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ABSTRACT OF THE DISSERTATION

Preventing and treating hepatic metastases of colon and pancreatic
cancers by targeting cancer cell metabolism

By AMER H. AL-ASADI

Dissertation Director:

Shengkan Jin

Alteration of glucose metabolism is a unique feature for a majority of cancers.
Cancer cells exhibit aerobic glycolysis also known as the Warburg effect even in the
presence of oxygen. During this mode of glucose metabolism, a majority of pyruvate is
converted to lactate rather than entering mitochondria for complete oxidation through
oxidative phosphorylation. The functional importance of aerobic glycolysis to cancer
cells is becoming clear. Basically, aerobic glycolysis prevents pyruvate from complete
oxidation inside mitochondria. This shunts glycolytic intermediates to pathways for
synthesis of NADPH and building blocks of macromolecules, which are required for cell
growth and proliferation.

Pyruvate entrance into mitochondria is enhanced via mitochondrial uncoupling, a
process that permits proton influx through the mitochondrial inner membrane without
generating ATP. Consequently, mitochondrial uncoupling stimulates “idle ” oxidation of

acetyl-CoA, leading to complete oxidation of glucose. Thus, we hypothesize that safe
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mitochondrial uncouplers could be strong anticancer agents to inhibit the anabolic role of
the Warburg effect. We utilized two approaches to address this hypothesis.

First, we tested two mitochondrial uncoupler compounds, NEN (niclosamide
ethanolamine) and oxyclozanide, on their metabolic effects and anti-cancer activities. We
used metabolomics NMR to study the effect of mitochondrial uncoupling on glucose
metabolism in colon cancer MC38 cells. We further examined the anti-cancer effect of
NEN and oxyclozanide in cell models and hepatic metastasis of colon cancer in animal
model. We found that mitochondrial uncoupling stimulates pyruvate influx to
mitochondria and decreases various anabolic pathway activities. Moreover, mitochondrial
uncouplers arrest cell cycle progression, inhibit cell proliferation and reduce
clonogenicity. Furthermore, oral treatment with mitochondrial uncouplers diminishes
hepatic metastasis of colon cancer cells transplanted intrasplenically in mice.

Second, we tested MB1-47, a novel mitochondrial uncoupler with good
pharmacokinetic and toxicological profiles, in preventing and treating pancreatic cancer.
Our study demonstrated that MB1-47 is effective in inducing mitochondrial uncoupling
in pancreatic cancer cells and inhibits the proliferation of multiple murine and human
pancreatic cancer cell lines. In the tumor xenograft mouse models, oral MB1-47
treatment exhibits excellent activity in preventing tumor growth and metastasis.

Our data support a unique approach for targeting cancer cell metabolism for

cancer prevention and treatment and identified prototype compounds for this mechanism.
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Chapter 1
1. Introduction

1.1 Cancer cell metabolism

Cancer cell metabolism is an important area of cancer research and it is older than the
oncogene and tumor suppressor discovery. This area of research is based on the
observation that cancer cell metabolism is different compared to normal cell, and this

difference is essential and necessary to maintain the malignancy of cancer (1,2).

Decades ago, Otto Warburg found that cancer cells use aerobic glycolysis as energy
source to provide the necessary requirements for cell proliferation. This feature of cancer
cells is known as the Warburg effect. In contrast, normal cells use oxidative
phosphorylation to support growth and proliferation (1-5). Warburg’s finding was
approved and validated in many human cancers with the radioactive glucose analogue by
fluorodeoxyglucose positron emission tomography to monitor glucose uptake in cancer
and normal tissue (6,7). Recently, Warburg effect has been considered one of the
hallmarks of cancer along with other traits such as sustaining proliferative signaling,
resisting cell death, evading growth suppression, activating invasion and metastasis,
enabling replicative immortality and angiogenesis (8-10). Moreover, genomic instability
and mutation, avoiding immune system, and tumor enhancing inflammation are emerging
hallmarks that are involved in the cancer pathogenesis (11-14).

1.2 Roles of glucose in cancer cell metabolism
Altered glucose metabolism through aerobic glycolysis is an inefficient way to

produce energy because and it gives 2 adenosine triphosphates (ATPs) per glucose



molecule, whereas oxidative phosphorylation gives 36 ATPs from glucose oxidation via
the Krebs cycle (2,15-17). Several studies have demonstrated that most cancer cells
rewire glucose oxidation to aerobic glycolysis instead of oxidative phosphorylation even
in the presence of oxygen. Cancer cells redirect glucose intermediates to macromolecules
biosynthetic pathways for biomass accumulation. This process will maintain tumor
progression by providing materials to replenish tumor cells as well as generating reducing
agents such as nicotinamide adenine dinucleotide phosphate (NADPH) for metabolic
processes (2,17-19).

Glucose is the primary and crucial energy source for all mammalian cells. Glucose is
metabolized in cytosol to pyruvate through a precise metabolic pathway called glycolysis
(20). One glucose molecule (comprised of 6 carbon atoms, or 6C) is metabolized into two
pyruvate molecules (3C) and 2 molecules of ATP are generated in this process (21).
Pyruvate can have two fates through glycolysis: (i) it can be completely oxidized inside
mitochondria via oxidative phosphorylation (OXPHOS), or (ii) it can be converted into
lactic acid (fermentation) inside cytosol in the absence of oxygen (22). In normal cells,
glucose oxidizes to CO2 inside mitochondria through OXPHOS in presence enough
levels of the oxygen, while in hypoxic condition glucose is fermented to lactic acid.
Glucose oxidation via OXPHOS efficiently produces 36 ATPs, however the rate of ATP
generation becomes greater if the respiration process happens through aerobic glycolysis

and with an unlimited source of glucose (23,24).

In differentiated cells, glucose metabolism is dependent on oxygen availability, either
through OXPHOS (in presence of oxygen) or fermentation (in absence of oxygen) (25-

27). In proliferative cells, particularly in cancer cells, pyruvate from glucose is converted



to lactic acid through an aerobic glycolysis, also know as Warburg effect, regardless of
oxygen availability. In addition to ATP production from glucose metabolism through
glycolysis, glucose supplies the substrates for Pentose Phosphate Pathway (PPP) to
produce ribose -5-phosphate that is necessary for nucleotides biosynthesis, and NADPH

to maintain the redox hemostasis of cells (2,28).

Moreover, glycolytic intermediates are necessary for biosynthesis of some amino
acids such as 3-phosphoglycerate, a precursor to the serine biosynthetic pathway, which
in turn provides the essential elements for the synthesis of many nonessential amino
acids. Also, pyruvate converts to alanine through transamination, and citrate shunts out
mitochondria into cytosol for fatty acid biogenesis (19,29-31). This shows that cancer

cells effectively take advantage of dysregulated metabolism to support survival.

1.3 Tumor cells utilize glutamine for glucose-independent TCA

Cancer cells not only utilize glucose as their only energy source. Glutamine is a free
amino acid in human blood, and has been classified as conditionally essential. This
means its synthesis can be reduced under certain pathophysiological conditions and
catabolic problems (32). Glutamine synthetase (GS) catalyzes the assembling reaction

between glutamate and ammonia to form glutamine (33,34).

Glutamine has roles in protein and lipid biosynthesis, specifically in cancer cells, as
wells as energy hemostasis besides glucose. It is a source for carbon, citric acid and
glutamate biosynthesis (35). Glutamine is the main precursor for Tricarboxylic Acid
(TCA) cycle fuel in the culture medium of cancer cells and the majority of glutamine is

converted inside mitochondria to glutamate by glutaminase (GLS), (32,33). Glutamate is



subsequently converted to a-ketoglutarate by glutamine dehydrogenase or transmission.
Then, a-ketoglutarate is metabolized inside mitochondria through TCA cycle to generate

oxaloacetate and 4 C unit (34,36).

Furthermore, glutamine is a nitrogen donor for pyrimidines, purines, asparagine.
Importantly, it is also a source of nicotinamide adenine dinucleotide (NAD), and is a
precursor of glucosamine biosynthesis (34). In addition to glucose roles to promote
cancer cell proliferation, cancer cells are addict to glutamine uptake and utilization to

support anabolic pathways for sustained cell survival (20).

Oncogene c-Myc stimulates the expression of glutamine transporters such as
SLC1AS, SLC7AS/SLC3A2, and GLS (37). Glutamine deficiency in cancer cells
expressing c-Myc induces apoptosis (38,39). In a number of tumors, GS activity and
glutamine biosynthesis are enhanced to support tumor cell proliferation and growth
(40,41). Data from experiments using glucose labeling have demonstrated that higher
activity of GS led to integration of carbon from glucose into glutamine through o.-
ketoglutarate/glutamate, in contrast to a glutamine replenishment process (40,41).
Furthermore, pharmacological targeting or loss of one allele in GLS or GS is an efficient
way to inhibit cancer cell proliferation and tumor growth in mouse cancer models

(42,43).

1.4 Oncogenes roles in cancer cell metabolism
Despite the many genetic and histological differences of tumor tissue, there are

permanent signaling pathways that control the malignancy of a tumor (24,44). In normal



cells, phosphatidylinositol 3-kinase (PI3K), AKT (also known as Protein Kinase B,PKB)
and mammalian Target Of Rapamycin (mTOR) are activated via growth factors, thus
enhancing strong anabolic pathways including robust glycolytic flux activities, and
synthesis of fatty acid (45), a process that is tightly controlled in these cells. On the other
hand, tumor cells contain frequent mutations, which allow the PI3K-AKT-mTOR
crosstalk to achieve the highest signaling activity with less reliance on growth factors
stimulation (44,46).

Myc gain of function is another deregulated pathway in many cancers like lung,
colon, and pancreatic cancers (47,48). Several studies have demonstrated that Myc
oncogene has roles in upregulating the expression of several genes encoding enzymes
involved in glycolysis, metabolic transporters, pyruvate and lactate dehydrogenase, fatty
acids synthesis, glutamine one carbon pathway and mitochondrial metabolism (45).
Moreover, Myc plays a role in upregulating the transcription of genes that are required
for glutamine metabolism, such as glutaminase-1 and glutamine transporters that form
glutamate from glutamine (49). Then, a-ketoglutarate can be produced from glutamate
and subsequent enters to the TCA, so glutamate production provides the carbon necessary
for TCA intermediates, which are essential for amino and fatty acids biosynthesis. Then,
glutamate can be converted to glutathione and the latter participates in the maintenance of
cellular redox homeostasis (47,50). Collectively, these anabolic pathways promote the

anabolic roles of Warburg effect in many cancers.

Oncogenic Kras is highly mutated in many cancers. It enhances tumor progression

through PI3K-AKT-mTOR signaling network, via upregulation many metabolic



enzymes, which are required for metabolic pathways (51,52). Mutated Kras enhances
glycolytic pathway activity by activation of the Mitogen-activated protein kinase
(MAPK) pathway as well as activation of transcription factors, like Myc or Hypoxia
Inducible Factor -1 (HIF-1) (53). Several studies showed that Kras upregulation switches

the cellular metabolism from (OXPHOS) to aerobic glycolysis in cancer cells (51,53,54).

p53 is a tumor suppressor transcription factor, which is mutated in 50% of all human
cancer, and is thought to control cell metabolism in stress conditions. It exerts its
suppressive action through DNA repair, senescence, cell cycle arrest and apoptosis (55-
57). Nevertheless, recent work suggests that the suppressive action of p53 might be
related to regulation of cell metabolism and oxidative stress (58). Loss or dysregulation
of p53 activity enhance glycolytic intermediate flux to stimulate anabolism and redox

hemostasis, processes necessary to promote tumor malignancy (59).

Jones & Thompson also demonstrated the role of the p53 in changing the balance
between glycolysis utilization and oxidative phosphorylation via activation of
cytochrome c oxidase synthesis (60). Therefore, p53 mutations diminish cytochrome ¢
oxidase synthesis, thus conferring an advantage to cancer cells to shift toward glycolysis
(61). Other study suggested that p53 regulates glycolysis dependent on the transcription

activity of Nuclear Factor kB (NF-(B) (62).

The highly organized induction of metabolic signaling pathways that promote tumor
malignancy through combination of P13k-AKT-mTOR crosstalk deregulation, damage of
tumor suppressive, and stimulation of oncogene activity that is required to amplify many

metabolic enzymes every second.



It is obvious that the cancer cells display aerobic glycolysis (Warburg effect) due to
oncogenes activation, damage of tumor suppressor, and PI3k upregulation. The
advantages that cancer cells get from highly glycolytic metabolism are to provide

anabolic molecules for biomass production and reducing agents for cell proliferation (2).

Moreover, many studies showed that the cancer cells could produce energy from
glucose oxidation (glucose-carbon sources can enter TCA cycle and produce energy ATP
via oxidative phosphorylation) (18,63). Nevertheless, decreasing ATP production from
glycolysis by decreasing the pyruvate kinase activity fails to decrease cancer growth,
clarifying that the main function of glycolysis is not provide ATP to the cancer cells but

biomass and reducing agents (17,19).

1.5 Mitochondria and cancer cell metabolism

Mitochondria are critical bioenergetic organelles that control the normal production
of ATP, regulate calcium balance, regulate programmed cell death and also are a major
site for fatty acid and lipid oxidation (64). Mitochondria are involved in specialized
cellular processes, such as respiration through Electron Transport Chain (ETC), fatty acid
oxidation, TCA cycle, and to biosynthesis of amino acids, lipids, nucleotides, sulfur
cluster, heme and NADPH to maintain their own antioxidant status (65-67). NADH and
FADHj; electron carrier molecules are generated through TCA. They control the power of
ETC, which lead to generate the proton gradient cross the inner mitochondrial membrane

and subsequently to generate ATP through ATP synthase system.

Beside the bioenergetics and signaling roles of mitochondria, it is also a site for



biosynthesis of the building blocks necessary to sustain cell survival and proliferation.
This requires consistent supplementation of 2C and 4C units, which are provided from
pyruvate carboxylation, glutamine oxidation, pyruvate, acetate and other amino acids
respectively (20,68,69). Furthermore, mitochondria have a major role in one carbon (1C)
metabolism, which provide the necessary metabolites for purines, pyrimidines and

methionine biosynthesis (70,71).

Mitochondrial metabolism is crucial for cancer cells proliferation and differentiation.
Therefore, although their huge glycolytic rate, most of cancer cells produce ATP using
mitochondrial oxidative phosphorylation, with few exception of cancers having a
mutations in mitochondrial respiration enzymes like succinate dehydrogenase (SDH) and
fumarate hydratase (FH) (72,73). However, cancer cells with SDH and FH mutations are
still depending on mitochondrial metabolism to provide TCA intermediates and reactive
oxygen species that are required for cancer cell growth (73,74). Furthermore, amino acids
and fatty acids also can provide intermediate substrates for TCA cycle to maintain ATP

production from mitochondria in cancer cells (41).

Fatty acid oxidation occurs in mitochondria through p-oxidation to generate acetyl
Co-A and the reducing agents NADH and FADH,. These molecules are used in the ETC
to generate ATP inside mitochondria (75,76). In addition, glutamine metabolizes to
glutamate and consequently to a-ketoglutarate to supply TCA cycle through
glutaminolysis (35). Thus, cancer cells can adapt to harness these metabolic routes that
can supply TCA cycle with essential metabolites, that are in turn used to supply enough

fuel for cell survival in the unusual environment during tumor evolution (9,20).



1.6 Biosynthetic pathways support cancer cell metabolism

Biosynthetic pathways are an essential part of cancer cell metabolism, because of
their roles in generating the essential macromolecules for cell division, proliferation and
growth (77). First, these pathways acquire simple nutrients (sugar, amino acid, lipid, etc)
from extracellular space, and then converted through core metabolic pathways like
glycolysis, PPP and TCA to biosynthetic intermediates and lastly the large molecule

assembly happen via ATP dependent processes (77,78).

Alongside with glucose, lipid, protein, nucleic acid are the most macromolecules that
studied on cancer research, which comprise about 80% of whole dry mass in mammalian
cells. Evidence demonstrate that (lipid, protein, nucleic acids) molecules biosynthesis
under the control of similar signaling pathways that control cell growth and stimulated in

cancer via many carcinogenic mutations, specially PI3K-AKT-mTOR signaling (41,79).

1.6.1 Protein effects in cancer cell metabolism

Protein synthesis is precisely controlled and requires essential and non-essential
amino acids. Cancer and non-cancer cells obtain these molecules under the effect of
growth factor signaling by providing surface transporters, which allow them to attain
these molecules from extracellular sources (37,80). In addition to raw materials that are
provided for protein synthesis in cancer cells, surface transporters support them to
maintain mTOR-signaling network. mTOR is activated via amino acids and stimulates
the protein synthesis via its effective roles on translation and ribosome biosynthesis

(37,79).
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In proliferative cancer cells, glutamate pool is the precursor for nonessential amino
acids and it comes via glutamine deamination and transamination reactions (81). mTOR
controls glutamine uptake and glutaminase activity. Glutamate supply is necessary for
transamination reactions and to maintain TCA cycle activity, which additionally supports
the synthesis of amino acids (36). Moreover, high intracellular level of glutamine is used
use to stimulate mTOR and protein biogenesis. Under growth conditions, mTOR activity
is stimulated by the abundancy of glutamine and amino acids, thus enhancing protein

synthesis (77,82).

1.6.2 Fatty acids and cancer cell metabolism

Tumor cells generate fatty acid for membrane biogenesis, lipid modifications, and
signaling pathway activity (83). Fatty acid biosynthesis requires acetyl- Co A and
reducing agents, specifically NADPH (cytosolic form). Active fatty acid biosynthesis
therefore demands integration with other carbon metabolic pathways and oxidation-
reduction processes. Glucose is the main source of acetyl-Co A for fatty acid biosynthesis

in most culture medium (75,76,84).

In hypoxia and mitochondrial dysfunction, glutamine and acetate are the alternative
sources for acetyl-Co A (85-88). In addition, leucine degradation is another source of
acetyl-Co A in some cell lines (89). Furthermore, recent studies have indicated that
glucose is the main source for fatty acyl carbon in tumor tissues (90). Metabolic labeling
experiments suggested that most of cytosolic NADPH for fatty acid biosynthesis

originates from the oxidative branch of the PPP (91,92).
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Fatty acids biosynthesis is regulated by SREBP-1 transcription factor (93). SREBP-1
controls the enzymes that are required to convert the Acetyl-CoA into fatty acid and the
enzymes of PPP that are needed to convert acetate and glutamine to Acetyl-CoA. Thus,

SREBP-1 controls genes that help or catalyze the synthesis of fatty acid (94).

In cancer cells with high rate of fatty acid biosynthesis, mTOR signaling pathway
through its downstream target S6Kinase (S6K) assist to maintain the transcription
activity of SREBP-1 and SREBP-2. The latter proteins control the transcription of genes
involved in sterol synthesis (93). Thus, SREBP-1 and SREBP-2 are necessary for mTOR
to stimulate and promote cell proliferation and growth. Normal and cancer cells obtain
the fatty acid and lipid from extracellular space to use them to supply cell membrane
biogenesis. Under the effect of growth factors, PI3k enhances the fatty acid and lipid
uptake and inhibit lipid oxidation (B-oxidation) inside mitochondria to maintain cell

proliferation (95).

In cancer cells under hypoxia, mTOR-signaling pathway plays important roles to
support endoplasmic reticulum activity to maintain protein synthesis through
extracellular supplying of desaturated fatty acid. In addition, ATP citrate lyase the last
enzymes that converts acetate to Acetyl-CoA to prevent cancer cells proliferation and
growth (96).Therefore, targeting the fatty acid transport and biosynthesis could have

potential effect to inhibit cancer cell proliferation.

1.6.3 Nucleotide biosynthesis and cancer cell growth

Nucleotide biosynthesis (purine and pyrimidine) is a necessary process for RNA and
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DNA biosynthesis. Biosynthesis of nucleotides is a complex process, required huge
cooperation from other pathways in precise fashion. Ribose -5- phosphate (intermediate
of the PPP) provides the backbone (phosphoribosylamine) and glutamine uses as amide
sources for nucleotide synthesis (97,98). Different nonessential amino acids and methyl-
donated group from one carbon pathway are also included on the synthesis of purine and
pyrimidine. Moreover, oxaloacetate from TCA cycle is transaminated to aspartate, which
is also an important intermediate required for purine and pyrimidine base biosynthesis

(98,99).

NADPH is also required to convert the ribonucleotides to deoxynucleotides via
ribonucleotide reductase. It is well known there is feedback inhibition mechanism to
prevent nucleotide accumulation and any mutation disturb this mechanism lead to
pathological condition like gout and uric acid precipitation (98). In this way,
pharmacological interventions targeting nucleotide synthesis are good strategies to inhibit
some cancer types. For example, drugs that interfere with nucleotide metabolism, such as
nucleoside analogues and antifolates, have been used for decades as cancer treatment

27).

It is not obvious how oncogenic signaling pathways affect nucleotide biosynthesis. It
is probably through the effective roles of oncogenic pathways to the metabolic core
pathways (glycolysis, PPP, and TCA cycle) because their main roles to provide the
precursors for nucleotides synthesis. Moreover, some studies suggested that activation of
mTOR signaling supports nucleotides biosynthesis (100). mTOR’s effector ribosomal
K6S phosphorylates the trifunctional enzyme CAD (carbamoyl- phosphate synthetase 2,

aspartate transcarbamoylase, dihydroorotase) which, promote the first steps of pyrimidine
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biosynthesis. CAD S1859 phosphorylation is necessary for mTOR mediated pyrimidine

synthesis (100).

1.7 AMP-activated protein kinase (AMPK)

AMP-activated protein kinase (AMPK) is a cellular sensor for energy homeostasis
and is essentially expressed in all eukaryotic cells. AMPK consists of three subunits, the
catalytic (o) subunit and the regulatory (f and y) subunits. In humans, each subunit has

many isoforms and each isoform is encoded by a specific gene (101).

AMPK activates via energetic stresses through a mechanism that senses increase in
AMP/ATP and ADP/ATP ratios. AMPK activation restores energy hemostasis by
switching on the catabolic pathways and switching off the anabolic pathways to enhance
ATP generation to restore energy balance (102,103). Moreover, AMPK promotes glucose
utilization through oxidative metabolism in less proliferative cells rather than rapid

glucose uptake and glycolysis that are used in proliferative cells (104).

AMPK analogue in the yeast Saccharomyces cerevisiae is necessary to switch the
yeast’s metabolism from fermentation (glycolysis) to oxidative metabolism in starvation
conditions. This metabolic switching is like to reversal of the aerobic glycolysis
(Warburg effect) that appears in many quickly proliferating cells, including tumor cells
(105). Pharmacological activation of AMPK is well known via salicylate and metformin
(106,107). AMPK activation is determined by phosphorylation of conserved threonine
reside (Thr172), which is located in the activation loop of a subunit kinase domain (108).
The y subunit of AMPK has three binding sites for AMP, ADP, and ATP binding in

competition with AMP (109,110). AMP binding activates AMPK through three specific
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mechanisms: (i) via increased Thr 172 phosphorylation by LKB1 (tumor suppressor and
upstream target of AMPK), (ii) decreased dephosphorylation of Thr172 by a phosphatase
and (iii) triggered allosteric activation. All these activation are because of AMP binding

to AMPK it self and not due to phosphatase or upstream kinase effect (109,111).

After activation through energy stress, AMPK restores the energy hemostasis by
stimulating catabolic pathways to generate ATP and inhibiting the anabolic pathways that
consume ATP (111,112). In addition, most anabolic pathways are stimulated by mTOR
signaling pathway, which in the end inhibit by AMPK activation (113). AMPK inhibits
the biosynthesis of lipid, RAN, and protein, and then it reduces cell growth and
proliferation. Moreover, it arrests the cell cycle at GO/G1 phase by stimulating p53

phosphorylation, thus stopping DNA synthesis (45,114).

Loss of one allele of AMPK-a enhances B cell lymphoma development in mice
carrying c-Myc transgenic expression in B cells, while loss of two alleles induces a
severe effect (115). Therefore, this indicates that AMPK may act as a tumor suppressor
and mutation in any genes encode any subunits of AMPK seems to be infrequent in
human cancer. This could be because of the redundancy among AMPK isoform or
probably because lower levels of AMPK are needed to support viability throughout the
metabolic stress that cancer cells frequently face. Therefore, reduced AMPK functions
might be essential for tumor cell survival and tumor malignancy by restraining effects of

AMPK on cell growth and proliferation (116).

AMPK activation is a good way to reduce cancer cell metabolism by inhibiting the

anabolic pathways and activating the catabolic pathways. Histological staining of human
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breast cancer samples showed that phosphorylation of AMPK-a subunits level is lower
than surrounding normal tissue (117). Another study showed that AMPK-a.
phosphorylation frequently occurred in human hepatocellular carcinoma (118).

Moreover, other study suggested that AMPK is a negative regulator of the Warburg effect

in vitro and vivo models (119).

Many mechanisms have been suggested to explain the downregulation of AMPK
activity. Genetic loss of LKBI1 is moderately frequent in non-small cell lung and cervical
cancers and it is lower in other cancers (120-123). Hyperactivation of Insulin/IGF1-
regulated protein kinase Akt/PKB is another mechanism for AMPK downregulation, as
gain of functions mutations of AKT and loss -functions mutations of PTEN tumor
suppressor occur in many tumors (124,125). Human melanoma cells having B-Raf Y
mutation is another mechanism for AMPK downregulation activity. Mutation of B-Raf
causes activation of Erk and RSK kinases, which promote the phosphorylation of the C
terminal domain of LBK1, thus restrained its activity to induce AMPK activation (126).
Additional mechanisms have been also proposed for AMPK downregulation, and many

of them could be good target therapeutically.

Collectively, downregulation of AMPK is required for cancer cell proliferation and
differentiation to defeat the bioenergetics and nutritional stresses during cancer cell
development and AMPK activation might be a way to restrain cancer cell survival and

growth.
1.8 Mammalian Target of Rapamycin (mTOR) roles in cancer cell metabolism

mTOR is a central component of an important signaling pathway for cell
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proliferation. mTOR is an evolutionarily conserved serine/threonine kinase and play vital
roles in protein synthesis. The downstream effectors of mTOR signaling include the
ribosomal protein S6 kinase beta-1 (p70S6K) and eukaryotic translation initiation factor

4E binding protein 1 (elF-4E BP1) (45,127,128).

mTOR has regulatory roles in many biological processes like cell metabolism,
autophagy, survival, migration, lysosome biogenesis and growth, which are essential for
normal and abnormal cell growth. Consequently, it governs balance between the anabolic
and catabolic processes corresponding to environmental factors (45,82,129). mTOR is

severely and allosterically inhibited by rapamycin (82,129).

In addition to its role in protein synthesis, mMTOR supports de novo lipid
biosynthesis via the sterol responsive element binding protein (SREBP) transcription
factor that regulates expression of metabolic genes included in fatty acid and cholesterol
synthesis (130-132). Moreover, new studies have showed that mTOR plays crucial roles
in nucleotides biosynthesis, which are necessary for ribosome biosynthesis and DNA

replication in growing and proliferating cells (37,94,100,129,133,134).

Furthermore, mTOR promotes the mitochondrial tetrahydrofolate cycle that
supplies 4C units for purines biosynthesis by increasing the expression level of ATF-4
(the key component of this cycle) (100). Moreover, phosphorylation and activation of
carbamoyl-phosphate synthetase (CAD) increases by S6K, and CAD is essential for
pyrimidines biogenesis pathway (100,135). mTOR also stimulates cell growth and
proliferation by switching glucose metabolism from oxidative phosphorylation to

glycolysis that facilitate nutrients incorporation into biosynthetic pathways (94).
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Furthermore, mTOR increases the translation of HIF 1 a transcription factor that in
turn drives the expression of several glycolytic enzymes like phosphofructokinase (PFK).
Nevertheless, mMTOR promotes SREBP activation and this lead to enhanced the
metabolites influx through the oxidative phase of PPP, which used the glycolytic
intermediate generate NADPH and other essential metabolites to promote cell growth and

survival (94,114,129,134).

mTOR hyperactivation has been reported in many cancers with frequent mutation in
PI3K/AKT, RAF and ERK oncogenic signaling pathways because it is downstream
effector for these pathways (129,136,137). Furthermore, TP53 and LKB1 the common
tumor suppressors are negative regulators for mTOR activity (129,138). AMPK
activation decreases the phosphorylation of P70S6K and 4E-BP1 proteins (139,140).
Thus, mTOR’s activity is reduced and this consequently inhibits cell proliferation and
growth. Targeting cancer cell metabolism through mTOR and its effectors could be a way

to reduce cell proliferation and growth.

1.9 Mitochondrial uncoupling and cancer cell metabolism

Mitochondrial uncoupling is a process that allows the proton influx into inner
mitochondrial membrane without generation of ATP. It has many applications in
different normal and pathological conditions. Historically, uncoupling compounds have
been used to enhance oxygen utilization without increase in ATP production (141).
Chemically, the uncoupling process is the dissipation the electrochemical proton gradient

allowed H'" futile cycle through mitochondrial inner membrane (11,142).
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Recently, Tao et al. showed the effective role of the mitochondrial uncoupler
compound niclosamide ethanolamine (NEN) in preventing diabetes mellitus type II by
enhancing lipid oxidation inside the liver and insulin sensitivity to glucose throughout the
body (142). Therefore, the targeting the cell metabolism using mitochondrial uncoupler

compounds could be a new way to target many metabolic chronic diseases and cancers.

Mammalian cells can endure mild mitochondrial uncoupling (143). Mitochondrial
uncoupling enhances the metabolic rate and consequently reduces body fat (144-147). It
burns energy molecules, such as glucose and fatty acids, through oxidative
phosphorylation rather than using them for biomolecules biosynthesis, leading to a
reduction in NADPH generation and building blocks that are necessary for biosynthetic
pathways (144,148,149). In cancer cells, this ultimately enhances cell cycle arrest and
inhibits cell proliferation (140,150,151). It also has effective roles in reprogramming

cancer cell metabolism (140).

One group studying colon cancer demonstrated that tumor growth is increased when
a mitochondrial uncoupling protein is downregulated in mice (152). Moreover, other
study reported that mitochondrial uncoupling mechanism is a way to reduce cell
proliferation and tumorigenesis via Akt inhibition in skin cancer. It has also been
suggested that there is a relationship between anabolic signaling pathways and
mitochondrial uncoupling. Also, the study proposed that mitochondrial uncoupling might
be a good way to treat malignant cancer by targeting the anabolic roles of AKT signaling

pathway (153).
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Chapter 11

2. Effect of mitochondrial uncouplers niclosamide ethanolamine (NEN) and

oxyclozanide on hepatic metastasis of colon cancer

2.1 Introduction and rationale

Cancer cell exhibits a unique glucose metabolism through an aerobic glycolysis also
known as Warburg effect. During aerobic glycolysis, majority of pyruvate derived from
glucose is converted to lactate rather than entering to mitochondria for oxidative

phosphorylation. (3,10,154,155).

Majority of cancer cells exhibit aerobic glycolysis. Now, the aerobic glycolysis is
consider as one of the cancer hallmarks (8). The functional significance of the aerobic
glycolysis to cancer cells is to prevent complete oxidation of glucose and glycolytic
metabolic intermediates are shunt to pentose phosphate pathway required for biomass

production (28).

Colorectal cancer (CRC) is one of the most common malignancies in the Western
world. While it is important to eradicate the primary tumor, it has become evident that
the main problem in the treatment of CRC tumors is the formation of incurable
metastases.

In more than half of all patients with colorectal carcinoma (CRC), liver metastases
will develop during the course of the disease.(156,157) In 25% of the patients, these
metastases are already present at the time of diagnosis of the primary tumor.(158,159)
Another half of the patients will develop metachronous liver metastases within 5 years

(160). Surgical resection of metastatic liver tumors, which is possible in 20-50% of
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patients at first presentation, 10 to 58% is the only chance for cure with a reported 5-year
survival rate.(160-164). Still, more than 90% of these patients ultimately die because
recurrent disease. Mortality rate is mainly associated with the occurrence of metastases in

the liver (66,159,160,164,165).

There is an important need for developing efficacious prevention or treatment ways
for hepatic metastases of CRC. We propose to target this mode of cell metabolism for
treating and preventing hepatic metastasis of colon cancer through mitochondrial

uncoupler compounds.

Cancer cell metabolism relies on aerobic glycolysis rather than oxidative
phosphorylation for ATP production (21). This altered metabolism feeds the building
blocks that allow tumors to proliferate and progress. Targeting the cancer cell metabolism
by mitochondrial uncoupling could be a new strategy for treating and preventing hepatic
metastasis of colon cancer. Niclosamide is a mild and safe mitochondrial uncoupling
compound that has been used to treat tapeworm infections. Niclosamide ethanolamine
(NEN) is the ethanolamine salt of Niclosamide, our lab revealed that NEN is effective for
treating diabetes type Il in mice by reducing fat accumulation in liver and increase insulin

sensitivity (142,166).

Niclosamide is an anthelmintic FAD approved drug used to treat tapeworm and its
mechanism of action through uncouples mitochondria of the worm (167,168). Several
previous studies showed that niclosamide has a robust in vitro anticancer activity against

many of cancer cells like breast cancer (169,170), colon cancer (171,172), adrenocortical
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carcinoma (173), hepatocellular carcinoma (174), prostate cancer (175,176) ovarian
cancer (177,178), and other types of cancers (179-182). There is no specific target of
niclosamide was recognized on the previous studies and many possible anticancer
mechanism/pathway were suggested, including S100A4 (171), Wnt/p-
catenin(170,178,183), CDC37 (174), State3 (184), NF-kB (185) and other signaling

pathways (174,181).

NEN (niclosamide ethanolamine) is the ethanolamine salt of niclosamide that has a
similar tremendous safety profile like niclosamide (167,186-188) and has an excellent
water solubility and systemic exposure (188). Our previous study demonstrated that NEN
is completely metabolized inside liver (142). Thus, we propose that mitochondrial
uncoupling could increase pyruvate influx to mitochondria and antagonize the anabolic
effect of the Warburg effect. It could be a new and attractive avenue for preventing and

treating hepatic metastasis of colorectal cancer.

We decided to study the uncoupling and antitumor effects of NEN and as well as
close family member oxyclozanide on colon cancer culture models. Oxyclozanide is
veterinary anthelmintic drug; mainly it is used for treatment and control flatworms in
farm animal and it has a longer half-life and it is metabolized in liver (189-191). NMR
experiment was performed to study the effect of NEN on glucose metabolism on colon

cancer cells.

In addition, NEN and oxyclozanide were used for preventing and treating hepatic
metastases of colon cancer on mouse model. Our finding strongly suggest that the mild

mitochondrial uncouplers NEN and oxyclozanide could be new and an effective way for



preventing and treating hepatic metastasis of colon cancer by targeting the glucose

metabolism of colon cancer.
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2.2 Results

2.2.1 NEN uncouples mitochondria and antagonists the anabolic effect of aerobic

glycolysis

The main hallmark of mitochondrial uncoupling is increasing of Oxygen
Consumption Rate (OCR) in the presence of ATPase synthesis inhibitor like oligomycin
(Figure 2.1a). The chemical structure of NEN and Oxyclozanide are shown in (Figure
2.1b and 1c¢). In order to study whether NEN and oxyclozanide can increase the OCR,
Seahorse OCR assay was performed, our results confirmed that NEN increases OCR and
uncouples mitochondria at 2 uM as shown in (Figure 2.1d). Same results obtained with
oxyclozanide at 20 uM (data not shown). Mitochondrial uncoupling process is often
correlated with decreasing of mitochondrial membrane potential. Our lab previously
reported that NEN reduces the mitochondrial membrane potential at 0.5 uM in 3T3-NIH
fibroblast by using robust and accurate method using TMRE stain (142). As shown in
(Figure 2.1b) our new data showed that NEN uncouples mitochondria and reduces the
mitochondrial membrane potential starting at 0.5 uM in MC38 cells as shown in (Figure
2.1e and 1g). In addition, oxyclozanide also reduces the membrane potential starting at
20 uM (Figure 2.1f and 1h). Moreover, Similar results we obtained when used Human

adenocarcinoma (HCT116) (Figure 2.2 a and b).

In order to test the effect of NEN and oxyclozanide on plasma membrane
potential, MC38 cell treated with same concentrations that are uncoupled and reduced the
membrane potential then the plasma membrane potential was measured using DiBAC4

(3) dye. Our results showed that NEN and oxyclozanide at low concentrations had no
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clear effect on plasma membrane potential and at higher concentrations decreased the
plasma membrane potential of MC30 which probably because the continuous reduction
of ATP concentration due to large mitochondrial uncoupling as shown in (Figure 2.3 a-

d).
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Figure 2.1 NEN and oxyclozanide uncouple mitochondria in cultured cells. (a)
Schematic representation showing mitochondrial uncoupling process. (b) Chemical
structure of NEN. (¢) Chemical structure of oxyclozanide. (d) Oxygen Consumption Rate
(OCR) of cultured cells with sequential addition of oligomycin (final concentration 2.5
uM) and NEN (final concentration 2.0 pM), as indicated. (e-f) Determination of minimal

efficacious concentrations of NEN (e) and oxyclozanide (f) for mitochondrial uncoupling
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in murine colon cancer MC38 cells, scale bars, 200 um. MC38 cells were treated with
various concentrations of NEN or oxyclozanide while the control group was treated with
vehicle DMSO for 2h, followed staining with (TMRE) for 10 min. (g-h) Quantification
of TMRE staining by flow cytometry analyses. Results are showed as means + SD values
from three independent experiments and statistical significance (P) was determined by

student ¢- test: **P < 0.01; ***, P <0.001 vs. control.

a
HCT116
DMSO NEN (0.5 uM) NEN (2.5uM)
HCT116
b

DMSO oxyclozanide oxyclozanide
(20 uM) (40 uM)

Figure 2.2 Determination of the efficacious NEN and oxyclozanide concentrations
that uncouple mitochondria in HCT-116 cells. NEN (a) or oxyclozanide (b) Cells were

treated with NEN or oxyclozanide at various concentrations and mitochondrial membrane
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potential was measured with TMRE staining, scale bars, 200.
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Figure 2.3 Effect of the NEN and oxyclozanide on plasma membrane potential of

MC38 cells using DiBAC4(3) dye staining. (a-b) Representative flow cytometry

showing the results of NEN and oxyclozanide effects on the plasma membrane potential
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of MC38 cells. (¢-d) Quantification of the effect of NEN and oxyclozanide on plasma
membrane potential from three independent experiments. MC38 cells were treated with
NEN or oxyclozanide at various concentrations and plasma membrane potential was
measured with DIBAC,4 (3) dye followed by flow cytometry analyses. For quantification,
Mean intensity of DMSO treated cells was set as 100, the relative changes were
normalized with DMSO treated cells. Increase in fluorescence intensity is indicative of
reduction in plasma cell membrane potential. All results are represented means + SD

from triplicate experiments.

2.2.2 NEN enhances pyruvate influx into mitochondria and inhibits PPP

Metabolomics analysis has assisted oncologic studies to reveal novel targets for
cancer therapeutics, and these efforts have ultimately helped to improve therapies and
enhance clinical results (192). With that in mind, we decided to study the effect of NEN
on the metabolic pathways that are related to glucose metabolism in aerobic glycolysis as
shown in (Figure 2. 4a). Specifically we meassured glycolysis, pentose phosphate
pathway (PPP), lactate production rate, and glutamine metabolism in MC38 cells
incubated with medium containing 50% labeled U-"*C glucose and with either NEN (2
uM) or DMSO for 6 and 12 hours. We used [U-"*C] glucose tracers and nuclear magnetic
resonance (NMR) spectroscopy technique to track the metabolic changes in these
pathways in the presence or absence of NEN in the media. All the metabolites and their
representative 2D [°C-"H]-HSQC spectra are shown in (Figure 2.4 and Figure 2. 5) and

Table 1 respectively.

First, we measured the pyruvate dehydrogenase (PDH) to pyruvate carboxylase
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13
(PC) rate by analyzing the C labeling pattern of glutamate at C-y against C-f3 (Figure
2.4b). Our results revealed that the PDH/PC rate is dramatically increased in the NEN
treated cells than in the control group, demonstrating that NEN treatment enhances

pyruvate influx and oxidation inside mitochondria.

Also, lactate (*Ca-"H) production was measured, consistent with highly pyruvate
oxidation, lactate relative rate significantly decreased in the NEN group compared to
control group (Figure 2.4¢). Furthermore, to test the effect of NEN on PPP rate, we used
B3C labeling pattern of ribose C2 UTP or UDP to determine the relative PPP rate. Our
results suggested that the PPP rate is lower in NEN treated group compared to the control

group as shown in (Figure 2.4d).

One carbon pathway also assessed by measuring the relative levels of the serine and
glycine. NEN treated group has lower relative level of serine °Cy- 'H; (Figure 2.4e)

and glycine “Ca- lH3 (Figure 2.4f) compared to DMSO group. Interestingly, our results

also show a reduction in glutamine pool size upon NEN treatment (Figure 2. 4g). Taken
together, these results suggest that NEN treatment induces pyruvate influx and oxidation
inside mitochondria, attenuates PPP, inhibits one carbon pathway, and reduces glutamine

pool size.
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Figure 2.4 NEN inhibits the anabolic effect of aerobic glycolysis on colon cancer cell.

(a) Schematic of pathways and molecules measured in metabolomic NMR experiment.

(b) Relative PDH/PC ratio determined by the ratio of glutamate *Cy-"H, vs glutamate

BCB- 1H». (¢) Relative lactate level determined by measuring lactate BCa-1H3. (d)

Pentose phosphate pathway (PPP) rate determined by measuring UDP/UTP "°C labeling

at ribose C2 position. (e) Relative serine level determined by measuring serine °Cy-'Hj.
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(f) Relative glycine level determined by measuring glycine *Ca- 'Hs. (g) Relative
glutamine level determined by measuring >Cy- 'H,. For (b-g) MC38 cells were grown in
medium containing 50% '>C + 50% U- °C glucose, treating with 2 uM NEN or vehicle
DMSO for 6 or 12 hrs as indicated. The cell metabolites were extracted using cold
methanol-chloroform extraction process. Abbreviations: G6P, glucose-6-phosphate; 3PG,
3- phosphoglycerate; PHGDH, phosphoglycerate dehydrogenase; 6PG, 6-
phosphogluconate; Ru5P, ribulose-5-phosphate; R5P, ribose-5- phosphate; ACoA, acetyl
coenzyme A; GlcNAc, N-acetyl-glucosamine; OAA, oxaloacetate; ICT, isocitrate; AKG,
a-ketoglutarate; SUC, succinate; FUM, fumarate; MAL, malate. PDH, pyruvate
dehydrogenase; PC, pyruvate carboxylase; Glu, glutamine. Results are showed as means
+ SD values from three independent experiments and statistical significance (P) was

determined by student t- test: *P < 0.05; **P < 0.01; vs. DMSO control.
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Figure 2.5 Representative 2D Bc.1y- HSQC spectrum of colon cancer MC38 cells

untreated (blue) or NEN treated (Magenta) acquired on a 800MHz NMR

spectrometer at 25%C. The cross peaks analyzed in the data shown in the Figure 2 are
labeled. Abbreviations: Lac, lactate; Glu, glutamate; Gln, glutamine; Gly, glycine; Ser,

serine.

. . : 1
Table 2.1 Identification of glucose metabolites based on 2D13 C- H- HSQC spectrum.

Colon cancer cells were fed [U-13C] glucose.

Supplementary Tablel. 2D *C-'"H-HSQC spectrum of colon cancer cell were acquired
based on [U-*C]glucose labeling

Number Metabolites Carbon 'H chenmucal 2C chenucal
position shift (ppm) shift (ppm)

Amino acids
1 Glutamate Cp 207,213 2958
Glutamate Cy 236 36.22
2 Glutamine Cy 246 33.56
3 Glycine Ca 357 420
4 Serine Cg 358 57.26
Organic acids
5 Lactate Ca 412 nn
Nucleotides

6 UTP/UDP Q 439 7649
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2.2.3 Mitochondrial uncoupling compounds affect colon caner growth and survival

In order to study the effect of NEN and oxyclozanide on cell cycle profile of murine
(MC38) and human (HCT116) colon cancer cell, MC38 cells were treated for 24 hours
with 2.5 uM while the control group was incubated with DMSO. NEN caused a

significant accumulation of cells in G(/G1 with the concomitant reduction of cells in S

phase compared to control group (Figure 2.6 a-c). Next, we sought to test NEN’s
anticancer properties in MC38 cells. To this end, cell viability and colony formation
assays were performed. NEN treated group ranging from (0.5-5 uM) showed a significant
reduction in cell viability and this likely due to slow down the cell growth (Figure 2.6 a).
The anticancer property was more analyzed using colony formation assay. By Incubate
the MC38 cells with low concentrations of NEN for long period. Our results indicated
that NEN reduces the colony formation at dose dependent manner (Figure 2.6 d). In
addition, we obtained the same results when we use HCT116 (Figure 2.7 a-d). Then, we
tested the anticancer activity of oxyclozanide against (MC38 and HCT116) cells. Our
result showed oxyclozanide at effective mitochondrial uncoupling concentrations arrests
the cell cycle at GO-G1, reduces colony formations and inhibits the cell growth and
proliferation at higher concentration as shown in (Figure 2.8 a-d). In summary, our
results indicate that NEN or oxyclozanide has potential anticancer effects by inducing

cell cycle arrest and reducing cell viability and in colon cancer cells.
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Figure 2.6 NEN affects cell cycle progression and reduces colony formation of colon

cancer cells. (a-c) Cell cycle profile of MC38 cells treated with DMSO vehicle (a) or 2.0

uM NEN (b) for 24h, with percentage of cells in each phase summarized in (c). (d) Cell

viability of MC38 cells after a 24 h treatment with NEN at various concentrations,

detected by trypan blue exclusion assay. (e) Clonogenicity of MC38 cells, cells were

grown in medium containing NEN at various concentrations, as indicated, for 2 weeks,

and the colonies formed were counted. Results from D-E are shown as means + SD from

three independent experiments and statistical significance (P) between the control and

treated cells was determined by student t-test: *** P < 0.001
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Figure 2.7 NEN affects cell cycle progression and reduces colony formation of
human colon cancer HCT 116 cells. (a- ¢) cell cycle profile of HCT116 cells treated
with DMSO vehicle (a) or 2.0 uM NEN (b) for 24h, with percentage of cells in each
phase summarized in (c). (d) Cell viability of HCT116 cells after a 24 h treatment with
NEN at various concentrations, detected by trypan blue exclusion assay. (e)
Clonogenicity of HCT116 cells, cells were grown in medium containing NEN at various
concentrations, as indicated, for 10 days, and the colonies formed were counted. Results
from (d-e) are shown as means + SD from three independent experiments and statistical
significance (P) between the control and treated cells was determined by student t-test.

*ak P <0.001.
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Figure 2.8 Effect of oxyclozanide on cell cycle progression and clonogenicity of
MC38 cells. (a) Oxyclozanide causes cell cycle arrest, MC38 were treated with (40 uM)
oxyclozanide for 24h and percentage of cells at each phase was determined by flow
cytometry assay. (b) Oxyclozanide reduces cell viability, MC38 cells were treated with
different concentrations oxyclozanide for 24 h, and then the cell viability was detected by
trypan blue staining. Values expressed means + SD from triplicate experiments. (¢) The
effect of oxyclozanide on colony formation in MC38 cells. All results are represented
means + SD from triplicate experiments and (P) value was detected by (ANOVA) (*P <

0.05; **P <0.01; ***P <0.001 vs. DMSO control).

2.2.4 NEN and oxyclozanide prevent cancer cells invasion and migration

To study the inhibitory effect of the uncoupling compounds on MC38 colon cancer
cells, invasion and migration assays were performed. First, we tested the inhibitory effect
of NEN on colon cancer cell invasion using a Boyden chamber assay. NEN treated cells
showed a substantial inhibition of invasion when compared to the control group (DMSO

vs 1 uM NEN mean = 91% vs 21%, P<0.001) (Figure 2.9a and b). Next, we analyzed
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the effect of NEN on colon cancer cell migration by using a wound-healing assay. MC38

cells were treated with vehicle completely closed the wound after 12h treatment while

NEN treated cells showed impaired migration, preventing the wound to close even after

12h (Figure 2.9 ¢ and d). Same results we obtained when we used oxycloxanide as

shown in (Figure 2.10a-d). These results indicate that NEN and oxyclozanide treatment

inhibits colon cancer cell mobility, impairing invasion and migration.
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Figure 2.9 NEN reduces colon cancer cell invasion and migration. (a-b) Boyden
chamber assay showing representative pictures of stained cell migrated through the trans-
wells, either under control condition (a), or in the presence of 1 uM NEN. Scale bars, 50
um. (c¢) Quantification of (a-b). (d) Representative pictures showing wound closure of
cells treated with vehicle (DMSO) or NEN (either 2 uM or 5 uM as indicated) at 0, 8, 12
h time points. () Quantification of percentage of wound closure, under each condition;
the gaps were measured at 5 different positions and averaged. Results shown as means +
SD. Scale bars, 20 um. Statistical significance (P) was determined by student-t test
between the control and drug treated cells. **, P<0.01; *** P <0.001. All data show

representative results from three independent experiments.
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Figure 2.10 Oxyclozanide reduces colon cancer cell migration. (a) Representative

=

=

Wound closure (%)
P

pictures showing wound closure of MC38 cells treated with vehicle (DMSO) or
oxyclozanide (either 20 uM or 40 uM as indicated) at 0, 8, 12 h time points, as indicated.
(b) Quantification of percentage of wound closure. Under each condition, the gaps were
measured at 5 different positions and averaged. Scale bars, 20 um. Results shown as
means + SD. Statistical significance (P) was determined by student-t test between the
control and drug treated cells. **, P<0.01; *** P <0.001. All data show representative

results from three independent experiments.
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3.2.5 Mitochondrial uncoupling compounds impair colon cancer growth and

metastasis

In order to study the inhibitory effect of NEN or oxyclozanide on liver metastasis of
colon cancer, we used a well-established model of liver metastasis in NOD mice, MC38
cells were injected intrasplenically in NOD mice. Then, the animals were randomly

divided into three groups. The control group was fed with AIN-93M normal rodent diet,
while the treated groups were fed with either AIN-93M diet containing NEN 2000 ppm
or oxyclozanide 800 ppm or for 3 weeks. Our data revealed that tumor growth was
reduced in the NEN and oxyclozanide treated groups compared to control animals as
shown in (Figure 2.11a-c). In addition, histological sections from livers showed that the
tumor cells proliferation was higher in control group than in NEN or oxyclozanide group
(Figure 2.11d-f). Importantly, the number of tumors resulting from splenic metastasis
was significantly reduced in the NEN (P < 0.03) and oxyclozanide (P < 0.0004) groups
when compared to the control group. Our results indicate that oral NEN or oxyclozanide
either totally prevented tumor metastasis to liver or drastically reduced metastatic tumor

numbers and tumor volume.
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Figure 2.11 Effect of NEN and oxyclozanide on liver metastasis of colon cancer cells.

(a-c) Representative liver pictures (scale bars, 10 mm) showing the tumor nodules from

mice fed normal chow (a) or diet containing 2000 ppm NEN, or diet containing 800 ppm

oxyclozanide. (d-f) Representative hematoxylin and eosin (H & E), (scale bars, 200 um),

staining of histological section of metastatic tumors mice fed normal diet (d), diet

containing NEN (e), or diet containing oxyclozanide (f). (g-h), average metastatic tumor
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volume (g) or number of node (h) per mouse in animals with indicated treatment. MC38
cells were injected into male NSG mice intrasplenically and randomized into 3 groups
(n=10 per group). The mice were fed normal chow, or chow containing 2000 ppm NEN,
or chow containing 800 ppm oxyclozanide for three weeks, before euthanization and
characterization of metastatic hepatic cancer. Numbers are presented by means + SD. P
value between control and each treated group was determined by student t-test: *P < 0.05

and **P <0.01. The data show representative results from two independent experiments.

2.2.6 Mitochondrial uncoupling compounds induce AMPK activation and

downregulate mTOR activity

AMP-activated protein kinase (AMPK) is a master regulator of cellular energy
homeostasis (114). In a recent study, AMPK was found to be a negative regulator for
Warburg effect and cancer progression (119).Our lab previously demonstrated that NEN
has the ability to activate AMPK in cultured cells (142). To test if NEN or oxyclozanide
able to activate AMPK in MC38 colon cancer cells, MC38 cells treated with different
concentration of NEN or oxyclozanide for 2 hours and cells lysate used for western blot
analysis. Our data showed that NEN or oxyclozanide indeed activated AMPK in a dose

and time that uncouples the mitochondria as shown in (Figure 2.12a).

Mammalian target of rapamycin (mTOR) is a conserved serine-threonine protein
kinase that has a controlling role in cellular growth, proliferation, sensor for protein
synthesis, cell metabolism and growth (128) .In addition, mTOR is a downstream target
of AMPK signaling (114). Phosphorylation of p70SK and 4EBP1 can be used as readout

for mTOR activity, since these proteins are mTOR’s natural substrate (127).



43

In order to study the effect of AMPK activation by NEN on mTOR activity in
cancer cells, MC38 cells were treated with different concentration of NEN and
phosphorylation of p70S6K and 4EBP1 was monitored by western blot. As shown in
(Figure 2.12 a and b) NEN has the ability to downregulate mTOR activity by decreased

phosphorylation of p70S6K and 4EBP1.

Lastly, we wondered whether NEN or oxyclozanide could induce AMPK
activation in vivo. To this end, mice were fed for 3 weeks with mature diet contain either
NEN 2000 ppm, oxyclozanide 800 ppm or mature diet only. Then, liver tissue was
collected and homogenized to test AMPK activation by western blot. The results
demonstrated that chronic treatment with NEN or oxyclozanide activate AMPK (Figure

2.12¢).

In order to check the activation of AMPK upon acute treatment, oxyclozanide was
administered to male C57BL/6J mice via oral. Briefly, oxyclozanide was dissolved in
0.5% methylcellulose and then given to (n = 2 for each time point) by oral gavage at a
dose of 80 mg per kg body weight. Mice were then euthanized after 6 hours after gavage
(Figure 3.12d). Western blot results indicated that oxyclozanide has the ability to
activate AMPK in liver tissue after 6 hours from oral administration. In addition, our data
demonstrated that the chronic oral treatment with NEN or oxyclozanide also inhibit
mTOR activity in hepatic tissue as shown in (Figure 2.12e). Together, these results
suggest that mitochondrial uncoupling upregulates AMPK in vitro and in vivo and the

AMPK activation led to downregulate mTOR activity.
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vitro and in vivo. (a-¢) Immunoblot analyses of MC38 cells without or with treatment of

NEN (1,2.5 and 5uM) or oxyclozanide (5,10,20 and 40uM) for 2 hrs with indicated

antibodies. (d-e) Immunoblot analyses of mouse liver tissues from mice fed normal

chow, or chow containing 2000 ppm NEN, or chow containing 800 ppm oxyclozanide for

three weeks, with indicated antibodies. The data are representative results from two

independent experiments
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Chapter 111

3. Treating pancreatic cancer and its hepatic metastasis through targeting cancer cell

metabolism by mitochondrial uncoupler

3.1 Introduction and rationale

Pancreatic Ductal Adenocarcinoma (PDA) is incurable and devastating tumor that
is characterized by rapid progression, metastatic recurrence and highly resistance to
therapeutic treatment (193,194). PDA is the fourth leading cause of death within five
years survival rate for only 6% of all stages and less than six months as median survival
rate after diagnosis (193,195). PDA cells exhibit aerobic glycolysis, or the Warburg
effect (8,196,197). In the presence of oxygen, cancer cells convert a majority of pyruvate
derived from glycolysis to lactate (2,24). The most important functional significance of
the Warburg effect to tumorigenesis is to reduce pyruvate flux into mitochondria,
preventing the complete oxidation of glucose (2,119). A significant amount of glucose is
thus shunted into pathways for synthesis of the building blocks (ribose) and reducing
agents (e.g. NADPH) for biosynthesis required for cell proliferation (23,198,199). In
addition, PDA cells are highly addicted to glutamine for supporting new building blocks,

which are necessary for PDA cells proliferation (20,38,200,201).

Mitochondrial uncoupling is a process that facilitates protons influx across the
mitochondrial inner membrane without generating ATP (202,203). Consequently,
mitochondrial uncouplers stimulate an “idle” cycle of acetyl- CoA oxidation. Therefore,
mitochondrial energy efficiency is disputed. In order to the cells keep the cellular energy,

pyruvate influx into mitochondria is likely increased that promote glucose and glutamine
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oxidation completely inside mitochondria. This kind of metabolic behavior induced
through mitochondrial uncoupling and could possibly reduce the anabolic role of aerobic

glycolysis and glutamine metabolism on PDA cells.

Niclosamide is an anthelmintic FAD approved drug used to treat tapeworm and its
mechanism of action by uncouples mitochondria of the worm (167,168). Previous studies
demonstrated that niclosamide has a robust in vitro anticancer activity against many of

cancer cells.

NEN (niclosamide ethanolamine) is the ethanolamine salt of niclosamide that has a
similar safety profile like niclosamide (167,186-188) and has good water solubility and
systemic exposure (188). Our previous study demonstrated that NEN is completely
metabolized inside liver (142). In addition, our recent study demonstrated that NEN
uncouples mitochondria, arrests the cell cycle, inhibits colony formation and reduces the
cell viability in murine and human colon cancer. Furthermore, NEN reduces liver
metastasis of colon cancer. Moreover, NEN antagonized the anabolic roles of aerobic
glycolysis by increases pyruvate oxidation inside mitochondria, inhibits PPP and one-
carbon pathways. Therefore, we propose that mitochondrial uncoupler compound could a
new strategy for preventing and treating pancreatic cancer and its liver metastasis by
targeting the cell metabolism. Here we used a new synthesized a mitochondrial uncoupler
MB1-47 and NEN to study their metabolic effects and anti-cancer activity in both
cultured PDA cells and mouse models. Hepatic metastasis is a major type of recurrence
after pancreatectony therapy and influence survival gain significantly. Thus, our focusing
on the hepatic metastasis of PDA metastasis because NEN and MB1-47 are completely

metabolized inside the liver.
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3.2 Results

3.2.1 MB-47 and NEN effects uncouple mitochondria in pancreatic cancer

Increasing the Oxygen Consumption Rate (OCR) of mitochondria is the hallmark of
mitochondrial uncoupling in presence of ATP synthase inhibitor like oligomycin. The
chemical structure MB1-47 is shown in (Figure 3.1a). In order to test the uncoupling
activity of MB1-47 on pancreatic cancer cells, OCR was measured by Seahorse oxygen
consumption rate assay in Panc02 cells upon treatment MB1-47. As shown in (Figure 3.1
b) our data showed that MB1-47 increases the OCR and uncouple the mitochondria at 2.5

uM.

Mitochondrial uncoupling process is regularly correlated with reducing the
membrane potential of mitochondria that acts a good and accurate method to determine
the lowest concentration needed to induce mitochondrial uncoupling. Previously, we
showed that NEN uncouples mitochondria and reduces mitochondrial membrane

potential in colon cancer cells at 0.5 uM.

Here our data showed that MB1-47 is effective to uncouples the mitochondria of
murine and human pancreatic adenocarcinoma cell lines (Panc02 and Panc1) respectively
starting at 0.5 uM (Figure 3.1 ¢ and d). Same data we obtained when pancreatic cancer
cell treated with NEN as shown in (Figure 3.2 a-d). Together, these data demonstrated
that MB1-47 and NEN have the ability to increase the OCR, uncouple the mitochondria

and reduce the membrane potential of murine and human pancreatic cancer cells.
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Figure 3.1 MB1-47 uncouples mitochondria in pancreatic cancer cells. (a) Chemical
structure of MB1-47. (b) Oxygen Consumption Rate (OCR) of Panc02 cells with
sequential addition of Oligomycin (final concentration 5 pM), Rotenone (final
concentration 2.5 uM), and MB1-47 (final concentration 2.5 uM) as indicated. (¢ and d)
Minimal effective concentrations of MB1-47 for mitochondrial uncoupling in murine
Panc02 and human (Panc1 pancreatic cancer cells, scale bars, 200 um. Panc02 and

Panclcells were treated with various concentrations of MB1-47 while the control group
was treated with vehicle DMSO for 2h, followed staining with (TMRE) for 10 min.

Results are indicated as means + SD values from three independent experiments.
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Figure 3.2 NEN uncouples mitochondria in pancreatic cancer cells. (a) Chemical
structure of NEN. (b) Oxygen Consumption Rate (OCR) of Panc02 cells with sequential
addition of Oligomycin (final concentration 5 pM), Rotenone (final concentration 2.5
uM), and NEN (final concentration 2.5 uM) as indicated. (¢ and d) Minimal effective
concentrations of NEN for mitochondrial uncoupling in murine Panc02 and human
(Pancl pancreatic cancer cells, scale bars, 200 wm. Panc02 and Panclcells were treated
with various concentrations of NEN while the control group was treated with vehicle
DMSO for 2h, followed staining with (TMRE) for 10 min. Results are indicated as means

+ SD values from three independent experiments.
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3.2.2 Mitochondrial uncoupler compounds inhibit cell cycle progression, reduce the

colony formation and decrease the cell proliferation of pancreatic cancer cells

We next study the effect of MB1-47 compound on murine and human pancreatic
cancer cell proliferation. First, we decided to study MB1-47 effect on cell cycle profile of
murine and human pancreatic cancer cells. Our results indicated that MB1-47

significantly enhanced the accumulation of cells in G/G| with the simultaneous

decreasing the cells number in S phase compared to control group as shown in (Figure
3.3 a-d). The anti-cancer action of MB1-47 was further investigated with colony
formation assay. Continuously exposure to low concentration of MB1-47 led to over 90%
(1 uM) to near 100% (2.5 uM) reduction in colony formation (Figure 3.3 e and f). In
addition, we study the antigrowth effect of MB1-47 against pancreatic cancer cells. Seven
pancreatic cell lines were treated with different concentrations of MB1-47 for 48hr, and
the cell proliferation percentage was evaluated by SRB assay. The results revealed that
MB1-47 at low concentrations ranging from 0.2uM to 5 uM led to decrease the
pancreatic cancer cell proliferation at dose dependent manner as shown in (Figure 3.3 g).
Furthermore, NEN also arrests the cell cycle profile, reduces colony formation and
inhibits the pancreatic cells growth as shown in (Figure 3.4 a-g). These data showing
MB1-47 and NEN have a powerful anti-cancer activity in vitro cell culture models. In
addition, MB1-47 is more effective than NEN on the inhibiting pancreatic cancer cell

proliferation and differentiation in vitro cells models.



Panc02

51

a b c d
Vo |
6061 | 06!
A 2%
$ Phase 1 § Phase
Rooplote B g o0 Aoogtotis
2% 05%
@ | @
JAis
b 0 L]
DMSO MB1.47 DMSO MB1.47

L
-
o

—+—~MIA PACA-20-BxPC3

«~Panc1 ~»—~CF-Pac1
120 9 120 1 s Capan2 »—Panc02
Ewo ) 3100 | ——— ASPC1
‘§ § 120
s 807 s 801 §1oo
g'. 60 1 e g 60 1 § 80
o H =
B 40 4 B 40 el § 60
o ik o
:; 20 o :E 20 o L 8 a0
ik 3 20
@ 0 @ 09 b 1
0 0.5 1 25 0 05 1 25
MB 1-47 (uM) MB1 47 (uM) 0 o2 08 b 2.8 s

MB 147 (uM)

Figure 3.3 MB1-47 affects cell cycle progression, reduce colony formation and
inhibit the cell proliferation of pancreatic cancer cells. (a- d) MB1-47 arrests the cell
cycle of pancreatic cancer cells at GO-G1 phase, Panc02, Pancl1 cells treated with 2.5 pM
of MB1-47 while the control group treated with DMSO for 48hr. (e) MB1-47 reduces the
colony survival rate of pancreatic (Panc02 and Pancl) cancer cells. (f) MB1-47 inhibits
pancreatic cancer cell growth, pancreatic cancer cells treated with different
concentrations of MB1-47 for 48h, and cell growth inhibition was detected by

sulforhodamine B (SRB) staining. Results from (a-f) are shown as means + SD from



52

three independent experiments and statistical significance (P) between the control and

treated cells was determined by student t-test: *** P < 0.001
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Figure 3.4 NEN arrests cell cycle progression, reduce colony formation and inhibit
the cell proliferation of pancreatic cancer cells. (a- d) NEN arrests the cell cycle of
pancreatic cancer cells at GO-G1 phase, Panc02, Pancl cells treated with 2.5 uM of NEN
while the control group treated with DMSO for 48hr. (e) NEN reduces the colony
survival rate of pancreatic (Panc02 and Pancl) cancer cells. (f) NEN inhibits pancreatic

cancer cells, pancreatic cancer cells treated with different concentration of NEN for 48h,



53

and cell growth inhibition was detected by sulforhodamine B (SRB) staining. Results
from (a-f) are shown as means + SD from three independent experiments and statistical
significance (P) between the control and treated cells was determined by student t-test:

*ak P <0.001

3.2.3 MB1-47 and NEN inhibit pancreatic cancer growth in animal models

Next we tested the anticancer effect of MB147 in xenograft animal models of
pancreatic cancer. First, C57BL/6j mice were injected intrahepatically with Panc02 on
the liver and two days after surgery the mice were randomly divided into two groups, one
group fed with normal chow diet, and the second group fed with chow diet containing
750 ppm MB1-47. Our results showed that MB1-47 treatment significantly reduces tumor
size compared to control group as shown in (Figure 3.5 a-e). Next, we tested also the
anticancer effect of NEN against pancreatic tumor growth in mouse model. NEN
significantly reduces tumor growth and volume compared to control group as shown in

(Figure 3.6a-e).

Second, we tested the inhibitory effect of MB1-47 and NEN on pancreatic tumor
growth after intrahepatic growth; Panc02 cells were injected intrahepatically into NSG
mice. After 10 days the mice were divided into three groups, one group was fed with
normal chow diet, and the second and third groups were fed with MB1-47 (750 ppm) and
NEN (2000 ppm) respectively for two weeks. MB1-47 and NEN treated groups
significantly stopped and inhibited liver tumor growth compared to control group as
shown in (Figure 3.7 a-g). All together, MB1-47 and NEN have the ability to combat the

growth of pancreatic cancer in three different animal models and MB1-shows a strong
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anticancer activity with lower dose than NEN in all animal models.

Control MB1-47

Figure 3.5 MB1-47 inhibits tumor growth of intrahepatic transplantation of

pancreatic cancer cells. (a-b) Representative pictures (scale bars, 10 mm) showing the
tumors on mouse liver after intrahepatic injection of Panc02 cells into C57bl/6 mice with

or without MB1-47 treatment (750 ppm) for 3 weeks. (¢) Quantification of liver tumor
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size (mm’). (c-e) Representative hematoxylin and eosin (H & E), pictures (scale bars,
200 mm), staining of histological section showing the differences between liver mice fed
normal diet (d) and liver mice fed with diet containing MB1-47 (750 ppm) (e). Data
shown as means + SD. Statistical significance (P) was determined by student-¢ test
between the control and MB1-47 fed mice. N=6 in each group. *P<0.05 and **P<0.01.

The data are representative results from three independent experiments.
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Figure 3.6 NEN inhibits tumor growth of intrahepatic transplantation of pancreatic
cancer cells. (a-b) Representative pictures (scale bars, 10 mm) showing the tumors on
mouse liver after intrahepatic injection of Panc02 cells into C57bl/6 mice with or without
NEN treatment (2000 ppm) for 3 weeks. (¢) Quantification of liver tumor size (mm”). (c-
e), Representative hematoxylin and eosin (H & E), pictures (scale bars, 200 mm),
staining of histological section showing the differences between liver mice fed normal
diet (d) and liver mice fed with diet containing NEN (2000 ppm) (e). Data shown as
means + SD. Statistical significance (P) was determined by student-# test between the
control and NEN fed mice. N=6 in each group. *P<0.05 and **P<0.01. The data are

representative results from three independent experiments.
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Control NEN MB1-47

Figure 3.7 MB1-47 and NEN inhibit tumor growth after tumor formation in mouse

liver. (a-c) Representative pictures showing the tumors on mouse liver after intrahepatic
injection of Panc02 cells to C57bl/6 mice and then fed with normal diet (a), or diet
containing either (2000 ppm) NEN (b) or (750 ppm) MB1-47 (¢) for 2 weeks. (d)
Quantification of liver tumor size (mm’) in the mice with or without treatment as

indicated. (e-g) Representative liver images (H&E) stain (scale bars, 200 mm) showing
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the histological differences between DMSO (e) and NEN (f) or MB1-47 (g) respectively.
Data shown as means + SD. Statistical significance (P) was determined by student-¢ test
between the control and NEN or MB1-47 fed mice. N=6 in each group. **P<0.01. The

data are representative results from two independent experiments.

3.2.4 MB1-47 impairs or decreases hepatic metastasis of pancreatic cancer

Pancreatic metastasis is the major cause of death in patients with pancreatic tumor;
metastases of pancreatic adenocarcinoma are located in lymph nodes liver, lung and
peritoneum (204,205). In order to examine the effect of MB1-47 on hepatic metastasis of

pancreatic cancer, we used a well-appreciated mouse model (34).

Murine pancreatic (Panc02) cells were injected intrasplenically into immune
deficient NSG mice. Ten days after the injection, the mice were divided randomly into
two groups, one group fed with normal diet, and second group was fed with diet
containing 750 ppm MB1-47. Our result showed that MB1-47 decreases the metastatic
tumor nodules to liver and reduces tumor size compared to control chew diet group as
shown in (Figure 3.8 a-g). In addition, our data showed that NEN reduces the liver
metastasis but the data not significant (data not shown) compared to control group.
Altogether, MB1-47 significantly stops or decreases the hepatic metastasis after 2 weeks

treatment.
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Figure 3.8 MB1-47 inhibits liver metastasis of intrasplenic-injected pancreatic
cancer. (a-b) Representative pictures (scale bars, 10 mm) showing the tumors liver
nodules after intrasplenic injection of Panc02 cells to NSG mice and then the mice fed

with normal chow diet (a) or with diet containing (750 p.p.m) MB1-47 (b) for 3 weeks.
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(¢). Quantification of hepatic tumor nodules for mice with or without MB1-47 treatment
as indicated. (d), The average of hepatic metastasis tumor volume of mice with or
without MB1-47 treatment. (e-f), Representative images (H &E), (scale bars, 200 um) of
mouse liver tissues in control and MB1-47 treated mice showing the histological
difference between the cancer and normal part of the liver. Data shown as means + SD.
Statistical significance (P) was determined by student-z test between the control and
MB1-47 fed mice. N=6 in each group. **P<0.01 and ***P<0.001. The data are

representative results from two independent experiments.

3.2.5 MB1-47 and NEN affect the cellular metabolism of pancreatic cancer

To test the effect of MB1-47 and NEN on glucose metabolism especially the
pathways that are interconnected with glycolysis as shown in (Figure 3.10a). Panc02
cells incubated with label U"C glucose and glucose metabolites analyzed using LC-MS
approach. Panc02 cells were incubated with 100% U"C glucose with or without (1uM)
of MB1-47 or NEN at a dose that induce mitochondrial uncoupling. Consistent with
AMPK activation by MB1-47 or NEN, we assessed the relative pool size of AMP/ATP
and ADP/ATP ratios after 1 hrs treatment with/without MB1-47 or NEN. Our results
showed that MB1-47 or NEN increases the pool size of AMP/ATP and ADP/ATP as
shown in (Figure 3.10 b and c) and (Figure 3.11 b and c) respectively. It is well know
that mitochondrial uncoupling promotes futile cycle and accelerates TCA metabolites
inside mitochondrial. We tested the effect of MB1-47 and NEN on TCA metabolites

influx, our resulted showed that MB1-47 significantly increases the TCA metabolites
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influx into mitochondria as shown here (*C-2C) of Succinate, Fumarate and Malate
compared to DMSO control group (Figure 3.10 d -f). Similar results we obtained when

we used NEN as shown in (Figure 3.11 d -f).

To assess the pyruvate level after MB1-47 and we used alanine (°C-3C) level as
readout for pyruvate level. As shown in (Figure 3.9 g) MB1-47 accelerates alanine flux
and oxidation inside mitochondria. NEN also increases alanine flux into mitochondria as
shown in (Figure 3.9 g). Next, we tested the effect of MB1-47 and NEN on PPP in
pancreatic cancer cells. We used UTP pool size as indicator of PPP and the results
showed MB1-47 and NEN significantly reduce UTP pool size compared to control group
as shown in (Figure 3.9 h and Figure 3.10 h). Moreover, one carbon pathway also
measured by monitoring serine (?C-3C) level. Our data demonstrated that MB1-47 and
NEN decreases the serine level as shown in (Figure 3.9 g and Figure 3.10 g)

respectively.

During the aerobic glycolysis under control of Kras oncogene, glucose intermediates
rewires to PPP and Hexose Biosynthetic Pathway (HBP) to support pancreatic cancer cell
proliferation and growth. As indicated above that MB1-47 and NEN reduce PPP activity.
We assessed the inhibitory role of MB1-47 and NEN against HBP. Panc02 treated with
(2uM) MB1-47 or NEN for 2hrs, HBP label metabolites measured and our results
showed that MB1-47 and NEN reduce the label metabolites of HBP as show in (Figure
3.9 j-i and Figure 3.10 j-1). All, the results suggested that MB1-47 at effective

mitochondrial uncoupling concentration activate AMPK, enhance pyruvate oxidation
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inside mitochondria. In addition MB1-47 and NEN accelerate TCA metabolites, reduce

PPP and HBP activities.
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Figure 3.9 MB1-47 affects pancreatic cancer metabolism. (a) Schematic of pathways
and molecules measured in metabolomics LC-MS experiment. (b) AMP/ATP ratio
determined by the pool size of AMP vs pool size of ATP. (¢) ADP/ATP ratio determined
by the pool size of ADP vs pool size of ATP (d) Succinate level determined by
measuring succinate level at °C-2C. (e) Fumarate level determined by measuring
succinate level at °C-2C. (f) Malate level determined by measuring malate level at '*C-
2C. (g) Relative alanine level determined by measuring alanine at >C-3C. (h) Phosphate
Pentose Pathway (PPP) rate determined by measuring UTP pool size. (i) Relative serine
level determined by measuring serine °C-3C. (j) Relative fructose -1-6- bisphosphate
level determined by measuring fructose -1-6-bisphospate at >C-6C. (k) Relative UDP-D-
glucose level determined by measuring UDP-N-acetyl-glucosamine at '>C-6C. For (b-h)
Panc02 cells were grown in medium containing 100% U-">C glucose, treating with 1 uM
MB1-47 or vehicle DMSO, while for (e-k) Panc02 cells were grown in medium
containing 100% U-"C glucose, treating with 2 uM MB1-47 or vehicle DMSO for 2 hrs.
The cell metabolites were extracted using cold 40:40:20 methanol:acetonitrile:water w/
0.5% formic acid (ice cold) mixture. Abbreviations: G6P, glucose-6-phosphate; FO6P,
fructose-6-phosphate; 3-PG, 3-phosphoglycerate; PPP, Pentose Phosphate Pathway.
Results are showed as means + SD values from three independent experiments and
statistical significance (P) was determined by student t- test: *P < 0.05; **P < 0.01; vs.

DMSO control
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Figure 3.10 NEN affects pancreatic cancer metabolism. (a) Schematic of pathways
and molecules measured in metabolomics LC-MS experiment. (b) AMP/ATP ratio
determined by the pool size of AMP vs pool size of ATP. (¢) ADP/ATP ratio determined
by the pool size of ADP vs pool size of ATP (d) Succinate level determined by
measuring succinate level at °C-2C. (e) Fumarate level determined by measuring malate
level at *C-2C. (f) Malate level determined by measuring succinate level at *C-2C. (g)
Relative alanine level determined by measuring alanine at >C-3C. (h) Phosphate Pentose
Pathway (PPP) rate determined by measuring UTP pool size. (e) Relative serine level
determined by measuring serine >C-3C. (j) Relative fructose -1-6- bisphosphate level
determined by measuring fructose -1-6-bisphospate at *C-6C. (k) Relative UDP-D-
glucose level determined by measuring UDP-N-acetyl-glucosamine at '>C-6C. For (b-h)
Panc02 cells were grown in medium containing 100% U-">C glucose, treating with 1 uM
MB1-47 or vehicle DMSO, while for (e-k) Panc02 cells were grown in medium
containing 100% U-"C glucose, treating with 2 uM MB1-47 or vehicle DMSO for 2 hrs.
The cell metabolites were extracted using cold 40:40:20 methanol:acetonitrile:water w/
0.5% formic acid (ice cold) mixture. Abbreviations: G6P, glucose-6-phosphate; F6P,
fructose-6-phosphate; 3-PG, 3-phosphoglycerate; PPP, Pentose Phosphate Pathway.
Results are showed as means + SD values from three independent experiments and
statistical significance (P) was determined by student t- test: *P < 0.05; **P < 0.01; vs.

DMSO control
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3.2.6 MB1-47 and NEN increase AMPK activation and reduced lipid synthesis

Cancer cells are highly demanded for glucose utilization compared to normal cells in
order to provide the building blocks and reducing agents (NADPH) to generate new cells
(28). AMPK is the master regulator for cell energy hemostasis and it is play a crucial role
in cell metabolism (101). High AMP/ATP ratio is the activator of AMPK and it is
indicator for less energy recourses inside the cells (206). AMPK activation reduces the
anabolic signaling pathways and stimulates the catabolic signaling pathways (119).
Therefore, AMPK activation impedes the utilization of the energy resources in the highly

growing cancer cells.

We tested AMPK activity in pancreatic cancer cells (Panc02 and Pancl) upon
treatment with MB1-47 and NEN. As shown in (Figure 3.11 a-b) our result showed that
MB1-47 and NEN activate AMPK in a dose dependent manner and at concentration that

induce mitochondrial uncoupling.

Next, we test the effect of MB1-47 and NEN on AMPK-ACC pathway in vitro cells
culture, AMPK activation by MB1-47 and NEN lead to increase in ACC
phosphorylation, which diminish ACC activity and decrease the lipid synthesis.
Furthermore, MB1-47 and NEN treatment decrease the protein level of fatty acid

synthase (FAS) in pancreatic cancer cells as shown in (Figure 3.11 c-d).

Taken together, MB1-47 and NEN affect the AMPK-ACC signaling pathway and reduces
the lipid synthesis that is necessary for pancreatic cancer cell proliferation and

differentiation.
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Figure 3.11 MB1-47 and NEN induce AMPK and ACC phosphorylation in
pancreatic cancer cells. (a) Immunoblot analyses showing that NEN and MB1-47
increases phosphorylation of AMPK in Panc02 cells. (a-c), Inmunoblot analyses
showing that NEN and MB1-47 increase phosphorylation of ACC in Panc02 cells
respectively. (d-e), Inmunoblot analyses of Pancl cells showing of that NEN and MBI1-
47 increase phosphorylation of ACC after 2h treatment respectively. (g-j) NEN MB1-47
decreases fatty acid synthase (FAS) expression in the indicated cells. The results are

showing data from three independent experiments.
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3.2.7 MB1-47 and NEN downregulate mTOR and other signaling pathways on

pancreatic cancer

Pancreatic cancer cells are characterized by common mutations in KRAS and
massive deregulation of many signaling pathways, which are involved on the pancreatic
cancer progression (207). Mammalian target of rapamycin (mTOR) is an activated
downstream kinase of RAS signaling and perhaps is a main mediator of RAS induced
oncognesis(208). Furthermore, activated AMPK downregulates mTOR activity because
mTOR is the major downstream target of AMPK(114). As shown in (Figure 3.12 a-d )
we sought that MB1-47 and NEN treatment decrease the phosphorylation of P70S6K and
4E-BP1(downregulation of mTOR activity) in a dose dependent manner and this lead to
arrest the cell cycle and decrease the cells proliferation. Next, we sought to study the
effect of NEN and MB1-47 on AKT, ERK1/2 and, GSK signaling pathways. Our
Western analysis data demonstrated that MB1-47 and NEN decreased the activity of

AKT, ERK1/2 and GSK signaling pathways in cancer pancreatic cancer cells.
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related to pancreatic cancer cells growth and proliferation. (a-d) Immunoblot
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and NEN reduce the mTOR activity, AKT, ERK and GSK (3f) phosphorylation. The

results are showing data from two independent experiments.
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Chapter 1V

4. Materials and Methods

4.1 Cell lines

Murine colon adenocarcinoma cell line (MC38) was a kind gift from Dr. Harvey Roy
Herschman (University of California Los Angeles, CA), Human colon carcinoma cell

line HCT116 and Human pancreatic cancer cell line Panclwere a gift from Dr. Steven
Zheng (Rutgers University of New Jersey), MIA PACA-2, BxPC3, AsPC1, Capan2, and
CFPAC-I cells were kind gifts from Dr. Caprizo (Cinj-Rutgers University of New
Jersey), Murine Pancreatic adenocarcinoma (Panc02) and Mouse myoblast cells
(C2C12) were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA). MC38,HCT116,C2C12, MIA PACA-2, and Pancl cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) containing (10% FBS, 2.5% horse serum
(HS) for MIA PACA-2. Pancl and CFPAC-1 cells were maintained in DMEM
containing 10% FBS, 10 U/ml penicillin and 10 pg/ml streptomycin and 0.1 mM
nonessential amino acids, and 1.0 mM sodium pyruvate for (MC 38 cells), Panc02,
AsPCl1, and BxPC3 were maintained in RPMI-1640 medium supplemented with fetal
bovine serum (10% for Panc02, Capan-1 and Bx-PC3, 20% for AsPC1), 100 U/ml
penicillin, 100mg/ml streptomycin and 1% sodium pyruvate and all cells were incubated

at 37 °C and 5% CO».
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4.2 Reagents and Antibodies

NEN (niclosamide 5-chloro-salicyl-(2-chloro-4-nitro) anilide 2-aminoethanol salt),
was purchased from 2A PharmaChem (Lisle, IL). Oxyclozanide, trypan blue, crystal
violet, glucose and DSS (4,4-dimethyl-4-silapentane- 1 -sulfonic acid) propidium iodide

(PI), RNAse A, sulforhodamine B, Trichloroacetic acid (TCA), Insulin, NH4HCO3,

methanol, acetonitrile, and formic acid purchased from Sigma (St. Louis, MO). [U-13 C]
glucose and 99.9% enriched D20 (Cambridge Isotope Laboratories, Tewksbury, MA).
Dialyzed serum (SH3007903) was purchased from Fisher. pAMPK- (Thr172)
monoclonal antibody (mAb) and AMPK-mAb, phospho-p70S6 kinase (Thr-389)P70S6K,
p4E-Bpl and 4E-Bp1, pERK1/2,ERK1/2, pGSK(3B), AKT, p-ACC and ACC were
purchased from Cell Signaling Technology (Danvers, MA), we used 1:1,000 dilution for
immunoblotting experiment. Ran, Actin antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX), and we used 1:1,000 dilution for immunoblotting

experiments.

4.3 Mitochondrial uncoupling analysis

To perform the mitochondrial uncoupling analysis with cancer cells, murine and
human colon and pancreatic adenocarcinoma cells (MC38, HCT116, Panc02 and Panc1)
were seeded onto six-well plates and maintained in DMEM until reaching log phase.
Then, cells were incubated with different concentrations of NEN or oxyclozanide for
(MC38 and HCT116) cells, NEN or MB1-47 for (Panc02 and Panc1) for 2hrs followed

by staining with 100 nM tetramethylrhodamine ethyl ester (TMRE) for 10-15 min.
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Finally, cells were rinsed once with DPBS and then observed under fluorescence
microscopy.

4.4 Cell culture medium for NMR labeling experiment

Prior to the experiment, MC38 cells were maintained in DMEM containing 10%
FBS, 1% penicillin-streptomycin, 0.1 mM nonessential amino acids, and 1.0 mM sodium
pyruvate. For NMR labeling experiment, MC38 cells were seeded into 150 mm dish at a
density 6 x 10° cell per dish. After overnight incubation, the medium was replaced with

labeled DMEM phenol — free medium containing 10% FBS, 1% penicillin-streptomycin,

2mm of L-glutamine, 1 g/l glucose (Sigma), 1 g/l [U-13 C] glucose (Cambridge Isotope
Laboratories, Tewksbury, MA). One plate was treated with 2uM NEN while a second
plate (control) was treated with DMSO for 6 or 12 hours. After these two incubation time
points were performed, cells were harvested and metabolites were extracted using cold
methanol- chloroform extraction method as previously described (27). Briefly, cell were
washed twice with ice-cold phosphate buffer solution, and then trypsinized to collect the
cell pellets. After that, the cell pellets were extracted with ice-cold methanol—chloroform-
water (2-1-1) and centrifuge at (18.000g) for 15 minutes at 4°C. Next, aqueous
supernatants were collected and dried by using an evaporator. Samples were stored at -20

°C until NMR analysis.
4.4.1 NMR analysis

Cell extracts were redisloved in 600 pl of deuterium oxide (D20) containing 10% 4,4-
dimethyl-4-silapentane- 1 -sulfonic acid (DSS), used as references standard for proton and

carbon NMR spectroscopy, and the samples were filter by using 0.2 um pore size filter.
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NMR (2D) C-H-HSQC spectra were acquired on a 800 MHz spectrometer Bruker
(Bruker, Karlsruhe, Germany) equipped with a Smm cryoprobe at 25°C. 2048 complex
points were acquired along the H- dimension for each of the 64 complex points in
aliphatic °C dimension. The sweep width in proton dimension was 13 ppm with the
carrier on water while 120 ppm was used for carbon with the carrier at 60 ppm. The data
were processed using NMR pipeline and then analyzed using Sparky 3.2 (University of

California, San Francisco).

4.5 Cell culture preparation for LC-MS metabolomics experiment

Prior to the experiment, Panc02 cells were maintained in RPMI-1640 medium. For
LC-MS labeling experiments, Panc02 cells were seeded into 100 mm dish at a density 6 x
10° cell per dish. 24-48 hrs prior to metabolite collection, the medium was replaced with
DMEM phenol- free medium containing 10% dialyzed serum (SH3007903 from Fisher),
2mm of L-glutamine, and 4.5 g/l glucose (Sigma). Then, 1-2 h prior to metabolite
collection, aspirate of all medium and replace with 10 ml new of respective medium.
Next, the cells were switched to labeled medium containing 10% dialyzed serum, 2mm of
L-glutamine, and 4.5 g/l [U-"*C] labeled glucose (Cambridge Isotope Laboratories)
(Tewksbury, MA) labeled glucose (Cambridge) for 2 hr with (2 uM) NEN and MB1-47
for the treated groups and dimethyl sulfoxide (DMSO) for control group. After 2 hrs
treatment, cell lysate was collected and the cells metabolites were obtained using 1 ml of
lysis buffer containing (40:40:20 methanol:acetonitrile:water w/ 0.5% formic acid (ice

cold) mixture. Immediately, the plates were transferred to ice and incubated for 5 minutes
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and 50 of 15% NH4HCO3 was added to each plate. After that, cell lysate was collected
with centrifuged at 15,000g for 10 minutes in cold room to pellet cell debris and proteins.
Then, 700 ul of supernatant was transferred to 1.5 ml tube and all the samples were

stored at -80 °C until they were used for LC-MS analysis.
LC-MS analysis

LC—MS analysis the cellular metabolites was performed on the Q Exactive PLUS hybrid
quadrupole-orbitrap mass spectrometer (Thermo Scientific) coupled to hydrophilic
interaction chromatography (HILIC). The LC separation was performed on UltiMate
3000 UHPLC system with an XBridge BEH Amide column (150 mm x 2.1 mm, 2.5 pM
particle size, Waters, Milford, MA) with the corresponding XP VanGuard Cartridge. The
liquid chromatography used a gradient of solvent A (95%: 5% H2O: acetonitrile with 20
mM ammonium acetate, 20 mM ammonium hydroxide, pH 9.4), and solvent B (20%:
80% H2O: acetonitrile with 20 mM ammonium acetate, 20 mM ammonium hydroxide,
pH 9.4). The gradient was 0 min, 100% B; 3 min, 100% B; 3.2 min, 90% B; 6.2 min,
90% B; 6.5 min, 80% B; 10.5 min, 80% B; 10.7 min, 70% B; 13.5 min, 70% B; 13.7 min,
45% B; 16 min, 45% B; 16.5 min, 100% B. The flow rate was 300 pl/min. Injection
volume was 5 puL and column temperature 25 °C. The MS scans were in negative ion
mode with a resolution of 70,000 at m/z 200. The automatic gain control (AGC) target
was 3 x 10° and the scan range was 75—1000. Metabolite features were extracted in
MAVEN (Cite: PMID 21049934) with the labeled isotope specified and a mass accuracy
window of 5 ppm. The "°C isotope natural abundance and impurity of labeled substrate

was corrected using AccuCor written in R (Cite: PMID 28471646).
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4.6 Cell viability assay

To assess cell viability during drug treatment, MC38 cells were plated in 6 well
plates at 1x 10°cells/ 2 ml medium in each well and incubated overnight. After overnight
culture, drugs were added at different concentrations and vehicle control was included for
each plate. Each experiment was done in triplicate. After 24 h incubation with drug at
37°C, cell viability were detected through staining with trypan blue. To distinguish
between the live and dead cells, the viable cell numbers were counted by

heamocytometer under normal light microscope.

4.7 Clonogenic assay

MC38, HCT116, Panc02, Pancl, MIA-PACAZ2 cells were plated in 6-well plates at
200 cells per well in 2 ml with respective medium. MC38, HC116 cells were treated with
different concentration of NEN or oxyclozanide, Panc02, Panc1, and MIA-PACA2 were
treated with various concentrations of MB1-47 or NEN for 24 or 48 h. After incubation,
drugs were kept with medium for whole experiment period. Cells were kept with
changing the medium plus drugs for 7 to10 days. The colonies were then fixed in 1:3
Acetic—Methanol solution for 5 minutes, stained with 0.02% crystal violet for 20 minutes

and counted under normal light microscopy.

4.8 Cell cycle profile

To test the toxic effect of mitochondrial uncoupler compounds (NEN, oxyclozanide,
and MB1-47) on cell cycle profile of colon and pancreatic cancer cells, MC38 and

HCT116 cells were treated with different concentrations of NEN or oxyclozanide for 24
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h whereas Panc02, Pancl, MIA-PACA2, and BxPC3 were treated with (2.5) uM NEN or
MB1-47 for 48hrs. Control group was treated with DMSO. Then, the cells were fixed
with ice-cold 70% ethanol in ice for 30 minutes. After that, 5 ml of propidium iodide (PI)
(Sigma, P 4170) (1 wg/ml) solution and 50 ul of RNAse A (Sigma, R- 4875) solutions
were added to the fixed cells and then kept for 30 minutes in dark at room temperature

prior analysis by flow cytometry.

4.9 Determination 50 % of growth inhibition (GI)

Pancreatic cell lines (Panc02, Pancl, MIA PACA-2, Bx-PC3, AsPC1, Capan2, and
CFPAC-1) were seeded at densities 5000-20.000 cells/well in 96-well plates. After 24 hr,
the cells were treated with various concentrations of the NEN and MB1-47 while control
wells incubated with DMSO for 48hr. The growth inhibition was assessed by using
sulforhodamine B (SRB) staining assay as previously (209) with some modification.
Briefly, after 48 hr treatment with NEN and MB1-47 the medium was discarded, and the
adherent cells were fixed by adding 50 ml of cold Trichloroacetic acid TCA (10% (w/v)
to each well and incubating for 1hr at 4 °C. Then, the plates were washed 5 times with
deionized water and air-dried. After that, 200 ml of SRB solution (0.4% w/v in 1% acetic
acid) was added to each well and the plates were incubated for 10 min at room
temperature. Then, the plates were washed 5 times with 1% acetic acid to remove
unbound SRD and the plates were air dried. SRD Bound stain was solubilized with 200
ml Tris base (10 mM) (pH 10.5) for 10-20 minutes. The optical intensities were read
using a microplate reader at 492 nm. Triplicate wells were used for each analysis. The

percentage of growth inhibition (%IG50) was estimated using this equation: % GI = (1-
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Nt/Nc) X 100, where Nt: and Nc represent the reading absorbance in treated and control

well respectively.

4.10 Oxygen Consumption Rate (OCR)

OCR analyses were performed using the SeaHorse XF24 cartridge according to the
instructions from Agilent technologies. Briefly, 40,000-50,000 Mouse myoblast cells
(C2C12), murine pancreatic adenocarcinoma cells (Panc02) were seeded in a Seahorse
24XF cell culture microplate and cultured in DMEM medium. Before the analyses, cells
were washed with DMEM media and placed in a non-CO; 37 °C incubator for at least
one hour OCR of the cells was analyzed by stepwise injections of (5 pM) Oligomycin,

(2.5 uM) Rotenone, with either (2.5 uM) of NEN or MB1-47 into each well.

4.11 Immunoblotting assay

MC38, Panc02, and Pancl1 cells were plated onto six-well plate and maintained with
DMEM to the 70% confluence. MC 38 cells were incubated with NEN, oxyclozanide at
different concentrations for 2hr, Panc02, and Pancl cells were incubated also with
different concentration of MB1-47 or NEN for 2 hr for AMPK phosphorylation. For
mTOR phosphorylation experiments in Panc02, and Pancl prior treated with 10 mg/ml
insulin for 1hr and then different concentrations from MB1-47 or NEN was added. The
protein was extracted, separated through SDS-PAGE, and moved to polyvinylidene
difluoride (PVDF) membranes (Millipore, Billerica, MA) as previously described (27).
Immunoblotting was made for pAMPK- (Thr172) monoclonal antibody (mAb) and

AMPK-mAD, phospho-p70S6 kinase (Thr-389)P70S6K, p4E-Bp1 and 4E-Bpl,
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pERK1/2,ERK1/2, pGSK(3B), AKT, p-ACC and ACC followed by secondary antibodies
(Santa Cruz Biotechnology, Dallas, TX). Ran and Actin were used as a control and
proteins were visualized using western blotting and chemiluminescence reagents

(Amersham, Piscataway, NJ).
4.12 Cell invasion assay

Invasion assay was performed with Boyden chamber assay (Corning, Corning, NY).
Prior to experiment, MC38 cells were plated at concentration of 2x10° per 10 cm dish and
incubated for 24 hr. Cells were rinsed twice with PBS and then maintained with serum —

free medium and 1ml NEN or DMSO for 4 hr. Cells were trypsinized, and pelleted at

1500 x g for 5 min. Cells were resuspended and 2 X 109 (200 pL) were seeded into serum
- free medium with ImM NEN or DMSO in each transwell. 700 ml of complete medium
supplemented with Iml NEN or DMSO was added to the lower chambers. Plates were

kept at 37°C and 5% CO» for 18 hours. Afterwards, the inserts were removed and cells

were fixed with 70% cold methanol for 5 minutes, followed by incubation with 0.2%
crystal blue for 10 minutes in the dark. Inserts were then washed twice with PBS and left
to completely dry. Invaded cells were counted in 4 different fields by using Neubauer

chambers slide. Each invasion experiment was performed in duplicate.
4.13 Wound healing assay

MC38 and HCT116 cells were plated in six-well plates to confluence level in 2 ml
of DMEM. Wounds were made by using a 10ml pipette tip to scratch through confluent

cell monolayer. Fresh medium was added to the plates and the initial wound was
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recorded by taking images at (Oh) time. The first and second groups were treated with
various concentrations of NEN or oxyclozanide at different time points whereas the
control group was treated with DMSO. Images of each time point were recorded. Wound
closure percentage was determined by comparing the wound closure size between the

initial wound and the different time points in control versus treated groups.
4.14 AMPK activation in vivo

For AMPK activation in vivo, NEN or Oxyclozanide was suspended in 0.5% methyl
cellulose and then administered to male C57BL/6J mice (n = 2) by oral gavage at a dose
of 40 or 80 mg per kg body weight respectively. The mice were euthanized after 2 hours
for NEN 6 hours for Oxyclozanide. Liver samples were kept in liquid nitrogen for future

western blot analysis.
4.15 Tumor xenograft experiments

Male NOD.Cg-Prkdc*™ 112rg™ "/SzJ mice, also known as NOD scid gamma
(NSG) mice were purchased from The Jackson Laboratory (Farmington, CT). The mice
were kept at the Rutgers -Robert Wood Johnson Medical School. All experiments were
done following a protocol approved by the Institutional Animal Care and Use
Committees (IACUCs). Sub-confluent culture of MC38 or Panc02 cells were harvested

with trypsin-EDTA solution. Collected cells were washed and suspended in serum-free

medium at a concentration of 1x10° cells / ml.

For intrasplenic injections, 30 male NOD mice were used. Mice were injected (0.1

mg/kg) buprenorphine subcutaneously for analgesia 30 minutes before the surgery. Then,
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the mice were injected anesthetic drugs i.p. (Acepromazine 5 mg/kg, and ketamin 100
mg/kg body weight). After anesthesia, the surgical site was cleaned and aseptically

prepared by using iodophor and 70% alcohol. The spleen was pulled out the body of

mice. The lower end of the spleen was circled with a 5/0 silk synthetic suture, and 1x10°
murine colon adenocarcinoma cells (MC38) in 0.2 ml medium were injected into the
lower pole of the spleen and then we were waited for 10 minutes. Then, the spleen was
ligated and the whole spleen was completely removed from the mouse body. The
abdominal wall was closed with two layers of sutures. Postoperatively, mice were kept
warm on a heating pad, which was disinfected with 70% ethanol in advance, and returned
to their cages when completely awake. 10 hours later, all mice received the second dose
of (0.1mg/kg) buprenorphine. Animals were assigned into three groups: control group
was fed with normal control diet (AIN-93M) (Research Diet, New Brunswick, NJ) while
the first and second treated groups were fed with AIN- 93M containing 800 ppm
oxyclozanide or with AIN- 93M containing 2000 ppm NEN respectively. Three weeks
after the surgery, mice were sacrificed by cervical dislocation. Liver tissue was obtained
and imaged. Tumor metastases were counted, tumor volume (in mm®) was calculated
from recently excised liver by using an electronic caliper, using the following equation:
[volume = 0.52 x (width) > X length] (210). Immediately a section of each normal tissue

or tumor was fixed 10% neutral formalin for 24 h and then processed for histological and

immunohistochemistry analysis, whereas the remaining liver tissue was kept in liquid

nitrogen for Western blot or other analyses.

For intrasplenic injection of Panc02 in (NSG) mice, we performed the same

procedure like MC38 cells injection with little change. Briefly, 16 male NOD mice were
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used and Panc02 cell number was (2.5 x10° cell/ml). Mice after injection and recovery
were divided randomly into two different groups: control group was fed with normal
control diet (AIN-93M) (Research Diet, New Brunswick, NJ) while the first and second

treated groups were fed with AIN- 93M containing MB1-47 (750 ppm) for two weeks.

For (Panc02) intrahepatic injection, female C57BL6/J (18) mice aged 8-12 weeks were
used; Panc02 cells ( 1x10° cell/ml) were injected into liver of recipient mice. After
recovery, the mice were divided randomly into control group fed with normal control diet
(AIN-93M) and, the treated group fed with AIN- 93M containing either NEN (2000
ppm), or MB1-47 (750 ppm) respectively. Tumor occurrence and volume were recorded

after three weeks of treatment.

For reversal tumor growth inhibition experiment, Panc02 cells (1 x10° cell/ml)) were
injected intrahepatically of recipient mice. After 10 days, the mice were divided
randomly into control group fed with normal control diet (AIN-93M) and, the treated
group fed with AIN- 93M containing NEN (2000 ppm), MB1-47 (750ppm) respectively

for two weeks. Tumor growth and volume were recorded and liver was imaged.
4.16 Liver histology

Tissues from liver were collected after the mice were euthanized. Samples were kept
in 10% neutral buffered formalin for 24 h, changed to 70% ethanol alcohol and later
implanted in paraffin. Liver tissue sections were completed and stained with H&E stain.
Images were taken with a Carl Zeiss Universal Microscope imaging system with different

phase-contrast objectives.
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4.17 Statistical analysis

Results are presented as means + SD experiments. Data were assessed using student
¢ test to compare the control group and drug treated group, statistical significance P

values were denoted as *, P <0.05; **, P<0.01; and ***, P <0.001.
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Chapter V

5. Discussion and Conclusions

Otto Warburg found that cancer cells tend to “ferment” glucose into lactate even in
the presence of sufficient oxygen. This phenomenon of aerobic glycolysis is called “the
Warburg effect” (1,3,154). Recent work in cancer cell metabolism has led to the
elucidation of the significance of the Warburg effect to cancer. In essence, glycolysis in
non-dividing cells is followed by complete oxidation of pyruvate in mitochondria, with
the end product of CO2. This leads to a complete oxidation of glucose without biomass
accumulation. In contrast, in cancer cells, the pyruvate flux into mitochondria is reduced
as the result of aerobic glycolysis. It is assessed that pyruvate entering mitochondria for
complete oxidation only is ~5% of glucose metabolism, while a main of pyruvate
undergoes “fermentation” to lactate, which represents 85% of glucose metabolism. The
residual ~10% of glucose metabolism is rewired to other metabolic pathways, such as the
pentose phosphate pathway (PPP). These pathways generate reducing agents (NADPH)
and metabolic intermediates such as ribose, providing the reducing agent and building
blocks for biosynthesis required for biomass accumulation needed for cell proliferation
(4,5,15,211,212). Thus, targeting aerobic glycolysis, which in turn reduces the production
of reducing agents and building blocks for cancer cell biosynthesis, can be an effective

and possible universal anti-cancer strategy.

Pyruvate generated from glycolysis influxes into mitochondria in the presence of
oxygen, where it is converted to acetyl-CoA and this happened in differentiated cells.

Then, acetyl-CoA is metabolized to CO2 through TCA cycle, and energy is extracted and
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stored in the form of high-energy electrons in NADH and FADH. Then, The electrons
feed into the electron transport chain (ETC) reside in the mitochondrial inner membrane,
which pumps H' protons out the membrane and generates a proton gradient. Protons enter
the mitochondrial matrix through ATP synthase, driving ATP production. Usually, ETC
activity is coupled to the energy requirement of the cells. When the energetic requirement
is met, ETC and oxidation of acetyl-CoA are shut down, along with pyruvate flux into

mitochondria.

Mitochondrial uncoupling is a process that leads to proton influx across the
mitochondrial inner membrane without passing through ATP synthase. This process de-
couples mitochondrial oxidation from ATP synthesis, leading to a futile cycle, i.e.
complete oxidation of acetyl-CoA without generating ATP. As a result, energy efficiency
of mitochondria is dissipated. To meet the cellular energy demand, the flux of pyruvate
into mitochondria is expected to accelerate, which promotes the complete oxidation of
glucose. This mode of metabolic change induced by mitochondrial uncoupling could

potentially diminish the anabolic effect of aerobic glycolysis.

Niclosamide was an FDA approved anthelmintic drug for treating tapeworm
infection. Its mechanism of action is to uncouple mitochondria (213). NEN (niclosamide
ethanolamine) is the ethanolamine salt of niclosamide, which has a similar excellent
safety profile as niclosamide (188) . Oxyclozanide is another mitochondrial uncoupling
anthelmintic drug approved for veterinary use and assess their potential use in cells and in
vivo models for treating and preventing hepatic metastatic of colon cancer. Oxyclozanide
is veterinary anthelmintic drug; mainly it is used for treatment and control flatworms in

farm animal and it has a longer half-life and it is metabolized in liver (191). We decided
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to use NEN and oxyclozanide as prototype drugs to examine the impact of mitochondrial
uncoupling on cancer glucose metabolism and to determine their potential anti-cancer

activities.

First, we used NEN and oxyclozanide to target the metabolism of colon cancer. We
performed metabolomics NMR experiment to study the effect of NEN on glucose
metabolism in cancer cells. Our metabolomics NMR results directly demonstrated that
mitochondrial uncoupling by NEN dramatically increases pyruvate flux into
mitochondria, increases mitochondrial oxidation, reduces lactate production, and reduces

biosynthetic PPP pathway.

We then investigated the antitumor effects of NEN and as well as oxyclozanide on
colon cancer in cell culture models. NEN and oxyclozanide inhibits cell proliferation and
reduces clonogenicity of cancer cells. Moreover, NEN and oxyclozanide also inhibited
cell migration and invasion. These effects were associated with the activation of AMPK

and downregulation of mTOR signaling pathway in vitro and in vivo.

We further examined the in vivo anti-cancer effect of NEN and oxyclozanide using
mouse metastatic cancer models. Then, we tested if the uncouplers are effective in
inhibiting cancer growth. The colon cancer MC38 cells were injected into the liver of
NSG mice. Oral treatment of oxyclozanide significantly reduced tumor size and tumor

incidence in mouse liver.

We then tested if these drugs could inhibit tumor metastasis. MC38 cells were
intrasplenically injected into the mice and the tumor metastasis to liver was analyzed.

Oral NEN or oxyclozanide either totally prevented tumor metastasis to liver or drastically
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reduced metastatic tumor numbers and tumor volume.

Second, We further investigated the effect of MB1-47 (NEN’s analogue) and NEN
on pancreatic cancer metastasis to liver. MB1-47 is a new mitochondrial uncoupling
compound and it is synthesized and developed in collaboration between our lab and
medicinal chemistry lab at Pharmacy School-Rutgers. MB1-47 is characterized by higher
blood exposure, longer half-life, more potent, relative more soluble in water compared to

NEN. MB1-47 and NEN have similar toxicity profile.

Our data showed that MB1-47 and NEN uncouple mitochondria by increasing
oxygen consumption rate, and reduce the membrane potential of murine and human
pancreatic cancer cells. We then studied the antitumor effects of MB1-47 and NEN on
murine and human pancreatic cancers in vitro cell models. MB1-47 and NEN arrest cell
cycle at GO-G1 phase, reduce clonogenicity and inhibit cell growth of murine and human

PDA cells at the same concentration that induces the uncoupling effect.

Moreover, in mouse xenograft models, MB1-47 and NEN reduce tumor growth and
tumor occurrence after intrahepatic transplantation into (NSG) mice models. Moreover,
MB1-47 diminishes hepatic metastasis when PDA cells are transplanted intrasplenically

into NSG mice.

These results are concomitant with LC-MS metabolic data, which are characterized by
increased AMP/ATP and ADP/ATP ratios, reduction in PPP metabolites, accelerate TCA
metabolites flux to mitochondria, increase pyruvate oxidation inside mitochondria. In
addition, Hexose Biosynthetic Pathway (HBP) and one carbon pathway (Serine) also

inhibit upon treatment with MB1-47 and NEN.
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Higher AMP/ATP and ADP/ATP ratios are the activator of AMPK activation and
this happened as consequence of mitochondrial uncoupling effect. Our Western blot
analysis confirmed that MB1-47 and NEN activate AMPK in both in vitro and in vivo

models and latter effect of AMPK arrests cell cycle of pancreatic cancer cells.

Furthermore, MB1-47 and NEN downregulate mTOR activity, and other signaling
pathways that are related to pancreatic cancer cell growth and proliferation. In addition,
AMPK activation by MB1-47 and NEN led to downregulate the activity of ACC reduces
the Fatty Acid Synthase (FAS) and this consequently inhibits the lipid biosynthesis in
pancreatic cancer cells. Our data highlight a unique approach for treating PDA, and

provide novel experimental drug leads for future investigation.

The main mechanism for pyruvate entrance into mitochondria to meet the energy
requirement is through Pyruvate Dehydrogenase (PDH) feed back control. PDH controls
pyruvate conversion to acetyl CoA and its activity inhibited by acetyl CoA (83,213).
Acetyl CoA activates Pyruvate Dehydrogenase (PDH), which phosphorylates PDH and
inhibits its activity (213,214). Low cellular level of ATP or high cellular level of ADP
stimulates mitochondrial oxidative phosphorylation that accelerates TCA cycle and
enhances Acetyl CoA oxidation inside mitochondria. Thus, PDH inhibition is reduced
that stimulates pyruvate influx into mitochondria. Mitochondrial uncoupler inhibits ATP
synthesis from ETC and creates futile cycle that enhances mitochondrial oxidation of
Acetyl CoA and decreases mitochondrial pool size of Acetyl CoA, thus activates PDH
and pyruvate influx. This is well-known negative feedback loop mechanism under the
observed effects of mitochondrial uncoupling to enhance pyruvate influx and oxidation

inside mitochondria in cancer cells.
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NEN (niclosamide ethanolamine) is the ethanolamine salt of niclosamide that has a
similar tremendous safety profile like niclosamide (167,186-188) and has good water
solubility and systemic exposure (188). Our recent studies showed that NEN has high
levels of distribution in the liver after oral administration (142). In addition, oxyclozanide
is also enriched in liver after oral administration. Thus, we choose liver as a therapeutic
site for mitochondrial uncoupler compounds. Liver is one of the most important target

organs for metastatic cancers, in particular for colorectal and pancreatic cancers.

Several previous studies showed that niclosamide has a robust in vitro anticancer
activity against many of cancer cells like breast cancer (169,170), colon cancer
(140,171,172), adrenocortical carcinoma (173), hepatocellular carcinoma(174), prostate
cancer (175,176) ovarian cancer(177,178), and other types of cancers (179-182). There is
no specific target of niclosamide was recognized on the previous studies and many
possible anticancer mechanism/pathway were suggested, including S100A4(171), Wnt/b-
catenin(170,178,183), CDC37 (174), State3 (184), NF-kB (185) and other signaling

pathways (174,181).

In addition, we submitted a number of structurally unrelated mitochondrial
uncouplers to NCI for testing anti-cancer effect using NCI-60 cancer cell panel (60
different human cancer cell lines). The results showed that the mitochondrial uncouplers
have inhibitory effect on cell growth and proliferation on all cell lines at concentrations

that exhibit mitochondrial uncoupling activity for each compound (215).

In summary, our results have revealed that mitochondrial uncouplers compounds

modify the cell metabolism of colon and pancreatic cancers, which prevent the anabolic
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effect of aerobic glycolysis. Furthermore, our results demonstrated that mitochondrial
uncoupler compounds (NEN, oxyclozanide and MB1-47) have antitumor activities for
preventing and treating hepatic metastasis of colon and pancreatic cancers in NSG mouse
model respectively. These results also suggest a new strategy for targeting the functional
significant of Warburg effect. Our project provided new anticancer experimental

compounds leads for future investigation.
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ATP

NADPH

PPP

OXPHOS

NEN

TCA

NAD

PI3K

TMRE

mTOR

PBS

CLSI

PI

DMEM

FDA

ETC

AMPK

OCR

Adenine Triphosphate

Nicotinamide adenine dinucleotide phosphate
Pentose Phosphate Pathway

Oxidative Phosphorylation

Niclosamide ethanolamine

Tricarboxylic Acid

Nicotinamide adenine dinucleotide
Phosphatidylinositol 3-kinase
Tetramethylrhodamine ethyl ester
mammalian Target Of Rapamycin
Phosphate Buffer Saline

Clinical and Laboratory Standards Institute
Propidium iodide

Dulbecco's Modified Eagle Medium

Food And Drug Administration

Electron Transport Chain

AMP-activated protein kinase

Oxygen Consumption Rate (OCR)
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