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Abstract

Lung cancer is the second most common form of cancer with the highest mortality rate
worldwide in 2020 despite the advances in targeted- and immuno-therapies. Metabolic
reprogramming has been recognized as an essential emerging cancer hallmark in
which altered metabolic pathways represent an attractive therapeutic target. Sodium
Dichloroacetate (DCA), a pyruvate dehydrogenase kinase (PDK) inhibitor, effect has
been investigated in various tumors. Building on the already published data, this pre-
clinical study aims to explore the anticancer potential of DCA in lung cancer alone and
in combination with chemo- and targeted therapies using two non-small cell lung
cancer (NSCLC) cell lines namely, A549 and LNM35.

This project was addressed through the investigation of the impact of DCA on lung
cancer cell viability, migration, invasion, and colony growth in-vitro and on tumor
growth and metastasis using the chick embryo chorioallantoic membrane (CAM) and
the nude mice models in-vivo. The anti-angiogenic potential of DCA, its safety profile,
and the impact of its combination with the proposed chemotherapy and first-generation
EGFR tyrosine kinase inhibitors (EGFR-TKIi) were also investigated.

This study demonstrated that DCA causes a concentration- and time-dependent
decrease in the viability of A549 and LNM35 cells and the growth of their colonies in-
vitro. Similarly, DCA slow-down the growth of A549 and LNM35 tumor xenografts
in both the chick embryo CAM and nude mice models in-vivo. DCA decreases the
angiogenic capacity of human umbilical vein endothelial cells (HUVECS) in-vitro by
decreasing HUVECs tube formation and sprouting, suggesting the inhibition of tumor
angiogenesis as a potential mechanism behind its anti-tumor growth effect. On the
other hand, DCA did not inhibit the in-vitro migration and invasion and the in-vivo
incidence and growth of lymph nodes metastases in nude mice xenografted with the
highly metastatic lung cancer cells LNM35. Treatment with DCA did not show any
significant side effects on the chick embryos viability or on the nude mice weight and
survival. In addition, blood, kidney, and liver function tests showed no toxicity with
DCA when compared to the control group. Finally, DCA significantly enhanced the

anticancer effect of cisplatin in LNM35, gefitinib and erlotinib in both cell lines.
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In summary, these findings demonstrate that DCA is a safe and promising therapeutic
agent for lung cancer and pave the way for further pre-clinical studies validating the

impact of DCA in combination with not only the first generation but also the second

and third generation of EGFR-TKi in-vivo.

Keywords: Lung cancer, Dichloroacetate, Pyruvate dehydrogenase kinase, Tumor

growth, Angiogenesis, Chick embryo CAM.
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Title and Abstract (in Arabic)
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Chapter 1: Introduction

Cancer is a multifactorial disease characterized by abnormally divided cells
due to some genetic or epigenetic changes that disrupt the cellular mechanisms
controlling proliferation, survival and differentiation (Katzung et al., 2012; Malarkey
et al., 2013). These transformed cells can disrupt the collaborative integration of the
human body causing negative consequences on health, quality of life and survival of
the human being (EI-Metwally, 2009). Cancer can be classified according to the
primary site, the first site in the body where cancer starts developing or by the tissue
type in which the cancer arises into carcinoma, sarcoma, leukemia, lymphoma and
myeloma (National Cancer Institute, 2020). Carcinoma is the most common type of
cancer and it resembles all the malignancies of the epithelial tissues that form the
internal and external lining of the body while sarcoma represents the cancer of
connective or soft tissues such as bones and muscles (EI-Metwally, 2009). Leukemia,
lymphoma and myeloma refer to the malignancies of blood-forming tissue of the bone
marrow, lymphocytes and plasma cells, respectively (National Cancer Institute, 2020).

In 2020, there were globally 19 million new cancer cases and 10 million deaths
which make cancer as the second leading cause of death after cardiovascular diseases
worldwide (WHO, 2020). 12% of these new cancer cases and 18% of the deaths
account for the lung cancer to be the second most commonly occurring cancer after
breast cancer and a leading cause of cancer mortality among all other types worldwide
in 2020. It is predicted that lung cancer incidence and mortality will continue to raise
in the next twenty years by approximately 60% to reach 3.6 million new cases and 3

million deaths in 2040 (IARC-WHO, 2020). The continuous growing of this global
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burden along with the associated morbidity, mortality, cost and therapy limitations
have motivated further research to investigate the biology of lung cancers and develop

novel therapeutic approaches for better outcomes of the disease.

1.1 Lung Cancer Risk Factors

Factors, that may contribute to the development of lung cancer, can be
classified into behavioral, environmental, biological and genetic factors (de Groot et
al., 2018). Firstly, behavioral factors include tobacco smoking which is considered as
the major risk factor since it is responsible for up to 90% of lung cancer cases (de
Groot et al., 2018). Tobacco composition has been linked to its carcinogenic effects.
Nicotine, a major constituent of tobacco, is responsible for the tobacco dependence
and progression of already developed lung cancer (Costa & Soares, 2009; de Groot et
al.,, 2018). Additionally, 60 other substances, such as: polycyclic aromatic
hydrocarbons (PAH), nitrates and tobacco-specific N-nitrosamine (TSNAS), were
identified from tobacco combustion and were classified as carcinogens that cause
DNA adducts and free radical damage (Hecht, 2012). Secondly, environmental risk
factors include air pollution and occupational exposure to carcinogens, such as: radon,
asbestos, arsenic, cadmium, nickel and silica (Dela Cruz et al., 2011). On the other
hand, Chronic obstructive pulmonary disease (COPD), that is characterized by chronic
airway inflammation and airflow obstruction, pulmonary fibrosis of different
etiologies (Parker et al., 2017) and infection diseases with viruses such as: HPV,
Epstein-Barr virus, chlamydia pneumonia and HIV (Dela Cruz et al., 2011) have been
associated with an increased risk of developing lung cancer in smokers and non-
smokers. Genetic abnormalities have been studied extensively and linked to increased

risk of lung cancer development. These abnormalities can be inherited or acquired
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during individual’s lifetime increasing the susceptibility to lung cancer (de Groot et

al., 2018).

1.2 Lung Cancer Types

Lung cancer originates from the respiratory cells of epithelial origin. It has been
classified histologically into Non-small cell lung cancer (NSCLC) which is considered
as the most common type with 80-85% of all lung cancer cases and Small cell lung
cancer (SCLC) accounts for 10-15% of all lung cancer cases (American Cancer
Society, 2016; Dela Cruz et al., 2011). NSCLC has been further classified into
Adenocarcinoma (ADC), Squamous cell carcinoma (SCC) and large cell carcinoma
(LCC) that are similar in the treatment approaches and prognosis but different in the
clinical characteristics and the cells type from which the cancer arises (American
Cancer Society, 2016; Tan & Hug, 2021). Adenocarcinoma originates from the
alveolar surface epithelium or the mucosal glands in the bronchi while squamous cell
carcinoma arises from the proximal segmental bronchi. The latter subtype is slowly
growing which can take years to be a clinically evident tumor. Large cell carcinoma
can originate in any part of the lungs with rapidly growing and spreading capacity
(Houlihan & Tyson, 2012). On the other hand, SCLC is a neuroendocrine tumor that

grows and spreads faster than NSCLC (National Cancer Institute, 2018).

1.3 Lung Cancer Stages

Staging is the process of determining the extent of cancer in order to determine
the prognosis and the most appropriate treatment plan with subsequent evaluation for
the treatment response. Regarding lung cancer, the international TNM-based staging

system has been used commonly in which T represents the extent and size of the
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primary tumor, N indicates the extent of affected nearby lymph nodes and M indicates
the presence or absence of metastasis. Each category is followed by a value resembling
the extent of cancer. The different combinations of TNM values can be grouped into
stages range from | to IV in NSCLC and Limited or Extensive stage in SCLC. The
lower the stage number, the less advanced cancer is, and better prognosis in
comparison to the higher stage number (Lemjabbar-Alaoui et al., 2015).

In-situ NSCLC resembles stage 0 that is characterized by the development of
cancer in a specific place without any spread beyond that. Early-stage NSCLC includes
stage I, with the substages IA and IB, and stage |1, with substages 1A and I1B. Stage
| is characterized by the presence of small primary tumor in one lung with size range
0-4cm without any spread to lymph nodes or distant places. Stage Il (1A, 1IB) is
characterized by non-metastasizing primary tumor ranging between 4-7cm in size that
has or has not spread to lymph nodes. Locally advanced NSCLC stage is the stage 11
(INA, 1B, IIC) in which the cancer has spread within the chest but not metastasized
to distant parts of the body with or without involvement of the lymph nodes. Finally,
stage IV (IVA, IVB) NSCLC is known as metastatic NSCLC stage in which the tumor
is of any size that has metastasized to one or multiple sites outside the chest and may
or may not spread to lymph nodes (Amin et al., 2017; Detterbeck, 2018).

In SCLC, limited stage resembles the presence of tumor in one lung with or
without the involvement of nearby lymph nodes. On the other hand, extensive stage
resembles the spread of cancer into both lungs or distant organs and lymph nodes

(American Cancer Society, 2019).



1.4 NSCLC Treatment

Significant advances have been made in the management of NSCLC by the
addition of various classes of targeted and immunotherapy to the chemotherapy (Table
1). Single or combined approach of surgery, radiotherapy, chemotherapy, targeted and
immunotherapy is followed depending on the stage, histology, genetic alterations and

patient’s condition (Alexander et al., 2020).

Table 1: Treatment Options of NSCLC.

Treatment Major Class
Alkylating agents = Cisplatin, Carboplatin
= Paclitaxel. Docetaxel
Chemotherapy Plant Derivatives . '\'illordbiue
= Etoposide
- : = Gemcitabine
Antimetabolites )
= Pemetrexed
= Bevacizumab
= Ramucirumab
Angiogenesis inhibitors | ® Aflibercept
= Nintedanib, Axitinib, Sorafenib.
Apatinib. Anlotinib
B = Erlotinib. Gefitinib. Afatinib.
EGER miioige Osimertinib. Dacomitinib
Targeted thera s = Crizotinib, Ceritinib, Alectinib.
s - Lot Brigatinib. Lorlatinib
ROS1 inhibitors L Cl‘iZOIil.lil.). Ceritinib, Lorlatinib,
Entrectinib
BRAF/MEK inhibitors | - Dorafenid
= Trametinib
RET Inhibitors = Selpercatinib. pralsetinib
MET inhibitors = Capmatinib. tepotinib
= Nivolumab. Pembrolizumab.
PD-1/PD-L1 inhibitors Cemiplimab
Immunotherapy = Atezoliimmab. Durvalumab
CTLA-4 inhibitors = Ipilimumab

Surgery is considered as the mainstay treatment in medically fit patients with
NSCLC staging | through IlIl1A. Radiotherapy is an option for patients with
unresectable tumor and it can play a crucial part in palliative care to improve the

patient’s quality of life. Chemotherapy is indicated in some neoadjuvant and adjuvant
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settings in addition to advanced NSCLC. Targeted therapy can be applied in patients
with advanced stage having genetic alterations of EGFR, ALK, ROS1, RET, BRAF
V600E, MET Exon 14, and NTRK. Additionally, Immunotherapy has been indicated
alone or in combinational therapies in advanced NSCLC (Alexander et al., 2020;

Zappa & Mousa, 2016).

1.5 Cancer Hallmarks

The complex cellular capabilities acquired during the multistage process of
carcinogenesis has been organized in a conceptual framework of cancer hallmarks to
facilitate the understanding of cancer biology. Cancer hallmarks involve the acquired
advantageous characteristics that promote the transformation of normal cells and the
subsequent progression of the malignant cells while exploiting the host tissue (Fouad
& Aanei, 2017). Cancer hallmarks include: sustaining proliferative signaling, evading
growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis, metabolic rewiring and evading

immune destruction (Alkhazraji et al., 2019).

1.5.1 Angiogenesis in Cancer

Angiogenesis is a process of forming new blood vessels from pre-existing
vasculature in contrast to vasculogenesis that resembles the de novo formation of blood
vessels as a consequence of the differentiation of vascular progenitor cells (Zuazo-
Gaztelu & Casanovas, 2018). Angiogenesis implies in different physiological
conditions such as: embryogenesis, wound healing, and menstrual cycle in which the
process is highly regulated by multiple stimulatory and inhibitory growth factors

(Saman et al., 2020). Stimulatory growth factors include Vascular Endothelial Growth
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Factor (VEGF), Fibroblast Growth Factor (FGF), Transforming Growth Factors alpha
and beta, Interleukin-8 and Granulocyte Colony-Stimulating Factor. On the other
hand, inhibitory growth factors include Angiostatin, Endostatin, Interferons, retinoids
and Interleukin-12 (Carmeliet, 2003). Additionally, specific microRNA, known as
angiomiRs, have been studied extensively for their crucial role in regulating the
process of angiogenesis (Wang & Olson, 2009).

Angiogenesis has also been involved in unregulated manner in various
pathological conditions including cancer. Involvement of angiogenesis in malignant
conditions is considered as one of the hallmarks that promote progression and
metastasis of several tumors, including NSCLC (Manzo et al., 2017; Tonini et al.,
2003). In order for the tumor to grow further in size, sufficient oxygen, nutrients, and
metabolic waste elimination need to be provided by adequate vasculature which can
also be an access for tumor cells to metastasize into distal parts of the body (Nishida
et al., 2006). The angiogenic switch starts with activating the transcription of multiple
genes encoding the angiogenic molecules such as: PDGF, VEGF and FGF (Zuazo-
Gaztelu & Casanovas, 2018). VEGF family includes VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E and placental growth factor (PIGF). VEGF-A is a particularly
essential angiogenic activator that is produced by tumor cells and the different types
of cells present in the tumor microenvironment, including infiltrating macrophages,
mast cells, neutrophils, platelets, stromal fibroblasts and endothelial cells (Hall & Ran,
2010). It is expressed due to different stimuli such as: hypoxia, hypoglycemia,
overexpression of the oncogene Myc (Mezquita et al., 2005), downregulation of tumor
suppressor genes (Fernando et al., 2008) and lactate accumulation in tumor

microenvironment (Shi et al., 2001).
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As shown in Figure 1, the angiogenic switch, triggered by the VEGF binding

to its receptor, will be followed by destabilization of the endothelial-pericyte contacts
that maintain the stability of the quiescent vessels (Zuazo-Gaztelu & Casanovas,
2018). During the sprouting process, VEGF signals will cause part of the endothelial
cells, known as tip cells, to extend large filopodia to guide the newly formed vessel in
addition to secreting some signals to recruit stromal cells for vessel stabilization.
Another part of endothelial cells, that are located at the stalk of the angiogenic sprout,
evolve into highly proliferative cells that will be responsible for the tube and branch
formation (Gerhardt et al., 2003). Stalk cells also collaborate in the basement
membrane deposition and establish junctions with adjacent cells to strengthen the new
sprout (Dejana et al., 2009). At the end, tip cells interconnect in vessel loops that will
turn off their leading function, suppress the angiogenic signals and decrease the VEGF
levels to reestablish the quiescence. The stabilization and maturity of newly formed
vessels will be achieved by forming new basement membrane and recruiting pericytes

(Zuazo-Gaztelu & Casanovas, 2018).

1. Hypoxia 2. Proteolytic 3. Tip cell { 4. Tube formation | 5. Regulation of § 6. Tumor vascularization
i Hypoxia induces HIF-1 degradation migration { Endothelial cellsare | vessel size i PDGFB stimulates
i expressionand the i Hypoxiaalso i Specialized : differentiated into é VEGF stimulates DLL4 § pericyte attachment and
consequent release of _ upregulates protease i endothelial cells— highly proliferative secretion, whichbinds { reduces proliferation and
i pro-angiogenic factors, of § expression, leadingto { “tip cells”—migrate | stalkcells, which to Notch-1 receptors, i VEGF sensitivity. Blood
i which VEGF is the most { basementmembrane { along angiogenic make up the main this down-regulates i supply stimulates further
important i degradation and i factor gradient body of the new VEGFR, suppressing | tumor growth
I ' pericyte detachment vessel proliferation i

Figure 1: Angiogenic Process in Cancer (Tocris Bioscience, 2019).
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The unregulated angiogenic process, due to sustained angiogenic signals in the

tumor microenvironment (TME), results in abnormal excessive tumor vessels that are
immature, dilated and hyperpermeable due to the irregular endothelial monolayers
and abnormal coverage by the pericyte and basement membrane (Hapach et al., 2019;
Hida et al., 2016). This nature of tumor vessels results in chaotic and uneven blood
flow within the tumor resulting in persistent or intermittent hypoxia and acidosis in
some parts within the tumor that can contribute to efficacy reduction in cancer therapy
and development of resistance to cancer therapy (Lugano et al., 2020). Hence, anti-
angiogenic therapy has been approved to be an effective strategy in the combinational
treatment of several cancers including NSCLC (Tian et al., 2020). VEGF-A antibody,
Bevacizumab, has been approved to use with platinum-based chemotherapy as a first-
line treatment of patients with advanced non-squamous NSCLC. Addionally,
Ramucirumab and Nintedanib are used in combination with docetaxel as a second-line
treatment of patients with non-squamous NSCLC or any histology, respectively
(Janning & Loges, 2018; Manzo et al., 2017). Despite of the major advances in the
development of angiogenesis inhibitors, efficacy is modest in most tumors due to the
high tendency for resistance, increased local invasion and distant metastasis (Ribatti
et al., 2019) in addition to serious side effects, such as bleeding and hypertension.
Therefore, intensive research efforts are being engaged to develop more efficacious

and safe agents (Tian et al., 2020).

1.5.2 Invasion & Metastasis

At the time of diagnosis, approximately 30-40% of NSCLC patients are
diagnosed with metastatic stage to common sites, including bone, lungs, brain, adrenal

glands and liver (Tamura et al., 2015). Poor prognosis and low survival rates are still
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accompanying the patients with metastatic lung cancer despite of the recent revolution
in targeted and immune therapy (Lu et al., 2019). Therefore, several new therapeutic
agents are being investigated in the clinical settings to enrich the treatment options for
patients with advanced disease to improve their survival and quality of life.

Cancer is characterized by its ability to invade the adjacent tissues and
metastasize to distal organs forming secondary growths (Fouad & Aanei, 2017). It has
been reported that metastasis is a leading cause of cancer-related mortality (Meirson
etal., 2020). As shown in Figure 2, cancer invasion and metastasis occur through series
of events known as invasion-metastasis cascade that involve invasion and migration
through the extracellular matrix (ECM), intravasation into vasculature or lymphatic
system, surviving transportation through circulation, extravasation into distal organs
and formation of micro- and macrometastases (Fouad & Aanei, 2017; Hapach et al.,

2019).
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Figure 2: Invasion-Metastasis Cascade (Hapach et al., 2019).
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Detachment, invasion, and motility of various cancer cells were linked to
epithelial-mesenchymal transition (EMT), amoeboid transcription or collective
migration (Perlikos et al., 2013). EMT is characterized by the loss of immobile and
tightly adherent characteristics of the epithelial cells and gaining the motile
characteristics of mesenchymal cells (Kalluri & Weinberg, 2009). One of the EMT
hallmarks is downregulating or losing the E-cadherin by different transcriptional
suppressors, such as: Snail/SNAIL, Slug/SNAI2, SIP1/ZEB2 or Twist. E-cadherin is
an essential component of adherence junctions between the epithelial cells. It binds
extracellularly to an E-cadherin molecule of the adjacent epithelial cell to stabilize the
intercellular connections and links intracellularly to B-catenin, a-catenin and p120-
catenin to connect the junctions to the cytoskeleton and control some intracellular
signaling. E-cadherin downregulation cause demounting of the adherence junctions
and translocation of the B-catenin to the nucleus where it modulates transcription of
numerous genes such as c-myc or cyclin D1 (Harris & Tepass, 2010; Van Zijl et al.,
2011). Another hallmark of ENT is the upregulation of vimentin and neuronal (N-
)cadherin that will activate Racl and Cdc42 which will in turn mediate the Rho-
induced stress fibers and the formation of lamellipodia and filopodia, respectively
(Yamao et al., 2015). Hence, cells that have undergone EMT, including the cadherin-
switch from E- to N-cadherin expression, loose their organization and detach from the
cell clusters to move through the ECM (Harris & Tepass, 2010). Motility and invasion
via EMT process requires matrix metalloproteinases (MMPs) to degrade the ECM
(Fouad & Aanei, 2017; Perlikos et al., 2013). MMPs have been found to be highly
expressed in various types of cancer and the expression of some members become a

sign for poor prognosis (Hadler-Olsen et al., 2013). On the contrary, cancer cells
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moving via amoeboid motion will take the spherical morphology and slip through pre-
existing channels in the ECM without the need of producing or activating MMPs. In
addition to the EMT and amoeboid motion, the third type of cancer cell motility is the
collective migration in which clusters of cells move together with the presence of
adhesion proteins (Perlikos et al., 2013).

Intravasation is the process by which the invasive cells get into the vasculature
lumen (Chiang et al., 2016). It starts with the attraction of tumor cells toward the blood
vessels because of the EGF secreted by the tumor associated macrophages (TAMS)
that are accumulated along the blood vessels and tumor margins. Additionally,
lymphatic endothelial cells secrete CCL21 or CXCL12 to enable the chemotaxis of the
tumor cells expressing CCR7 or CXCR4 receptors (Perlikos et al., 2013). Intravasation
can be induced by different chemical and physical signals provided by the tumor
microenvironment. For instance, stiffened ECM promote intravasation by increasing
the vascular permeability (Wang et al., 2019). Intravasation occurs by passive entry
through the gaps in the endothelial wall or by lining the blood vessels and replacing
the endothelial cell creating a mosaic model (Perlikos et al., 2013). Upon reaching the
circulation, circulating tumor cells (CTCs) will survive the harsh conditions, such as:
hemodynamic shear forces, immune stresses, and red blood cell collisions by two
mechanisms depending on the cell type. Physical collision occurs when the CTCs
stuck in the vessel because of their larger diameter compared to the vessel traveling
through. On the other hand, rolling-adhesion occurs upon collision of CTCs with the
endothelium followed by rolling via E-selectin or P-selectin binding and arrest via
binding with intercellular adhesion molecule-1 (ICAM-1) or vascular cell adhesion

molecule-1 (VCAM-1) (Hapach et al., 2019). Another mechanism was suggested to
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survive the stressful conditions in the circulation is the formation of microemboli with
thrombocytes and erythrocytes (Perlikos et al., 2013). The CTCs will extravasate and
arrest to secondary sites following the mechanical arrest mechanism or the selective
arrest mechanism. Mechanical arrest occurs in organ where there are dense of
capillaries such as: lungs, liver, brain and bone while selective arrest mechanism
occurs at specific organs. The latter mechanism can be explained by the endothelial
adhesion molecules that are different between the organ vessels. For instance, breast
cancer cells expressing the CXCR4 receptors are commonly extravasate to the liver,
lung, bone marrow and lymph nodes because of the expression of CXCL12 ligand on
their vessels (Perlikos et al., 2013). After extravasation, the majority of surviving cells
will be dormant and small percentage will continue growing to form new tumor. The
dormancy of the surviving cells can be due to the cytotoxic effect of the immune cells
or the lack of sufficient blood supply. The mechanism behind the escape of the

dormant cells to the colonization step is poorly understood (Fouad & Aanei, 2017).

1.5.3 Metabolic Reprogramming

Cellular metabolism involves network of biochemical reactions to produce
energy and macromolecules in order to meet tissue demands for homeostasis, growth
and maintaining cellular functions (Faubert et al., 2020). Normal cells utilize the
cytosolic glycolysis followed by the mitochondrial oxidative phosphorylation
(OXPHOS) to produce energy in the presence of oxygen. Under anerobic conditions,
normal cells rely mainly on the cytosolic glycolysis to produce energy. It has been
found that cancer cells deviate from such normal metabolic phenotype by relying
mainly on glycolysis even in the presence of oxygen. This phenomenon was termed as

Warburg Effect relating to the German Scientist Otto Warburg (Yoshida, 2015). This
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metabolic shift has been considered as a hallmark of cancer which is acquired during
the early stages of carcinogenesis to support cancer proliferation and progression
(Vaupel & Multhoff, 2021). Alteration of metabolism in tumor tissues results from
variety of factors including: normoxic/hypoxic activation of the transcription factor
hypoxia-inducible factor-1 (HIF-1), activation of oncogenes, inactivation of tumor
suppressors and alteration of various signaling pathways such as: PI3K-Akt—
mTORC1 signaling pathway and AMP-activated protein kinase (AMPK) signaling
pathway. In addition to that, Warburg effect can be caused by mitochondrial
dysfunctions due to mutations in the mitochondrial DNA (mtDNA) or in the genes
encoding the Krebs cycle enzymes (Vaupel et al., 2019).

Aerobic glycolysis involves a multi-step cytosolic catabolism of glucose to
pyruvate followed by conversion to lactate which is exported to the extracellular space.
As shown in Figure 3, several transcriptional activations have been noted in this
pathway such as: Glucose transporter (GLUT1), monocarboxylate transporter 4
(MCT4) for exporting lactate, and key glycolytic enzymes: hexokinase 2,
phosphofructokinase 1, enolase 1, pyruvate kinase M2 (PKM2), lactate dehydrogenase
A (LDHA) and the mitochondrial pyruvate dehydrogenase kinase (PDK) (Vaupel &
Multhoff, 2021). The latter enzyme comprises of four isozymes (PDK1-4) that are
located in the mitochondrial matrix. PDKs indirectly inhibit the oxidative conversion
of pyruvate to acetyl-CoA in the mitochondria by phosphorylating Ser293, Ser300,
and Ser232 of Ela subunit of the gatekeeper enzyme pyruvate dehydrogenase (PDH).
Inhibition of PDH will push the pyruvate away from the mitochondria and be
converted to lactate in the cytosol (Woolbright et al., 2019). Expression of PDKSs is

altered in a variety of cancers. Upregulation of PDKSs in cancer can be due to various
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transcription factors including HIF1a. Hypoxia and/or genetic mutations in Akt and
mTOR signaling pathways during normoxia can stabilize and translocate HIF1a to the
nucleus to upregulate multiple genes involved in glycolysis, including PDKs (Levine
& Puzio-Kuter, 2010; Semenza, 2013). Therefore, PDKs have been widely studied as

a potential therapeutic target for cancer treatment (Stacpoole, 2017).
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Figure 3: Biochemical Steps of Aerobic Glycolysis (Vaupel and Multhoff, 2021).

1.6 Dichloroacetate (DCA)

DCA is asalt of Dichloroacetic acid that is characterized by its small molecular

weight and water solubility explaining the high drug bioavailability. It is an analog of
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acetic acid in which two hydrogen atoms of the methyl group are replaced by chlorine
atoms (Tataranni & Piccoli, 2019). In the last decade, DCA was used in lactic acidosis,
congenital disease of mitochondrial metabolism and diabetes mellitus. The potential
role of DCA in the management of cancer is due to its ability to reverse the Warburg
effect (James et al., 2017). DCA inhibits the four isoenzymes of Pyruvate
Dehydrogenase Kinase (PDK) with favorable inhibition of isoenzyme II, an enzyme
that phosphorylates and deactivates the Pyruvate Dehydrogenase (PDH). Upon
inhibition of PDK by DCA, the mitochondrial-dependent glucose oxidation will be
promoted due to the increase in the PDH activity and the influx of pyruvate into the
mitochondria (Kankotia & Stacpoole, 2014). Consequently, mitochondrial transition
pores (MTP) will be opened and allow for the pro-apoptotic mediators to be released
from the mitochondria to the cytoplasm resulting in the apoptotic cascade which will
be selective for the cancer cells (Michelakis et al., 2008). It has been found that DCA
possess anti-tumor activities in-vitro in NSCLC (Bonnet et al., 2007), head and neck
squamous cell carcinoma models (Sun et al., 2009), colorectal (Madhok et al., 2010),

breast (Sun et al., 2010), T-cell lymphoma (Kumar et al., 2012).

1.7 Aim and Objectives

While the global burden of lung cancer is continuously growing, targeting
metabolic reprogramming has become an attractive approach to treat cancer. It has
been reported in several pre-clinical studies that DCA treatment results in significant
suppression of tumor growth. However, in clinical investigation, the safety profile of
DCA was a concern. Even so, Garon et al. (2014) who conducted a clinical trial with
DCA on lung cancer patients, concluded that: “in the absence of a larger controlled

trial, firm conclusions regarding the association between the patient’s adverse events



17
and DCA are unclear”. They recommended that DCA should be considered with
platinum-based chemotherapy in hypoxic tumors rather than as a single agent in
advanced non-small cell lung cancer. DCA is believed to be a powerful molecule that
warrants further investigation of its anti-cancer potential.

In this research project, the aim was to investigate the impact of DCA alone
and in combination with the cytotoxic chemotherapeutic agents “Cisplatin,
Gemcitabine and Camptothecin”, the natural compound Frondoside A, the EGFR
targeted therapies “Gefitinib or Erlotinib” on lung tumor growth and metastasis.

This research was addressed using two NSCLC cells namely A549 and LNM35
through the following objectives:

e To investigate the impact of DCA on

» Cancer cell viability and colony growth in-vitro.

» Cancer cell migration and invasion in-vitro.

» Angiogenesis in-vitro.

» Tumor growth and metastasis using the chick embryo CAM and the
nude mice models in-vivo.

e To determine the safety profile of DCA by investigating the in-vivo toxicity

on blood, kidney, and liver in the nude mice model.

e To investigate the impact of DCA in combination therapies

This pre-clinical study will pave the way for future pre-clinical and clinical
studies combining DCA with clinically available drugs for better treatment of lung
cancer. The outcomes of this study will be of great value to the UAE and to worldwide

lung cancer patients.
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Chapter 2: Materials and Methods

2.1 Cell Culture and Reagents

NSCLC cells, A549 and LNM35, were maintained in RPMI-1640 medium
(Hyclone, Cramlington, UK) in humidified incubator at 37°C and 5% CO,. The
medium was supplemented with 1% of Penicillin-Streptomycin solution (Hyclone,
Cramlington, UK) and 10% of Fetal bovine serum (Hyclone, Cramlington, UK).
EndoGRO™ Human umbilical endothelial cells (HUVECs) (Millipore, Temecula,
CA) were maintained in EndoGRO™-VEGF complete media kit (Millipore,
Temecula, CA) in humidified incubator at 37°C and 5% CO: in flasks coated with
0.2% Gelatin. The culture medium of all cells was changed every 3 days and cells were
passed once a week when the culture reached 95% confluency.

DCA, Frondoside A Hydrate, Cisplatin, Camptothecin, Gemcitabine HCI,
Erlotinib HCI and Gefitinib were purchased from Sigma-Aldrich (Saint Louis, MO).
DCA was freshly dissolved before the start of any experiment in HyPure water
(Hyclone, Cramlington, UK) to have a stock solution of 1M which was then diluted to
the required concentrations for treatment. Generally, it was reported that DCA
dissolved in water remains stable up to 60 days when stored in a refrigerator at +4°C

(Cascone et al., 2013).

2.2 Cellular Viability

A549 and LNM35 cells were seeded at a density of 5000 cells/well into 96-
well plate. After 24 hrs, cells were treated with increasing concentration of DCA
(3.125-100 mM) in duplicate for 24, 48 and 72 hrs, whereas control cells were treated

with drug vehicle (Hypure water) mixed with medium. At the indicated time points,
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CellTiter-Glo® Luminescent Cell Viability assay (Promega Corporation, Madison,
USA) was used to determine the effect of DCA on the cellular viability by quantifying
the ATP that will be proportional to the number of the metabolically active cells. Upon
the addition of this reagent, ATP will be released from the viable cells to the medium
and used by the luciferase to convert the luciferin into oxyluciferin that is responsible
for the luminescence (Figure 4). The luminescent signal was measured by the
GloMax® Luminometer. Cellular viability was presented as a percentage (%) by
comparing the viability of DCA-treated cells to the control cells, the viability of which

is assumed to be 100%.
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Figure 4: Schematic Representation for the Detection of Viable Cells using CellTiter-
Glo® Luminescent Cell Viability Assay.

In the second set of experiments, cells were treated for 48 hrs with increasing
concentration of Gefitinib and Erlotinib HCI (5 - 80 puM). Additionally, cells were
treated for 48 hrs with a combination of DCA and other anticancer agents, namely,

Cisplatin, Camptothecin, Gemcitabine HCI, Frondoside A Hydrate, Gefitinib and
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Erlotinib HCI. Cellular viability was determined using CellTiter-Glo® Luminescent
Cell Viability assay and the GloMax® Luminometer. The viability was presented as a

percentage (%) by comparing the viability of drug-treated cells with the control cells.

2.3 Clonogenic Assay

Into a 6-well plate, A549 and LNM35 cells were seeded respectively at 50 and
100 cells/well. Cells were kept to grow into colonies for 7-14 days in humidified
atmosphere at 37°C and 5% CO2 with medium change every three days. Formed
colonies were treated for 7 days with increasing concentrations of DCA (6.25-50 mM).
Afterward, colonies were washed three times with 1X PBS, fixed and stained for 2 hrs
with 0.5% crystal violet dissolved in 50% methanol (v/v). Finally, colonies were
washed with 1X PBS, photographed and colonies with more than 50 cells were
counted. Data were presented as colonies percentage (%) by comparing the DCA-
treated colonies with the control colonies. Colony cell density was assessed by
photographing the colonies in each group using an inverted phase contrast microscope
(4x).

In the second set of experiments, formed colonies were treated for 7 days with
a combination of DCA and Frondoside A Hydrate, DCA and Gefitinib or DCA and
Erlotinib HCI. Data were presented as colonies percentage (%) by comparing the drug-

treated colonies with the control colonies.

2.4 In Ovo Tumor Growth Assay

Fertilized Leghorn eggs were incubated in the egg incubator set at temperature
of 37.5°C and humidity of 50% for the first 3 days after fertilization. At the embryonic

day 3 (E3), the chorioallantoic membrane (CAM) was dropped by drilling a small hole
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in the eggshell opposite to the round, wide end followed by aspirating ~1.5 - 2 ml of
albumin using 5 ml syringe with 18G needle. Then, a small window was cut in the
eggshell above the CAM using delicate scissor and sealed with a semipermeable
adhesive film (Suprasorb® F). The eggs were kept again in the egg incubator till the
embryonic day 9 (E9) in which cancer cells were trypsinized, centrifuged and
suspended in 80% Matrigel® Matrix (Corning, Bedford, UK) to have 1x10°
cells/100uL for A549 and 0.3x10° cells/100pL for LNM35. A 100 pL inoculum was
added onto the CAM of each egg, for a total of 10-13 eggs per condition. At the
embryonic day 11 (E11), formed tumors were treated topically by dropping 100 uL of
the DCA prepared in 0.9% NaCl for the first group or the drug vehicle for the control
group. Treatment was repeated at E13 and E15. All the described steps were performed
under aseptic conditions. Finally, at the embryonic day 17 (E17), embryos were
humanely euthanized by topical addition of 10-30 pL Pentobarbitone Sodium (300
mg/ml, Jurox, Auckland, New Zealand). Tumors were carefully extracted from the
normal upper CAM tissues, washed with 1x PBS and weighted to determine the effect
of DCA on tumor growth. Data were presented by comparing the average weight of
tumors in the control group and DCA-treated group. Drug toxicity was assessed by
comparing the percentage of alive embryos in the control and DCA-treated groups at
the end of the experiment. Alive embryos were determined by checking the voluntary
movements of the embryos in addition to the integrity and pulsation of the blood
vessels.

This assay is a randomly assigned unblinded assay that was done according to
the protocol approved by the animal ethics committee at the United Arab Emirates

University. According to the European Directive 2010/63/EU on protection of animals
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used for scientific purposes, experiments involved using chicken embryos on and

before E18, don’t require approvals from the institutional Animal Care and Use

Committee (IACUC).
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Figure 5: Schematic Representation of the In-Ovo Tumor Growth Assay.

2.5 Tumor Growth and Metastasis Assay

The animal experiments were performed according to the protocol approved

by the animal ethics committee and the Institutional Animal Care at the College of

Medicine and Health Sciences, UAE university. Six to eight weeks old athymic NMRI

male nude mice (nu/nu, Charles River, Germany) were housed in filtered-air laminar

flow cabinets and handled under aseptic conditions. A549 cells (5x10° cells / 200 pL

PBS) and LNM35 cells (0.4x10° cells / 200 uL PBS) were injected subcutaneously

into the lateral flank of the nude mice. Ten days later, when tumors had reached the

volume of approximately 50 mm?3, animals with A549 xenografts were divided

randomly into three groups of 9-10 mice each. These groups were treated orally every

day (5 days/week) with DCA 50 mg/kg or 200 mg/kg or drug vehicle for 38 days. On
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the other hand, animals with LNM35 xenografts were treated orally every day (5
day/week) with DCA 200 mg/kg or drug vehicle for 14 days and DCA 500 mg/kg or
drug vehicle for 24 days. Tumor dimensions and animal weights were checked every
three or four days. In addition, the physical signs and behavior were checked every
day. Tumor volume was calculated using the formula V=LxW?3x0.5 knowing that L
stands for the length and W stands for the width of the tumor. At the end of the
experiments, animals were anaesthetized, sacrificed by cervical dislocation and tumors
were removed and weighted. Effect of DCA on tumor growth was presented by
comparing the average tumor weight at the end of the experiment between the control
group and DCA-treated group. It was also assessed by comparing the tumor volume
between the control and DCA-treated groups throughout the experiment. Blood
samples were collected from each mouse and analyzed using SCIL VET ABC™
Animal Blood Counter for complete blood count. In addition, blood plasma were
separated by centrifugation for biochemical analysis. To study the impact of DCA on
metastasis, axillary lymph nodes were excised and weighted from the animals with

LNM35 xenografts at the end of the experiment.
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Figure 6: Schematic Representation of Xenografting A549 Cells into the Nude Mice

and the Oral treatment with DCA 50 mg/Kg and 200 mg/Kg.
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Figure 7: Schematic Representation of Xenografting LNM35 Cells into the Nude Mice
and the Oral Treatment with DCA 200 mg/Kg (A) and DCA 500 mg/Kg (B).



25

2.6 Vascular Tube Formation Assay

Matrigel® Matrix (Corning, Bedford, UK) was thawed and 40-50 pL was added
to the wells of 96-well plate for coating. In order for the Matrigel to solidify, the plate
was kept in a humidified incubator at 37°C and 5% CO. for 1 hour. HUVECs were
trypsinized and seeded on the coated plate at a density of 2.5x10% cells / 100 pL / well
in the presence and absence of different concentrations of DCA. After 8 hrs of
incubation, the tube networks at the different wells were photographed using an
inverted phase contrast microscope. Impact of DCA on the ability of HUVECs to form
capillary-like structures was assessed by measuring the total lengths of the formed
tubes in the control and DCA-treated wells. Measurement of total tube lengths was
done manually and through an online image analysis software developed by Wimasis.
The effect of the different concentrations of DCA on the viability of HUVECs was
determined using CellTiter-Glo® Luminescent Cell Viability assay (Promega

Corporation, Madison, USA) as previously described in the cellular viability section.

2.7 HUVEC Spheroids Sprouting Assay

HUVEC spheroids were prepared by firstly staining the cells by incubating
190,000 cells with 2 uM solution of CellTracker™ Green CMFDA Dye (Molecular
probes, Invitrogen, UK) for 30 minutes in humidified incubator set at 37°C and 5%
CO; followed by centrifugation for 5 minutes and removal of supernatant. HUVECs
pellet was suspended with supplemented HUVEC medium (5 ml) mixed with methocel
solution (1.25 ml), that should be prepared earlier (Tetzlaff & Fischer, 2018). Then,

25 ul of the cell suspension were pipetted onto the cover of petri dish. Approximately,
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50 drops were pipetted in each petri dish, as shown in Figure 8A. Finally, Drops were

kept upside down for 24 hrs in humidified incubator set at 37°C and 5% COx.

Figure 8: Preparation of Hanging Drops for Spheroid Preparation. (A) Petri dish with
drops before kept them upside down. (B) Representative image of HUVEC spheroid
in a hanging drop after 24 hrs of upside-down incubation.

Formed spheroids in each dish (~50 spheroids) (Figure 8B) were collected
separately with 1x PBS and centrifuged at 150xg for 5 minutes, no brake. In the
meantime, collagen | working solution was prepared on ice by gentle mixing of rat tail
collagen I stock (1500 pL) with 10X medium 199 (150 pL) (Sigma-Aldrich, saint
Louis, MO) and ice-cold sterile IN NaOH (34 pL) ending with red color. Each
spheroids pellet was layered with methocel solution having 4% FBS (0.25 ml),
collagen I working solution (0.25 ml) and 60 pl of basal medium or VEGF 30ng/ml or
DCA 25 mM or combination of both. Immediately after gentle mixing, the mixture
was added to a pre-warmed 24-well plate and incubated in humidified incubator set at
37°C and 5% CO- for 24 hrs allowing for collagen polymerization and spheroids
sprouting. After 24 hrs, spheroids were captured using inverted microscope with 20x
magnification. Sprouts length in 12 spheroids in each condition was measured using

ImageJ.
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2.8 Wound Healing Motility Assay

A549 and LNM35 cells were seeded at a density of 1x10° cells/well into a 6-
well plate. After 24 hrs, a scratch was made through the confluent monolayer by using
a 200 pL tip. After that, the cells were washed twice with 1x PBS followed by the
addition of supplemented fresh medium having drug vehicle or DCA. At the top of the
plate, two places were marked to monitor the decrease in the wound size over time,
using an inverted microscope at objective 4x (Olympus 1X71, Japan). The plates were
incubated in humidified atmosphere at 37°C and 5% CO; and the wound width was
measured at 0, 2, 6 and 24 hrs after incubation. Migration distance was expressed as
the average of the difference between the measurements at time zero and the 2, 6 and

24 hrs time periods.

2.9 Matrigel Invasion Assay

The effect of DCA on the invasiveness of A549 and LNM35 cancer cells was
investigated using the Matrigel® Invasion Chamber assay (Corning, Bedford, USA).
This assay utilizes a 24-well plate with inserts composed of semipermeable
membranes with 8 um pores coated with Matrigel. The invasive cells can degrade the
matrix and penetrate through the insert pores to the other side. Following the
manufacture’s protocol, 0.5 mL RPMI-1640 medium, supplemented with 10% FBS,
was added to the bottom chambers. After that, cancer cells were seeded at a density of
1x10° cells / 0.5 mL into the upper chambers in medium lacking Fetal Bovine Serum
in the presence and absence of DCA. The plate was kept in humidified incubator at
37°C and 5% CO, for 24 hrs after which the non-penetrating cells in the upper

chambers were removed by rubbing the area gently with a cotton swab. Then, the
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semipermeable membrane was removed using a very fine scissor and the invading
cells were detected using CellTiter-Glo® Luminescent Cell Viability assay (Promega
Corporation, Madison, USA) as previously described in the cellular viability section.
The effect of DCA on cellular invasion was presented as a percentage (%) by

comparing the invading cells in the presence of DCA with the control.
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Figure 9: Schematic Representation of the Invasion Chamber Assay.

2.10 Statistical Analysis

Apart from the in ovo assay and experiments on nude mice, each experiment
was carried out for at least three independent times. Data were expressed as mean *
S.E.M. Statistical analysis was performed using GraphPad Prism version 8.3.1 for
Windows (GraphPad Software, San Diego, California USA). Unpaired t-test was used
to assess the difference between two groups. One-way ANOVA followed by Dunnett’s

multiple comparison test were used to compare 3 or more groups to control group.
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Additionally, One-way ANOVA followed by Tukey’s multiple comparison test were
used for the combination experiments. *P <0.05, **P <0.01. ***P <0.001. ****P

<0.0001 indicate significant differences.
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Chapter 3: Results

3.1 Effect of DCA on Cellular Viability and Colony Growth of NSCLC Cell Lines

The effect of increasing concentration of DCA (6.25-100 mM) was
investigated on two NSCLC cell lines, namely, A549 and LNM35. As shown in Figure
10, DCA reduced the viability of A549 (Figure 10A) and LNM35 (Figure 10B) in a
concentration and time-dependent manner. The half maximal inhibitory concentration
(IC50) of DCA at 48 hours is approximately 25 mM for both cell lines.

For further assessment of the anticancer effect of DCA, its impact was
investigated on the growth of pre-formed colonies of A549 and LNM35 cell lines.
Toward this, both cell lines were grown at specific density for 1 week to form colonies
and then treated with increasing concentration of DCA for another 1 week. As shown
in Figure 10, DCA caused a concentration-dependent reduction in the percentage of
colonies for both cell lines with higher sensitivity shown in LNM35 colonies (Figure
10D) compared to A549 colonies (Figure 10C). These results confirm the anticancer

effect of DCA in-vitro.
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Figure 10: Effect of DCA on NSCLC Cells Viability and Colony Growth.
Exponentially growing A549 (A) and LNM35 (B) cancer cells were incubated in the
absence or presence of increasing concentrations of DCA (3.125-100 mM) for 24, 48
and 72 hrs. Cellular viability was assessed as described in the Materials and Methods.
Shapes represent means; bars represent S.E.M. A549 (C) and LNM35 (D) cancer cells
were grown for 7 days to form colonies that were treated with different concentrations
of DCA (6.25-50 mM) for 7 days after which colonies were fixed, stained and counted
as described in the Materials and Methods. (E) Representative pictures of the control
and DCA-treated colonies are shown for A549 and LNM35 cancer cells. Experiments
were repeated at least three independent times. Results are presented as percent
colonies (mean £ S.E.M.) of treated cells compared to control. ns Not significant.
*Significantly different at <0.05. **Significantly different at <0.01. ***Significantly
different at <0.001.****Significantly different at <0.0001.
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3.2 Effect of DCA on the Growth of NSCLC Tumor Xenografts in the Chick
Embryo CAM and Nude Mice In-Vivo

To confirm the pharmacological relevance of the in-vitro results, the anticancer
effect of DCA was evaluated in-vivo using chick embryo CAM assay. A549 and
LNM35 xenografted tumors on the CAM were treated with 50 mM of DCA every 48
hrs for 1 week. At E17, tumors were recalled from the upper CAM and weighed. As
observed in Figure 11, 50 mM of DCA significantly reduced the growth of A549 tumor
xenografts (Figure 11A) by approximately 40% while it didn’t show a significant
reduction in the growth of LNM35 tumor xenografts (Figure 11B). Therefore, 100 mM
of DCA was investigated on LNM35 tumor xenografts and it significantly reduced the
growth by approximately 40% (Figure 11C). Toxicity was also assessed by comparing
the percentage of alive embryos in the control and DCA-treated groups. At E17, DCA
showed no cytotoxicity as the percentage of alive embryo was similar with control and

DCA treatment (Figures 11D, E, F).



A. B. C.
CAM CAM CAM
&0 B0 - 600 -
A549 LNM35 LNM3§
= 50 = 500 = 500 4
g £ . g
- 40 = 400 4 £ 400 1
= =
= o =]
E 30 E 300 ; 300
g€ £ 20 ; £ 200 4
g 2 =
10 100 4 100 1
o o4 o
a
DCA (mM) 0 DCA (mM) * ’ bca {mM) "
D. E. F.
120 CAM || 42 . CAM | o CAM
s A549 5 LNM25 = LNM35
§ w £ %] E
-] s -]
£ £ o £ 6
] o
§ § g
E 30 7 30 E 30 4
2 E :
< 2 < ol
0 50 i 100
DCA (mM) DCA {mM]) DCA [mM)

Figure 11: Effect of DCA on the growth of A549 and LNM35 tumor xenografts in the
chick embryo CAM in-vivo. (A) Tumor weight of A549 cancer cells xenografted on
the CAM at a density of 1 million cells after treatment with drug vehicle (0.9% NaCl)
or DCA (50 mM) for 1 week. (B, C) Tumor weight of LNM35 cancer cells xenografted
on the CAM at a density of 0.3 million cells after treatment with drug vehicle (0.9%
NaCl) or DCA (50 mM & 100 mM). (D) Percentage of alive embryo in the control and
DCA-treated A549 xenograft. (E, F) Percentage of alive embryo in the control and
DCA-treated LNM35 xenograft. Columns are means; bars are S.E.M. ***Significantly
different at <0.001. ****Significantly different at <0.0001.

The impact of DCA on tumor xenografts was also evaluated in-vivo using
athymic mice inoculated with A549 and LNM35 cells. The median lethal dose (LD50)
of DCA was reported to be 4.5 g/kg and 5.5 g/kg in rats and mice, respectively (Anand
etal., 2014; Laug, 2016). Therefore, the mice with A549 tumor xenografts were treated
orally everyday (5 days/week) with 50 mg/kg and 200 mg/kg of DCA for 38
consecutive days. Treatment with DCA (50 mg/kg) didn’t cause a significant reduction
in the volume of A549 tumor xenografts while DCA (200 mg/kg) significantly reduced
the volume by approximately 45% (Figure 12A). A similar difference was also

observed in tumor weight at the end of the experiment (Figure 12B). There were no
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obvious signs of toxicity or any manifestation of undesirable effects of DCA on animal

behavior, body weight (Figure 12C), blood components (Figure 12D), liver and kidney

function parameters (Data not shown).
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Figure 12: Effect of DCA on the Growth of A549 Xenografted in Nude Mice In-Vivo.
(A) Tumor volume of A549 xenograft inoculated subcutaneously in nude mice and
treated with DCA (50 & 200 mg/kg) orally or control carrier solution alone for a total
of 38 days. (B) Tumor weight obtained from the same control and DCA-treated nude
mice. (C) Average of the mice body weight through the treatment days. (D) Mice blood
samples were analyzed for complete blood count parameters. Results represent mean
+ S.E.M. of 9-10 mice/group. *Significantly different at <0.05. **Significantly

different at <0.01.
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On the other hand, the growth of LNM35 tumor xenografts was monitored and

the mice were treated orally with 200 mg/kg and 500 mg/kg of DCA every day (5
days/week) for 14 and 24 consecutive days, respectively. Treatment with DCA (200
mg/kg) didn’t show any reduction in the volume of LNM35 tumor xenografts (Figure
13A) while DCA (500 mg/kg) significantly decreased the tumor volume by nearly
75% (Figure 13B). Almost similar differences were seen in tumors weight at the end
of the experiments (Figure 13C, D). No signs of toxicity were observed on animal
behavior and detected on mice weight (Figure 13E, F), blood components (Figure
13G), liver and kidney function (Data not shown). Taken together, these results
suggest the higher sensitivity of A549 cancer cells to DCA compared to LNM35

cancer cells in-vivo.
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Figure 13: Effect of DCA on the Growth of LNM35 Xenografted in Nude Mice In-Vivo. (A, B) Tumor volume of LNM35 xenograft inoculated
subcutaneously in nude mice and treated respectively with DCA (200 & 500 mg/kg) orally or control carrier solution alone daily for a total of 14
and 24 days. (C, D) Tumor weight obtained from the same control and DCA-treated nude mice. (E, F) Average of the mice body weight of
throughout the treatment days. (G) Mice blood samples were analyzed for complete blood count parameters. Results represent mean = S.E.M. of
9-10 mice/group. **Significantly different at <0.01. ***Significantly different at <0.001.
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3.3 Effect of DCA on the Formation of Capillary-Like Structures and Sprouting
by HUVECs In-Vitro

Angiogenesis is one of the cancer hallmarks that ensures the supply of nutrients
and oxygen in order for the cancer cells to grow and spread. Impact of DCA on
angiogenesis was investigated in-vitro by using HUVECs that have the ability to form
capillary-like structures when seeded on Matrigel. As shown in Figure 14A, HUVECs
formed an organized capillary-like structures in the absence of DCA and this
organization was disturbed after DCA addition. Tubes length were measured manually
(Figure 14B) and by using Wimasis Image Analysis (Figure 14C) and it was found
that 25 mM of DCA was able to significantly inhibit the HUVECSs capacity to form
the threaded structures by almost 40%. This inhibition was observed with

concentration that didn’t show any reduction in HUVECs viability (Figure 14D).

In the sprouting assay, spheroids of HUVECs were embedded in a 3D collagen
matrix in the presence and absence of VEGF 30 ng/ml, DCA 25 mM or Combination
of VEGF and DCA. As shown in Figure 15A, B, sprouts formed in the presence of
VEGF was inhibited by DCA 25 mM. Total sprouts length were measured and it was
found that total length was significantly increased in the presence of VEGF and DCA
significantly decreased the sprout length induced by VEGF. This inhibition was
observed with a concentration that didn’t show any reduction in HUVECsS viability

(Figure 15C).

These data suggest that inhibition of tumor angiogenesis could be a potential

mechanism beyond the anticancer effects of DCA.
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Figure 14: Effect of DCA on the Formation of Capillary-Like Structures by HUVECs
In Vitro. (A) Forms of angiogenesis induced in HUVEC cultured on Matrigel matrix
in 96-well plate in the absence and presence of different concentrations of DCA. An
inverted microscope was used for contrast photo and Wimasis software was used to
clarify the pictures. (B, C) Quantification of tubular angiogenesis induced in HUVEC
cells cultured in the absence and presence of DCA (6.25 - 25 mM) manually and by
using Wimasis software, respectively. (D) HUVEC cells viability was determined as
described in the Material and Methods in the absence and presence of DCA (6.25 - 25
mM). Experiments were repeated for at least 3 independent times. Columns represent
means; bars represent S.E.M. ***Significantly different at <0.001. ****Significantly
different at <0.0001.
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Figure 15: Effect of DCA on the Formation of Sprouts by the Embedded HUVECs
Spheroids In-Vitro. (A) Representative images of pre-dyed HUVEC spheroids after 24
hrs of embedding in collagen matrix in the presence of VEGF 30 ng/ml, DCA 25 mM
or VEGF+DCA. An inverted microscope at 20X magnification was used. (B) Average
of total sprouts length from different spheroids per condition. (C) HUVEC cells
viability was determined as described in the Material and Methods under similar
conditions of embedded spheroids. Experiments were repeated 2 independent times.
Columns represent means; bars represent S.E.M. ****Significantly different at
<0.0001. ##H##Significantly different at <0.0001.
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3.4 Effect of DCA on NSCLC Metastasis In-Vivo and Invasion and
Migration In-Vitro

Metastasis is a multistep process that comprised of cells detachment from the
primary tumor, cells migration to the adjacent tissues followed by cells invasion into
blood or lymphatic system till the colonization of these cells in the distant organs.
Effect of DCA on metastasis in mice xenografted with the highly metastatic lung
cancer cells, namely, LNM35 was evaluated by checking the weight and incidence of
axillary lymph nodes in the control and DCA-treated group. DCA decreases the growth
of lymph node metastases without reaching a statistical significance (Figure 16A). In

addition, it didn’t affect on the incidence of lymph node metastases (Figure 16B).
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Figure 16: Effect of DCA on NSCLC Metastasis In-Vivo. (A) Weight of lymph node
with LNM35 metastases in control and DCA-treated group (500 mg/kg PO). Results
represent mean + S.E.M of 9-10 mice/group. (B) Percentage of mice with LNM35
lymph node metastases in control and DCA-treated group.

In-vitro Boyden chamber invasion assay and migration assay were used to
evaluate the ability of DCA to inhibit A549 and LNM35 cells invasion and migration.

6.25 mM and 12.5 mM of DCA failed to inhibit cellular invasion of LNM35 (Figure
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17A) and A549 (Figure 17B). Similarly, these concentrations failed to inhibit cellular

migration of both cell lines (Figure 17C, D, E, F).
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Figure 17: Effect of DCA on NSCLC Invasion and Migration In-Vitro. Using Boyden
chamber assay, LNM35 (A) and A549 (B) cells were incubated for 24 hrs in the
absence and presence of DCA (6.25, 12.5 mM). Cells that invaded into the Matrigel
and cross the 8 um pores were determined as described in the Materials and Methods.
Scratches were introduced in confluent monolayers of LNM35 cells (C) and A549
cells (D) cultured in 6-well plate in the absence and presence of DCA (6.25, 12.5 mM).
Pictures of induced scratches in the confluent monolayers of LNM35 cells (E) and
A549 cells (F) in the presence and absence of different concentrations of DCA at 0, 2,
6 and 24 hrs. An inverted microscope with 4X magnification was used to measure the
average distance that cells migrated from the edge of the scrapped area for 2, 6, 24 hrs.
All experiments were repeated for at least 3 independent times. Columns or Shapes are
means: bars are S.E.M. ns Not significant. *Significantly different at <0.05.
**Significantly different at <0.01.
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Figure 17: Effect of DCA on NSCLC Invasion and Migration In-Vitro. Using Boyden
chamber assay, LNM35 (A) and A549 (B) cells were incubated for 24 hrs in the
absence and presence of DCA (6.25, 12.5 mM). Cells that invaded into the Matrigel
and cross the 8 um pores were determined as described in the Materials and Methods.
Scratches were introduced in confluent monolayers of LNM35 cells (C) and A549
cells (D) cultured in 6-well plate in the absence and presence of DCA (6.25, 12.5 mM).
Pictures of induced scratches in the confluent monolayers of LNM35 cells (E) and
A549 cells (F) in the presence and absence of different concentrations of DCA at 0, 2,
6 and 24 hrs. An inverted microscope with 4X magnification was used to measure the
average distance that cells migrated from the edge of the scrapped area for 2, 6, 24 hrs.
All experiments were repeated for at least 3 independent times. Columns or Shapes are
means: bars are S.E.M. ns Not significant. *Significantly different at <0.05.
**Significantly different at <0.01 (Continued).
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3.5 Effect of DCA in Combination with Chemotherapeutic Agents on the
Viability of NSCLC Cells

To further evaluate the therapeutic potential of DCA, impact of its anti-cancer
effects was investigated on the activity of major chemotherapeutic drugs, namely,
Cisplatin, Camptothecin and Gemcitabine. Treatment of the cells for 48 hrs with 25
mM of DCA failed to enhance the anti-cancer effects of Cisplatin (1 uM) in A549
cancer cells (Figure 18A). In contrast, it significantly enhances the effect in LNM35
cancer cells (Figure 18B). Similar results were also obtained when used in combination
with higher concentration of Cisplatin (5 uM) (Figure 18C, D). Additionally, 25 mM
of DCA didn’t enhances the anticancer effects of Camptothecin (0.01 puM) and

Gemcitabine (0.01 uM) in both cell lines (Figure 18E, F, G, H).
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Figure 18: Effect of DCA in Combination with Chemotherapeutic Agents on the Viability of NSCLC Cells. Exponentially growing A549
cells (A, C) and LNM35 cells (B, D) were treated, in 96-well plate for 48 hrs, with DCA (25 mM) + Cisplatin (1, 5 pM). Similarly,
exponentially growing A549 cells were treated, in 96-well plate for 48 hrs, with DCA (25 mM) in combination with Camptothecin (0.5
uM) (E) or Gemcitabine (0.1 uM) (G) while LNM35 cells were treated with Camptothecin (0.01 uM) (F) or Gemcitabine (0.01 uM) (H).
Cellular viability was determined using CellTiter Glo luminescent assay as described in the Material and Methods. Experiments were
repeated at least 3 independent times. Columns represent means; bars represent S.E.M. **Significantly different at <0.01. ***Significantly
different at <0.001. ****Significantly different at <0.0001.
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3.6 Effect of DCA in Combination with Frondoside A on NSCLC Cellular
Viability and Colony Growth

To further explore the anticancer spectrum of DCA, its effect on cellular
viability and colony growth was investigated when combined with the natural
triterpenoid glycoside, Frondoside A Hydrate. In the context of cellular viability, DCA
(25 mM) significantly enhances the anticancer activity of Frondoside A (1 pM) and
(2.5 uM) in A549 and LNM35 cancer cells, respectively (Figure 19A, B). On the other
hand, 25 mM of DCA didn’t significantly enhance the activity of Frondoside A in

inhibiting the growth of pre-formed A549 and LNM35 colonies (Figure 19C, D, E).
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ination with Frondoside A on NSCLC Cells
Viability and Colony Growth. (A, B) Exponentially growing A549 & LNM35 cancer
cells were treated in 96-well plate for 48 hrs, with DCA (25 mM) + Frondoside A 1
MM and 2.5 pM, respectively. Cellular viability was determined as described in the
Materials and Methods. A549 (C) and LNM35 (D) formed colonies were treated with
the indicated concentrations, fixed, stained and counted as described in the Materials
and Methods. (E) Representative pictures of the colonies for the control and
combinations are shown for A549 and LNM35 cancer cells. All experiments were
repeated for at least three independent times. Columns represent means; bars represent
**Significantly different at <0.01.
***Significantly different at <0.001. ****Significantly different at <0.0001.

*Significantly different at <0.05.
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3.7 Effect of DCA in Combination with EGFR-TKi on NSCLC Cellular Viability
and Colony Growth

The impact of 48 hours incubation with increasing concentrations of Gefitinib
and Erlotinib (5 - 80 uM) was investigated on A549 and LNM35 cancer cells. Gefitinib
caused a concentration dependent reduction in the viability of A549 and LNM35
cancer cells (Figure 20A, B); likewise, Erlotinib showed the same reduction pattern in
the two cell lines (Figure 20C, D). 20 uM of Gefitinib and Erlotinib has the ability in
both cell lines to inhibit the cellular viability of A549 and LNM35 by approximately

40% and this concentration was used with DCA in the combination experiments.
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Figure 20: Effect of EGFR-Tki on NSCLC Cells Viability. Exponentially growing
A549 (A, C) and LNM35 (B, D) cells were treated with drug vehicle, Gefitinib or
Erlotinib (5 - 80 uM) for 48 hrs. Cellular viability was determined using CellTiter-Glo
luminescent assay as described in the materials and methods. Experiments were
repeated for at least 3 independent times. Columns are means; bars are S.E.M. ns non-
significant. *Significantly different at <0.05. **Significantly different at <0.01.
****Significantly different at <0.0001.

Treatment of the cells for 48 hours with 25 mM of DCA significantly enhances
the effect of Gefitinib on cellular viability of A549 (Figure 21A) and LNM35 (Figure
21B). Next, clonogenic assay was conducted to evaluate the effect of the combination
on the growth of pre-formed colonies of both cell lines. 20 uM of Gefitinib caused 20-
40% reduction in the percentage of total colonies in A549 (Figure 21C) and LNM35

(Figure 21D). Compared to the individual treatments, combination of DCA with
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Gefitinib leads to a significant reduction in the percentage of total colonies of both cell
lines (Figure 21C, D). In addition, this combination shows significant decrease in the

cell density of the individual colonies of both cell lines (Figure 21E, F).
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Figure 21: Effect of DCA in Combination with Gefitinib on NSCLC cells Viability
and Colony Growth. Exponentially growing A549 (A) and LNM35 (B) cells were
treated respectively, with DCA (25 mM) * Gefitinib 20 uM. Cellular viability was
determined using CellTiter-Glo luminescent assay. (C, D) Treatment of the pre-formed
colonies of A549 and LNM35 cells, respectively with DCA (25 mM) £ Gefitinib 20
pM for 7 days after which colonies were fixed, stained and counted as described in the
Materials and Methods. (E, F) Representative images of the colonies for the control
and treated groups are shown for A549 and LNM35 cancer cells. All experiments were
repeated for at least 3 independent times. Columns are means; bars are S.E.M. ns non-
significant. *Significantly different at <0.05. **Significantly different at <0.01.
***Significantly different at <0.001. ****Significantly different at <0.0001.

Similarly, DCA enhances the inhibitory effect of Erlotinib on the cellular
viability of A549 and LNM35 (Figure 22A, B). The percentage of A549 and LNM35

total colonies was significantly reduced with Erlotinib by 30-40% (Figure 22C, D) and
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this reduction was enhanced by DCA in LNM35 (Figure 22D) and not A549 (Figure
22C). Despite of the non-significant reduction in the percentage of A549 colonies with
the combination, the cell density of each colony was significantly reduced compared
to the individual treatments (Figure 22E). Likewise, the cell density of the LNM35

colonies was reduced in the combination-treated group (Figure 22F).
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Figure 22: Effect of DCA in Combination with Erlotinib on NSCLC Cells Viability
and Colony Growth. Exponentially growing A549 (A) and LNM35 (B) cells were
treated respectively, with DCA (25 mM) % Erlotinib 20 uM. Cellular viability was
determined using CellTiter-Glo luminescent assay. (C, D) Treatment of the pre-formed
colonies of A549 and LNM35 cells, respectively with DCA (25 mM) = Erlotinib 20
pM for 7 days after which colonies were fixed, stained and counted as described in the
Materials and Methods. (E, F) Representative images of the colonies for the control
and treated groups are shown for A549 and LNM35 cancer cells. All experiments were
repeated for at least 3 independent times. Columns are means; bars are S.E.M. ns non-
significant. **Significantly different at <0.01. ***Significantly different at <0.001.
****Significantly different at <0.0001.
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Chapter 4: Discussion

Despite of the recent great advances in the screening, diagnosis and
management of lung cancer in addition to the remarkable progress in understanding
the molecular biology, lung cancer is still considered a global burden by being the
second most common cancer with the highest mortality rate worldwide in 2020 (WHO,
2020). Limitations of the classical chemotherapy in addition to the challenges
surrounding the new evolutionary therapeutic agents in lung cancer could be the
reasons behind such continuous burden. High cost, restricted efficacy to small
therapeutically sensitive populations in addition to acquired resistance make
inequalities between lung cancer patients in access such agents. Therefore, various
efforts are being devoted to develop effective agents and strategies with good safety
margin to target lung cancer in an attempt to provide cure or improve the patients
outcomes. NSCLC is the most common histological subtype of lung cancer,
accounting for approximately 85% of lung cancer cases. Metabolic remodeling is one
of the emerging hallmarks of cancer including the major subtypes of NSCLC (Sellers
et al., 2019). Evidence of metabolic alterations in the glucose, lipids and amino acids
was reported recently in NSCLC cells which make such pathways a promising
potential target to treat NSCLC (Mendes & Serpa, 2019). This study aims to
investigate the impact of the metabolic drug DCA on lung cancer growth, migration,
invasion and angiogenesis in-vitro and tumor growth and metastasis in-vivo in addition
to investigate the effect of targeting metabolism by DCA on the cytotoxic effect of
approved chemotherapy and targeted therapy as a step to achieve better efficacy with

better safety margin.
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Two lung cancer cell lines have been used namely, A549 and LNM35 cell lines.
The former cell line resembles the ADC subtype of NSCLC which is considered as the
most common type of NSCLC resembles approximately 40% of lung cancer. It arises
from alveolar cells located in the smaller airway epithelium and tends to express TTF-
1 and napsin A. The latter cell line represents LCC that accounts approximately for 5
to 10% of lung cancer. This type of NSCLC is typically poorly differentiated (Duma
etal., 2019).

In the present study, the impact of DCA was investigated on the cellular
viability and colony growth of NSCLC cell lines in-vitro. It was showed that DCA
(3.125 - 100 mM) produced a concentration and time dependent reduction in the
cellular viability and growth of pre-formed colonies of A549 and LNM35 cell lines.
The IC50 of DCA at 48 hours was approximately 25 mM in both cell lines. these results
come in agreement with other reports in which DCA (10 - 90 mM) inhibited the
cellular viability of colorectal cancer (CRC) cell lines namely, SW620, LS174t, LoVo
and HT-29 in a dose dependent manner at 48 hours with 1C50 range 30 - 50 mM
according to the cell line type (Liang et al., 2011). Similarly, DCA (20 mM)
significantly decreased the viability of CRC cells namely, SW480, LoVo and HT-29
at 48 hours with greater effect on the poorly differentiated SW480 cells and metastatic
LoVo cells compared to the well-differentiated HT-29 cells (Madhok et al., 2010). On
the other hand, higher 1C50 was reported in cervical cancer cells Hela and SiHa cells
(Li et al., 2017) while DCA (20 mM) failed to inhibit the cellular viability of breast
cancer MCF-7 cell line (Woo et al., 2016).

These in-vitro data were validated by testing the effect of DCA on tumor

progression in-vivo using chick embryo CAM and athymic mice models. Firstly, this
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study demonstrated that a significant growth reduction was achieved in the A549 and
LNM35 xenografted on chick embryo CAM by using DCA doses of 50 mM and 100
mM, respectively. This is the first study investigating the effect of DCA on NSCLC
cells xenografted in chick embryo CAM. During the writing of this thesis, a study was
published investigated the effect of sodium DCA on U87 MG and PBT24 glioblastoma
cell lines xenografted on chick embryo CAM. The authors reported a variation in U87
MG and PBT24 tumor growth in response to the different concentrations of sodium
DCA. It was reported that 10 mM of sodium DCA was effective in reducing the PBT24
tumor growth but not U87 tumor growth reflecting on some differences in the biology
of the two cell lines (Stakisaitis et al., 2021). Secondly, considering the LDso of DCA
in rats and mice are 4.5g/kg and 5.5g/kg, respectively (Anand et al., 2014; Laug, 2016),
treatment with DCA at doses of 200 mg/kg everyday (5 days/week) caused a
significant 40% reduction in xenografted A549 tumor growth while higher dose of
DCA (500 mg/kg) was required to produce a significant reduction in xenografted
LNM35 tumor growth. In this context, it has been previously reported that DCA (100
mg/kg) increased the tumor doubling time of A549 and H1975 NSCLC from
approximately 3 to 6.5 days (Lu et al., 2018) but failed to produce a significant
inhibitory effect in MDA-MB-231 tumor bearing mice (Robey & Martin, 2011). On
the other hand, a significant growth delay was also observed in HT-29 xenografts
treated with oral DCA (200 mg/kg) daily for four days (Lin et al., 2014).

Investigating the toxicity of the potential anticancer drugs is as important as
investigating their efficacy since severe toxicity can comprise their use in the clinic.
DCA showed no cytotoxicity to the chick embryos and athymic mice. The percentage

of alive embryo was the same in DCA-treated and control groups. Additionally, DCA
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didn’t affect mice behavior, weight, complete blood count, liver and kidney function
parameters compared to the control group. These findings are consistent with
previously published preclinical and clinical reports that showed no evidence of severe
hematologic, hepatic, renal, or cardiac toxicity with DCA treatment (Bonnet et al.,
2007; Michelakis et al., 2010). Few patients, treated with DCA, complained from
common gastrointestinal effects. Additionally, the most common limitation to DCA
administration is reversible peripheral neuropathy which can be minimized by dose
reduction or complementary administration of antioxidants (Tataranni & Piccoli,
2019). Incorporating DCA into drug delivery system (DDS) such as, nanoparticles, is
a promising approach to retain the anticancer activity of DCA with minimal side
effects (Abanades Lazaro, et al., 2018a; Abanades Lazaro, et al., 2018b; Abanades
Léazaro, et al., 2018c¢).

The anticancer effect of DCA was reported to be partly due to induction of
apoptosis as was observed in colorectal cancer cells (Madhok et al., 2010) and NSCLC
cells (Lu et al., 2018) or due to inhibition of angiogenesis. Angiogenesis inhibitors
such as the anti-VEGF antibody Bevacizumab and VEGF receptor blocker
Ramucirumab have been approved clinically to treat lung cancer. Despite of their
approved efficacy, their modest overall therapeutical effects with associated side
effects of hypertension and increased stroke risk create a clear need for more effective
approach targeting angiogenesis (Zirlik & Duyster, 2018). This study demonstrated
that DCA (25 mM) is a promising anti-angiogenic agent by being able to significantly
inhibit two essential steps in angiogenesis which are: endothelial cell tube formation
and sprouting without inducing cytotoxicity. These findings are consistent with a

previous report that showed a reduction in the tumor microvessel density in DCA-
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treated rats in which HIFla suppression was also reported within the tumor cells
(Sutendra et al., 2013). In addition, it was reported that 5 mM and 10 mM DCA inhibits
HUVECs proliferation when low density cells (2000 cells/well) treated for 48 hours.
In addition, these concentrations were reported to inhibit HUVECs migration in-vitro
without affecting HUVECSs tube formation when incubated for 4 hours (Schoonjans et
al., 2020). On the other hand, Zhao and coworkers recently reported that DCA
stimulates the angiogenesis in vascular dementia rats by improving the function of
endothelial precursor cell (Zhao et al., 2019).

Approximately, 30-40% of NSCLC patients present with metastatic disease at
the time of diagnosis. Distant metastases affect negatively on the treatment options,
response and survival (Tamura et al., 2015) in addition for being the main cause of
lung cancer deaths (Wu et al., 2021). Metastasis is a multistep process involving
detachment of cancer cells, migration, invasion and colonization at distant sites.
Therefore, therapeutic agents and regimens reducing such hallmark in cancer is of high
importance in cancer therapy. Despite of demonstrated anti-angiogenic activity of
DCA, this study showed no impact of DCA on the metastasis of LNM35 cells
xenografted in athymic mice treated orally with an effective dose. In this study,
LNM35 cells xenografted by subcutaneous inoculation in athymic mice produced a
90% incidence of axillary lymph node metastases and DCA failed to reduce the
incidence and the growth of lymph node metastases. It was reported previously that
LNM35 cell line is the first human lung cancer cell line with lymphogenous metastatic
properties with 100% incidence following a subcutaneous inoculation (Kozaki et al.,
2000). Additionally, DCA didn’t show inhibitory effects on the migratory and invasive

properties of LNM35 and A549 cells in-vitro. Similarly, it was reported that DCA
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monotherapy was not effective in reducing lung metastases from metastatic breast
cancer cells xenografted in nude mice (Robey & Martin, 2011).

Combination therapy has been a fundamental approach in cancer therapy.
Combining different anticancer drugs allows the targeting of different essential
signaling pathways to enhance the therapeutic benefits, avoid the acquired resistance
and decrease the severity of side effects (Katzung et al., 2012). NSCLC stage,
histology, genetic alteration and the patient’s condition determine the best combination
of treatment modalities. Chemotherapy plays an integral part in the management of
NSCLC patients. A regimen of platinum (Cisplatin or Carboplatin) plus Paclitaxel,
Gemcitabine, Docetaxel, Vinorelbine, Irinotecan, or Pemetrexed is usually used
(Zappa & Mousa, 2016). The nonselective characteristics of chemotherapeutic agents
results in modest increase in survival with significant toxicity to the patient (Burris,
2009). This underscores the need for better strategies to improve patients’ outcomes
with minimal side effects. In the present study, DCA failed to enhance the anticancer
effect of Camptothecin, and Gemcitabine in both NSCLC cell lines. Additionally,
DCA failed to significantly enhance the anticancer effects of Cisplatin in A549 cell
line in-vitro but it enhanced the cytotoxic effect of Cisplatin in LNM35 cell line
reflecting on the role of genetic background of cancer cells in determining the cell
death pathway induced by the drugs. Kim et al. (2019) reported that A549 cells have
lower rate of aerobic glycolysis compared to H460 cells due to differential expression
in some metabolic enzymes. Aerobic glycolysis in cancer has been linked to
chemoresistance and inhibition of related pathways has been suggested as a
mechanism for overcoming such resistance. For instance, overexpression of PDK4 in

high grade bladder cancer make the coadministration of DCA with Cisplatin cause a
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dramatic reduction in tumor growth compared to DCA or Cisplatin alone (Woolbright
et al., 2018). Similarly, administration of DCA with Paclitaxel was reported as a
successful approach to overcome the Paclitaxel-resistant NSCLC cells due to PDK2
overexpression (Sun et al., 2017). Furthermore, Galgamuwa et al. (2016) stated that
pre-treatment with DCA significantly attenuated the nephrotoxicity induced by
Cisplatin in mice with retaining the cisplatin anticancer effects.

Interest in natural compounds, in cancer treatment, has been increased since
decades because of the overall medical and economical limitations of current therapies.
Frondoside A is triterpenoid glycoside isolated from the Atlantic cucumber,
Cucumaria frondose which was previously demonstrated as a promising potent anti-
cancer effects against NSCLC (Attoub et al., 2013). This study showed that DCA
enhance the anticancer effect of Frondoside A in the context of cellular viability but
didn’t affect on the compound ability to inhibit colony growth. Increasing the
treatment duration or optimizing the sequence of treatments can enhance the effect on
the colony growth. It was reported that DCA showed promising anticancer effects
when combined with some natural compounds such as: Curcumin (Kan et al., 2018)
and Betulin derivatives (Mihoub et al., 2018).

Discovery of the targeted therapy has helped the physicians to tailor the
treatment options for NSCLC patients. Many targeted drugs have been developed and
become part of the first-line treatment of NSCLC, such as Gefitinib and Erlotinib
which are considered as the first generation of EGFR-TKi (Herbst et al., 2018).
Gefitinib and Erlotinib were approved more than 10 years ago for the treatment of
chemotherapy-naive patients with advanced EGFR-mutant NSCLC as first-line

treatment. They are also used as second-line therapy after chemotherapy failure
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(Cataldo et al., 2011). Some reports showed that Erlotinib has a good efficacy in
patients with EGFR-wild type NSCLC (Yang et al., 2017) and a maintenance dose
can benefit these patients after platinum-based chemotherapy that considered the
backbone therapy in wild-type EGFR NSCLC (Raimbourg et al., 2017). Despite of the
remarkable benefits, many patients acquired therapeutic resistance after 10-14 months
of treatment due to secondary mutation in EGFR gene (Yuan et al., 2019).
Additionally, patients with some other mutations such as KRAS and PIK3CA showed
primary resistance to the treatment of EGFR-TKIi (Tetsu et al., 2016).

According to Cancer DepMap Portal, A549 cell line used in this study harbor
wild-type EGFR and PIK3CA with mutant KRAS and NCI-H460 cell line, from which
the LNM35 was derived, harbor wild-type EGFR with mutant PIK3CA and KRAS. In
this study, the objective was to investigate the ability of DCA to sensitize the EGFR
wild-type/KRAS mutant NSCLC cell lines when combined with Gefitinib or Erlotinib
in-vitro. This study showed that DCA enhanced the inhibitory effect of Gefitinib on
viability, colonies number and density in A549 and LNM35. Similarly, DCA enhances
the effect of Erlotinib on the cellular viability of both cell lines. It also enhances the
effect of Erlotinib on colonies number of LNM35 but not A549. Despite of this
nonsignificant impact on the number of colonies, the density of individual colonies
was significantly decreased with the combination in both A549 and LNM35. This
observation also suggest that a longer duration treatment may be needed to achieve
comparable decrease in A549 colonies number. To confirm that, an extra clonogenic
experiment is ongoing in the lab to investigate the effect of longer duration treatment
with combination on A549 cells. In this context, Yang and Tam (2016) reported that

DCA with Gefitinib or Erlotinib synergistically inhibit the viability and colony
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formation capacity of EGFR-mutant cells (NCI-H1975 and NCI-H1650) due to
synergistic effect in promoting apoptosis. In EGFR wild-type cells (A549 and NCI-
H460), they showed, in comparison to the individual treatments, that combination
caused an elevated fraction affected (Fa) value in cellular viability without reaching
level of synergism in EGFR wild-type cells (A549 and NCI-H460) and this
combination didn’t significantly repress the colony formation of these cell lines. The
differences in the experimental conditions between the aforementioned report and this
study could explain such variable results. In their clonogenic assay, the investigators
treated the individual cells for 3 continuous days followed by incubation with drug-
free medium for 15 days to form colonies however in this study experiments, the cells
were firstly incubated to form colonies followed by treatment for 7 days. Furthermore,
targeting KRAS signaling pathway was reported as a promising strategy in several
studies to sensitize the KRAS mutant cells to EGFR-TKi (Chen et al., 2013; Park et
al., 2010). The potential mechanism behind enhancing the response of the KRAS-
mutant NSCLC cells to EGFR-TK:i can be partly due to inhibition of PDK4 by DCA.
Trinidad et al., (2017) reported that PDK4 regulate the localization and activity of
mutant KRAS and its tumorigenic properties suggesting PDK4 inhibition as a novel
strategy to target KRAS mutant lung and colorectal cancers. Furthermore, autophagy
inhibition was reported to facilitate the antitumor effects of EGFR-TKi (Han et al.,
2011; Meng et al., 2019). In this context, DCA showed an ability to inhibit the
autophagy by activating the AKT-mTOR pathway in NSCLC (Lu et al., 2018) which
can be another possible mechanism behind enhancing the antitumor effects of EGFR-

TKi.



60

The findings of this study pave the way for validating the impact of the
combination of DCA with Gefitinib or Erlotinib on tumor growth in-vivo in addition
to investigate the impact of DCA when combined with the second- and third generation
EGFR-TKIi. Other NSCLC cell lines harboring wild-type EGFR, KRAS and PIK3CA
can be relevant models to determine if the wild status of these three genes will further

increase the efficacy of the combination of DCA with EGFR-TKi.
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Chapter 5: Conclusion

In summary, this study demonstrated that DCA is a promising anticancer for
NSCLC by being able to inhibit the cellular viability and colony growth of NSCLC
cells in-vitro and tumor growth in the chick embryo CAM and nude mice in which the
safety of this agent was also assessed. DCA inhibits the ability of endothelial cells to
form capillary-like structures and sprouting in-vitro suggesting the inhibition of
angiogenesis as a potential mechanism behind the anticancer effect. This study also
revealed the potential value of DCA when combined with Gefitinib or Erlotinib in-

vitro.
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