are found in leukemias and lymphomas, while lower rates are
normally found in solid tumors. CSCs hold potential for long-term self-renewal and

differentiation, making CSCs unique compared to other neoplastic cells & The CSC term



was first coined in 1959 to explain cancer relapse by Makino® 9. Various studies
reported that the heterogeneous tumor could be achieved by xenografting a small
number of cells into immune-deficient mice. However, efforts to characterize these
cells began only in the early 1990s ¥ 12 13, |n 1994, Dick was the first who
demonstrated the strength of these CSCs in Acute Myeloid Leukemia (AML) by pointing
out that CD34+ and CD38- cells comprised 1% of the tumor mass. As low as only 5000
cells from this subpopulation were able to form tumors in mice, these are the leading
players of all neoplastic systems and are the sole reason for cancer relapse!% 1> 16,
Following this report, these tumor-initiating, drug-resistant, and stemness-activated
cells have been identified in different types of cancers like ovarian cancer!’ breast®8,
colon®?, pancreatic®, liver, stomach cancers?!, glioblastoma??, melanoma?® and other
types of cancer. Metastasis potential is of the characteristic features of the CSCs, and
this process is also associated with the acquisition of stem-like characteristics. Studies
have shown the invasion potential of the CSC persistent across a variety of cancers in

vivo and in vitro models?.

Stem cell-based therapies exhibit profound therapeutic potential for treating cancer.
Among the various types of stem cells, Mesenchymal stem cells (MSCs) are the most
frequently used cell type for regenerative medicine. Also, Amniotic fluid-derived stem
cells (AFSCs) have been shown to exhibit natural tropism towards cancer and are thus

now being used as regenerative stem cell therapy'#?°.

The importance of CSCs came from their roles in tumor initiation, growth, and drug

resistance. While targeting these cells is now becoming one of the potential strategies



for cancer treatment. Still, many underlying molecular mechanisms uninvestigated
control and drive CSCs development. The regulation of CSC self-renewal is the critical
link to understanding tumorigenesis. In this chapter, we briefly review the literature,
emphasizing six crucial points that will allow us to understand the CSCs in a nutshell.
These include CSC's characteristic features like cellular hierarchy, the role of CSCs in
the tumor niche, biological regulation of the biological activity, abnormal metabolism,
immune interactions, and drug resistance. In addition, we also give insight into
potential therapeutic strategies to combat cancer by explicitly targeting CSCs. CSCs
have gathered much attention over the last two decades. With the advancement of
technology, much light has been shed on their molecular interactions and biological

activity.

CSCs on the top of the cellular hierarchy

The concept of CSCs has been derived from the idea of stem cells, which govern their
robust stemness state by core transcription factors OCT4, SOX2, and NANOG, where
NANOG confers a stable undifferentiated embryonic stem cells (ESC) form?é 27 28,
These transcription factors play a critical role in major signaling pathways like the TGF-
B, LIF/STAT3, Wnt/B-catenin, FGF/ERK, TGF/SMAD, and PKC?° also activate ESC-specific
genes conferring the stem cell characteristics by inhibiting the differentiation genes.
The differentiation genes are active during organogenesis while the stemness markers
are diminished or inactivated 3°. A characteristic signature of CSCs is to overexpress
these embryonic genes to retain their stemness and plasticity3!. The plasticity of the

stem cell enables them to transit between epithelial and mesenchymal states (EMT),



which enhances their ability to invade tissue, dissemination, and metastasis32. The
CSCs also maintain a quiescent state, meaning they exist in the GO stage of the cell
cycle in a nondividing state temporarily or reversibly33. Flow cytometry identifies the
CSCs using classical cell surface markers like CD34, CD44, and CD138. Aldehyde
dehydrogenase activity (ALDH) could also be used for identifying CSCs using an
enzymatic assay. These characteristics put the CSCs on top of the cellular hierarchy in a
tree-like apex. They take control of the neoplastic systems by differentiating or
dedifferentiating into heterogeneous progenitor cancer cell types that make up the
bulk of the primary tumor3*. Matsuda and his team showed that the CSCs in vitro
remain autonomously balanced with stem-like cells and differentiated cells along with
the endothelial cells. The differentiated supporting cells secrete factors that stabilize
the CSC's properties and differentiation lineage3>. CSCs as highly tumorigenic cells
could raise other progenitors and differentiated cells, therefore, maintaining tumor
heterogeneity. Many types of cells have been shown to be driven from CSCs, such as

fibroblasts, endothelial cells, and cancer differentiated cells.

Rulers of tumour niche
Cancer is a multifactorial disease. The hallmarks of tumor development include

accumulating mutations that lead to self-sufficient growth signals and insensitivity to
antigrowth signals. In addition, sustaining angiogenesis and evading apoptosis enables
cancer cells to invade tissue and metastasize in other parts of the body3®. Cancer-
associated fibroblasts, Mesenchymal stem cells, Inflammatory cells like f natural killer

cells (NKs) and CD8+ T cells, tumor-associated macrophages (TAM), tumor-associated



neutrophils (TAN) are the different types of cells that are housed by the CSC niche. In
the tumor microenvironment, CSCs have been shown to release extracellular vesicles
that influence the surrounding niche. Cancer cells and stromal cells also release
exosomes taken up by CSCs or adult stem cells, leading to alterations to their
phenotype3’. These cells produce factors that contribute to self-renewal, inducing
angiogenesis, immune recruitment, and other stromal cells. These stromal cells secrete
additional factors that promote tumor invasion and metastasis®®. Based on the
histological characterization and interactions with the noncancerous cells present in
the tumor ecosystem, the tumor microenvironment (TME) in solid tumors is divided
into discrete compartments such as the perivascular region, hypoxic region, and the
immune niche. Collectively these generate a dynamic self-sustaining tumor
ecosystem3%41, Based on these special niches they attain, the CSCs reside, they display
different transcriptional and epigenetic signatures. The perivascular region hosts the
interaction between the endothelial cells (ECs) and the extracellular matrix (ECM)
components, which is found more broadly in areas of metastatic growth and solid
tumors, including melanoma, skin papilloma, and breast cancer. The ECS regulates the
Notch, sonic hedgehog, and nitric oxide signaling that promotes the stemness of the
CSCs. This region is an essential part of the tumor niche as it provides supportive niche
and growth cues for the CSCs and increased vascularization. CSCs that reside on the
hypoxic acidic and necrotic chambers are aggressive. Hypoxic stress due to oxygen
deprivation is often accompanied by nutrient restriction and acidic stress*?. Studies

have shown that CSCs can survive and thrive in these nutrient-deprived regions %3. This



microenvironment condition promotes the stemness and phenotype of quiescence
and migration**. The consequence of hypoxia is majorly regulated by hypoxia-inducible
factors (HIFs) that maintain pathways and confer maintenance of the hypoxic niche,
promote immune escape, and trigger paracrine signaling, which confers vascularization.
The immune niche hosts different profiles of immune cells across different tumor
types. Tumor initiation depends immensely on the cancer cells' ability to avoid
immune attacks. CSCs are immunosuppressive and thus are the main mechanics of
tumorigenesis, and they can remodel immune response within the tumor
microenvironment to evade death by immune cells*. Studies have found that the CSCs
secret many immunosuppressive molecules such as TGF-B and IL4 that trigger
antitumor response while secreting molecules like periostin (POSTN). The CSCs recruit
M2 macrophages and interact with the macrophages physically via ligand-receptor
binding of the CD90-CD11b and EphA4-Ephrin®® 47.48 Tumor architecture is complex
and includes different types of cells. Both cancer cells and no-cancer cells interact with
each other in the TME. This interaction is shown to have essential roles in cancer
progression and affect tumor characteristics such as invasion, metastasis, and drug
resistance. These interactions within the TME seemingly make the CSCs rulers of the

tumor niche?? %9,

Regulation of Biological activity of CSCs

The mechanisms underlying the biology of tumor dormancy and their reactivation to
start metastases can be explained through the biological activity of CSC. The

underlying molecular mechanism to understand the biological activity of CSCs is



governed by a complex array of transcription factors, intracellular signaling pathways,
and extracellular factors. The transcription factors OCT4, SOX2, NANOG, KLF4, NANOG,
and MYC, provide the characteristics of stem cell-like features, including in vitro sphere
formation assay °'" °*. Wnt, Notch, Hedgehog (Hh), TGF-B, JAK/STAT3, and NF-kB
pathways in CSCs are abnormally activated and are known as the self-renewal
pathways. These pathways also contribute to the development and tissue homeostasis.
Whnt signaling plays an important role in the self-renewal, dedifferentiation, apoptosis
inhibition, and metastasis of CSC>®. This pathway mediates biological processes
through a canonical or non-canonical pathway, depending on the involvement of B-
catenin in signal transduction®®. The B-catenin is the core component of the cadherin
protein complex. The stabilization of B-catenin is essential for the activation of the
Wnt/B-catenin signaling®’. Through this signaling pathway, CSCs mediate metastasis®.
The nuclear factor-kB (NF-kB) pathway has an essential connection regulating
inflammation, self-renewal, or maintenance and metastasis of CSCs>°. CD44, TNFRSF19,
Bmi-1, FOXP3, and SD-F1 proteins and microRNAs, miR-221, and miR-222, directly
regulate the NF-kB pathway®®. Also, this pathway is indirectly affected by some
proteins like PGE2, GIT-1, CCR7, TGF-B, and miR-491 via the ERK and MAPK pathways®?.
The Notch signaling pathway is active on the CSCs and has been reported to promote
cell survival, self-renewal, and metastasis and inhibit apoptosis®2. The Notch signaling
pathway consists of the Notch receptor, Notch ligand (DSL protein), CSL (CBF-1,
suppressor of hairless, Lag), DNA-binding protein, other effectors, and Notch

regulatory molecules. The expression of the Notch ligands and receptors varies across



different subtypes. For this reason, Notch can function both as an oncogene and a
suppressive gene®. The PI3K/AKT/mTOR signaling pathway is considered a master
regulator for cancer. It has been linked to promoting cell survival, maintenance of
stemness, tumorigenicity, migration, and invasion in various types of CSCs®* ¢, The
Phosphatidylinositol-3-kinase (PI3K) is an intracellular phosphatidylinositol kinase that
regulates the survival of the CSC residing in the perivascular region®® ®’- The AKT is a
serine/threonine kinase having three isoforms, AKT1, AKT2, and AKT3. The AKTs are
effectors of PI3K and are directly activated in response to the PI3K % ©  The
mammalian target of rapamycin (mTOR) complex is a conserved serine/threonine
kinase that is one of the key downstream targets of AKT. The mTOR binds with other
proteins and serves as the key component of two protein complexes called the
MTORC1 and mTORC2. The mTORC1 consists of subunits mTOR, raptor, mLST8, and
two negative regulators, PRAS40 and DEPTOR. On the other hand, the mTORC2
comprises mTOR, RICTOR, MLST8, and mSIN1. The mTORC2 activates AKT by
phosphorylating AKT at serine residue 4737971, The transforming growth factor-pB (TGF
-B) are secreted inflammatory cytokines that are involved in cellular processes
associated with the organism and embryo development, including cell proliferation,
differentiation, apoptosis, and homeostasis’> 3. TGF-B1, TGF-B2, and TGF-B3 are the
three subtypes, and they function by two transmembrane serine-threonine kinase
receptors, TGFBR1 and TGFBR2. The TGF-B ligand binds to the TGFBR2, then recruits
the TGFBR1 and then phosphorylates it’* 7>. The phosphorylated TGFBR1 then

phosphorylates receptor-regulated SMADs (R- SMADs), which then binds to the
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common pathway SMAD (co- SMAD)’®. The R- SMAD/co- SMAD complex accumulates
in the nucleus and acts as a transcription factor to regulate the expression of the target
genes. Peroxisome proliferator-activated receptors (PPARs) are a subset of
multifunctional ligand-activated nuclear transcription factors closely related to energy
metabolism, dedifferentiation, proliferation, apoptosis, and inflammatory reactions.
Besides, these PAARs also play an important role in the epithelial-mesenchymal
transition (EMT) process in CSC initiation and the regulation of CSC functions’’. Also,
the CXCR4/CXCL12 signaling axis promotes metastasis and invasion across a wide
variety of solid tumors. The expression of the CXCR4 defines pro-metastatic
subpopulation, while the expression of CXCL12 defines higher risk regions for
metastasis in breast cancer invasion’®. Besides these major pathways, extracellular
factors such as the vascular niches, hypoxia, tumor-associated macrophages, cancer-
associated fibroblasts (CAFs), cancer-associated mesenchymal stem cells (CAMS),

extracellular matrix, and exosomes also act as a regulator of CSCs”°.

Metabolic Plasticity

Metabolic plasticity is another hallmark of cancer cell adaptation that features
increased metabolic activity, mitochondrial dysfunction, elevated peroxisome, oxidase,
cyclooxygenases, lipoxygenases, thymidine phosphorylase, high oncogene activity,
immune cell infiltration, and elevated cellular receptor signaling8-82 (Figure 1). CSCs
have the unique ability to switch between oxidative phosphorylation (OXPHOS) and
glycolysis to produce energy (Figure: 1). The cancer cells use glycolysis, and CSCs rely

heavily on OXPHOS as their primary energy source. When glucose is abundant in the
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cellular system, the proliferating CSCs use aerobic glycolysis as a primary source of ATP
production. Still, they change into a quiescent state during glucose and oxygen-
deprived conditions and rely on OXPHOS for their biogenesis needs®. The unique
metabolic flexibility of the CSCs helps them maintain homeostasis under low oxygen
microenvironments, enabling them to promote tumor growth®. Metabolic switching
from OXPHOS to glycolysis helps maintain stemness in CSCs by decreasing ROS levels in
CD44, +CD24, and EPCAM expressing CSCs. Although studies have shown that CSCs
mainly depend on oxidative metabolism, there is evidence that metabolic differences
give rise to metabolic heterogeneity®>8®, These differences include utilizing different
energy sources, including glucose, lactate, pyruvate, hydroxybutyrate, acetate,
glutamate, and fatty acids used by different subcellular compartments involving a
range of cells. CSCs exhibit different metabolic phenotypes across different tumor
types and among the subclones within the tumors. The glycolytic phenotype of CSCs
shows high glucose consumption, lactate synthesis, ATP production, and the high
expression of oncogenic MYC, which is a driver for stemness and glycolytic flux.
MYC/PGC-1 has been shown to determine the metabolic phenotype and plasticity of
pancreatic CSCs®’. Different signaling contexts and oncogenic mutations within cancer
cells confer metabolic phenotypes in CSCs, and these involve signaling pathways such
as Notch, Wnt/B-catenin, PI3K/AKT, PTEN, NF-kB, KRAS, HIF, TP53. In most cancer cells,
glucose uptake is significantly elevated, and oxidative phosphorylation in mitochondria
is often decreased compared to normal cells. Mounting evidence indicates that

hypoxia represents one of the essential features of the CSC niche®. The rapidly



12

growing mass often outpaces the local blood supply in solid tumors, thus generating
hypoxic microenvironments. Besides, the dysfunctional biology of tumor vasculature
delivers an aberrant blood flux, which lowers the oxygen availability in the tumor mass.
It should be mentioned that although oxygen has a higher diffusion rate compared
with glucose, the solubility of the oxygen is lower than that of glucose, which explains
why glucose-based metabolism takes over in cancer contexts. Recently, a new
population of CSCs has been isolated and named energetic CSCs (e-CSCs). They have
more glycolytic, have higher mitochondrial mass, and showed significantly elevated
oxidative metabolism and strictly depend on oxidative mitochondrial metabolism®°,
High mitochondrial biogenesis or metabolism are distinguishing features of CSCs (CSCs)
that rule tumor initiation, metastatic dissemination, and therapy resistance in the CSCs
Targeting mitochondrial metabolism may be a novel way to eliminate CSCs by blocking
ETC complexes with compounds®. One of the ways to target CSCs is by treatment with
Dodecyl-TPP that inhibits OXPHOS and activates glycolysis which promotes metabolic
inflexibility in CSCs by depleting energy. This weakened metabolic state of CSCs makes
them susceptible to inhibitors like vitamin C, berberine, doxycycline, niclosamide, 2-
deoxy-glucose®®. Another study reported Doxycycline, Azithromycin, and Vitamin C
(DAV) could be used as a combination therapy by orchestrating functional energy
depletion via inhibiting mitochondrial protein translation®2. Also, e-CSCs can be
successfully targeted with OXPHOS inhibitor, Diphenyleneiodonium (DPI), and CDK4/6
inhibitor (ribocilib)®. The CSCs elicit ROS-mediated cytotoxicity in bulk tumors by

inducing oxidative stress. REDOX in CSCs contributes to plasticity. Recent studies have
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shown that modulation of redox potential through co-inhibition of glycolysis and
nuclear factor erythroid 2-related factor 3 (NRF-2)-mediated antioxidant responses are
taken to disrupt the state equilibrium in CSCs in breast cancer, which leads to terminal
differentiation and apoptosis®®. Metformin, an inhibitor of OXPHOS complex |, has
demonstrated anti-tumoral activity by reducing mammosphere formation, delaying in
vivo tumor growth, and inducing apoptosis in pancreatic CSCs unable to switch to

glycolysis®*,

Metabolic plasticity

{7 Abundance of oxygen and glucose ] [ Scarcity of oxygen and glucose ]

Pyruvate

E

Glycolytic phenotype OXPHOS phenotype

Figure 1: Schematic diagram shows the metabolic plasticity of CSC upon abundance or scarcity
of Oxygen and Glucose

Circumventing immune response
Immunosurveillance is an essential tool for eliminating cancerous cells by immune cells

that recognize cancer cells in the early stages before forming tumors (Figure 2). For
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transformed cells to form tumors, they have to overcome immunosurveillance by
developing immune escape mechanisms®> %, In biological systems, immune cells act as
early defenders against cancer. CSCs have gained the ability to evade immune
destruction and foster the establishment of an immunosuppressive tumor
microenvironment®” %8, CSCs have achieved this ability by the establishment of
intricate interactions with and recruitment of a broad range of immune cells, including
myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), tumor-associated
macrophages (TAMs), and T helper (Th) cells in the TME®*'%®  Modifying the
immunogenicity of cancer cells is another way to escape immune responses. The
changes in the antigenicity of cancer cells lead to the dominance of the subpopulation
and result in immunodominance CSCs in the tumor niche (Figure: 2). From this point,
recent reports suggest that the acquiring of immune escape mechanisms in CSCs are
responsible for the initiation of tumorigenicity. Expression of the major
histocompatibility complex (MHC) is crucial for the immune detection of malignant
cells by presenting tumor-specific antigens. Cancer cells that lose or down expressed
MHC expression results in defective antigen presentation and make cells escape from
immune responses by tumor-specific T cells. Thereby, the down-expressing of MHC-I
molecules in CSCs boost tumorigenicity and reduce immune reaction against tumor
cells through CTL killing?°%-102, CD44 positive CSCs have been reported to be decreasing
MHC-I expression in contrast to CD44 negative, which is considered non-CSCs.
Melanoma CSCs also express lower levels of the MHC-I and inhibit T-cell activation.

Similarly, low expression of MHC-1 was reported in putative CSCs of colorectal cancer
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and glioblastoma*> 193, Finally, macrophages were shown to play vital roles in tumor
growth and progression. In tumor microenvironments, macrophages display different
phenotypes known as tumor-associated macrophages (TAMs). In contrast to activated
macrophages phenotype M1, which has anti-inflammation and anti-cancer properties,
TAMs have tumor-supportive and immune-suppressive phenotypes. Recently, it has
been reported that TAMs could induce CSCs from non-stem cancer cells and could
regulate cancer cells' behavior by inducing dormancy that has stem cell-like properties
[50]. Moreover, the interaction between TAMs and CSCs could also promote
metastasis and drug resistance via a wide range of secreted factors. The CSCs also
secrete soluble factors like Galectin-3, GDF-15, IL-10, IL-13, PGE2, and TGFp, or express
immune checkpoint molecules with immunosuppressive functions, which have been
observed across various tumor types. By secreting these molecules, CSCs can regulate
the impairment of immune responses as well as regulate a pro-tumoral TIME.
Moreover, CSCs release pro-inflammatory cytokines such as IL-6, IL-8, IL-10, and IL-1.
These can contribute to maintaining an inflammatory and suppressive TME
representing the "niche" sustaining cellular stemness®197 Therapies that target the
whole bulk of the tumor usually fail to eradicate cancer and prevent relapse, mainly
because of repopulating the tumor by CSCs. New therapies strategies have emerged to
prevent relapse and efficiently treat cancers by focusing on targeting CSCs. As part of
these efforts, many studies use immune targeting therapies against CSCs and
treatments that boost the immune system as part of these efforts. Many

immunotherapies have been approved to treat numerous types of cancer!®. A
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growing body of evidence shows that some specific CSCs antigens are effective targets
of immunotherapy, such as olfactory receptor family 7 subfamily ¢ member 1 in colon
cancer, IL-3Ra receptor and T cell immunoglobulin mucin-3 in leukemia, CD133 in
pancreatic and liver cancers. These reports reveal that using antibodies against CSCs,
and antigens eliminated CSCs and reduced tumorigenicity'®-1'1, On the other hand,
CSCs antigens could also be used to design smart and targeted therapies against CSCs.
Antibody conjugated nanoparticles for CD133 showed improvement in the treatment

response and eliminated CD133 positive liver CSCs!'?

. while immunotoxin against
CD133 decreased tumor volume in Glioma CSCs!!3. For breast cancers, the
combination of immunotherapy against CD133 positive CSCs and other treatments
achieved better effects!!4. Furthermore, natural killer (NK) cells have also targeted
CSCs in several hematologic and solid cancers. As those tumor cells showed to express
ligands for NK cells receptors!'>117, Therapies using NK cells showed the great effect of
cytotoxicity on CSCs, inhibiting tumor growth and longer survival effects'®11°, Thus,
CSCs could be targets of the NK cell cytotoxicity-based treatments!?%'21, Finally,
chimeric antigen receptor-modified T (CART) cells have been used recently as another
treatment strategy targeting CSCs. CART targets cancer cells by modifying t-cells to
express a specific CSC antigen receptor. Several CSCs specific antigens have been
analyzed as potential targets of CART therapies as CD44, CD133 and EpCAM22:125 CAR-
T showed the ability to recognize CSCs leading to activation of T-cells against CSCs and

eliminating xenograft tumors in vivo'?3.
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Cancer stem cell and immune response

Reduce immune reaction against tumours through reducing activity of the T-cell and the
NK cells
&
g Promote metastasis and drug resistance
@ Cancer stem cell
%g Lose or down expression of MHC N Cancer associated

! fibroblasts

Figure 2: Interaction between cancer stem cells and immune cells in the tumor
microenvironment. The interaction led to escaping from immune response through
mechanisms such as down expression of MHC and reducing the activity of tumor
eliminating cells (T-cells and NK cells). The interaction promotes metastasis and drug

resistance of cancer cells

Focusing on CSC marker

The complex structure of tumors maintained by CSCs is thought to have a pivotal role
in chemotherapy resistance characteristics. Recently many researchers tried to
combine conventional drugs with CSC-targeting treatments to eradicate cancer and

prevent relapse or metastasis. The CSCs have been identified and isolated based on
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the expression of specific surface markers in many types of solid cancers. The most
common markers include CD24, CD44, CD133, and ALDH1. Many reports suggest using
combinations from more than one marker to identify or isolate CSCs since one marker
is usually not efficient. In this chapter, we will focus on CD44 and CD133 based
treatments as examples of marker-based therapies. CD44 is an adhesion receptor
binding to hyaluronic acid (HA). CD44 has first been identified as a marker for breast
CSCs, which are described as CD44+CD24- cells. CD44 has been suggested as a CSC
marker in various solid tumors such as pancreatic, liver, gastric, head and neck, glioma,
prostate, and ovarian. Monoclonal antibodies, aptamers, and nanoparticles have been
used to target CD44 positive CSCs. Conjected HA with toxins and cytotoxic drugs help
to precise targeting of CSCs at the same time help to improve the pharmacokinetic
characterizations of those agents!?® %7, Ajres et al. showed that the HA nanoparticles
drug delivery system specifically targets CSCs but not non-CSCs'?”128, Finally, HA
conjugated with doxorubicin and gemcitabine is reported to effectively inhibit the
growth of triple-negative breast cancer in vivo models'?®, CD133 (prominin-1), a
membrane glycoprotein, is suggested as CSCs markers in several solid tumor types
such as glioblastoma, lung, colorectal, ovarian, pancreatic, breast, liver cancer.
However, CSCs based on CD133 is still controversial since isolating CSCs depending on
CD133 alone is insufficient, and CD133 may not be a unique marker of CSCs. Waldron
showed that nanoparticles conjugated with CD133 aptamers could selectively
eradicate CD133+ osteosarcoma CSCs in vitro and in vivo®3°, Finally, the identification

and targeting of CSCs specific panels of markers could bring great significance in cancer
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treatments in combination with modern drug delivery systems. For acute myeloid
leukemia CSCs, the CD33 has been a significant marker3l. It is a transmembrane
protein that belongs to the sialic acid-binding sialoadhesin receptor (Siglec) family,
which gets activated by cross-linking or ligand-binding. Activation of CD33 Leads to the
phosphorylation f tyrosine of the intercellular inhibitory signaling motifs, recruitment
and activation of SH2-containing phosphatases Shp-1 or Shp-2, and endocytosis of the
CD33-ligand complex. CD33 has been targeted in numerous ways for AML. In a recent
study, CD33+, chemo-resistant xeno-grafts were targeted using CAR-CIK cells, which
had been specially genetically engineered using a specialized transposon system. These
cells are derived from the Genetic engineering of T cells with chimeric antigen

receptors1?’ 128,
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CSCs and therapy resistance
CSCs resistance is determined by DNA repair capability. CSCs have the power to evade

treatment like therapy or radiation therapy that contribute to the morbidity and
mortality rate (Figure: 3). The drug resistance happens due to intrinsic or non-
inheritable mechanisms which involve independent tumor factors that impede the
delivery of active drugs and intratumor epigenetic factors that confer multiple
mechanisms of chemoresistance (MOC)!32. CSCs are innately resistant to therapy
through their relative quiescence, their enhanced capacity for DNA repair, and ABC

transporter expression (Figure 3).

Quiescent state

The quiescent state is considered part of stem cell and tissue maintenance, permitting
stem cells to act as a cellular reserve allowing cell populations to be maintained and
regenerated after injury. In this state, cells do not seem to be actively dividing. It is
thought that therapy typically targets quickly dividing cells. Most cancer cells are
eliminated; however, quiescent CSCs stay and act as reservoir cells, later cancer
recurrence. Considered an essential characteristic of CSCs, quiescent cancer cells are
incontestable in each solid and blood cancer wherever therapy resistance is present.
Recent findings showed that CSCs are quiescent within the resting stage of the cell
cycle and proof against therapy since those medication targets proliferating cells®33,
The upregulation of DNA repair proteins in CSCs correlates with speedy DNA repair,

which additionally participates in drug and radiation resistance®3*13>, The quiescent
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state of CSCs protects these cells from antiproliferative agents and is, therefore, a vital

issue of CSC-related resistance to standard medical care.

Drug efflux

ATP-binding cassette (ABC) transporters bind to and hydrolyze a pair of ATP molecules
and use the binding and reaction energy to either efflux specific compounds across the
membrane or to flip them from the inner to the outer side of the membranes (Figure 1)
136138 CSCs express drug transporters are rendering them resistant to several
therapeutic agents. Therefore, strategies to target these cells are needed. The ABC
transporters are reportable to be overexpressed in CSC that use drug efflux pumps for
repelling lipophilic chemotherapeutic agents like doxorubicin from cells'3°. Among the
family of ABC transporters, ABCB1 and ABCG2 are proved to confer drug resistance.
ABC transport inhibitors may well be re-invented as 'CSC sensitizers' targeting the
foremost vital cells within the tumor. ABC inhibitors will not reduce tumor burden
directly, and their efficiency could be monetized with alternative methods, such as the
frequency of relapse or the time to relapse. It will be necessary to develop a panel of
ABC transporters inhibitors in the future, mainly to ABCG2, the most crucial
transporter for stem cells. Although fumitremorgin C (FTC) and Ko143 are specific
ABCG2 inhibitors 10, FTC is toxic to cells and mice. A screen for ABCG2 inhibitors has
yielded a collection of the latest candidates, several of which are amenable to
structural modification to spot a potent antagonist. Peptides mimicking TM domains of
ABC transporters have been verified to be selective and specific inhibitors and will, in

essence, be designed for any transporter!4!,
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Increased DNA damage responses (DDR)

Accumulated evidence indicates that CSC populations are resistant to therapy through
increased DNA repair response'3®138 This property of activation or increased DNA
response causes resistance to any exogenous DNA damage that leads to the failure of
cancer therapy 13°141, Although DDR is critical to the maintenance of genome stability
in normal cases, increased DNA repair can reduce the efficacy of DNA damaging agents
in treating cancers. DNA damaging agents used for cancer therapy can induce various
DNA lesions, such as covalent crosslinks between DNA bases, base alkylation, DNA
single-strand breaks (SSB) and double-strand breaks (DSB). DNA damage response is a
hierarchical process performed through a sequence of steps. The DNA lesions are
distinguished by sensor proteins that identify chromatin alterations that result from
the DNA damage. Transducers are then brought into action to deliver the damage
signal to downstream effectors. It is this relay system from transducers to effectors
that permits a single DNA lesion to modulate numerous pathways. The transducers
may also be involved within the assembly of DNA-repair complexes at the sites of DNA
damage'*?. Following sensing of a DNA double-strand break (DSB), ATM protein is
activated, and a portion of the nuclear ATM binds to DSB sites'*>. DDR and the
expression of various repair proteins are also found to be highly up-regulated in
tumour-initiating cells isolated from mouse mammary gland tumours, indicating an
elevated DDR in these CSCs!#. A significant increase in the expression of DNA repair-

related genes, such as BRCA1 and RAD51, have also been observed in pancreatic CSCs
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compared with bulk cells. These spheroid cells also repair DNA breaks more efficiently

than bulk cells after treatment with gemcitabine!4>147,

Nucleotide excision repair

Nucleotide Excision Repair (NER) is considered the most critical repair pathway in
cancer, including CSCs. The NER can deal with a broad spectrum of DNA lesions
developed from either endogenous or exogenous mediators. It removes DNA lesions
such as crosslinks, photolesions, alkylation adducts, and bulky aromatic hydrocarbons.
NER is a multistep pathway that removes the helix-distorting lesions using the above
thirty proteins. The damaged DNA bases are recognized by RAD23B (UV excision repair
protein) and XPC (xeroderma pigmentosum complementation group C)154, whereas
XPA (DNA repair protein complementing XP-A cells), RPA (replication protein A), RNA
polymerase Il transcription factor 11A and XPG excise the fragment of 27-30
nucleotides surrounding the damaged bases. XPA is well-thought-out to be a central
coordinator of the NER, which stimulates lesion verification by TFIIH155, and binding
to altered nucleotides in ssDNA in addition to interaction with almost all NER
proteins156. NER removes several structurally unrelated DNA lesions by a multi-wise
‘cut and patch’-type reaction. The global genome NER (GG-NER) avoids mutagenesis by
probing the genome for helix-distorting lesions. At the same time, transcription-
coupled NER (TC-NER) eliminates transcription-blocking lesions to permit unperturbed
gene expression, thus preventing cell death. Consequently, defects in GG-NER result in

cancer predisposition. Damage-induced phosphorylation72, poly (ADP-ribosylation)
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(PARylation), sumoylation and ubiquitylation have been shown to regulate NER157-

160.

Resistant to redox stress (ROX)

The ability to control cellular levels of ROS is one of the best-understood factors that
regulate the biology of stem cells. At the same time, excess amounts of ROS limit the
function of HSCs161. At typical physiologic altitudes, ROS are essential for the
appropriate part of the stem and progenitor cells162, 163. Consequently, cautious
regulation of ROS can play a programmatic role in stem cell quiescence and
differentiation fate. On the other hand, redox regulation is considered critical for
cancer recurrence through resistance to chemotherapy or radiotherapy. The CSCs
possess this potential of redox regulation by controlling low ROS production levels and
sifting ROS-dependent signaling pathways. The lower level of ROS maintained by CSCs
through overexpression of antioxidant enzymes, which assist them in surviving from

therapeutic agents.

BRCA DNA damage repair pathway

The BRCA (Breast Cancer) genes are part of a complex that repairs double-strand
breaks in DNA for normal and disease. DNA cross-linking agents are an essential source
of chromosome/DNA damage. Both BRCA1 and BRCA2 are essential genes for cellular
development165, 169. It has been demonstrated that these genes are required for the
maintenance of genome integrity and resistance to DNA damage168, 170. Moreover,
without functional BRCA genes, cells are inefficient in repairing DNA damage by

homologous recombination, which may cause apoptosis or cell transformation171-173.
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The BRCA1 and BRCA2 work together as part of a complex that acts directly in double-
strand break (DSB) repair. BRCA1 and BRCA2 defective cell lines exhibit similar
sensitivities to DNA-damaging agents and show defects in DSB repair, which in turn
show us the critical role of those genes165, 173. BRCA1 Likely plays an important role
in the function and behavior of stem cells in a large subset of cancer. BRCA1 is
frequently mutated in human cancers, which is associated with global chromosome
instability and tumor formation174. Many chemotherapeutic agents exercise anti-
cancer efforts by inducing DNA damage. To oppose DNA damage, the tumor cells,
especially CSCs (CSCs), activate DNA damage repair pathway-related genes like
BRCA.ts164, so this property is considered one of the most critical problems during

therapy.

Chemotherapy

Cancer stem cells Drug resistance

due to:

i Quiescent state

ii. Drug efflux

iil. DNA damage responses (DDR)

iv. Nucleotide excision repair

/. Resistant to redox stress (ROX)

Recurrence

Cancer stem cells survival

Figure 3: Schematic diagram representing the over all idea of CSC therapy resistance.
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Conclusion

The alarming increase in cancer prevalence indicates the need for a proper
understanding of the pathophysiology of cancer. Previously developed standard
models for cancers indicated that all carcinogenic cells hold equal potential for
malignancy, tumorigenicity, and metastasis. However, recent advances in oncology
reveal that tumors are highly heterogeneous. The cells present in the cancer hold
variable states of differentiation, which directly affects the gene expression, immune
response, tumor metastasis, propagation potential, and reaction to therapy. Different
arrays contribute to the characteristic nature of tumors, such as genetic and epigenetic
clonal variation, metabolic shifts, and microenvironmental factors. Combinational
treatment strategies depending on the location, the grade of the tumor, and stage of
the disease include surgery, postoperative adjuvant radiation therapy or
chemotherapy, hormonal therapy, nanoparticles-based hyperthermia, photodynamic
photo-thermal or targeted therapy like immunotherapy or synthetic lethality. Patient-
derived CSCs are hard to isolate, and the process is rather complicated and time-
consuming. With the recent advancement of new technologies, it is possible to
investigate different cellular mechanisms that allow us to understand the conversion
process more lucidly, allowing us to design a more efficient drug delivery system to

combat CSCs.
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Chapter Two: Evaluation of NADPH
OXIDASE Inhibitors

Introduction

Reactive oxygen species and oxidative stress

Roughly 2.45 billion years ago, due to the oxygenic photosynthesis by cyanobacteria,
the concentration of molecular oxygen in the earth's atmosphere started to increase.
This led to the evolution of aerobic respiration and the development of complex
eukaryotic organisms!. Over the past decades, it had been stated in various reports
that oxygen-containing free radicals were responsible for toxic effects in aerobic
organisms, referred to as oxidative stress or oxygen toxicity?. Reactive oxygen species
(ROS) are a class of highly reactive molecules or free radicals generated through
different cellular processes such as oxygen metabolism, respiration and under stress
conditions. Among all the ROS, superoxide anion (¢0O,-), hydrogen peroxide (H;0>),
and hydroxyl radicals (¢OH) are the most known examples. In contrast, other less
popular examples are hypochlorous (HOCI), hypobromous (HOBr), and hypoiodous
acids (HOI). Incorporation of peroxyl (ROQe), alkoxy (ROe), semiquinone (SQe-) and
carbonate (COse-) radicals and organic hydroperoxides (ROOH) is also frequently

encountered within the definition of ROS3. Different studies have demonstrated that
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ROS is a messenger in cell signaling, including apoptosis, gene expression, and the
activation of cell signaling cascades®. It has been implicated that ROS has been
associated with various diseases triggered by oxidative stress, which occurs due to
disruption of the balance between excessive formation of ROS and limited antioxidant
defenses that directly damage numerous macromolecules such as nucleic acids,
proteins, and non-saturated lipids in the cell. Under normal physiological conditions,
the production of ROS is highly restricted to specific subcellular sites and is
downregulated by several harmful feedback mechanisms. Production of ROS "in the
wrong place at the wrong time" or generation of ROS in excessive amounts results in
oxidative stress leading to cellular dysfunction and apoptosis, which contribute to
atherosclerosis, heart failure, hypertension, ischemia/reperfusion injury, cancer, aging,
and neurodegeneration. Although numerous enzyme systems produce ROS in
mammalian cells, four enzymatic methods seem to predominate®”’. These include the
NADPH oxidases, xanthine oxidase, uncoupled NO synthase, and the mitochondrial
electron transport chain. There is a powerful interplay between these sources, such
that activation of one can lead to activation of the others. The phenomenon of ROS-
induced ROS production is very well documented: H,O, activates O,e- production by
phagocytic and nonphagocytic NADPH oxidase; peroxynitrite uncouples endothelial NO
synthase (eNOS), switching from NO to O;e- production, and increases the production
of mitochondrial ROS; and H,0; induces transformation of xanthine dehydrogenase
into xanthine oxidase, a source of H20; and O2¢-2. The interplay between specific ROS

sources, however, is not still evident.
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Figure 1. Sources of reactive oxygen species, antioxidant defence and subsequent

biological effects depending on the level of ROS production.

NADPH Oxidases

NADPH oxidases are a family of enzyme complexes whose primary function is to
catalyze the transfer of electrons from NADPH to molecular oxygen via their Nox
catalytic subunit, generating Oz2e— and H20 and represent the central control point for
the regulation of the redox state. Over the past several years, it has become clear that
reactive oxygen species (ROS) play an essential role in physiological and pathological

processes. Nicotinamide adenine dinucleotide phosphate (NADPH Oxidase) is a
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superfamily of enzymes consisting of 5 members NOX1, NOX2, NOX3 NOX4, NOX5,
DUOX1, and DUOX2. They have been known to be critical producers of ROS. Out of the
seven members of the NOX family, NOX1, NOX2, NOX3, and NOX5 are transmembrane
proteins that function to transport electrons across biological membranes to reduce
oxygen superoxide. At the same time, NOX4, DUOX1, and DUOX2 are producers of
hydrogen peroxide (H202)*%°. Cellular reactive oxygen species (ROS) such as hydrogen
peroxide (H202) and superoxide anion (O ®-) are generally produced in response to
cytokine or growth factor stimuli or as a by-product of mitochondrial oxidative

phosphorylation.

The NOX enzymes contribute to numerous biological and pathological processes,
including hearing and balance (NOX3), blood pressure regulation, inflammation, cell
growth (NOX1/NOX2), and differentiation (NOX4). The NOX proteins vary in terms of
their mode of activation and localization. NOX1 is expressed in smooth muscle cells but
is also present in other vascular cells. NOX2, previously known as gp91phox, is present
in endothelial and phagocytic cells. NOX3 is expressed in the brain and inner ear, while
NOX4 is expressed and active in vascular smooth muscle and endothelial cells. NOX5
has been identified in immature human lymphatic tissues and endothelial cells,
activated by Ca2+ binding to EF-hand motifs. The DUOX1/DUOX2 proteins possess a
dual nature due to an extracellular peroxidase domain in addition to the EF-hand Cax+

binding and gp91phox homology domains?'?.

Originally isolated from the thyroid, they produce the H,0, used to oxidize iodide

during thyroid hormone synthesis. NOXs are membrane proteins that share the same
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catalytic core: a six transmembrane helical domain (TM) and a C-terminal cytosolic
dehydrogenase domain (DH). DH contains the binding sites for FAD (flavin adenine
dinucleotide) and NADPH, whereas TM binds two hemes. The enzyme catalytic cycle
entails a series of steps, which sequentially transfer electrons from cytosolic NADPH to
an oxygen-reducing centre located on the extra cytoplasmic side of the membrane?!?,
Thus, a distinctive feature of NOXs is that NADPH oxidation and ROS production take
place on the opposite sides of the membrane. Structurally, NADPH oxidase is a
multicomponent enzyme that includes two integral membrane proteins, glycoprotein
gp91 Phox and adaptor protein p22(phox), which form the heterodimeric
flavocytochrome b558 that constitutes the core of the enzyme. During the resting
state, the multidomain regulatory subunits p40(phox), p47(phox), p67(Phox) are in the

cytosol organized as a complex.

The activation of phagocytic NADPH oxidase occurs through a complex series of
protein interactions. The role of NOX has also been well established under non-
pathological conditions. Vascular NOX generates ROS essential for maintaining normal
cardiovascular health through regulating blood pressure, which is vital to health, as
aberrations from normal levels can be lethal. The presence of ROS reduces the
bioavailability of the endothelial-derived relaxation factor, nitric oxide (NO), which
regulates blood pressure. In normal kidneys, ROS is produced through NOX3, and these
molecules regulate renal function through the control of Na+ transport,
tubuloglomerular feedback, and renal oxygenation. Furthermore, oxygen radicals

increase NaCl, absorption in the loop of Henle, resulting in the modulation of Na+/H+
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exchange. Pulmonary NOX2 has been implicated in the airway and vascular remodeling.
The p22phox-dependent NOX2 regulates the proliferation and differentiation of
smooth muscle cells through the activation of nuclear factor kappa B (NF-kB) and
inducible nitric oxide synthase (iNOS). ROS generation through DUOX and NOX1 in the
colon mucosa promotes serotonin biosynthesis, essential in regulating secretion and
motility. NOX2 is involved in the normal functioning of the central nervous system
through angiotensin Il signaling in the nucleus tractus solitarius and the hypothalamic
cardiovascular regulator nuclei. Moreover, microglial cells express NOX2 and p22phox,
and both enzymes regulate microglial proliferation and neuronal apoptosis during
nerve growth factor deprivation.

NOX Regulation of Cancer Stem Cells

One of the major sources of reactive oxygen species (ROS) generated within stem cells
is the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family of
enzymes (NOXs), which are critical determinants of the redox state beside antioxidant
defense mechanisms 3. This balance is involved in another one that regulates stem cell
fate: indeed, self-renewal, proliferation, and differentiation are decisive steps for stem
cells during embryo development, adult tissue renovation, and cell therapy application.
Ex vivo culture-expanded stem cells are being investigated for tissue repair and
immune modulation, but events such as aging, senescence, and oxidative stress reduce
their ex vivo proliferation, which is crucial for their clinical applications. Many types of
cultured cancer cell lines and human tumors at early and late stages of tumorigenesis

express higher levels of NOX1, NOX2, NOX4, and NOXS5 or their regulatory components
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compared with normal controls, suggesting a pivotal role either in cancer development
or in progression!4. Cancer stem cells (CSCs) are involved in various tumorigenic
process such as invasion, metastasis, angiogenesis, and resistance to chemotherapy. In
contrast to cancer cells, which have elevated ROS levels, CSCs generally maintain low

levels of intracellular ROS by means of various mechanism?31>,

Unfortunately, tumor-initiating cells (TICs)/or cancer stem cells seem to be the most
malignant cell subpopulation in tumors because of their resistance to chemotherapy or
radiation treatment. Therefore, a potential key innovation for cancer treatment is
represented by targeting TICs!®1’. In particular, Liu and Colleague showed that PPARy
agonists inhibited the cancer stem cell-like phenotype and decreased tumor growth of
human hepatocellular carcinoma (HCC) cells. The increase in NOX2-derived ROS was
partially responsible for the inhibitory effects mediated by PPARy agonists.
Nevertheless, ROS generation induced by PPARy agonist significantly activated Akt,
which in turn led to TIC survival by limiting ROS generation. Therefore, much remains
to be learned about this topic, and not only NOX2 but also the role played by other
isoforms should be considered; this represents a limit of this study, that otherwise
suggests a potential treatment of liver cancer based on a combinatory strategy
involving an Akt inhibitor and a PPARy agonist for inhibition of stem cell-like properties
in HCCs. Focusing now on a different and non-solid tumor, it is difficult to identify a
single driving force for leukemogenesis since it is a multistep process'®. However, the
increased production of intracellular ROS characteristics of tumor cells is also a feature

of leukemic cells. Elevated intracellular ROS level is indeed a feature observed in
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numerous leukemic cell lines and in the cells from patients with different types of
leukemia®®. As previously reported, a low level of ROS is important for maintaining
quiescence and the differentiation potential of hematopoietic stem cells (HSCs),
whereas the level of ROS increases during hematopoietic differentiation. Analogously,
in acute myeloid leukemia (AML), a low level of ROS is associated with leukemic stem
cell (LSC) quiescence, whereas a high level promotes blast proliferation?. An
interesting study, suggesting that cancer stem cells are known to mediate metastasis
and recurrence and are therefore a promising therapeutic target, is focused on the CSC
inhibitory effect of dihydrotanshinone (DHTS) that involves NOX5 activation. NOX5-
derived ROS induced by DHTS deregulated the Stat3/IL-6 pathway, leading to CSC
death. Since cell transformation frequently relies on NADPH oxidase-driven ROS
production, NADPH oxidases appear to be suitable therapeutic targets in leukemia as
recently reported. In this context, preclinical data show that the inhibition of NADPH
oxidases is an effective strategy to block the signaling cascades initiated by the BCR-
ABL and FLT3-ITD oncokinases in CML and AML cells, respectively. Thus, the use of TKis
and NADPH oxidase inhibitors presents a strong synergistic effect. As discussed above,
several oncogenes increase ROS production through NADPH oxidases, which turns
these enzymes into desirable targets against leukemia?!23. Taken together, results
suggest distinct and specific signals and effects for NOX family enzymes not only in
leukemia but also in various oncogenic mechanisms, which deserve to be elucidated,

to find out effective therapies.
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Enrichment of a population of breast cancer stem-like cell population, induced by
exposure to low concentrations of combined carcinogens, correlates with the
activation of the RAS-Erk1/2-NOX1 pathway which plays an important role in
maintaining increased cell proliferation?*. The opposite result was observed for stem-
like holoclones derived from the PC3 human prostate cancer cell line, which showed
reduced expression of NOX2, NOX4, and NOX5, and their upregulation significantly
lowered cell survival in vitro. Gemcitabine, a chemotherapeutic drug used in advanced
pancreatic cancer, is characterized by low efficiency, and causes rapid development of
chemoresistance. New data show that the pancreatic cancer stem cell phenotype
(characterized by CD44+, CD24+, and CD133+ markers) can be induced by gemcitabine
itself. Gemcitabine activates the NF-kB/STAT3 signaling cascade through NOX-
mediated production of ROS, and pancreatic cell lines incubated with the NOX inhibitor
apocynin show not only a decrease in ROS and p-STAT3 levels but also an abolished
expression of Nanog, Sox2, and Bmil, genes associated with self-renewal and
maintaining pluripotency. NOX2 has been suggested as a potential target in the
development of a therapy against chronic myeloid leukemia (CML) and glioblastoma,
as the resistance of CML stem cells and patient-derived glioblastoma stem cells to
tyrosine kinase inhibitors seem to be mediated through the NOX2/Egrl/Fyn axis®.
Chemotherapy may induce the overproduction of ROS which leads to NF-kB-mediated
release of inflammatory cytokines, including IL-6 and IL-8, and drive cancer progression
through inflammation. Additionally, interleukin-6 is known to induce resistance of

myeloma cells to chemo- and radiotherapy by NF-kB-dependent increase of
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manganese superoxide dismutase expression (MnSOD). Unfortunately, there is not
enough data to confirm whether such re-establishing of redox homeostasis exist in
cancer stem cells?®. The role of NOX-generated ROS in the functioning of cancer stem
cells is not well understood yet, but considering their role in cancer recurrence and
chemo- and radiotherapy resistance, this seems to be one of the most important

research areas in current oxidative medicine.

In this study
In this study the NOX inhibitors Apocynin, G4 and G6, VAS2870, Diphenyaliodonium

chloride (DPI), ATPsynthase inhibitor Oligomycin, iron chelators Deferoxamine and
Deferasirox to evaluate anti CSC effect. NOX inhibitors G4 and G6 are patented and
designed by Glucox Biotech AB. The substance G4 inhibits both Nox2 and Nox4
enzymes, whereas the inhibitors G6 inhibits NOX2 only. Apocynin and VAS2870 is
known to knock down all the NADPH oxidase enzymes. In this experimental design
effect, the of these 8 drugs were evaluated in the miPS-HuhcmP cancer stem cell
models. The cancer stem cell models were derived from miPS cells without any

without any genetic manipulation ?’.

Aim of the Study

The aim of the experimental design is to evaluate the effect of the NOX inhibitors
Apocynin, Diphenyleneiodonium chloride (DPI), GLX7013144 (G4), GLX7012166(G6)
and, VAS2870, Oligomycine, Deferoxamine and Deferasirox using 2D culture condition.

The hypothesis is that, reducing the enzymatic activity of Nox will decrease the viability
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of the miPS-LLCcmP and miPS-Huh7cmP cells by down regulating the production and
levels of ROS. The purpose of the study is to evaluate the efficacy of the new
substances provided by the Glucose Biotech AB for treatment of cancer, by targeting

the NADPH oxidase enzymatic activity in Cancer.

2. Materials and Methods

2.1 Cell culture

The miPS-Huh7cmP cells was obtained by the conversion of miPSCs (iPS-MEF-Ng-20D-
17, Lot No. 012, Riken Cell Bank, Tokyo, Japan) with the conditioned media of human
liver cancer cell line Huh7 cells . Since GFP gene is originally integrated into the
genome together with nanog promoter puromycin (puro) resistant gene, GFP
expression was controlled by the stages of differentiation of the cells. Also, in the
presence of puro, the cells were considered undifferentiated with GFP expression.
miPS-Huh7cmP cells were maintained on 1% gelatin-coated 60 mm-dishes in miPS
medium consisting of DMEM (Wako, Tokyo, Japan), 15% fetal bovine serum (FBS)
(Thermo-Fischer, CA), 0.1 mM MEM non-essential amino acids (NEAA) (Gibco,
Waltham, MA, USA), 2 mM L-glutamine (Nacalai Tesque, Kyoto, Japan) and 0.1 mM 2-
mercaptoethanol (Merck-Millipore, MA, USA) supplemented with 50 U/mL
penicillin/streptomycin 14 (Wako-Fujifilm, Japan). In this study cells were cultured in

an incubator at 37°C in 5% CO; atmosphere.
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2.2 Chemical compound

Diphenyleiodonium chloride (DPI) (CAS No. 4673-26-1, Tocris bioscience, UK) was
dissolved in dimethyl sulfoxide (DMSO) (Wako, Japan) and stored at —20°C until use.
VAS2870 (Funakoshi Co., Ltd. CAS: 722456-31-7, Tokyo) was dissolved in dimethyl
sulfoxide (DMSO) and stored at —20° C until use. GLX7013144 and GLX7012166 were

obtained from Glucox Biotech AB.

2.3 Cell proliferation assay

To measure the cell proliferation, 500 miPS-Huh7cmP cells were seeded per well in 96-
well plates (TPP, Switzerland) and incubated overnight at 37 °C. After 24 hr the media
was changed to medium containing varying concentrations of DPI and the incubation
was further continued. After 12hr of incubation with drug, 5mg/mL of 3-[4,5-
dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bromide (MTT) (Dojin, Japan) in PBS was
added at a final concentration of 0.5 mg/mL in each well and the plate and incubated
for 4 hr. Formed formazan crystals were dissolved with 10% w/v SDS in 0.02 N HCI by
incubating overnight. Then the absorbance of each well was measured at 570 nm using
MTP-800 Lab microplate reader (Corona Electric, lIbaraki, Japan). All the experiments
were performed in triplicate. Cell viability was calculated relative to the untreated cells.

IC50 values were estimated from the survival curve.

2.4 Statistical analysis
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Normal distribution (Shapiro—Wilk test) and homogeneity of variances (Brown Forsythe
test) were performed. One way ANOVA was used to analyze the results. All statistical
analyses were performed with Prism 7 (Graph Pad Software, CA), at a significance level

of 5% (P < 0.05). Data were represented as mean + SD.

Results
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Figure 2: Bar Graph representing cell viability of miPS-HuhcmP cells in 1uM
concentration of Apocynin, G4, G6, Deferoxamine, Deferasirox, DPI, Oligomycin,

VAS2870.

The drug concentration at 1uM and the miPS-Huh7cmP cells were treated with all the
inhibitors with for 12 hours. Apocynin (97.57 + 5.1, p=0.403), G4 (102 £ 10.70. p=
0.4.43), G6 (101.31 + 6.11, p=0.211) and VAS2870 (100.825 * 0.455) showed no effect
on the miPIS-HUH7cmP cells, whereas Deferoxamine (55.06 + 5.99, p= 0.0001),
Deferasirox (79.23 + 6.88, p= 0.064), DPI (23.15 + 0.002) and Oligomycin (64.166 + 8.7
p= 0.01) had significantly reduced the viability of the cells, Out of the 8 drugs tested

DPI has the lowest viability rate (Figure 2).

Discussion
We were screening for NADPH oxidases that were that would show significant amount

reduction in cell proliferation in thew concentration of 1uM. Apocynin is a naturally
occurring acetophenone, found in the roots of Apocynum cannabinum and Picrorhiza
kurroa. Apocynin has been primarily reported as an NADPH oxidase (NOX) inhibitor
and prevents translocation of its p47phox subunit to the plasma membrane, observed
in neurodegeneration and hypertension. However, recent studies highlight its off-
target effects that it can function as a scavenger of non-radical oxidant species, which
is relevant for its activity against NOX 4 mediated production of hydrogen peroxide 2%%°,
Apocynin showed no anti-CSC effect on the CSC model miPS-Huh7cmP cells. VAS2870

has been previously reported to show anti-cancer effect. However in the cancer stem
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cell model miPS-Huh7cmP cells in 1uM concentration did not show any effect on
reduction of cell proliferation 3%3, Cancer cells have upregulated glycolysis compared
with normal cells, which has led many to the assumption that oxidative
phosphorylation (OXPHOS) is downregulated in all cancers. Oligomycin is knows as an
ATP-synthase blocker which targets OXPHOS. Our results indicate that Oligomycin
inhibits CSC proliferation by 40% in that 1uM concentration 32-3% Deferoxamine is an
organic compound derived from the bacterium Streptomyces pilosus and can chelate
iron and had been previously reported to how anti-cancer stem cell effect 3>36,
Dereroxamine reduced the cell viability by 55% and Deferasirox reduced the cell
viability by 20%. NADPH oxidases have a heme binding domain. We hypnotized that
the iron chelators would partially inhibit anti-CSC effect. Diphenyeliodonium chloride is
a renounced NADPH oxidase inhibitor and also a potent mitochondrial complex 2
inhibitor 3738 | In the liver cancer stem cell model miPSHuh7cmP cells DPI decreased
proliferation of the cells by 80% while only 20% of the cells had been alive in the frame

of 12hr treatment.

Conclusion
Based on the drugs evaluated we chose DPI as out target candidate for checking the

anti-CSC effect.
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Chapter Three: Diphenyleneiodonium
efficiently inhibits the characteristics
of a cancer stem cell model derived
from induced pluripotent stem cells

Abstract

Diphenyleneiodonium (DPI) has long been evaluated as an anti-cancer drug inhibiting
NADPH oxidase, the ICsg in several cancer cell lines were reported 10 uM, which is too
high for efficacy. In this study, we employed miPS-Huh7cmP cells, which we previously
established as a cancer stem cell (CSC) model from induced pluripotent stem cells, to
reevaluate the efficacy of DPI because CSCs are currently one of the main foci of
therapeutic strategy to treat cancer, but generally considered resistant to

chemotherapy. As the results, the conventional assay for the cell growth inhibition by
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DPI accounted for an ICsp at 712nM that was not enough to define the effectiveness as
an anti-cancer drug. Simultaneously, wound healing assay revealed an ICsp of
approximately 500 nM. Comparatively, the ICso values shown on sphere formation,
colony formation, and tube formation assays were 5.52, 12 and 8.7 nM, respectively.
However, these inhibitory effects were not observed by VAS2780, also a reputed
NADPH oxidase inhibitor. It is noteworthy that these three assays are evaluating the
characteristic of CSCs and are designed in the 3D culture methods. We concluded that
DPI could be a suitable candidate to target mitochondrial respiration in CSCs. We
propose that the 3D culture assays are more efficient to screen anti-CSC drug
candidates and better mimic tumor microenvironment when compared to the
adherent monolayer of 2D culture system used for a conventional assay, such as cell

growth inhibition and wound healing assays.

Significance of study

Diphenyleneiodonium (DPI) is NADPH oxidase inhibitor. Here we revaluate DPI as an
anticancer drug by assessing its effect on iPS derived cancer stem cell model in both 2D
and 3D culture conditions. Our data showed that DPI inhibited the four major
characteristics, self-renewal, differentiation, tumorigenic and migration potential of

the cancer stem cell model, strengthening its position as a potent anticancer drug.
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1. Introduction

Cancer stem cells (CSCs), also known as tumor initiating cells, exhibit self-renewal
properties, tumorigenicity, and multilineage differentiation capacity, have been found
to be responsible for cancer relapse and metastasis. CSCs can evade treatments like
chemo- and radiotherapy which make the morbidity and mortality rate poor. Although
CSCs are important targets for therapy, clinically effective targeting strategies have not
yet been established due to the therapeutic resistance. This is because of the low
number of CSCs in each tumor tissue which is one of the substantial problems to
obtain enough amounts of cells to be studied well. Our group has been working on the
establishment of novel CSC models from pluripotent stem cells 1. These cells were
epigenetically converted from pluripotent stem cells without genetic manipulations
under the mimic of cancer inducing microenvironment. The method of CSC

preparation has the advantage producing various types of CSCs not only with
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mutations but also with epigenetic alterations based on the naturally occurring events
such as chronic inflammation involving different growth factors, cytokines, chemokines
etc. The CSCs derived from iPSCs can reflect the patient genetic background than those
obtained from experimental genetic manipulation. And this method allowed us to
establish CSC models under various conditions of microenvironments, so that it
become possible to evaluate the efficacy of the drugs against CSCs in easier ways than
before 2. Currently, many aspects of the targets in a CSC are conceivable to design a
drug against CSCs °. Sometimes the apoptosis inhibiting topoisomerase with
Daunorubicin/Doxorubicin 4, sometimes the dynamics of tubulins inhibiting with
Paclitaxel and others cytoplasmic signaling have been evaluated . The metabolic
pathways are also considered as good target candidates ’. Typically, glycogenesis could
be related with Warburg effects leading to ATP production in anaerobic conditions.
However, ATP production is generally constitutive through both glycogenesis and
mitochondrial TCA cycle coupled with electron transport system 2. In this energy
production process NADPH oxidation is essential to salvage NADH, so that inhibition of
this process would be one of the targets to treat CSCs ®'1. To answer the purpose,
Diphenyleneiodonium chloride (DPI) was employed in this study as a candidate to
inhibit NADPH oxidase resulting in the depletion of NADH attenuating ATP synthesis 2.
We tried to assess the effect of DPI on the CSC properties using miPS-Huh7cmP cells
which were established as CSCs from mouse induced pluripotent stem cells (miPSCs) in

the presence of the conditioned medium of human liver cancer cell line Huh7 cells 3.
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VAS2870 was used as a reference molecule of NADPH oxidase inhibitor which

specifically blocks the NOX isoforms but does not inhibit mitochondrial ATP synthesis.

2. Materials and Methods

2.1 Cell culture

The miPS-Huh7cmP cells was obtained by the conversion of miPSCs (iPS-MEF-Ng-20D-
17, Lot No. 012, Riken Cell Bank, Tokyo, Japan) with the conditioned media of human
liver cancer cell line Huh7 cells . Since GFP gene is originally integrated into the
genome together with nanog promoter puromycin (puro) resistant gene, GFP
expression was controlled by the stages of differentiation of the cells. Also, in the
presence of puro, the cells were considered undifferentiated with GFP expression.
miPS-Huh7cmP cells were maintained on 1% gelatin-coated 60 mm-dishes in miPS
medium consisting of DMEM (Wako, Tokyo, Japan), 15% fetal bovine serum (FBS)
(Thermo-Fischer, CA), 0.1 mM MEM non-essential amino acids (NEAA) (Gibco,
Waltham, MA, USA), 2 mM L-glutamine (Nacalai Tesque, Kyoto, Japan) and 0.1 mM 2-
mercaptoethanol (Merck-Millipore, MA, USA) supplemented with 50 U/mL
penicillin/streptomycin * (Wako-Fujifilm, Japan). In this study cells were cultured in an

incubator at 37°Cin 5% CO, atmosphere.
2.2 Chemical compound

Diphenyleiodonium chloride (DPI) (CAS No. 4673-26-1, Tocris bioscience, UK) was

dissolved in dimethyl sulfoxide (DMSO) (Wako, Japan) and stored at -20°C until use.
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VAS2870 (Funakoshi Co., Ltd. CAS: 722456-31-7, Tokyo) was dissolved in dimethyl

sulfoxide (DMSO) and stored at —20° C until use.
2.3 Cell proliferation assay

To measure the cell proliferation, 500 miPS-Huh7cmP cells were seeded per well in 96-
well plates (TPP, Switzerland) and incubated overnight at 37 °C. After 24 hr the media
was changed to medium containing varying concentrations of DPI and the incubation
was further continued. After 12hr of incubation with drug, 5mg/mL of 3-[4,5-
dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bromide (MTT) (Dojin, Japan) in PBS was
added at a final concentration of 0.5 mg/mL in each well and the plate and incubated
for 4 hr. Formed formazan crystals were dissolved with 10% w/v SDS in 0.02 N HCI by
incubating overnight. Then the absorbance of each well was measured at 570 nm using
MTP-800 Lab microplate reader (Corona Electric, Ibaraki, Japan). All the experiments
were performed in triplicate. Cell viability was calculated relative to the untreated

cells. ICso values were estimated from the survival curve.
2.4 Sphere formation

Self-renewal potential was evaluated by sphere-formation in non-adhesive conditions.
Cells were seeded at 10000 cells/well and maintained on 24-well ultra-low attachment
surface plates (Coaster 24-well plate, Corning, ME) in serum-free DMEM supplemented
with insulin-transferrin-selenium-X (ITS-X) (1/100 v/v, Life Technologies, Carlsbad, CA,
USA), 0.1 mM NEAA, 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol and 50 U/mL
penicillin/streptomycin supplemented with different concentration of DPI. After 5

days, from each well the number of the spheres with diameter 250 um was counted
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with Metamorph Imaging software (Molecular Devices, UK). Images were captured
with an IX81 inverted microscope equipped with a fluorescence device (Olympus,
Tokyo, Japan).

2.5 Clonogenic assay

To assess the colony formation, cells were seeded at 500 cells/dish on gelatin-coated
35-mm dishes (TPP, Switzerland). After 24 hr of incubation, different concentrations
DPI was added to each dish and culture was continued up to 10 days until milky white
colonies appeared. Then the colonies were fixed using 75% methanol (Nacaclai Tesque,
Japan) and stained with 7.5 % w/v Giemsa (Sigma-Aldrich, MO) in glycerol/methanol

(1+1).
2.6 In vitro tube formation assay

Coverslips coated with Matrigel (Corning Inc., NY) were prepared in a 24-well plate
(TPP, Switzerland). The miPS-Huh7cmP cells were suspended in endothelial basal
medium EBM2 (Lonza, Switzerland) supplemented with 2% FBS, seeded at 5x10°
cells/well in presence or absence of DPI and VAS2870, and incubated at 37°C in the
atmosphere of 5% CQO,. After 24 hours, tube formation was observed under an IX81
inverted microscope equipped with fluorescence apparatus (Olympus, Japan). After
washed with PBS, the cells were fixed with 4% paraformaldehyde for 20min at 25°C.
Then the cells were blocked with 5% FBS for 20 min at 25°C and stained with anti-CD31
rabbit polyclonal antibody (ab28364, Abcam, UK) overnight at 4°C. Next, the cells were
washed with PBS and incubated with goat anti-rabbit IgG antibody labelled with Alexa

Fluor™ 555 (A-21428, Life 238 Technology, CA). After being washed with PBS,
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coverslips were mounted on slides with mounting solution with DAPI and images were

observed under an FSX100 inverted fluorescence microscope (Olympus, Japan).
2.7 Scratch wound-healing assay

Prior to the wound healing assay, the doubling time of the cells were estimated as
following. miPS-Huh7cmP cells in mouse iPS media were seeded into 35-mm dishes at
a density of 20,000 cells/dish coated with gelatine. The cells were incubated at 37°C in
5% CO, atmosphere. At very 24 hr up to 96 hr, the cells were trypsin zed and counted
by Trypan Blue exclusion method with a haematocytometer under an optical
microscope. The doubling time was estimated by the equation by Roth V., 2006,
Doubling Time Computing <http://www.doubling-time.com/compute.php> to be 14.9+
2.5 hr. Then, cells were seeded in 60-mm dishes at 5 x 10° cells/dish and incubated for
24 hr to allow formation of a confluent monolayer. Then the confluent cell sheet was
wounded by scratching off the bottom of culture with a 200-uL pipette tip. The peeled-
off cells were washed three times with PBS to be detached and to remove any floating
cell debris. Then the media was changed to 5% FBS DMEM supplemented with varying
concentration of DPI or VAS2870 and the cell migration was monitored at 12 hr and
images of wound healing were captured with a IX81 inverted microscope. Images were

analyzed using Imagel and the area of the wound healed was measured.
2.8 Flowcytometric analysis

The presence of GFP positive and negative cells in the population of cells was assessed
by a BD AccuriTM C6 plus Flow Cytometer (Becton & Dickinson, MA). The trypsinized

cells were washed, resuspended in PBS containing 10% FBS and applied to the flow


http://www.doubling-time.com/compute.php

70

cytometer. To analyze the cell cycle, cells were harvested after treating with DPI for 48
hr, fixed in ice cold 70% ethanol and permeabilized followed by staining with
propidium iodide (PI) (Sigma-Aldrich, NY) at either 37°C for 15 min . Then the cells
were passed through nylon mesh to remove aggregated cells and applied to the flow
cytometer. The data were analyzed using the FlowJo® software (FlowJo, LLC, Ashland,
OR).

2.9 Western Blot

To begin with 5x10° cells were seeded on 6cm dishes and treated with DPI for 48 hr.
Then cells were harvested and lysed using lysis buffer consisting of 50nM tris-HCL, pH
7.4, 15-nM NaCl, 5nM ETDA, 1% Triton X-100 (Wako, Japan) and 1 pg/ml phosphatase
inhibitor (Nakalai Tesque, Japan). After that protein concentration was quantified using
BCA protein assay kit (Thermo Fisher, CA). The protein samples were fractionated
using 12.5% SDS-PAGE and then transferred on to PVDF membranes (Immobilon-FL,
Merck Millipore, Germany) from the Gel. Followed by membrane transfer, the
membranes were blocked in 5% non-fat skimmed milk (Snow Brand, Japan) in 20 mM
Tris-HCI, pH 7.6, 150 mM NaCl, and 0.05% Teen 20 (TBST). After blocking the
membranes, they were incubated with primary antibodies overnight at 4°C. After
washing the excess primary antibody away with skimmed milk, the membranes were
washed with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hr at
room temperature. Signals from the stained membranes were visualized using a
chemiluminescent horseradish peroxidase (HRP) substrate EzZWestLumi plus (ATTO,

Japan) and finally images were taken using a WSE-6100 LuminoGraph (ATTO, Japan)
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using different exposure. Endogenous B-actin was considered used as an internal
control. The images were analysed with Image) (NIH, USA). Antibodies used: anti-
mouse Nanog anti-mouse polyclonal antibody (#GTX627421, GeneTex, CA, USA) B-
actin rabbit polyclonal antibody (#4970, Cell Signalling Technology, MA), HRP-

conjugated anti-rabbit-IgG (Cat no. 7074, Cell Signalling Technology, MA).
2.10 Statistical analysis

Normal distribution (Shapiro—Wilk test) and homogeneity of variances (Brown Forsythe
test) were performed. One way ANOVA was used to analyze the results. All statistical
analyses were performed with Prism 7 (Graph Pad Software, CA), at a significance level

of 5% (P < 0.05). Data were represented as mean * SD.

3. Results

3.1. DPI inhibited the growth of miPS-Huh7cmP cells.

In this study, the miPS-Huh7cmP cells were prepared from miPSCs as the CSC model as
summarized in Figure 1A. The resultant miPS-Huh7cmP cells became heterogeneous
with GFP* and GFP- phenotypes when cultured in adhesive condition. Passage of the
cells was made before 80% confluent so that GFP* population was retained to maintain
the self-renewal potential for the following experiments. Then, we observed the

change in the morphology and fluorescence of GFP to estimate the overall effect of DPI
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and VAS2870 on miPS-Huh7cmP cells (Figure 1B). Up to 100 nM of DPI did not show
any effect on the miPS-Huh7cmP cells for DPI treated cells. On the other hand, at 1000
and 2000 nM of DPI, the number of both GFP*and GFP cells appeared to be reduced.
At the same time, the cells were treated with VAS2870 up to 2000 nM exhibiting no
effect on the morphology and fluorescence at 1000 nM, while the cell density became
70 to 80% at 2000 nM. To confirm this observation, the effect of DPI and VAS2870
were subjected to MTT assay to check the proliferation of the cells (Figure 1C). As the
result, the concentration of 50% inhibition (ICso) of DPI in miPS-Huh7cmP cells was
estimated to 712 nM, whereas that of VAS2870 could not be estimated. The effect of
DPI was further assessed on the cell cycle progression (Figure 2). The cell cycle was not
affected in the range of 0 to 100 nM of DPI. However, in 1000 nM, from the
comparison of the ratio of each population, G1 and S phases were not apparently

affected but G2 phase population had decreased.
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Figure 1. Scheme of preparation of miPS-Huh7cmP cells and the effect of DPI and

VAS2870 on cell viability. A, a schematic diagram of the preparation of iPSC derived
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CSCs miPS-Huh7cmP cells, which were prepared as the primary culture from the tumor
of miPS-Huh7cm cells. B, observation of the cells under bright field and fluorescence of
GFP. The cells in the adhesive 2D culture, treated with 0 to 2000 nM of DPI and
VAS2870 for 48hrs. C, cell viability was estimated by MTT assay. The value from the

cells without DPI was considered as 100%. Each plot was depicted by mean + SD.

3.2. DPI inhibited the self-renewal of miPS-Huh7cmP cells.

We assessed the effect of DPI and VAS2870 on the sphere formation of miPS-Huh7cmP
cells. Microscopic observation revealed the sphere formation of the cells was
completely inhibited at 500 nM of DPI while VAS2870 up to 1000 nM did not (Figure
3A). The sphere numbers decreased in the presence of DPI in a dose dependent
manner in the range of 0 to 1000 nM (Figure 3B). The ICso of DPI was estimated to
approximately 5.2 nM. and 500 nM of DPI completely abrogated the sphere formation
while VAS2780 did not show any effect. Nanog expression in the presence of DPI and
VAS2870 was further assessed by western blotting (Figure 3C). Nanog expression was
decreased in a dose dependent manner of DPI in the range of 0 to 2000 nM whereas
abrogated at 2000nM while was not affected by VAS2870 (Figure 3D). This result

indicated that DPI is directly affecting the pluripotency of the CSCs.
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Figure 2. Effect of DPlI on the cell cycle of miPS-Huh7cmP cells. A. shows
flowcytometric analysis of miPSHuh7cmP cells from adhesive 2D culture treated with
various concentration of DPI stained with Pl. The peak was analyzed by FlowJo and the
horizontal bars depict G1 and G2 phases. B. shows the results of the flowcytometric
analyses in A, ratio was calculated and summarized in bar graph, representing different

phases of the cell cycle.
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Figure 3. Effect of DPl and VAS2870 on the sphere formation of miPS-Huh7cmP cells. A,
sphere formation in 3D culture observed in bright field and fluorescence of GFP in the

presence of DPIl in 0 -1000 nM. B, change of the percentage of spheres according to
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the concentration of DPl and VAS2870. The value from the cells without drug was
considered as 100%. Each plot was depicted by mean + SD. C, Western blot analysis of
Nanog upon treatment with DPl and VAS2870. B-actin was used for normalization. D.
Integral intensity measurements of the western blot bands shown in (a) normalized to

B-actin.

3.3. Effect of DPI on the differentiation of miPS-Huh7cmP cells

We assessed the effect of DPI on the differentiation of miPS-Huh7cmP cells in adhesive
2D culture condition measuring the reduction of GFP population by flow cytometer.
DPI at 0 to 500 nM did effect on the differentiation showing almost 93% of the
population stably remained GFP*. However, at the range of 1000 to 2000 nM the GFP-
cells started to increase indicating the differentiation gradually progressed (Figure 4B).
DPI at 1000 and 2000 nM increased GFP population to 13% and 25%, respectively. The
effect of DPI on the differentiation was further assessed on the tube forming assay
since mips-Huh7cmP cells were previously shown to differentiate into endothelial like
cells on Matrigel (Figure 4C). When the branching points of the tubes were counted,
the number was found to be significantly decreased in a dose dependent manner of
DPI. On the contrary, the VAS2870 treated cells showed no effect on the number of
the branching points of the tubes. From the results the ICso value of DPI was estimated
to be 8.7 nM (Figure 4D). To confirm the formed tubes were consisting of CD31
positive endothelial cells were further subjected to the immunofluorescence analysis.
As a result, tube like structure was positively stained with anti-CD31 antibody together

with GFP showing undifferentiated miPS-Huh7cmP cells and differentiated endothelial
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like cells whereas 1000 nM of DPI did not allow the appearance of CD31 positive cells

(Figure 4E).
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Figure 4. Effect of DPI on the differentiation of miPS-Huh7cmP cells. A, flowcytometric

analysis of GEP+ and GFP- population treated with DPI from 0 — 2000 nM. B, bar graphs
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representing GFP+ and GFP- population. C, tube formation assay on Matrigel. Cells
were seeded in the presence of DPI or VAS2870 in the range of 0 to 1000 nM. BF,
bright field. Objective lens 4x. D, bar graphs representing the number of tubes in C as
percent to control analysed by Imagel. E, the immunofluorescence of CD31 together
with GFP and DAPI in the tube-like structure. Scale bar = 32 um. B, D. Each plot was
averaged from independent triplicates with S.D. The significance was evaluated by

ANOVA where *P < 0.0001.

3.4. Effect of DPI on colony formation and migration ability of miPS-Huh7cmP
cells

The effects of DPI and VAS2870 in the range of 0 to 1000 nM on tumorigenic and
metastatic characters of miPS-Huh7cm cells in vitro were assessed on colony formation
and migration (Figure 5A). The colony formation was inhibited in the presence of DPI in
a dose dependent manner with the ICso at approximately 12.0 nM In the migration
assay, the scratch in dish was monitored for the wound healing in the presence of DPI
and VAS2870 for 12 hours, which was shorter than the doubling time of the
cells(Figure 5B). The effect of both drugs was apparently monitored from the
photographs excluding the possibility of cell division. As the results, DPl was not
effective on the migration of the cells in the range of 10 to 100 nM while 1000 nM of
DPI significantly decreased the migration while VAS2870 did not show any effect on
migration in the range of 0 to 1000 nM. This result indicated the ICso of DPI on the

migration should be present between 100 and 1000 nM. If roughly estimated, this
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would be approximately 500 nM, which could be correlated with the ICso of growth

inhibition at 712 nM.
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Figure 5. Effect of DPI and VAS2870 on the colony formation and migration of miPS-
Huh7cmP cells. A, shows colony formation assay of cells treated with different
concentrations of DPI and VAS2870 from 0 - 100 nM. B, percentage of colonies plotted

from the results of colony formation assay. C, scratch wound-healing assay in the
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presence of DPI and VAS2870 from 0 to 1000 nM. D, percentage of cell migration was
measured by Imagel) and depicted in bar graph. Each plot was averaged from
independent triplicates with S.D. The significance was evaluated by ANOVA where *P <

0.0001.

4. Discussion

In this study the effect of DPl was assessed on a cancer stem cell model of miPS-
Huh7cmP cells, which was established as a liver cancer stem cell model from mouse
iPSCs. In this model, stemness was visualized as GFP* subpopulation while the
differentiated cells resided as GFP subpopulation (Figure 1A). This heterogeneity of the
population is generally common with the cancer tissues. It is considered as the results
of self-renewal and differentiation of CSCs, which could be mimicked by the miPS-
Huh7cmP cells. With the heterogeneity, the ICso values of functional assays upon drug
treatment might be mixed depending on the subpopulations. This would be the reason
why the ICso values were apparently high in the adhesive culture that contains both
differentiated and undifferentiated subpopulations. This heterogeneity could be
reconstituted either in the monolayer of 2D culture condition or extracellular matrix
assisted and/or 3D culture condition. Currently, the 3D culture condition is considered
more natural compared to the 2D condition, which means that 3D condition could be
the more practical way of assessment ®17, |n this study, 2D culture condition was
exploited for the assays on cell growth, cell cycle and scratch, whereas the ICsp values
of DPI on miPS-Huh7cmP cells were ranging between 100 and 1000 nM. From these

results, miPS-Huh7cmP cells appeared rather insensitive to DPI. These values of DPI
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were similar with the those of previous studies on the human retinal pigment
epithelium cell line ARPE-19 cells*®. Clonogenic assay or colony formation assay is an in
vitro cell survival assay based on the ability of a single cell to grow into a colony in
3D1929, On the contrary to the 2D condition, the assays in 3D condition, such as sphere,
colony, and tube formation, gave ICso ranging in 5 to 12 nM, which are clearly lower
than those observed in the 2D condition. DPI inhibited the self-renewal ability of miPS-
Huh7cmP cells at the ICso of 5.2 nM (Figure 3), the differentiation at the 1Cso of 9 nM
(Figure 4C, D), and the colony formation at the ICso of 12 nM (Figure 5A, B). In contrast,
VAS2870 did not inhibit the CSC characteristics assessed in this study. This could be
explained by the difference of specificity of DPl and VAS2870. DPI is an inhibitor that
binds the flavin adenine dinucleotide (FAD)- and flavin mononucleotide (FMN)-binding
domains of succinate dehydrogenase in the mitochondrial complex II, NADPH oxidases,
xanthine oxidase and nitric oxide synthase. On the other hand, VAS2870 binds to the
FAD- and FMN-binding domains via thioalkylation of cysteine residues, so that the
binding should be limited to those with cysteine residue. Taking these into
consideration, the anti-CSC effect of DPI demonstrated in this study appears due to the
inhibition of the enzymes with the domains lacking the cysteine residues 2?2, In this
context, our results indicated the presence of enzymes, which is related with
mitochondrial respiration described below, and by which DPI inhibited but VAS2870
did not, although further investigation is still required. The 1Cso of DPI as 10nM was
described in the 3D culture conditions of murine neural stem cells?3. Also, DPI inhibited

mitochondrial respiration at 10 nM reducing the oxidative ATP production in the
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mammosphere of CSCs derived from human breast cancer cell line MCF7 cells?2. The
3D condition represents and mimics the natural conformation of tumors and its
surrounding microenvironment allowing the CSCs to grow in spheres. The
concentration from the previous reports is consistent with our current study
demonstrating DPI inhibited the self-renewal of CSCs as well as the differentiation.
Although, results of the inhibition of both self-renewal and differentiation at the same
time appear contradictory, it is worthwhile noticing that the tube formation
demonstrated the presence of both phenotypes coexisted in the same structure as
shown in Figure 4E. As we previously demonstrated, CSCs became heterogeneous in
the culture and the differentiated phenotype of the cells supported the self-renewal
potential of CSCs by enhancing the sphere formation?*. Since the 3D culture condition
represents and mimics the natural conformation of tumors and its surrounding
microenvironment allowing the CSCs to grow in spheres, 3D culture technique could be
preferable for drug screening against CSCs. At the same time, we suggest that DPI

would be a favorable candidate to treat CSCs.

5. Conclusions
DPI inhibited the three major characteristics, self-renewal, differentiation, and

tumorigenic potential with malignancy, of miPS-Huh7cmP cells as a cancer stem cell
model. Since this was found only in the 3D related culture conditions, we suggest that
the screening of anti-CSC molecules should be performed under 3D conditions. Taking
the character of DPI mitochondrial respiration was confirmed as a good target of

cancer stem cells.
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Chapter 4: Modelling of Glioblastoma
stem cells from miPS cells

Abstract.

Glioblastoma Multiforme is the deadliest tumor with a median survival of 15 months.
Glioblastoma stem cells or brain tumor propagating cells have recently gained
immense attention. We tried to establish Glioblastoma stem cells (GCSs) from miPS
cells using condition media from different glioblastoma cell lines A172, GI1, U251MG.
The miPSCs treated with CM exhibited self-renewal and differential potential in vitro.
The cells were injected subcutaneously in BALB/c nude mice formed malignant tumors.
The primary cells derived from the malignant tumor also possessed self-renewal
capacity and differentiation potential and expressed CSC and GMB associated markers.
We conclude that using condition media from malignant glioblastoma cell lines can
efficiently mimic the tumor microenvironment that can convert miPSs to GSCs. This
approach could be a novel method for in vitro disease modeling Glioblastoma
Multiformie to elucidate underlying molecular mechanisms for brain-related

malignancies.
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Introduction

Glioblastoma is a universally lethal disease with no effective therapy. The current
standard of care for glioblastoma patients includes maximal surgical resection,
concurrent radiotherapy, and treatment with alkylating agent temozolomide, followed
by adjuvant temozolomide. This treatment regimen extends survival to a median of
only 14.6 months. Glioblastomas are complex ecosystems that rapidly evolve in
response to harsh environmental conditions. Recent evidence shows that the
intratumoral heterogeneity and therapy resistance that characterize glioblastomas are
promoted by glioblastoma stem cells (GSCs). These GSSs portray features of stem cells
such as self-renewal, differentiation, pluripotency, and tumorigenicity that drive
resistance to pharmacology, radiation, and surgery. For these reasons, the GSCs are
now considered a critical therapeutic target. It is evident that the GSCs can thrive in
harsh, complex microenvironmental niches and are uninfluenced by stringent
checkpoints on proliferation and survival that stringent their regular counterparts.
However, the number of GSCs is low in the tumor, and the isolation is challenging. In
this study, we attempted to experimentally produce GSCs from induced pluripotent

stem cells (iPSCs) using conditioned media (CM) from different glioblastoma cell lines-
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that occasionally secrete several different autocrine or paracrine factors which mimic

tumor microenvironment that stimulates cells to initiate carcinogenesis.

In this study
In this study we used cells lines A172, U251MG and GI1 to harvest condition media and

then treat the miPS cells for 3 weeks to check if neuronal differentiation was visible

and if the cells were showing characteristics of GSCs.

Aim of the Study
The aim of the study was to produce Glioblastoma stem cell model from miPS cells.
Then use the GSCs to evaluate the efficacy of DPI using different 2D and 3D cell culture

techniques.

Material and methods
2.1 Cell culture

Human HCC cell line A172 and U251MG (Riken Cell Bank, Japan) was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, USA) supplied with 10%
foetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin (Wako, Japan). The
cells were incubated in a 37 °C incubator with 5% CO2. When the cells reached 80%
confluence, The medium was changed to 5% FBS and then the cells were incubated for
48 hours. After 48hrs the medium, also referred to as condition media (CM) from the
cell culture were harvested, centrifuged for 10 min at 1000 rpm at room temperature
and then filtered through a 0.22 um filter (Millipore, Ireland). Mouse iPSCs (miPSCs)
were maintained under the humidified 5% CO, atmosphere at 37 °C on feeder layer of

mitomycin-C-treated mouse embryonic fibroblasts (Reprocell, Japan) in miPS medium
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(DMEM containing 15% FBS, 0.1 mM non-essential amino acid (NEAA), Thermo Fisher
Scientific, USA), 2mM L-Glutamine (Nacalai Tesque, Japan), 0.1mM 2-
mercaptoethanol (Sigma-Aldrich, USA), 1000 U/mL leukaemia inhibitory factor (LIF)
(Merck Millipore, USA) and 100 U/mL penicillin/streptomycin (Wako, Japan). After 1
week, miPSCs were transferred to gelatine (Sigma-Aldrich, USA) coated dishes. After
70% confluence, miPSC conversion was started using 1:1 ratio of miPS medium and CM
from A172, U251MG and GI1 cells for 4 weeks. The converted cells established from
miPSCs in the CM for 4 weeks were named as miPS-A172cm, miPS-U251MGcm and
miPS-Gllcm cells. Nanog-GFP reporter expression was used in miPSCs and the
expression of green fluorescent protein (GFP) reflects the maintenance of stemness.
For primary culture, tumour tissues were cut into small pieces in PBS. Then these were
suspended into a 15-ml tube containing dissociation buffer (0.25% trypsin) and
incubated at 37 °C for 1 h. After digestion, the suspension was mixed well using 1 ml
pipette. Then the mixture was incubated for 5 min at 37°C until large pieces broken
down. The supernatant was transferred to a new tube containing 1 ml 10% FBS
medium to stop digestion. The cellular suspension was centrifuged at 300 rpm for
3 min, and then the supernatant was transferred again to a new tube that was
centrifuged at 1000 rpm for 10 min. The cell pellet was then placed in an appropriate
volume of miPS medium without LIF, and the cells were seeded into a dish at a density
of 1x10°/ml. These primary cells were named as miPS-A172cmP and miPS-
U251MGcmp cells. Cell morphology was observed and photographed using Olympus

IX81 microscope equipped with a light fluorescence device (Olympus, Japan).
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2.2 Tumorigenicity assay in vivo

To explore the tumorigenic capacity, 4-week-old Balb/c-nu/nu female
immunodeficient mice (3 mice for each cell line; Charles River, Japan) were euthanized
with 2% isoflurane through inhalation and 1 x 108 cells suspended in 50 pL HBSS
(Gibco, Japan) and injected subcutaneously. Tumor growth was monitored weekly
after implantation. After three weeks, animals were sacrificed by euthanasia with 5%
of isoflurane through inhalation to ensure rapid loss of consciousness and cardiac
arrest followed by cervical dislocation to confirm the death of mice. The plan of animal
experiments was reviewed and approved by the ethics committee for animal
experiments of Okayama University under the IDs OKU-2013252 and OKU-2016078. All
animal experiments have been performed in accordance with the ARRIVE/NC3R

guidelines.

2.3 Sphere formation assay

Cells were seeded at a density of 4x10% cells/well in 12-well ultralow attachment plates
(Corning Inc., NY) in sphere-forming media (DMEM supplemented with 1% v/v insulin-
transferrin-selenium-ethanol (ITS-x) (Wako-Fujifilm, Japan), 1 mM |-glutamine, 0.1 mM
NEAA, 0.1 mM beta-mercaptoethanol, 0.5 U/ml penicillin/streptomycin). After five
days, images were captured using an inverted fluorescence microscope (IX81,

Olympus, Japan).
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2.4 In vitro tube-formation assay

Cells, 5 x 10° cells, were collected, resuspended in endothelial basal medium EBM2
media (EBM-2 Single Quots Kit, Lonza, Switzerland), and seeded in 12-well plates
coated with growth factor-reduced Matrigel (Corning Inc., Corning, USA) for 24 h in the
presence ascorbic acid (1 pg/ml), human basic fibroblast growth factor (FGF; 10
ng/ml), heparin (22.5 pg/ml) and FBS (0.02 mL/ml). Experiments were performed in
triplicate. Images of formed tubes were captured by the Olympus IX81 microscope

(Olympus, Japan).

2.5 Immunofluorescence

For immunofluorescence analysis, after incubation, cells were washed with PBS, fixed
with 4% paraformaldehyde for 20 min at room temperature, and subsequently
permeabilized with 100% methanol. The cells were incubated in blocking solution (PBS
supplemented with 10% FBS) for 1 hr followed by incubation overnight at 4°C with the
primary antibody. Then cells were washed and incubated with the secondary antibody.
After removing and washing the secondary antibody, nuclei were counterstained with
4, 6-diamino-3-phenylidole dihydrochloride (Sigma-Aldrich, USA) and mounted on
glass slides using Vecta-shield mounting medium (Vector Labs, USA). Images were

taken by Olympus IX81 inverted microscope.

2.6 Histological analysis
Haematoxylin and eosin staining

Tumors were fixed in 10% formalin (Wako Japan), embedded in paraffin wax, and

sectioned for histologic examination at five um. Sections were stained with
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hematoxylin 0.5% (Sigma-Aldrich, USA) and eosin Y (Sigma-Aldrich, USA). Slides were

analyzed using a light microscope (Eclipse Ti, Japan).

Immunohistochemistry (IHC)

IHC performed was the same as standard procedures using the ABC reagent (Vector
Laboratories, USA). Detection was accomplished using DAB substrates (Vector
Laboratories, USA). Incubation of sections with PBS served as the negative control.
Sections were lightly counterstained with hematoxylin and mounted with Micro mount

(Leica Camera AG, Wetzlar, Germany).

Results.

We tried to establish miPS cell-derived Glioblastoma stem cells (GCSs) using condition
media from different cancer cell lines A172 and U251MG. In the 2D culture condition,
both cells exhibited two different types of populations; one was colony-expressing
GFP, and the other was neuron-like cells attached to the bottom of the dish without
expressing GFP. The cells portrayed axon, axon hillock, dendrite, dendritic branches,
and telodendrion and synaptic terminals. Based on these features, we tried to assess if
the mips-A172cm and miPS-U251MGcm cells were expressing neuronal markers. We
stained the cells with NESTIN and Neurofilament-2. The immunofluorescence results
indicate that the miPS-A172cm and miPS-U251MG cells are positive for NESTIN and

Neurofilament-2. In both types of cells, NF2 is expression is more potent than NESTIN
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(Figure 1B). Next, the self-renewal capacity of miPS-A172cm and U251MGcm was

assessed.
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Figure 1: A. the miPS cells and condition media treated miPS cells after 3 weeks. The
cells showing neuronal cell like features. B.The cells are positive for Glioblastoma stem

cell markers NESTIN and Neurofilament.

In the 2D culture condition, both cells exhibited two different types of populations;
one was colony-expressing GFP, and the other was neuron-like cells attached to the
bottom of the dish without expressing GFP. The undifferentiated GFP-positive cells
were recognized as a neuro-sphere-forming population. miPS-A172cm cells showed
significantly high spheroid-forming potential when compared to miPS-U251MGcm
cells. This indicated that both cells had self-renewal capacity. To further confirm if the
cells were maintaining stemness, we stained with SOX2 antibody, and both miPS-
Al172cm and miPS-U251MGcm cells were found to be positive for the SOX2, a
persistent marker for multipotential neural stem cells (Figure 2).

Differentiation potential is another property of CSCs. We tried to assess the differential
potential of miPS-A172cm and miPS-U251MGcm to see if they can differentiate into
endothelial-like cells that form capillary-like tube structures on Matrigel. Upon
culturing them on Matrigel, these cells confirmed the formation of capillary-like tubes,
indicating pro-angiogenic properties of miPS-A172cm and miPS-U251MGcm (Figure 3).
Since the results implied the possible role of miPS-A172cm and miPS-U251MGcm cells
in tumor angiogenesis, platelet-endothelial cell adhesion molecule-1 (CD31) expression

was evaluated in both cells the cells were found to be positive for the CD31 marker.
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miPS-A172cm cells showed significant elevation in the number of branching points per

field compared to miPS-U251MGcm.
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Figure 3. miPS-A172cm and miPS-U251MGcm cells form tube like structures in
presence of Matigel. Both miPS-A1722cm and miPS-U251MGcm cells are positive

CD31 markers.
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To assess the tumorigenic ability of miPS-A172cm and miPS-U251MGcm cells, we
checked the tumorigenicity in vivo. Approximately 1x10°® cells were subcutaneously
injected into three immunodeficient BALB ¢ nu/nu mice. After two weeks of injection,
the tumor started to appear. For both injected cells, miPS-A172cmP and miPS-
U251MGcm cells grew deep into the injection site, invaded adjacent tissue, and were
highly vascularized, 4weeks after injection miPS-A172cm and miPS-U251MGcm
developed tumors in all mice. The size of tumors derived from miPS-U251MGcmP cells
was significantly higher than that of miPS-A172CM cells, indicating fast growth of
tumors derived from miPS-U251MGcm cells were more proliferative and aggressive.
Histology of miPS-A172cm and miPS-U251MGcm cell-derived tumors showed that a
substantial portion of the tumours expressed a malignant phenotype such as high
nuclear-to-cytoplasmic ratio and mitotic figures. Simultaneously, IHC of the tumors
showed high SOX2, NF-2, NESTIN, and GFP. Tumors were excised and partly cultured

on the gelatine-coated dish in miPS medium to obtain the primary culture (Figure 4).
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Figure 4. Malignant tumorigenicity of the miPS-A172cmP and miPS-U251MGcmP cells.
A. Tumor baring Mouse. B. Tumor harvested from After 3 weeks from nude mice. C.
Growth curve representing bulk tumor mass. D. Hematoxylin and eosin staining of
tumor sections from tumors caused by miPS-A172cm and miPS-U251MGcm cells

showing the presence of mitotic figures. E. Immunohistochemical staining of formalin-



101

fixed paraffin-embedded tumor tissue. Samples representative of each tumor were
stained with antibodies recognizing SOX2, NF-2, GFP and NESTIN. All data were from

three independent experiments (n = 3). Scale bars represent 64 um.

From the primary culture, which exhibited GFP-expressing colonies surrounded by the
progenies of neuronal-like cells, GFP expressing puromycin-resistant cells were
selected and named as miPS-A172cmP and miPS-U251MGcmP cells. The primary
culture from the tumors and primary cells miPS-A172cmP and mips-U251MGcmP also
exhibited glioblastoma stem cell markers CD133 and CD144 (Figure 5). At the same
time when they were put under 3D culture conditions, the cells showed spheroid-like
structures. The primary cells were also positive for SOX2 and formed tube-like
structures in Matrigel, showing endothelial differentiation. Since the cells were
positive for expressing CSC markers, we tried to assess if the primary (Figure 6 and 7).

We stained the cells with Nf-2, GFAP, and NESTIN to check if the cells were still
expressing Neural markers. The results dictated that both primary cells miPS-A172cmP
and mips-U251MGcmP were positive for expression of these makers through

immunofluorescence (Figure 8).
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Figure 5. The primary cells obtained from the tumors of the miPSA172cm and U251MGcm cells
shows in Figure 3A under 2D condition. Figure 3B and 3C show ICC staining for CD44 and

CD133 antibodies.
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Figure 6: A. miPS A172cmP and miPSU251MGcmP cells forming spheres in vitro. B. the

miPS-A172cmP
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cells forming tubes in vitro. Both of the cells are positive for SOX2 antibody
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Figure 7: A. miPS A172cmP and miPSU251MGcmP cells forming spheres in vitro. B. the

cells forming tubes in vitro. Both of the cells are positive CD31 Antibodies.
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Figure 8: the Primary cells U251MGcmP and miPS-A172cmP also cells expressed GFAP

and Neurofilament and NESTIN antibodies.
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Discussion

We tried out two different condition media for treating the miPS cells obtained from
Gl1, U251MG and A172cell lines. After 3 weeks 50% condition media the cells shared
features of Neuronal and glial cells with prominent structures of Axons, dendrites, and
dendrites. The cells miPS-A172CM and miPS-U251MGcm cells were positive for GFAP,
NESTIN and Neurofilament-2. Next, we tried to assess tumorigenicity of the cells in
vivo in subcutaneous. CD44 is an adhesion molecule that binds to extracellular matrix,
from these tumors, expression of several genes was evaluated in the sections. The
expression of SOX2 was simultaneously found in the section of tumor (Figure 4). These
results are consistent with the results of gene expression in vitro (Figure 1-3). The
tumor sections are positive for NESTIN, GFP, SOX2 and Nueurofilament-2. Upon H and
E staining the tumor sections showed mitotic bodies, narcosis and These results
indicate the tumor composed of undifferentiated cells may exhibit rapid growth and
big size in a short period. Under 2D culture conditions the miPS-U251MGcmP cells and
the miPS-A172cmP cells showed features like Primary cells miPS-U251MGcmP cells
showed positive marker for CD44 and CD133. CD44 has been suggested as a cancer
stem cells (CSCs) marker. However, several clinical studies have indicated that CD44
low glioma cell exhibit CSCs traits. Immunofluorescence seems to be very low in the
cells. Both cells miPS-U251MGcmP and miPS-A172cmP cells are positive for CD133.
CD133 is a glycoprotein antigen found in normal and malignant tissues (Figure 5).
CD133 is not only a biomarker for segregation and characterization of stem cells but

may also have a role in cell growth, proliferation, and pathophysiology of the growing
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tumors. Previous studies have shown that CD133-positive cells showed evidence of
hypermutated and highly malignant sub-types of GBM. The cells form spheroids in
vitro which confirm that the cells are maintaining stemness. At the same time the cells
were positive for SOX2 immuno-staining (Figure 6). This confirms that the cells are
expressing Stem cell like characteristics. We further tried to see if the cells were
positive for the Neurofillament-2, GFAP and NESTIN. Gliomas are brain tumors that
develop from glial cells found in the brain and spinal cord. GFAP is one of intermediate
filament proteins and is specifically expressed in cells of the astroglial (astrocytic)
lineage. Therefore, GFAP is widely used as an astrocyte marker in the brain, and glioma
shows positive GFAP immunostaining. We confirmed the expression of GFAP by
immunofluorescence in both primary cells A172cmP and miPS-U251MGcmP cells. At

the same time when the cells were cultured in Matrigel the cells formed tube.

Conclusion
The GSCs converted from miPSCs suffice the definitions of CSCs as neuronal cells. since

the cells can. This process of establishing CSC model will be useful for understanding

the induction process of different CSCs in the future.

Future plan
Check for markers for GSC with gPCR. Perform Limited dilution assay to assess in vito

selfrenewal potential. Employ DPI to on the primary cells to check if it is effective

afainst GSCs.
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