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Abstract

Multiple myeloma (MM) is an incurable B-cell malignancy and the second most
common haematological cancer in the world. MM patients easily develop innate and
acquired chemotherapy resistance due to the dynamic gene mutations. The current
standard MM treatment is not promising as patients go through cycles of remission and
relapse and eventually treatment failure. Therefore, new treatments and management

approaches are needed.

MM displays a glycolytic phenotype (Warburg effect) that contributes to cancer
development, survival, and drug resistance. Dichloroacetate (DCA) is a pyruvate
dehydrogenase kinase (PDK) inhibitor that can reverse the glycolytic phenotype. DCA
is an inexpensive and bioavailable drug that has been used to treat mitochondrial
malfunctions in humans for decades. Studies have shown DCA to have metabolic
modulatory and cytotoxicity effects when used at clinically unachievable concentrations
(>10 mM) in various cancer types including MM, but there is a lack of evidence of the
on-target and anti-cancer effects of DCA when it is used at clinically achievable
concentrations. DCA inhibits its own metabolism through inactivation of its only known
metabolising enzyme, GSTZI1. It has been hypothesised that GSTZI polymorphisms
alter a patient’s ability to metabolise DCA, thus it has been proposed that a personalized

DCA dose regimen based on GSTZI genotype be applied for clinical use.

This study examined the on-target and anti-cancer effects of DCA at mechanistically
relevant concentrations under clinically relevant conditions in MM cell lines, and
investigated the factors contributing to the variable sensitivity to DCA. The clinical
implication of DCA was examined in a phase-2 clinical trial in MM patients and the

pharmacokinetics and pharmacogenetics of DCA were evaluated.

Results of this study showed that DCA at mechanistically relevant concentrations
inhibited glycolysis and cell proliferation but did not induce apoptosis in MM cell lines.
DCA can act on-target by reducing phosphorylated pyruvate dehydrogenase (pPDH)
when used at concentrations achieved in our clinical trial. The effect of DCA in

reducing pPDH was cumulative in vitro over time.
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This study demonstrated that MM cells displayed heterogeneous metabolic profiles. The
degree of dependence on glycolysis was a key contributing factor in the sensitivity of
MM cells to DCA. Moreover, the growth inhibition effect of DCA required glucose and
an active glycolysis pathway. Under hypoxic conditions that mimic the bone marrow
(BM) microenvironment (BMM), DCA can induce apoptosis in a non-glycolytic cell
line that has the greatest glycolytic reserve and the highest increase in the targets of
DCA, PDK1 and PDK3. Thus, DCA can have greater growth inhibition effect and even

cytotoxic effects in hypoxic cancers.

The clinical use of DCA in cancer had been tested in four clinical trials in solid tumours,
with results showing that DCA was well tolerated but there was no direct efficacy
information. The clinical use of DCA in haematological cancer patients was
investigated through our world-first trial of DCA in MM patients. The results
demonstrated that DCA was quickly absorbed and maintained at mechanistically
relevant concentrations for inhibition of PDK2. MM patients tolerated DCA well
despite having baseline neuropathy. The main side effect of DCA was neuropathy but
this was reversible. The disease burden was reduced, and a response was achieved on
day 28 in 33% of patients, but this effect was not maintained. A GS7ZI promoter
polymorphism correlated with one patient’s elevated DCA serum levels and side effects,
and it may be the driving variant in determining the serum levels of DCA in long-term
use. This trial suggested that the DCA dosing regimen needs to be increased in order for
it to inhibit the targets PDK1 and PDK3 in cancer patients in future trials. The
combination of DCA with common chemotherapy drugs, such as dexamethasone (DEX)
and lenalidomide (LEN), significantly decreased the total viable cells numbers
compared to when DEX or LEN was used as a single agent. This indicates that DCA is

not interfering with the conventional chemotherapy agents.

Thus, DCA has the potential to be used as a low-toxicity addition to conventional
chemotherapy for the treatment of MM. This study provides DCA dosing guidance and

opens windows for future clinical trials in cancers that display a glycolytic phenotype.
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Chapter 1 Introduction

Overview: Deregulated cancer metabolism is recognised as a hallmark of cancer. The

genetic aberrations of cancer cells are recognised as drivers of the abnormal metabolism
phenotypes, which provide selective advantages for cancer cell survival (section 1.2).
One of the most studied metabolic phenotypes is known as the glycolytic phenotype
(Warburg effect), where cancer cells rely on glycolysis instead of mitochondrial
respiration, even in the presence of oxygen (section 1.2). This glycolytic phenotype is
present in a majority of cancer types, making it a promising therapeutic target in cancer
treatment [1, 2]. There are metabolic modulatory drugs that are clinically usable or are
used as experimental tools for targeting the glycolytic phenotype in cancer, as well as
other commonly deregulated metabolic pathways including the mitochondrial
metabolism, glutamine metabolism and fatty acid synthesis (section 1.3). Compared to
other metabolic modulatory drugs, dichloroacetate (DCA), an investigational drug that
has been used for the treatment of lactate acidosis and mitochondrial malfunction for
decades in humans, has potential to be repurposed in cancer therapy for its merit of
targeting the PDH/PDK axis central to metabolic control, its low toxic, established
safety profile in patients and relatively low cost (section 1.4) [3, 4]. DCA has been
shown to have anti-growth effects both in vitro and in vivo in various cancer types [5-
10]. Multiple myeloma (MM), an incurable B cell malignancy with a complex genetic
profile, also displays a glycolytic phenotype, which can be targeted by DCA [11-13].
The rationale behind the repurposing of DCA in the treatment of myeloma patients is

discussed in section 1.5, leading to the hypothesis and aims of this thesis (section 1.6).

1.1 Normal glucose metabolism

Cancer cells present with a different metabolic phenotype compared to that of normal
cells. Targeting cancer cell metabolism has been investigated as a new treatment
approach. One of the most studied phenotypes in cancer is the glycolytic phenotype. To
understand the glycolytic phenotype in cancer, this section will first explain the glucose

metabolism in normal cells.



1.1.1 Glycolysis

Glucose, a simple six-carbon sugar, is the most abundant and important energy-
producing organic molecule for living cells. Glycolysis is a multi-step process, which
occurs in the cytoplasm to metabolise glucose into two molecules of the three-carbon
compound pyruvate. The glycolysis pathway contains 10 steps of biochemical reactions,
and each reaction is catalysed by a specific enzyme as follows: hexokinase (HK),
phosphoglucose isomerase, phosphofructokinase (PFK), aldolase, triosephosphate
isomerase, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), phosphoglycerate
kinase, phosphoglycerate mutase, enolase, and pyruvate kinase (PKM) (Figure 1.1) [14,
15]. This process results in the production of two molecules of adenosine triphosphate
(ATP, energy-containing molecules), two molecules of pyruvate, and two molecules of
nicotinamide adenine dinucleotide reduced form (NADH) (electron-carrying molecules)

[14].

Glycolysis is a process independent of the presence of oxygen. When oxygen is
sufficient, pyruvate is transported across the mitochondrial membranes into the
mitochondrial matrix to get completely oxidized through the tricarboxylic acid (TCA)
cycle, also known as the citric acid cycle or Krebs cycle, which is followed by oxidative
phosphorylation to create 34 ATP molecules. This process is known as oxidative
glucose metabolism. But in hypoxia, glycolysis is the dominant metabolic pathway and
the pyruvate generated through glycolysis is converted into lactate instead of going
through the oxidative phosphorylation. This process is known as anaerobic glycolysis
[14]. Many other metabolic pathways involved in the synthesis of macromolecules such
as lipids, proteins and nucleotides synthesis are strongly dependent on glycolysis for

their source of metabolic precursors.
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Figure 1.1 Glucose metabolism. The key enzymes and transporter of substrates of the
glycolysis pathway are marked in pink. Glucose is transported into the cells through the
glucose transporters (GLUT), where it is metabolised to pyruvate through glycolysis.
When oxygen is sufficient, pyruvate enters the mitochondria and is fully metabolised in
the TCA cycle. This process provides NADH and electrons for the electron transport
chain (ETC) to generate ATP (34 ATP/1 molecule glucose). In hypoxia, pyruvate
produced by glycolysis will be metabolised to lactate by lactate dehydrogenase (LDH)
and is transported out of cells through the monocarboxylate transporters (MCT).
Glycolysis intermediates also provide substrates and precursors for nucleic acid and
amino acid synthesis. Diagram modified from Nelson et al. [14].



1.1.2 TCA cycle, electron transport chain and oxidative
phosphorylation

After glycolysis, the first stage of cellular respiration, pyruvate is further oxidized inside
the mitochondria matrix via a series of biochemical reactions, called the TCA cycle,
producing two molecules of ATP, six molecules of NADH and two molecules of flavin
adenine dinucleotide (FADH:). Pyruvate is transported through the mitochondrial
membrane and is used to form acetyl coenzyme A (Acetyl CoA). Acetyl CoA is then
used in the TCA cycle to form citrate. Each step of the TCA cycle is catalysed by a
specific enzyme (Figure 1.2) [16].

Pyruvate
lPDH CoA
E;/rrgc\)/jt?ase Acetyl-CoA Citrate
/ Citrate Aconitase
synthase
NADH + H* Oxaloacetate Isocitrate NAD
Isocitrate
Malate dehydrogenase NADH +
dehydrogenase H*+ CO,
NAD*
a-Ketoglutarate
Malate TCA cycle CoA + NAD*
a-ketoglutarate
Fumarase dehydrogenase NADH +
H*+ CO
"0 Succinyl CoA 2
Fumarate Succiml CoA
uccinyl Co )
Succinate synthetase GDP + Pi

FADH, dehydrogenase

Succinate GTP

FAD

Figure 1.2 The TCA cycle. Pyruvate generated from glycolysis enters the TCA cycle
and is fully metabolised when there is sufficient oxygen. The TCA cycle generates
NADH and FADH: to enter the mitochondrial ETC. Illustration modified from Nelson
et al. [14].

Electrons from NADH and FADH: are transferred to the third and last stage of cellular
respiration, the electron transport chain (ETC), and undergo oxidative phosphorylation
to generate more ATP in a series of reactions that require oxygen. The ETC is the last

step of cellular respiration and oxygen is required. The ETC uses the NADH and
FADH; produced by the TCA cycle to generate ATP. The ETC generates most of the

4
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ATP that cells need in order to function, and this entire metabolic pathway is known as
oxidative phosphorylation. Electrons from NADH and FADH; are transferred through
protein complexes embedded in the inner mitochondrial membrane by a series of
enzymatic reactions. The ETC is composed of five protein complexes (Complex
I/NADH-Q oxidoreductase, Complex II/Succinate-Q reductase, Complex III/Q-
cytochrome ¢ oxidoreductase, Complex IV/cytochrome c oxidase, and Complex V/ATP
synthase) and two coenzymes (ubiquinone (Q) and Cytochrome c), which act as
electron carriers and proton pumps for transferring H* ions in and out of the
intermembrane space of mitochondria (Figure 1.3). Electrons are donated to the ETC
by NADH and FADH:; and passed along the chain from protein complex to protein
complex until they are donated to the final electron acceptor, oxygen, to form H>O.
During electron transport, protons/hydrogen ions (H") are pumped out of the matrix,
across the inner membrane and into the intermembrane space. The accumulation of
protons in the intermembrane space creates an electrochemical gradient that causes
protons to flow down the gradient and back into the matrix through ATP synthase
(Complex V) (Figure 1.3). ATP synthase uses the energy generated from the movement
of H' ions into the matrix for the conversion of ADP to ATP. For every NADH
molecule that is oxidized, ten H" ions are pumped into the intermembrane space and
yield three ATP. FADH; enters the chain at a later stage (Complex II), six H' ions are
transferred to the intermembrane space and yield two ATP. A total of 34 ATP
molecules per molecule of glucose are generated in electron transport and oxidative

phosphorylation [17, 18].
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Figure 1.3 Mitochondrial electron transport chain and oxidative phosphorylation.
NADH transfers two electrons to Complex I resulting in four H* ions being pumped
across the inner membrane. NADH is oxidized to NAD", which is recycled back into
the TCA cycle. Electrons are transferred from Complex I to a carrier molecule
ubiquinone (Q), which is reduced to ubiquinol (QH2). QH2 carries the electrons to
Complex III. FADH; transfers electrons to Complex II and the electrons are passed
along to Q and reduced to QH2 which carries the electrons to Complex III. No H* ions
are transported to the intermembrane space in this process. The passage of electrons to
Complex III drives the transport of four more H' ions across the inner membrane. QH2
is oxidized and electrons are passed to another electron carrier protein cytochrome C.
Cytochrome C passes electrons to the final protein complex in the chain, Complex IV.
Two H' ions are pumped across the inner membrane. The electrons are then passed
from Complex IV to an oxygen molecule to form water. ATP synthase moves H" ions,
which were pumped out of the matrix by the ETC, back into the matrix. The energy
from the influx of protons into the matrix is used to generate ATP by the
phosphorylation of ADP. Illustration from Anatomy & Physiology, http://cnx.org/
content/col11496/1.6/.
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1.2 Cancer glycolytic phenotype
To find effective anti-cancer targets within the glycolytic pathway, it is necessary to
understand what the differences are between cancer cells and normal non-proliferating

cells and what advantages the glycolytic phenotype would enable in cancer cells.

1.2.1 Difference between cancer and normal cells

There are fundamental differences between the metabolic pathways of cancer cells and
normal non-proliferating cells. Otto Warburg initially observed that cancer cells prefer
to metabolise glucose through glycolysis rather than use the more efficient oxidative
phosphorylation even with sufficient oxygen present (known as “Warburg Effect”) [1].
Most normal non-proliferating (differentiated) cells primarily rely on mitochondrial
oxidative phosphorylation to generate the energy needed for cellular activities. Normal
cells generally only rely on glycolysis to generate ATP and large amounts of lactate
under anaerobic conditions, while most cancer cells use glycolysis regardless of whether

there is abundant oxygen present or not (Figure 1.4) [19].

Normal non-proliferative cells Cancer cells / Proliferative cells
+0,0r-0
. Ac/ \)j l X .
Glucose
Glucose Glucose l
Pyruvate Pyruvate Pyruvate
Utate l
Lactate
Oxidative Anaerobic The glycolytic
phosphorylation glycolysis phenotype

(Warburg effect)

Figure 1.4 The difference in glucose metabolism between cancer cells and normal
non-proliferating cells. Differentiated tissue metabolizes glucose mainly through
oxidative phosphorylation and only depends on glycolysis under hypoxia. In contrast,
cancer or proliferating cells depend on glycolysis regardless of the presence of oxygen.
Illustration modified based on the review by Vander-Heiden et al. [19].



Genes of the glycolysis pathway are overexpressed in 24 types of cancer that represent
about 70% of global cancer cases. This was discovered by analyzing microarray gene
expression data available from National Institutes of Health (NIH) [2]. This study found
that the overexpression of glycolytic genes seems to be ubiquitous among different
cancer types, whereas other biochemical pathways such as the citric acid cycle do not
have a consistent pattern of overexpression [2]. This highlighted the importance of the
glycolytic phenotype for cancer cells, suggesting it could be targeted in the development

of new anti-cancer metabolic therapies.

1.2.2 Oncogene activation, tumour suppressor
mutations and the glycolytic phenotype

The proliferating cancer cells utilise a metabolic pathway that is less efficient, in terms
of ATP generation, than the oxidative phosphorylation pathway [14]. The cancer
glycolytic phenotype is linked to oncogene activation and tumour suppressor gene
mutation, which are associated with genes coding key enzymes in metabolism and thus
have profound effects on cancer metabolism, resulting in selective advantages for
cancer cells [1, 20, 21]. In the following sections, some of the most studied mechanisms
are introduced [1, 22]. The glycolytic phenotype of the cancer cells provides selective
advantages in the cancer microenvironment, which is often characterized by hypoxia,
nutrient deprivation and acidity due to insufficient nutrition supply in highly
proliferative cancer tissues [23]. Oncogenic changes in the cancer cells, the unique
cancer microenvironment, and the cancer cell glycolytic phenotype are all interacting

with each other [24].

1.2.2.1 Hypoxia inducible factors

Oncogene transformations enable cancer cells to undergo uncontrolled proliferation,
which then causes the cancer microenvironment to become hypoxic and acidic. Hypoxia
inducible factors (HIFs) are the key primary transcriptional factors produced by the cells
in response to hypoxia. Hypoxia induces the stabilization and activation of HIFs that
lead to adaptation to hypoxic stress and enhance the glycolytic phenotype by inducing
genes responsible for glucose transport and metabolism [25]. HIFs are upregulated and
expressed in various types of cancers such as bladder, brain, breast, colon, ovarian,

pancreatic, prostate, and renal carcinomas in a heterogeneous pattern, while in normal
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tissue HIFs are not detectable [26]. The HIFs are heterodimeric complexes composed of
a constitutively expressed [ subunit and an O»-regulated o subunit (either HIF-1a, HIF-
20 or HIF-3a) [27-29]. HIF-1 primarily mediates a rapid response to acute hypoxia,
while HIF-2 responds in an accumulative manner and is dominated by chronic hypoxic
gene activation. In neuroblastoma, HIF-2 can be stabilized and localized in the nucleus
under both normal growth conditions and chronic hypoxic conditions. In contrast, the
levels and activities of HIF-1 were transiently and rapidly induced to the highest levels
under acute hypoxia and diminished or disappeared after prolonged hypoxia, and were
very low in non-hypoxic conditions [30-33]. HIFs activate the transcription of more
than 60 genes coding for proteins that are involved in many biological functions such as
erythropoiesis, angiogenesis, glycolysis, cell survival, proliferation, apoptosis, and

metastasis [34].

HIFs are hydroxylated by prolyl hydroxylases (PHD) in the presence of O and o-
ketoglutarate substrates resulting in conformational changes to promote HIF-a binding
to the von Hippel Lindau (VHL) protein E3 ligase complex, thus leading to
ubiquitylation and proteasome degradation. In hypoxia, PHD activity is inhibited; VHL
can no longer bind to HIF-a, preventing the ubiquitylation of HIF-a, thus resulting in
HIF-a stabilization and accumulation [27, 34-36]. The expression of HIFs can be
induced and stabilized by hypoxia or chemical hydroxylase inhibitors
(dimethyloxalylglycine, cobalt). HIF protein synthesis can also be regulated in an
oxygen-independent manner by PI3K-mTOR signalling pathway, growth factors,
hormones, oncogene activation (e.g. AKT/mTOR, MAPK, MYC), or tumour suppressor
mutations [29, 35, 37, 38]. Non-hypoxic factors, such as insulin-like growth factor-1
(IGF-1) can also significantly increase HIF-la expression through activation of the
AKT and MAPK signalling pathways in normoxia [39]. The stabilized HIF-a dimerizes
with B subunit to form the complete HIF transcription factor and then translocates to the
nucleus. Together with the co-activator p300-CBP, the HIF transcription factor activates
the transcription of its target genes promoters or enhancer regions via hypoxia-

responsive elements (HREs) to mediate adaptive cellular responses to hypoxia [34].

Upon activation, HIFs can stimulate the transcription of genes encoding glucose

transporters and most glycolytic enzymes, thereby increasing the capacity of the cell to



carry out glycolysis [40]. In cancer cells, HIF-1 induces over-expression and increased
activity of several cancer-specific glycolytic protein isoforms, including glucose
transporters and key glycolysis enzymes such as HK, PFK, phosphoglycerate kinase,
enolase, lactate dehydrogenase A (LDHA), and 6-phosphofructo-2-kinase/F2 (PFKFB3),
that participate in cancer cell survival, apoptosis inhibition and metastasis promotion
[40]. HIF and overexpressed oncogenic MYC have been shown to collaborate to
enhance the glycolytic phenotype by activation of glycolytic enzymes including
pyruvate dehydrogenase kinase 1 (PDK1) and HK in human P493 Burkitt's lymphoma
cells [41]. HIF and MYC can also enhance the glycolytic phenotype in cancer cells in
vitro by independently activating key glycolysis enzymes such as glucose-6-phosphate
isomerase (GPI), PFKI1, aldolase, fructose bisphosphate, triose phosphate isomerase,

LDHA, GAPDH, and phosphoglycerate kinase [42-47].

Activation of HIFs can also inhibit mitochondrial function and oxygen consumption by
activating PDK1 and PDK3. PDKs inactivate the pyruvate dehydrogenase complex
(PDH), reducing the flow of pyruvate generated from glycolysis into the TCA cycle.
This reduction in pyruvate flux into the TCA cycle suppresses oxidative
phosphorylation and oxygen consumption, reinforcing the glycolytic phenotype, also
reducing ROS damage and contributing to drug resistance [40, 48-50]. Inhibitors of
HIFs or the PDKs could potentially reverse the metabolic effects of tumourigenic HIF1
signalling and thus are potential treatment options. One of several such candidates is the

PDK inhibitor dichloroacetate (DCA), which is the focus of this thesis (section 1.4).

1.2.2.2 p53

Tumour suppressor gene mutation can also regulate cancer cell metabolism. p53 is a
well-studied tumour suppressor gene and the most commonly mutated gene in human
cancer [51]. In cellular stressed conditions, p53 is stabilized and activated by
dissociation from its ubiquitin ligase, MDM2, via various post-translational
modifications to avoid degradation by the proteasome. Activated/stabilized p53
mediates the appropriate cellular response to various cellular stressed conditions such as
genotoxicity, cytotoxicity, DNA damage, aberrant DNA replication, hypoxia, oxidative

stress, nutrient stress, and oncogene activation by inducing cell-cycle arrest, apoptosis,
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senescence, or differentiation, and thus plays a pivotal role in tumourigenesis, cell-death,

and survival [51-54].

In addition to mediating the cellular fate in response to stress, p53 is now also known to
regulate cancer metabolism. p53 has been demonstrated to suppress glycolysis through
various mechanisms. Wild-type p53 suppresses the expression of glucose transporters
(GLUTI1, GLUT4) to decrease glucose uptake in breast cancer cells, while tumorigenic
mutations in the p53 DNA-binding domain impair this effect, thereby resulting in
increased glucose metabolism [55]. p53 can negatively regulate hypoxia-driven
glycolysis via inhibiting the translocation of GLUT1 to the plasma membrane of lung
cancer cells [56]. p53 induces TIGAR (TP53-induced glycolysis and apoptosis regulator,
a fructose-2,6-bisphosphatase) which suppresses glycolysis by reducing fructose-2,6-
bisphosphate levels, an activator of phosphofructokinase (third step of glycolysis). This
redirects the flow of glucose-6-phosphate toward the pentose phosphate pathway (PPP)
and NADPH production, thus resulting in an overall decrease in ROS levels [57]. p53
decreases PDK2 expression and thus that of its product, the inactive form of the
pyruvate dehydrogenase complex (PDC), which in turn promotes conversion of
pyruvate into acetyl-CoA instead of lactate [58]. p53 decreases the expression of MCT1
(monocarboxylate transporter 1) to inhibit lactate export produced by increased
glycolysis, thereby preventing the facilitation of the shift from mitochondrial oxidative
phosphorylation to the glycolysis pathway [59]. In addition to p53’s role in suppressing
glycolysis, it promotes mitochondrial oxidative phosphorylation by switching on the
transcription of cytochrome c oxidase 2 (SCO2, an effector necessary for ETC function)
[60-62]. Thus, mutation of the p53 gene and the loss of function of the p53 protein in
cancer can remove multiple mechanisms inhibiting glycolysis and contribute to

reinforcing the glycolytic phenotype (Figure 1.5).

1.2.2.3 PI3BK-AKT-mTOR

The phosphatidylinositol3-kinase (PI3K)-AKT and the mammalian target of rapamycin
(mTOR) signalling pathways are heavily interrelated. They are hyperactivated in many
cancer types and regulate cell survival, proliferation, metabolism, angiogenesis, and
metastasis [63]. The activation of the PI3K-AKT pathway provides not only strong

growth and survival signals to cancer cells but also provides profound effects on cancer

1"



metabolism [64]. AKT is the most studied downstream effector of PI3K. The activation
of the AKT oncogene is sufficient to stimulate cancer cell switching to glycolysis
without affecting its oxidative phosphorylation rate. AKT activity causes cancer cells to
be dependent on glycolysis for uncontrolled proliferation and survival [64, 65]. PI3K-
AKT signalling stimulates glycolysis through different mechanisms, such as by
increasing the expression and membrane translocation of glucose transporters (such as
GLUTI1, GLUT4) and by phosphorylating key glycolytic enzymes, such as HK and
PFK [65, 66].

AKT also strongly stimulates signalling through the kinase mTOR by phosphorylating
and inhibiting the negative regulator of mTOR [66]. mTOR is a kinase that plays a key
role as a metabolic integration point, by coupling growth signals to nutrient availability.
Activated mTOR can stimulate protein and lipid biosynthesis and cell growth when
there are sufficient nutrients and energy. It is often constitutively activated during
tumourigenesis [67]. mTOR directly stimulates mRNA translation and ribosome
biogenesis, and indirectly affects metabolism by activating transcription factors, such as
HIF, even under normoxia. The subsequent metabolic changes caused by activated HIF
contribute to and reinforce the glycolytic phenotype downstream of PI3K-AKT and
mTOR pathways (Figure 1.5) [63, 68].
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Figure 1.5 Summary of the molecular mechanisms driving the glycolytic phenotype.
The glycolytic phenotype in cancer is driven by activation of multiple oncogenes and
mutations of tumour suppressor genes. The dashed lines indicate loss of tumour
suppressor function (p53 and liver kinase Bl (LKBI1)). Pink colour indicates the
upregulation of oncogene and transcription factors. mTOR enhances glycolysis by
activating HIF activity. MYC cooperates with HIF to activate genes that encode
glycolytic proteins. The PI3K-AKT-mTOR pathway stimulates glycolysis by directly
regulating glycolytic enzymes. LKB1-AMPK results in loss of glycolysis inhibition.
p53 can suppress glycolysis through TIGAR. The less active PKM2 isoform promotes
the accumulation of upstream glycolytic intermediates. Illustration modified from
Cairns et al. [1].

1.2.3 The glycolytic phenotype offers survival
advantages for cancer cells

The glycolytic phenotype’s selective advantages for cancer are viewed as a multi-
purpose complex adapting system to fulfil the needs of cancer cells to proliferate,
progress and invade. The glycolytic phenotype can fulfil the rapid energy requirements
for cancer proliferation by generating ATP at a higher rate than oxidative
phosphorylation which is to its advantage, as long as the glucose supply is not restricted
[1]. Evidence strongly suggests that such ATP production is neither the sole nor the key
benefit of the glycolytic phenotype to cancer cells, which is discussed in the following

sections.
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1.2.3.1 Bioenergetics and biosynthesis

The glycolytic phenotype provides a biosynthetic advantage for cancer cells due to a
high flux of substrate from glycolysis that allows effective shunting of carbon nutrients
to key biosynthetic pathways [19], thus to provide large amounts of macromolecules
that fulfil the need of cancer cells for uncontrolled proliferation. The synthesis of
macromolecules such as nucleotides, amino acids, and lipids, demands a large quantity
of carbon and nitrogen sources. For example, the synthesis of palmitate, a major
component of cellular membranes, requires 16 carbons from 8 acetyl-CoA molecules,
and 28 electrons from 14 reduced nicotinamide adenine dinucleotide phosphate
(NADPH) molecules but only 7 ATP [14]. The acetyl-CoA converted from the pyruvate
produced in glycolysis, provides carbons in the above reaction to make fatty acids by
the de novo lipogenesis [69]. Likewise, synthesis of amino acids and nucleotides
consumes more equivalents of carbon and NADPH than that of ATP [19]. Pyruvate
generated from glycolysis can be synthesized into alanine amino acid [70]. Glucose and
glucose-6-phosphate are intermediates in the conversion to other sugars that are
involved in nucleotide synthesis through the PPP, which is parallel to glycolysis. The
PPP generates NADPH, which is used in many reductive biosynthesis reactions for the
synthesis of fatty acids, cholesterol, and neurotransmitters [71]. It also generates 5-
carbon sugars, such as pentose, as well as ribose 5-phosphate (R5P), which is a
precursor for the synthesis of nucleotides and then nucleic acids [14, 72]. Upregulated
glycolysis in cancer can offer abundant metabolic intermediates, carbon sources and

rapid ATP needed for cancer cell proliferation.

1.2.3.2 Protection against oxidative stress

In highly proliferative cancer cells, the abnormal metabolic phenotype promoted by
cancer oncogene activation causes reactive oxygen species (ROS) production and
increases its rate of production. The mitochondrial ETC is responsible for generating the
majority of the ROS in cells through partial reduction of oxygen [73]. ROS are a class
of diverse radical species containing oxygen such as peroxides, superoxide, hydroxyl
radical, and singlet oxygen, all of which are produced in all cells as a normal by-product
of metabolic processes and have important roles in cell signalling and homeostasis [74,
75]. The effects of ROS on cells depend on the levels of ROS present; low levels of

ROS can support cell proliferation and survival pathways, and excessively high levels
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of ROS can cause detrimental oxidative stress that leads to cell apoptosis [76, 77]. Cells
have endogenous antioxidant defence systems to prevent ROS from accumulating at
high levels and to overcome this potential for oxidative stress, such as manganese
superoxide dismutase (a mitochondrial matrix enzyme) and a variety of antioxidant

molecules (e.g. glutathione (GSH), ascorbic acid) [78, 79].

Cancer cells exert tight regulation of ROS and antioxidants to reduce the levels of
excessive ROS to ensure survival. The glycolytic phenotype enables cancer cells to
counteract the accumulation of ROS by upregulating antioxidant systems [1]. For
example, in cancer cells, cytochrome ¢ (located at the inner mitochondria membrane
where it serves as a redox carrier for the ETC) is reduced and kept inactive by
intracellular GSH. GSH is one of the most abundant intracellular reducing molecules
and maintains redox homeostasis by scavenging ROS [80]. GSH generation is increased
in cancer cells as a result of the increased shunting to PPP that is parallel to the
increased dependence on glycolysis. The cytochrome ¢ can be activated by increased
ROS and released into the cytosol to initiate apoptosome complex formation, leading to
caspase activation and subsequent cell apoptosis. Thus cancer cells can evade
cytochrome c-mediated apoptosis by GSH production through the increased glycolysis
[81].

Cancer cells also counteract ROS stress by increasing the production of antioxidants.
The dependence on glycolysis in cancer cells leads to excessive NADPH production
through the increased PPP activity. NADPH provides reducing power in many
enzymatic reactions that are crucial for macromolecular biosynthesis and it is also a
crucial antioxidant, directly quenching the ROS produced during rapid cell proliferation
[82-84]. Moreover, NADPH provides the reducing power for both the glutathione and
thioredoxin systems that scavenge ROS and repair ROS-induced damage [82, 84]. The
tight control of ROS allows cancer cells to avoid the detrimental effects of high levels
of ROS and to also increase the chance of additional ROS-mediated gene mutations and

stress responses that promote further tumourigenesis [1].
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1.2.3.3 Invasion and immune escape

The glycolytic phenotype used to be considered as an adaptive mechanism to the
hypoxic microenvironment during the early vascular phase of solid tumour development,
as it enables ATP production in the absence of oxygen [85]. However, some cancer cells
present with a glycolytic phenotype before exposure to hypoxia, for example, leukaemia
cells reside in the bloodstream and lung cancer cells reside in the airway. Both have
sufficient oxygen but nonetheless, these cancer cell types are highly glycolytic [86, 87].
Thus, the benefits to cancer development of the glycolytic phenotype must go beyond
adapting to hypoxia. Increased glycolysis leads to excessive lactate production, which
contributes to an acidic extracellular microenvironment and further changes in gene
expression, which may promote cancer progression. The acidosis of the cancer
microenvironment can be caused by the increased production of anabolic substrates,
anti-oxidants and the production of H*, which is toxic to the normal adjacent tissue and
can alter the interface of the tumour and stroma, cause remodelling of normal tissue and
then mediated invasion [88-90]. Both hypoxia and acidosis can contribute to increased

somatic mutation levels that further drive cancer progression [35, 91].

An acidic microenvironment can heavily weaken immune cell responses, including
effector T cells’ normal functions, which are responsible for the anti-cancer immune
response [92]. Tumour-specific CD8* T lymphocytes in a mouse model and in humans
had been shown to become inactive and to arrest in an anergic state after the
microenvironmental pH is slightly lowered to values representative of tumour masses
(pH 6.0-6.5). This anergic state was characterized by weakened normal T cell functions
such as the reduced cytolytic activity and impaired cytokine secretion, reduced IL-2Ra
(CD25) and T-cell receptors expression. However, when the buffering pH was restored
to normal physiological values, these above measures of T-cell functions were restored.
This finding illustrated that the acidification of the tumour microenvironment can act as
a mechanism of immune escape [93]. Moreover, the activation of T cells requires the T
cell switching to a glycolytic phenotype. The normal activation of T cells requires the
binding of the glycolysis enzyme GAPDH to IFN-gamma mRNA. Thus, GAPDH
controls T cell cytokine production function by engaging/disengaging glycolysis and
through fluctuations in its expression [94]. During T cell activation, T cells increase

their glucose uptake and glycolytic rate by the upregulating glycolytic enzymes; this
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process generates excessive lactate into the microenvironment [94]. When functioning
normally, the activated T cells use glycolysis but also rely on the efficient secretion of
lactate, as its intracellular accumulation disturbs T cell metabolism. The efficient
exportation of lactate is through MCT1, which depends on a gradient between
cytoplasmic and extracellular lactate levels [95]. The glycolytic phenotype causes high
lactate concentrations in the tumour environment, which will block lactate export from
T cells, resulting in impaired cytotoxic T cell function as indicated by reduced
proliferation and reduced cytokine production. By disturbing the metabolism and
function of T cells, cancer cells escape from immune surveillance [95]. These findings
suggest that targeting the glycolytic phenotype in cancer is a promising strategy to

enhance immunotherapy against tumours.

1.2.4 Clinical use of the glycolytic phenotype

The glycolytic phenotype is present in the majority of cancer cases worldwide, and is
therefore, used in clinical medicine for tumour imaging. Positron emission tomography
(PET) integrated with computed tomography (CT) scan using '* Fluorodeoxyglucose
(®F-FDGQ) as a tracer has been widely used in cancer diagnosis, staging, and monitoring.
As a glucose analogue, '8F-FDG can be taken up and phosphorylated by hexokinase but
cannot be further metabolised, and thus it accumulates intracellularly. Cancer cells with
a glycolytic phenotype present with increased glucose transport and increased
hexokinase activity so that they accumulate more '3F-FDG intracellularly, allowing the

cancer cells to be differentiated from the adjacent non-glycolytic benign tissues [96-98].

In summary, the glycolytic phenotype has selective advantages for cancer cell survival,
proliferation, and metastasis. Not only does it offer rapid energy production for cell
proliferation, it also provides important intermediates needed for synthesizing
macromolecules such as nucleotides, amino acids and lipids (the building blocks for

producing new cancer cells), and it offers protection against ROS damage [22].
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1.3 Therapeutic agents targeting cancer
metabolism

Although the glycolytic phenotype is the most studied metabolic phenotype in cancer,
substantial evidence demonstrates that tumours exhibit heterogeneous metabolic
alterations that extend beyond the glycolytic phenotype. For example, '8F-FDG PET
and !'!C-acetate-PET scans in patients demonstrated that cancer cells exhibit different
uptake of nutrients [97, 99]. The heterogeneous uptake of nutrients has also been
revealed by the differential uptake of radioactively labelled amino acid analogues and
by the variable secretion of lactate in cancers that originate from the same tissue [100-
103]. Abnormal tumour vasculature can result in gradients of nutrients, oxygen, and pH.
The glycolytic phenotype of cancer cells is responsive to the microenvironment and is
readily interchangeable with non-glycolytic metabolism. The adaptability of cancer cells
to the available nutrients can ensure proliferation in heterogeneous cancer
microenvironments [103, 104]. Thus, it is important to consider the metabolic
heterogeneity in cancer treatment. Studies and clinical trials have been testing the
therapeutical potential of metabolic modulatory drugs that target different metabolic
pathways in various cancer types. This section briefly summarizes the agents that can

target the abnormal metabolism of cancer cells.

1.3.1 Glycolysis

Cancer cells display increased glucose uptake and glucose metabolism compared to
normal non-proliferating cells. The glycolytic phenotype offers cancer cells selective
survival advantages. Many key enzymes of the glycolysis pathway such as HK, LDHA,
GAPDH, and PDK as well as glucose transporters (GLUTs) are overexpressed in
various cancer types due to changes in oncogene activation and tumour suppressor
mutations such as the HIF, PI3K-AKT, MYC and p53 pathways, and thus have been

studied as potential targets for cancer treatments (Figure 1.6) [1, 105].
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Figure 1.6 Potential targets of the glycolysis pathway in cancer therapy. This
diagram shows the main enzymes involved in glycolysis. Some key enzymes of the
glycolysis pathway such as GLUT, HK, LDHA, and PDKs can be targeted in cancer
therapy. GLUT: glucose transporter. HK: hexokinase. LDHA: lactate dehydrogenase.
PDK: pyruvate dehydrogenase kinase. Illustration modified from Nelson et al. [14].

The first rate-limiting step for glucose metabolism is glucose transportation across the
plasma membrane. The glucose transporter (GLUT) family of proteins is responsible for
this process and is found overexpressed in many cancer types. The human GLUT family
consists of 14 members (GLUT1-14). Upregulated expression of GLUT and abnormal
patterns of GLUT expression are found to contribute to the elevated glucose uptake and
increased rate of glycolysis in cancer cells, thus GLUT could be a potential therapeutic
target [106]. The natural flavonoid apigenin has been found to have anti-cancer effects
through inhibiting GLUT1 mRNA and protein expression in pancreatic cancer [107],

head and neck cancer [108]. Apigenin also enhanced the sensitivity of laryngeal

carcinoma Hep-2 cells to cisplatin [109]. A specific GLUT]1 inhibitor, fasentin, inhibits
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glucose uptake and the transporter functions resulting in increased apoptosis in prostate
cancer and leukaemia cells [110]. shRNA knockdown of GLUT4 and GLUT11 resulted
in a downregulation of glucose consumption and an increase in cytotoxicity in multiple
myeloma cells [111]. Although there is evidence to show that inhibiting GLUTs leads to
anti-cancer effects, many GLUT family members are also expressed on normal cells,

thus it is difficult to identify and inhibit only the isoforms associated with cancer cells.

Hexokinases (HK), the first family of enzymes in glycolysis, can phosphorylate glucose
that entered the cells into glucose-6-phosphate (G6P). HKs are a family of four isoforms.
The overexpression of HK2 is observed in some tumour tissues and is often associated
with poor prognosis [112, 113]. The inhibitor of HK, 3-bromopyruvate (3-BrPA), has
been found to have anti-cancer effects in breast cancer cells, melanoma cells, acute
lymphoblastic leukaemia cells, and neuroblastoma [105, 114, 115]. However, 3-BrPA
was demonstrated to have mitochondrial toxicity in non-cancerous primary hepatocytes
from rats and mice [116], and its toxicity in humans remains to be determined. 2-
deoxyglucose (2-DG), a glucose analogue, can enter cells through GLUT and be
phosphorylated by HK to 2-DG-phosphate, but cannot be further metabolized through
the glycolysis pathway. The accumulation of 2-DG inhibits HK through feedback
inhibition, arresting glycolysis at the second step, causing decreased ATP levels, cell
cycle arrest, growth inhibition and even cell death [117]. Continuous exposure of 2-DG
in cell lines from human ovarian, squamous, cerebral, hepatic, colonic, and mesothelial
malignancies resulted in various degrees of growth inhibition, ranging from slowing
down proliferation, to proliferation arrest, cell cycle arrest, and massive apoptosis [118].
However, early phase clinical trials did not show efficacy of 2-DG in patients with
prostate cancer or solid tumours, suggesting future studies of 2-DG would need to
consider combination therapy [119]. 2-DG in combination with radiation therapy was
tolerated well in glioma patients but its efficacy needs to be further studied [120]. A
phase I dose-escalation trial of 2-DG in patients with advanced solid tumours
demonstrated even with high dose of 2-DG at 63 mg/kg/day, 66% of patients had
progressed disease and about 22% patients experienced cardiovascular toxicity
(prolonged Q-T interval). The lack of efficacy of 2-DG at high doses and its cardiac side
effects has reduced its likelihood of being used in future clinical trials [121].
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Lactate dehydrogenase A (LDHA) catalyses the conversion of pyruvate and NADH to
lactate, which is the final step of the glycolysis pathway. Many malignant tumours
expressed higher LDHA levels compared to normal tissues [122]. LDHA can promote
cancer cell growth and metastasis and it is an indicator of poor prognosis in various
cancer types, making it a potential treatment target [12, 123-125]. shRNA (short hairpin
RNA) knockdown of LDHA stimulated mitochondrial respiration and also impaired cell
proliferation under hypoxia in mouse mammary gland tumour cells [126]. Knockdown
of LDHA showed anti-cancer effects in vitro in various cancer types, such as increased
apoptosis in hepatocellular carcinoma cells [127], inhibited invasion of breast cancer
and head and neck cancer cells [128], and induced cell death in lymphoma and
pancreatic cancer cell lines [129]. An in vivo study showed the inhibition of LDHA by
siRNA significantly reduced metastatic potential in a liver cancer xenograft mouse
model [127], and FX11, a small-molecule LDHA inhibitor, inhibited the progression of
human lymphoma and pancreatic cancer xenograft models [129]. Sodium oxamate, a
structural analogue of pyruvate that is an inhibitor of LDHA, has shown therapeutic
potential in many different cancer types. For example, oxamate caused G2/M cell cycle
arrest and promoted apoptosis through enhanced ROS production and sensitise head and
neck cancer cells to radiotherapy [130], it inhibited tumour growth in a breast cancer
mouse model and potentiated the effects of chemotherapy agent paclitaxel in breast
cancer cells [131], and induced apoptosis in multiple myeloma cell lines with high
LDHA activities [12]. While the laboratory studies are encouraging, the side effects and
pharmacokinetics of oxamate in cancer patients are not yet clear and require further

study before its clinical potential can be assessed.

Pyruvate dehydrogenase (PDH) is the enzyme responsible for the rate-limiting
conversion of pyruvate to acetyl-CoA, which enters the TCA cycle. PDKs (PDK1-4) are
a family of kinases that phosphorylate PDH and inhibit its enzymatic activity, resulting
in reduced flow of the glucose-derived pyruvate into the TCA cycle. This diversion
decreases the oxidative phosphorylation rate and oxygen consumption of the ETC, and
thus reinforcing the glycolytic phenotype [48, 49, 132]. HIF-la activation can induce
PDKI1 and PDK3 expression, resulting in a switch from mitochondrial respiration to
glycolysis [40, 48-50]. In a study of cervical cancer cells (HeLa cells), HIF-mediated

PDK3 induction or PDK3 overexpression significantly inhibited cell apoptosis and
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increased resistance to cisplatin or paclitaxel, while PDK3 knockdown inhibited
hypoxia-induced glycolysis and increased sensitivity of cancer cells to chemotherapy
drugs [50]. In human colon cancer tissues, PDK3 levels are elevated and correlated with
the HIF-1a level and strongly correlated with the severity of the cancer and can be used
as a predictor of poor prognosis [133]. The expression levels of PDKI1 were
significantly higher in plasma cells from multiple myeloma patients than patients with a
pre-myeloma condition, and the inhibition of PDK1 led to inhibition of myeloma cell
growth and induction of apoptosis [12]. These findings indicate that PDKs are
potentially novel targets for cancer therapy. Dichloroacetate (DCA), a pyruvate mimetic,
is a small molecule developed for clinical use as a PDK inhibitor and has been used in
mitochondria diseases for decades. DCA inhibits PDKs leading to reactivation of PDH
and a metabolic switch from glycolysis to mitochondrial respiration and will be
introduced in detail in section 1.4. The preclinical studies on DCA have shown its anti-
cancer effects in a variety of cancer types, however, because DCA is not patentable, its
clinical development as a cancer therapy lacks pharmaceutical support [134]. Although
there are DCA-derivatives and other molecules have been developed to inhibit PDKs,
many of them lack further preclinical study or have been shown to be too toxic to use,
such as 2-chloropropionate [134]. The new PDK inhibitors lack in vitro and in vivo
studies and the development of a new drug would be costly and time-consuming.
Targeting PDK has potential as a viable cancer therapeutic approach and DCA is
currently the most developed and suitable molecule, therefore, it warrants further

investigation.

1.3.2 Mitochondria

It was originally thought that cancer cell had impaired mitochondria, and the glycolytic
phenotype was a survival adaptation to cope with ATP depletion. However, cumulative
evidence has now shown that the majority of the cancer types do not present with
mitochondrial defects but retain their capacity for oxidative phosphorylation [135].
Mitochondria serve multifunctional roles in cancer such as in bioenergetics, redox
regulation, calcium homeostasis, oncogenic signalling, innate immunity, and apoptosis
[135, 136]. Different approaches to target mitochondria have been tested and recognised

in cancer therapy.

22



Chapter 1

Induction of mitochondria-led apoptosis is one of the common anti-cancer approaches.
The B-cell lymphoma (Bcl)-2 protein family plays a crucial role in controlling
mitochondrial apoptosis pathways (Figure 1.7). Within this Bcl-2 family, there are
three subclasses: anti-apoptotic proteins (such as Bcl-2, Bcl-Xi, Bcl-B, Bcel-w); pro-
apoptotic effectors (such as Bcl-2-associated X protein (Bax), Bcl-2 homologous
antagonist killer (Bak), Bcl-2-related ovarian killer (Bok)); and pro-apoptotic Bcl-2-
homology (BH)3-only proteins (such as Bcl-2-interacting mediator of cell death (Bim),
Bcl-2-interacting domain death agonist (Bid) and p53-upregulated modulator of
apoptosis (Puma)). Alterations in the expression and function of these proteins
contribute to the pathogenesis and progression of human cancers, thus they provide
therapeutic targets for cancer [137, 138]. Proteins of the Bcl-2 family have the capacity
to regulate the permeability of intracellular membranes. Permeabilisation of
mitochondrial membrane initiates the apoptosis process under the control of the
permeability transition pore complex (mPTPC). Increased mitochondria outer
membrane permeability (MOMP) releases a key apoptosis effector, cytochrome c,
which induces apoptosis by activating the caspase cascade [139]. It was discovered that
the pro-apoptotic members of the Bcl-2 family, such as Bax and Bid, alter the
permeabilisation of the mitochondrial membrane by forming channels in membranes
and regulating existing channels, whereas the anti-apoptotic proteins tend to have the

opposing effect and can block the cytochrome c release [140].

There are many molecules in use or being tested in clinical trials that have an effect on
mitochondria to induce apoptosis. Several clinically approved anticancer drugs such as
paclitaxel, etoposide and vinorelbine as well as a number of experimental drugs such as,
ceramide, MKT077, CD437, lonidamine, and betulinic acid have been found to act
directly on mitochondria to trigger mitochondria-led apoptosis in cancer treatments
[141]. Arsenic trioxide can act on the respiratory chain and induce caspases and thus
cause apoptosis in leukaemia and myeloma cells [142]. The anti-apoptotic proteins of
the Bcl-2 family such as Bcl-2, Bcl-X1, can be targeted in cancer therapy as cancer cells
express abundant amounts of such anti-apoptotic proteins to evade apoptosis [143, 144].
Compounds inhibiting the anti-apoptotic protein Bcl-2 have been studied in preclinical

and clinical trials for their efficacy. Bcl-2 function can be inhibited by the binding of
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selective Bcl-2 homology (BH)3-only proteins, BH3 mimetics, such as venetoclax, have

already been used in the clinic to treat chronic lymphoid leukaemia patients [144-146].

Even though there is great potential in targeting mitochondria to induce apoptosis in
cancer treatments, these compound may have uncontrolled distribution to non-cancer
tissues and it is unclear whether they can be made to selectively accumulate in the
tumours’ mitochondria. The clinical use of some of the experimental compounds is
limited due to the difficulty in managing their toxicity caused by mitochondria

dysfunction [145].
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Figure 1.7 Mitochondria-led apoptosis pathways. The B-cell lymphoma (Bcl)-2
protein family plays a crucial role in regulating mitochondria membrane
permeabilisation and controlling mitochondrial apoptosis pathways. There are three
different subgroups of the Bcl-2 protein family, including the apoptotic proteins (such
as Bcl-2, Bcel-X1, Bcel-B, Bel-w), pro-apoptotic effectors (Bax, Bak, and Bok) and pro-
apoptotic BH3 only proteins (Bim, Bid, and Puma). AIF: apoptosis-inducing factor; AIF:
apoptosis-inducing factor; Apaf-1: apoptotic protease-activating factor-1; Bcl-XL: Bcl-
2-like. mPTPC: permeability transition pore complex.
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Another novel approach to cancer treatment is to target mitochondria metabolism.
Mitochondria play a central role in the production of ATP and metabolic intermediates.
It uses multiple carbon sources such as pyruvate, amino acids, and fatty acids to feed
into the TCA cycle inside the mitochondrial matrix, generating reduced NADH and
FADH; to drive ETC, respiration and ROS control. The TCA cycle generates
intermediates that can funnel into multiple biosynthetic metabolic pathways to produce
glucose, amino acids, lipids, and nucleotides [135]. Accumulating evidence indicates
that mitochondrial bioenergetics, biosynthesis and signalling are required for tumour
growth, thus targeting mitochondrial metabolism has potential for cancer therapy

(Figure 1.8) [147].

There have been preclinical compounds as well as some FDA (U.S. Food and Drug
Administration) approved drugs used in non-cancer diseases that targeting mitochondria
metabolism being studied in cancer therapy. Anti-diabetic biguanide drug Metformin
was reported to induce cancer cell death upon glucose deprivation and to inhibit cancer
growth by inhibiting mitochondria complex I activity [148]. Metformin can also inhibit
cancer growth by decreasing the flux of glucose- and glutamine-derived metabolic
intermediates into the TCA cycle, thus suppressing the production of mitochondrial-
dependent metabolic intermediates required for cell growth [149]. Metformin has been
reported to prevent cancer development and increase cancer patient survival; thus, it is
being intensively studied in preclinical studies and clinical trials for cancer treatment
[150]. A systematic meta-analysis of clinical trials and research data has showed that
metformin intervention was associated with a significant benefit in patient outcomes of
early-stage colorectal cancer and prostate cancer [151]. With a similar mechanism of
action as metformin, phenformin is another biguanide that inhibits mitochondrial
complex I. Although phenformin exhibits more potent anti-cancer effects than
metformin in preclinical studies, its clinical use is limited due to the serious lactic
acidosis side effect. In an in vitro study, oxamate, a lactate production inhibitor, showed
to overcome the side effect of phenformin, and a synergism between these two
compounds was discovered [152]. More studies are needed in cancer models and

clinical trials to see if there is any potential.
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In preclinical studies, compounds that target ETC such as VLX600 have been
demonstrated to have anticancer activity by decreasing mitochondrial oxidative
phosphorylation (OXPHOS) and can have greater effects on cancer cells in
metabolically compromised microenvironments [153]. Compounds that target
mitochondrial protein translation and stability have also been reported to have anti-
cancer effects. FDA approved antibiotics Tigecycline was reported to have selective
toxicity for human acute myeloid leukaemia (AML) cells both in vitro and in vivo by
inhibiting mitochondrial ribosome and consequently the translation of ETC proteins
subunits, as AML cells demonstrated higher mitochondria activities than normal
haematopoietic cells [154]. Many studies are ongoing but the clinical trials haven’t
demonstrated efficacy yet [155]. Gamitrinib was shown to accumulate in the
mitochondria of human cancer cell lines and to inhibit Hsp90 (chaperone protein
assisting correct protein folding) activity by acting as an ATPase antagonist. It showed

selective anticancer activity in a prostate cancer mouse model [156, 157].

Although targeting mitochondria metabolism appears to be promising, the heterogeneity
of cancer cell metabolism and the cells’ ability to adapt and bypass mitochondrial-
dependent metabolism will lead to resistance to this novel therapy. Targeting multiple
metabolic pathways, such as glycolysis and mitochondrial respiration together, has been

proposed as a viable approach to cancer treatment.

26



Chapter 1

Glucose

|

l' Glutamine
Pyruvate

Glycolysis

Tigecycline

Metformin/ mito
Phenformin ribosome

eVl W
W smtesse) G
) 4

Gamitrinib @fb . space
‘ VLX600

an
te‘mem\)(
\Qn

Figure 1.8 Targeting mitochondria bioenergetics for cancer therapy. Metformin and
phenformin inhibit mitochondrial complex I; VLX600 inhibits multiple sites of the ETC;
tigecycline inhibits the mitochondrial ribosome and affects the translation of ETC
subunits; gamitrinib inhibits mitochondrial chaperone proteins, such as HSP-90,
decreasing ETC complex stability and function. mtDNA: mitochondrial DNA.
[lustration modified from Weinberg et al. [147].

1.3.3 Glutamine metabolism

Glutamine is the most abundant free amino acid in the human blood, and cancer
consume and utilize glutamine at much higher rates than other amino acids. Glutamine
is a major carbon source to replenish the TCA cycle, allowing it to sustain biosynthesis
in many cancer cells [158, 159]. Glutamine is also a critical nitrogen source for the
biosynthesis of purines, pyrimidines, NAD, asparagine, and glucosamine [160, 161].
Glutamine metabolism contributes to cancer cell proliferation by supporting ATP

production and the biosynthesis of proteins, lipids, and nucleic acids.

Glucose and glutamine metabolism are interlinked and actively coordinated in cancer
cells through the activation of oncogene pathways such as PI3K-AKT-mTOR, KRAS,
and MYC. MYC can simultaneously increase the uptake and metabolism of both
glucose and glutamine by regulating key transporters and enzymes involved in both
metabolic pathways. Cancer cells that are driven by MYC would be reliant on
glutamine metabolism as MYC induces the expression of glutamine transporters (solute

carrier family 1 member 5 (SLC1AS), also known as ASCT2 and glutaminase (GLS)
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[161]. Glutamine metabolism can play an essential role in maintaining cell survival and
proliferation under oxygen and glucose deprived conditions. A tracer study has
demonstrated that glutamine transportation and glutamine metabolism in the TCA cycle
persisted under hypoxia, and that glutamine contributed significantly to citrate carbons.
Under glucose-deprived conditions, glutamine-derived fumarate, malate, and citrate

were significantly increased to provide the carbon source [162].

The glutamine metabolism (Figure 1.9) occurs mainly inside the mitochondria matrix
and is related to the metabolism in the mitochondria. Glutamine can be transported into
mitochondria through the glutamine transporter and converted by glutaminase into
glutamate inside the mitochondria. Glutamate can then be converted by glutamate
dehydrogenase (GLUDI1, GLUD2) or aminotransferases into a-ketoglutarate (a-KG) to
enter the TCA cycle. Other amino acids can be produced as by-products of the
aminotransferase reactions. a-KG enters the TCA cycle to generate ATP, malate and
oxaloacetate. Malate can exit the TCA cycle and be converted into pyruvate and
NADPH, and oxaloacetate can be converted into aspartate to support nucleotide
synthesis. The glutamine-derived o-KG can also be carboxylated to produce citrate,
which can exit mitochondria and then being used to generate oxaloacetate and acetyl-

CoA to fuel fatty acid synthesis (Figure 1.9) [163, 164].
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Figure 1.9 Glutamine metabolism and potential therapeutic targets. Glutamine
enters the mammalian cell through transporters such as SLC1AS. Glutamine can be
metabolized into glutamate by glutaminase (GLS), then further being transformed into
a-ketoglutarate (0-KG) by either glutamate dehydrogenase (GLUD) or
aminotransferases, and a-KG then enters the TCA cycle. Glutamine metabolism is
interlinked with glucose metabolism, nucleotide synthesis, and fatty acid synthesis.
Citrate produced in the TCA cycle can exit mitochondria and become a precursor for
fatty acid synthesis. Oxaloacetate can be converted into aspartate to support nucleotide
synthesis. Illustration modified from Choi et al. [165].

Because glutamine is important for cancer cell survival and proliferation, therapeutic
targeting of glutamine metabolism has been studied as a novel anticancer approach.
Many cancer types such as lung cancer, colon cancer, breast cancer, melanoma,
neuroblastoma, glioblastoma, and prostate cancer have upregulated glutamine
transporter expression. Therefore, they present with enhanced transportation of
glutamine and a high dependency on glutamine metabolism [166, 167]. Inhibitors of the
glutamine transporter SLC1AS such as tamoxifen, raloxifene, benzylserine, y-FBP (y-
folate binding protein), and GPNA (L-y-glutamyl-p-nitroanilide) have been shown to be
effective in suppressing glutamine-dependent cancer cells through inhibition of
glutamine uptake [168-171]. Inhibitors of GLS, such as CB839 and compound 968,

inhibit the first step of glutamine metabolism and demonstrated anticancer effects in
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preclinical studies in various cancer cell types [172-174]. CB839 is currently
undergoing phase I clinical trials in both haematological cancer and in several solid

tumours (https://clinicaltrials.gov). Inhibition of the transformation of glutamate into o-

KG has also been studied in cancer treatment, with GLUD inhibitor R162 [175], and
aminotransferase inhibitor aminooxyacetic acid all showing anticancer growth effects in

preclinical studies [176].

There are limitations of targeting glutamine metabolism. First of all, not all cancer cells
display dependence on glutamine. Studies are needed to predict whether the cancer cells
from patients would respond to therapies targeting glutamine metabolism or not. The
cancer cells can potentially rewire their metabolic pathways to be independent of
glutamine. Therapy that inhibits glutamine metabolism when used in combination with
therapies that target other metabolic pathways such as glycolysis, mitochondria
metabolism of cancer have shown synergistic potential in preclinical cancer studies and
should be pursued further [160]. The studied compounds to inhibit glutamine
metabolism often act off-target and induce toxicity in healthy cells that require
glutamine [165]. Most of the molecules listed above are still in preclinical research.

More clinical studies are needed to evaluate their efficacy and safety.
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1.3.4 de novo fatty acid synthesis

Cancer cells prefer to synthesize lipids through de novo fatty acid (FA) synthesis rather
than using dietary lipids, and this phenotype is independent of abundant dietary lipid
supply [13]. FA synthesis study using '*C labelled glucose as a tracer found that the vast
majority of the esterified FA in the tumour models was derived from de novo FA
synthesis. In contrast to normal cells that primarily rely on exogenous lipid sources, in
mice Ehrlich ascites cancer cells, FA produced through de novo FA synthesis accounted

for 93% of the triacylglycerol FA using *C labelled glucose as a tracer [177].

The abnormal FA metabolism of cancer cells is linked with a glycolytic phenotype,
which was reflected by constitutively up-regulated glycolytic and lipogenic enzyme
activities [178]. Both metabolism pathways can be constitutively upregulated through
genetic or epigenetic changes [179]. The upregulated glucose metabolism in cancer
provides both ATP and a carbon source which can be redirected towards the de novo FA
synthesis to support lipid production [180]. The glutamine metabolism in cancer also
provides precursors for FA synthesis. Increased glutamine metabolism in cancer cells
enables the replenishment of citrate, which can then be used for the production of
acetyl-groups for FA synthesis [181]. FAs can be taken up through FA translocase,
CD36, or by passive diffusion (flip-flop). In the cytoplasm, FAs are either in free form
or bound to FA binding proteins to transport FAs to fulfil multiple functions, such as
elongation in endoplasmic reticulum, gene expression regulation inside the nucleus, and
triglycerides formation in lipid droplets. FAs can be released through enzymes such as
monoacylglycerol lipase during the process of lipolysis. FAs can be activated by acyl-
CoA synthetase and then enter the mitochondria via carnitine palmitoyl transporters
(CPT) for fatty acid oxidation (FAO)/B-oxidation, leading to acetyl-CoA formation. The
large amount of acetyl-CoA generated enters the TCA cycle and contributes to ATP
production in tumour cells. Intermediates of the TCA cycle can contribute to NADPH
production, which contributes to protection against ROS. Citrate derived from the TCA
cycle can be synthesized into FAs by the enzyme activities of ATP-citrate lyase
(ACLY), acetyl-CoA carboxylase (ACC) and FA synthase (FASN) (Figure 1.10) [182].
FAs are essential for cancer cell proliferation, so limiting their availability and blocking
the FAs synthesis could form novel therapeutic approaches. There could be multiple

ways of limiting availability of FAs through the lipid metabolism pathways, such as
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inhibiting FA degradation via  oxidation, blocking FA synthesis, diverting FAs to
storage, or decreasing FA release from storage; these approaches could be used solely or

in combinations [181].
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Figure 1.10 Fatty acid metabolism and the potential therapeutic targets against
cancer. Fatty acid oxidation (FAQO)/B-oxidation in cancer cells ultimately promotes
redox and energy balance during metabolic stress in nutrient deprived or hypoxic
conditions. CPT can be a target for inhibiting FAO, which leads to less acetyl-CoA
formation to support cancer ATP production. Citrate derived from the TCA cycle can be
converted into FAs through activity of ATP-citrate lyase (ACLY), acetyl-CoA
carboxylase (ACC) and FA synthase (FASN). These enzymes (marked in red) are
required for cancer growth and could be used as potential treatment targets. Illustration
modified from Harjes et al. [182].

Fatty acid oxidation (FAO) in cancer cells was thought to provide protection against
ROS and provide energy balance during metabolic stress situations, for example in
nutrient deprivation or hypoxia. However, the responses of cancer cells to the inhibition
of FAO were unclear. Carnitine palmitoyl transporters (CPT) is the first and rate-
limiting step of the long chain FA transportation into mitochondria for FAO.

Pharmacological inhibition of CPT1 by etomoxir inhibited cancer cell growth by

inhibiting FAO which lead to the reduction of NADPH and GSH and consequently
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increased ROS damage [183]. However, recent study showed that the anti-cancer effects
of inhibition of CPT1 by etomoxir may not be due to the inhibition of FAO, as the use
of low dose etomoxir yielded a 90 % inhibition of FAO but the cancer cell proliferation
was unaffected. Instead, cancer cells utilized other nutrients to compensate for the loss
of FAO; the high concentration of etomoxir used for inhibition of cancer cell growth
may be acting through off-targets effects such as inhibition of the mitochondria

complex I [184].

Another treatment approach is to block de novo FA synthesis in cancer through
inhibiting the key enzymes in this pathway. Citrate derived from the TCA cycle fuels
into FAs synthesis through the activities of enzymes such as ACLY, ACC, FASN, and
acyl-CoA synthetase (ACS, ACSL, also known as fatty acid-CoA ligase (FACL)) [181].
The upregulated FA synthesis of cancer cells relies on the overexpression of these key

enzymes of this pathway, thus inhibiting these enzymes would limit cancer cell growth.

ACLY is the enzyme that links glucose metabolism with FA metabolism by converting
citrate into oxaloacetate and acetyl-CoA (the precursor for FA synthesis). ACLY was
found to be overexpressed in many cancer types such as glioblastoma, colorectal cancer,
breast cancer, lung cancer, and liver carcinoma [185]. shRNA knockdown of ACLY or
the use of chemical ACLY inhibitor (SB-204990) in mice models was demonstrated to
impair tumourigenesis [186], and an in vitro study showed siRNA knockdown of ACLY
inhibited cancer cell growth and induced apoptosis [187], but the product of ACLY,
acetyl-CoA, is an important metabolite for many other metabolic pathways, thus

inhibiting ACLY could lead to negative consequences for the metabolism networks.

Fatty acid synthase (FASN) is a key enzyme for de novo FA synthesis and its
expression is highly increased in various cancer types such as colon, prostate, ovary and
breast cancers [188]. Overexpressed FASN is also strongly correlated with poor
prognosis in soft tissue sarcoma and lung cancer patients [189, 190]. It has been shown
that FASN overexpression contributed to increased drug resistance against adriamycin
and mitoxantrone in breast cancer cell lines, and that reducing the FASN expression
resulted in increased sensitivity to those drugs [191]. FASN protein and mRNA were
highly expressed in plasma cells from myeloma patient BM samples as well as MM cell

lines, while there was no detectable FASN levels in peripheral blood mononuclear cell
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(PBMCs) from healthy donors; and the inhibition of FASN was demonstrated to be
cytotoxic to myeloma cells [192]. Orlistat is an anti-obesity drug approved by FDA,
which inhibits gastric and pancreatic lipases in the intestine. It is also an inhibitor of
FASN and has been demonstrated to have cytotoxicity effects in various cancers [193].
Orlistat was shown to reduce myeloma cells proliferation by 40-70%; it caused cell
cycle arrest and sensitized myeloma cells to apoptosis induction by bortezomib [194].
The low bioavailability of orlistat hinders its use in cancer treatment. Another concern
of using FASN inhibitors (cerulenin and a synthetic compound C75) in cancer treatment
is their side effect of affecting food intake and severe weight loss observed in mouse
models [195]. Future clinical trials may be carried out in obese cancer patients and to

research on how to improve the bioavailability of FASN inhibitors.

While targeting different aspects of FA metabolic pathways offers new approaches in
cancer treatments, the chemical inhibitors currently available require further
investigation. Fatty acid metabolism is a very complex network with many different
feedback regulation processes. The adaptability of cancer cells’ fatty acid metabolism
also contributes to the difficulty of targeting fatty acid metabolism effectively in cancer.
Future therapy studies need to understand the specific metabolism abnormalities of a

particular cancer type.
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1.4 Dichloroacetate
Dichloroacetate (DCA), a pyruvate dehydrogenase kinase (PDK) inhibitor, has many

advantages compared to other metabolic modulatory drugs and is ready to be
repurposed for clinical cancer treatment. The safety, toxicity and pharmacokinetics of
DCA have been well established because of its use in human mitochondria diseases and
lactic acidosis for decades. DCA has many advantages to be repurposed in cancer
treatment as it can be easily administered orally, has high bioavailability, low toxicity
and is relatively inexpensive. DCA has been proposed as a potential metabolic
modulatory drug for potentiating cancer cells to chemotherapy or radiotherapy [3, 4,

196].

1.4.1 The mechanism of action

DCA is an inhibitor of PDKs. PDKs are a family of kinase enzymes that inactivate the
pyruvate dehydrogenase complex (PDC) by phosphorylating pyruvate dehydrogenase
(PDH), which is the first catalytic component of the PDC. The PDC in eukaryotes is
composed of three catalytic enzymes: PDH (E1), dihydrolipoamide acetyltransferase
(E2), and dihydrolipoamide dehydrogenase (E3). These three catalytic subunits work
sequentially, catalysing the irreversible oxidative decarboxylation of pyruvate into
acetyl-CoA, CO», and NADH. PDC plays a key role in glucose metabolism by linking
the glycolytic pathway to the TCA cycle [132]. PDKs inactivate PDC to reduce the
glucose-derived pyruvate flow into the TCA cycle. This diversion decreases the rate of
oxidative phosphorylation and oxygen consumption and thus reinforces the glycolytic
phenotype. Phosphatases (isoenzymes: PDP1 and PDP2) can readily dephosphorylate
and reactivate the PDC [48, 49, 132]. The activity of PDC is tightly regulated by the
PDKs and PDPs in tissues to adapt to specific nutritional conditions and disease status
[197]. DCA, a pyruvate mimetic, can inhibit the activity of PDKs by binding to the
allosteric pyruvate binding site of the PDKs. The binding of DCA to the N-terminal
regulatory domain of PDK1 and PDK2, promotes local conformational changes which
result in inactivation of the kinase activities [198, 199]. By inhibiting PDKs, DCA
diverts the flux of glycolysis-generated pyruvate into the mitochondria, thereby
promoting glucose oxidation through mitochondrial respiration. This metabolism shift
reverses the glycolytic phenotype and would arrest the growth advantage of highly
glycolytic cancer cells (Figure 1.11) [24, 196]. DCA can halt the inhibitory effect of
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PDKSs on PDH, but it cannot dephosphorylate and reactivate the already phosphorylated
PDH, thus the effect of DCA requires the presence of PDPs. Although the deficiency of
PDPs is extremely rare [200], it could be a factor affecting the ability of DCA to exert
its effect in restoring PDH activity.

The effect of DCA as a PDK inhibitor may be affected by the distribution and
expression of PDK isoforms. There are four isoforms of PDKs (PDK1, PDK2, PDK3,
and PDK4) in humans, and they vary in tissue distribution, kinetic activities and
sensitivity to DCA. PDK2 is the ubiquitous isoform, constitutively expressed in all
tissues but at low levels in lung and spleen. PDK1 is expressed almost exclusively in the
heart (in normoxia) while PDK3 presents most abundantly in the testis. PDK4 is
predominantly expressed in the skeletal muscle and heart [4]. The enzyme activities of
the different PDK isoforms differ by 25-fold and are largely determined by their binding
capacities to the inner lipoyl-bearing domain L2 in the E2 (transacetylase) component of
the PDC. The binding affinity of PDKs has been identified as PDK3 > PDK1 = PDK2 >
PDK4 [201, 202]. The inhibitory constant (K;) values of PDKs by DCA are different.
The most prevalently expressed PDK2 is the most sensitive isoform to be inhibited by
DCA (Ki: 0.2 mM), which is 40-fold lower than that of the least sensitive, PDK3 (Ki: 8
mM); the K; values for PDK1 and PDK4 are 1.0 and 0.5 mM respectively [4]. Thus, the
amount of DCA needed to successfully inhibit the PDKs may vary in tissues or cancers

that express different PDKs.

The phosphorylation of PDH by PDKs is site specific. Human PDH (E1 subunit) has
three serine residues, which can be phosphorylated, referred to as site 1 (Ser 264/293),
site 2 (Ser 271/300), and site 3 (Ser 203/232) respectively (a segment of 29 amino acids
is not present in the matured protein, giving rise to the two position numbers) [203]. The
PDK isoenzymes show different specificities for these three phosphorylation sites of
PDH EIl. Studies showed that only PDK1 could phosphorylate site 3, whereas all four
PDKs can phosphorylate sites 1 and 2 of PDH E1 at different rates in phosphate buffer
(for site 1, PDK2 > PDK4 ~ PDK1 > PDK3; for site 2, PDK3 > PDK4 > PDK?2 > PDK1)
[204-206]. Thus the effect of DCA in activating PDH may be influenced by the
complexity of the tissue distributions and expressions of PDKs and PDPs in specific

disease or biological conditions.
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Figure 1.11 DCA mechanism of action. DCA inhibits PDKs, and thus activates the
PDH complex indirectly, diverting the flow of glycolysis-derived pyruvate from lactate
production into mitochondrial respiration. PDK: pyruvate dehydrogenase kinase. PDH:
pyruvate dehydrogenase. TCA cycle: tricarboxylic acid cycle. LDHA: Lactate
dehydrogenase A. PDP: pyruvate dehydrogenase phosphatase.

1.4.2 DCA metabolism

DCA can be rapidly and easily absorbed after oral administration in humans, as shown
by pharmacokinetics studies [207, 208]. The major route of metabolism of DCA is
through oxidative dechlorination by GSTZ1 (glutathione transferase Zeta 1, identical to
maleylacetoacetate isomerase) to form glyoxylate [209]. DCA is an inhibitor of its own
metabolism. Administration of DCA by different routes to healthy human subjects
showed that subsequent doses of DCA yielded a much longer half-life than the first
dose [208, 210-212]. This inhibition of DCA metabolism was found to be associated
with the biotransformation of DCA into electrophilic metabolites that covalently modify
and inactivate the GSTZ1 enzyme in vitro [213]. The inactivation of GSTZ1 by DCA
was also demonstrated in an in vivo rat model where the hepatic GSTZ1 activity and the
GSTZ1 protein level were reduced after DCA treatment in a dose-dependent manner.
There was barely any detectable GSTZ1 protein remaining in rat liver after 12 weeks of

50 mg/kg DCA administration [214].
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The GSTZI haplotype can considerably influence GSTZ1 enzyme expression and
function and thus affect DCA biotransformation and pharmacokinetics [215-219]. Thus
it is suggested that the GSTZI genotype needs to be considered in the clinical use of
DCA. Many single nucleotide (nt) polymorphisms (SNPs) have been identified in both
the protein-coding and promoter regions of the GSTZI gene. Three non-synonymous
SNPs in the protein-coding region (Exon 3 nt 94 and 124, Exon 5 nt 245) have been
identified in people and found to give rise to five commonly found haplotypes of
GSTZI1 (Table 1) with significant variation in GSTZ1 activity [215, 219, 220]. Studies
of expressed recombinant enzymes corresponding to the common variants showed that
the amino acid changes resulted in alterations of enzyme activity with DCA (Table 1).
The GSTZI*4 (KRT) haplotype displayed 3.6-fold higher activity towards DCA
compared to other haplotypes tested as recombinant proteins in vitro [220]. In vitro
study of human liver cytosol confirmed that individuals with at least one copy of the
GSTZI1*A4 (KRT) haplotype exhibited higher activity with DCA than those without it
[221]. Notably, GSTZI*A4 did not metabolize DCA faster than other haplotypes
following repeated doses of DCA [215]. However, there was no conclusive result in
healthy humans regarding the higher activity of GSTZI*4 (KRT) haplotype. The
heterozygous with KRT haplotype in healthy volunteers was associated with relatively
rapid metabolism of the initial dose of DCA; in contrast, the homozygous KRT did not
show a different rate of DCA clearance compared to persons with one or more of other

haplotype alleles [215].

Table 1 GSTZ1 polymorphism, allele frequency and corresponding activity in vitro

Haplotype Variant nucleotides Variant amino Allele DCA metabolism
positions [219] acid positions Frequency activity [220] in
[215] [219, 221] vitro
(nmol/min/mg prot)
Exon3 | Exon5
94 124 245 32 42 82
GSTZI1*4 A A C K R T 0.086 1610
GSTZI*B A G C K G T 0.285 450
GSTZI*C G G C E G T 0.473 450
GSTZI1*D G G T E G M 0.156 300
*GSTZI*E G G C E G T | - |
GSTZI*F A G T K G M 0004 | @ -

Standard amino acid abbreviations: K =lysine, R=Arginine, G = glycine, T = threonine, E = glutamic
acid, M = methionine. GSTZI *E is identical to GSTZI*C in the protein sequence, only variant in the 5’
non-coding region, and thus has no effect on enzyme function. No individual carrying this mutation has
been identified yet [219].
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Polymorphisms in the human GS7Z! promoter can also alter GSTZ1 expression and
thus affect the pharmacokinetics of DCA. Among the ten polymorphisms identified in a
1.5 kb proximal region of GSTZI promoter, -1002 G>A and -289 C>T significantly
changed promoter activity in HepG2 cells transfected with luciferase reporter gene
constructs; the -1002A allele had significantly lower transcription activity compared to
the -1002G allele, while -289T had higher promoter activity compared to the -289C
allele [218]. These promoter SNPs also affected GSTZ1 protein level in human liver
cytosol. The GSTZ1 enzyme activity and protein level of the -1002A allele in human
liver cytosol were significantly lower than that of the -1002G regardless of the donors’
ethnicity (Table 2) [217]. The impact of these promoter polymorphisms on cancer
patient DCA serum levels has not been investigated, but it is hypothesized that
knowledge of GSTZI genotype may be important when assigning dosing regimens to

subjects participating in clinical trials of DCA.

Table 2 GSTZ1 promoter -1002 polymorphism, allele frequency and corresponding
promoter activity in vitro

Promoter nt -1002 Allele Frequency[219] Promoter Activity[215, 217, 218]

A 0.33 low
G 0.67 high

1.4.3 The anti-cancer effects of DCA

Evidence of the anti-cancer effects of DCA has emerged from in vitro and in vivo

research in various types of cancer. Through the main action of reversing the glycolytic
phenotype, the anti-cancer mechanisms of DCA in published studies have concentrated
on the following areas: inhibiting proliferation; increasing ROS and normalizing
mitochondrial membrane potentials (MMP) to activate mitochondria-led apoptosis;
counteracting HIF-activation-led adaptation; overcoming glycolytic phenotype-
associated drug resistance and potentiating cancer cell responses to the cytotoxicity of

chemotherapy agents.

Inhibition of proliferation and induction of apoptosis. Studies have demonstrated
that DCA can inhibit cancer cell proliferation and/or induce apoptosis. Stacpoole et al.
reviewed that the ability of DCA to inhibit cell proliferation and/or induce apoptosis in
vitro in various solid tumours such as human breast, ovary, cervix, uterus, prostate,

pancreas, colon, stomach, liver, lung, and brain cancers, as well as in haematological
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cancers such as lymphoma, leukaemia, and multiple myeloma [222]. However, the
extent of the anti-cancer effects of DCA are not consistent among the published studies,

with effects ranging from merely growth inhibition, to cell cycle arrest, to apoptosis.

Several studies in human breast cancer, human colorectal cancer and canine mammary
cell lines demonstrated that DCA when used at concentrations lower than 5 mM can
inhibit cancer cell proliferation to various extents without inducing apoptosis [9, 10, 223,
224]. The anti-proliferative effect on human breast cancer cell lines was associated with
the reversal of the glycolytic phenotype. Although DCA did not induce apoptosis in
vitro, it did reduce tumour size in a metastatic breast cancer rat model [9, 10]. DCA may
inhibit proliferation by reversing the glycolytic phenotype, which is independent of cell

cycle arrest or apoptosis.

The mechanism of DCA inducing apoptosis in many cancer types has been
demonstrated to be via increasing ROS production and reducing mitochondrial
hyperpolarisation (which is associated with resistance to apoptosis) thus inducing
mitochondria-led apoptosis. Some of these published studies are summarised below. In
lung cancer, glioblastoma, and breast cancer cell lines, DCA caused increased glucose
oxidation, induced apoptosis by decreasing MMP, increasing mitochondrial ROS
production, and activating Kv channels [7]. In invasive human endometrial cell lines, an
increase of the p53 upregulated modulator of apoptosis (PUMA, a pro-apoptotic protein)
was also observed by DCA treatment [6]. In human prostate cancer cell lines, DCA at
high concentration (>10 mM) caused apoptosis and G1 phase cell cycle arrest, and these
anti-cancer effects were associated with the decreased MMP [225]. In colorectal cancer
cell lines, DCA (20-50 mM) suppressed cell proliferation and caused G2 phase cell
cycle arrest, which were associated with reduced lactate levels and pPDH; but these

anti-cancer effects were not observed on non-cancerous cells [8].

In freshly isolated patient glioblastoma biopsy tissue (highly-expressed PDK2 compared
to non-cancer brain tissue), DCA caused mitochondrial depolarization and increased
ROS but there was no effect in non-cancer brain tissue from epilepsy patients in vitro
[5]. In a clinical trial conducted in glioblastoma patients, post-DCA chronic treatment
tissue in the patients showed decreased cell proliferation (% PCNA-positive cells),

increased apoptosis (% TUNEL-positive cells), and increased tissue PDH enzymatic
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activity compared to pre-DCA treatment glioblastoma tissue, suggesting the on-target

and anti-cancer effects of DCA can be viable in vivo [5].

Based on these studies, it is proposed that whether DCA can cause cancer cell growth
inhibition or induce apoptosis may be cell type specific and dose-dependent. The
concentrations of DCA causing cytotoxic effects in the in vitro studies were typically
used at clinically unachievable concentrations (10-50 mM) [222]. A viability screening
study using C'*-leucine incorporation showed that the ICso values to be inhibited by
DCA (48 hour) ranging from 17-40 mM in a range of cancer cell lines including
leukaemia, melanoma, ovarian, breast, prostate, lung and renal cancers [226]. Studies
showed that when DCA used at concentrations in the range of its inhibitory constant for
PDKs (mechanistic relevant concentrations), it mainly showed an anti-proliferative
rather than an apoptosis-inducing effect. However, DCA has still been demonstrated to

inhibit cancer growth in vivo, indicating its potential for clinical use [10, 222].

Counteracting HIF. Oncogene activation and adaptation to the hypoxic
microenvironment in cancer can lead to the abnormal cancer glycolytic phenotype [1].
Rapidly growing solid tumours and haematological cancers originating in the BM and
lymph nodes are representative of hypoxic cancers. HIF stabilisation is a key factor in
the adaptive switch to glycolysis and is associated with chemoresistance in cancer [227,
228]. HIF enhances the glycolytic phenotype by inducing the expression of many
glycolysis-associated genes such as PDKI, and PDK3 [40, 45, 48, 50]. In a clinical trial
using DCA in glioblastoma patients, DCA was found to inhibit HIF-1a expression in
patient glioblastoma tissue, which was accompanied by suppression of angiogenesis [5].
DCA treatment reduced tumour vascularity and perfusion in a lung cancer mouse model,
which led to smaller tumour size and increased survival [229]. Both in vitro and in vivo
experiments showed that DCA inhibits HIF-1, either by inducing the production of the
mitochondrial-derived a-KG (substrate of PHD) that leads to HIF-1a degradation, or by
increasing p53 activity and nuclear localization through stimulation of mitochondrial-
derived H2O: production [229], as the activation of p53 inhibits HIF-1 transcriptional
activity [230]. DCA (20 mM) was found to resensitize gastric cell lines with hypoxia-

induced resistance to 5-fluorouracil through the alteration of the glycolytic phenotype
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[231]. These results indicate DCA may have great potential in the treatment of hypoxic

cancers.

Potentiating cytotoxicity and overcoming drug resistance. DCA was found in many
studies to potentiate the effect of cytotoxic drugs or radiation therapy on cancer cells.
The combination of DCA and arsenic trioxide (inhibitor of the complex IV of the ETC)
was more effective at inhibiting cell proliferation and inducing cell death than either
drug alone in breast cancer cell lines. This effect may be due to the two agents co-
operatively suppressing MYC and HIF-1a protein levels and decreasing Bcl-2 anti-
apoptotic protein [9]. PENAO (4-(N-(S-penicillaminylacetyl)amino)phenylarsonous
acid) is an arsenic-based mitochondrial toxin currently in early phase clinical trials.
When PENAO was combined with DCA, its cytotoxicity was enhanced and apoptosis
was increased through a mechanism involving increased ROS production [232]. DCA
reduced epidermal growth factor receptor (EGFR) levels in breast cancer cell lines in a
dose-dependent manner. Consistent with this being an on-target effect, siRNA
knockdown of each PDK isoform caused the downregulation of EGFR. The
overexpression of EGFR was associated with resistant to tamoxifen in breast cancer.
The combination treatment of DCA and tamoxifen resulted in enhanced apoptosis, and
it resensitized cells to tamoxifen treatment by decreasing EGFR expression in breast
cancer cells [233]. In human prostate cancer cells, DCA was found to sensitize wild
type and over-expressing Bcl-2 cells to radiation therapy by modulating the expression
of key members of the Bcl-2 family [225]. In MM cell lines, DCA combined with
bortezomib showed additive cytotoxic effects, and re-sensitized a bortezomib-resistant
myeloma cell line. The combination of DCA and bortezomib further improved survival

of a myeloma mouse model compared to bortezomib alone [11].

These studies have demonstrated that the anti-cancer effects of DCA were cancer cell
specific while sparing the non-cancerous cells [5, 8], however, the anti-cancer effects
were observed in some but not all of the evaluated cancer cell lines. The contributing
factors for different sensitivity to DCA remain unclear. The accumulated evidence from
various cancer types clearly shows DCA has potential to be used as an addition to
cancer therapy, and that more investigations are needed to find out the contributing

factors to the sensitivity of DCA and the efficacy of DCA in cancers with a glycolytic
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phenotype. Despite the concentrations of DCA used in the in vitro studies being 10-50
times higher than what can be achieved in vivo; DCA still demonstrated a clear effect in
inhibiting cancer growth in vivo [5, 10, 222]. Due to the established safety profile of
DCA, the optimal doses of DCA and its efficacy can be evaluated directly in suitable

cancer patients in phase 1/2 clinical trials.

1.4.4 DCA in cancer clinical trials

There have been several phase 1/2 clinical trials and case series to study the safety and
efficacy of DCA on various solid tumour types. The first published DCA clinical study
in cancer patients was conducted by Michelakis et al. (2010). Five glioblastoma patients
were treated with different doses of DCA through oral administration for up to 15
months. Their results showed that the dose-limiting side effect of DCA was a dose-
dependent, reversible peripheral neuropathy and there was no haematological, hepatic,
renal, or cardiac toxicity. The in vitro study of patients’ brain tumour biopsy tissue after
chronic DCA treatment showed that DCA can act on-target to increase PDH enzyme
activity [5]. Dunbar et al. (2014) studied DCA in a phase-1 trial in adults with recurrent
glioblastoma. In this trial, a dose-escalating study of DCA was carried out in patients
with recurrent glioblastoma (n=9) or cancer metastases to the brain (n=3). The data
demonstrated that chronic DCA treatment (average treatment time 75.5 days) was
feasible and DCA was well tolerated when taken orally using the doses developed for
treating metabolic diseases. The results recommend individualizing DCA doses for
patients based on their GS7TZ! genotype [234]. Although the chronic use of DCA was
established in cancer patients, there were not enough patients to confirm its efficacy.

These two trials warrant further clinical study of DCA in cancer patients.

The doses of DCA given to cancer patients have been further investigated. A phase 1
study by Chu et al. (2015) assessed the safety and pharmacokinetic profile of oral DCA
in 24 patients with advanced solid tumours. The results recommended using 6.25 mg/kg
b.i.d. as the dose for future phase 2 trials [235], however, Michelakis et al. reported the
DCA serum trough concentrations were too low to be detected when taking this dose in
the first 2-3 months of a trial in glioblastoma patients due to DCA being an inhibitor of

its own metabolism. Later on in this trial though, serum DCA trough concentrations can
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be detected and ranged from 0.26-0.63 mM [5]. This highlights the importance of

finding the optimal DCA doses for cancer patients.

The importance of finding suitable patients that can potentially benefit from DCA was
evident in another early phase trial of DCA in patients with metastatic breast cancer
(n=1) and advanced stage non-small cell lung cancer (n=6) conducted by Garon et al
(2014). Before entering the trial, the enrolled patients already went through several
rounds of standard therapies because they all had advanced malignancies. This study
was terminated prematurely after 7 patients enrolled because the disease rapidly
progressed in those patients. The results indicated there was no benefit from the single-
agent oral administration of DCA for patients with advanced malignancies and a short
life expectancy. This study suggested DCA should be tested in patients with longer life
expectancy, in whom sustainable therapeutic drug concentrations could be achieved

[236].

Based on these trials, it has been suggested that the doses of DCA in cancer patients
should be adjusted according to the GSTZI genotype and that reversible neuropathy
caused by DCA should be carefully monitored. Selecting suitable patients who can
potentially benefit from DCA treatment should be considered in the early phase trials of
DCA. These clinical trials have confirmed it is feasible to administer DCA in cancer
patients, and have demonstrated the safety of using it chronically in cancer patients.
DCA may be used as an addition to antineoplastic chemotherapy agents rather than as a
single agent. There is clearly support in the medical community for clinical testing of
DCA in cancer therapy, hence our proposal for a clinical trial in multiple myeloma

patients.
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1.5 Multiple myeloma
1.5.1 Epidemiology and Etiology

Multiple myeloma (MM) is a B-cell malignancy characterized by a multifocal
neoplastic proliferation of monoclonal plasma cells (end-stage B cell, antibody-
producing B cell) in the BM [237]. MM is a relatively rare cancer type; it accounts for
approximately 1% of all cancer cases worldwide and is the 2" most common
haematological malignancy after non-Hodgkin lymphoma [238, 239]. Incidence rates of
MM are lowest among the Asian countries and the Asian populations residing outside of
Asia compared to the rates of the Caucasian populations. MM incidence is highest
among the African American population which is twice that of the Caucasian American
population [238]. The median age of diagnosis is approximately 66-70 years with a
slight male predominance in incidence. About 99% of cases are diagnosed in persons
over the age of 40 [238]. In America, 30,280 new cases and 12,590 deaths were
estimated to occur in the year 2017 (American National Cancer Institute,
https://seer.cancer.gov/statfacts/html/mulmy.html). In Australia, 1,637 patients were
diagnosed in the year 2013 and this number is steadily increasing. The estimated
incident of MM in 2018 is 1,876, the estimated mortality is 566 people; and the 5-year
relative survival rate was 48.5% during the period of 2009-2013 (Figure 1.12).

The survival of MM patients has been improving gradually over the past couple of
decades, in correlation with the use of autologous stem cell transplantation followed by
availability of novel treatments such as immunomodulatory drugs and proteasome
inhibitors [240]. According to the Surveillance, Epidemiology, and End Results (SEER)
registries, the 5-year relative survival rates (RSRs) in the United States improved from
24.6% for patients diagnosed during 1975-1977 to 51% for MM patients diagnosed
during 2007-2013. When comparing the 10-year RSRs of 1993-1997 (19.6%) to 2003-
2007 (35%), there was an improvement for patients younger than 65 years but not for
patients older than 75 years [240]. In Australia, the 5-year RSRs also improved from 29%
during 1984-1988 to 48.5% during 2009-2013 (Figure 1.12). This improvement
correlated with the FDA approval of the novel chemotherapy agents: thalidomide was

reintroduced in MM treatment during 1998-2002, while bortezomib and lenalidomide
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were introduced in 2003 and 2004 respectively. Despite this mild improvement, MM

remains an incurable disease with poor prognosis.

Although the etiology of MM is still unclear, some of the accepted risk factors for
developing MM, such as old age at diagnosis, positive familial history, and a
precondition called monoclonal gammopathy of undetermined significance (MGUS).
The other possible risk factors are generally life style cancer risk factors such as obesity
and unhealthy diet. There are some sporadic reports of risk caused by exposure to
environmental hazards, pesticides and radiation but all lack concrete significance due to

small population numbers [238, 241].
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Figure 1.12 Slightly increase of the S-year relative survival in patients with MM in
Australia (from 1984-1988 to 2009-2013). The relative 5-year survival after diagnosis
increased to 48.5% during 2009-2013. Sourced from Australian Institute of Health and
Welfare (AIHW) 2017, Cancer in Australia 2017.
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1.5.2 Pathology

The end-organ symptoms of MM are consequences of the expansion of the malignant
plasma cells and the accumulation of a homogeneous immunoglobulin product, known
as paraprotein or M protein, secreted by the malignant plasma cells. Patients with
myeloma are often diagnosed upon presentation with bone pain and pathological
fractures. This bone destruction is caused by the uncontrolled proliferation of the
malignant plasma cells inside the BM, disruption of the normal BMM, and cytokine
induced enhancement of normal osteoclast activity. The erosion of the bone structure
results in the release of large amounts of calcium that subsequently causes
hypercalcaemia. The accumulation of the malignant plasma cells can impair the normal
white blood cell immune functions and interfere with the normal development of red
blood cells, leading to immune deficiency as evidenced by hypogammaglobulinaemia
and anaemia respectively. The accumulation and deposition in tissues of the paraprotein
can cause multiple end-organ damage such as impaired renal function and ultimately

renal failure [242].

MM develops from various preclinical stages (Figure 1.13). The initial condition is
MGUS. MGUS patients present with a low level of paraprotein (< 30 g/L) and a low
proportion of plasma cells in the BM (< 10%), but without organ impairment. The
normal range of the plasma cells in the BM of healthy people is 0.4-3.9% with an
average of 1.5%. MGUS is present in 3-4% of the general Caucasian population over 50
years old and has an average risk of 1% per year of progression to MM [243-246].
Smouldering myeloma (SMM), also known as asymptomatic myeloma, is an
intermediate stage between MGUS and symptomatic MM. People diagnosed with SMM
have higher levels of paraprotein (30 > g/L) and a higher proportion of plasma cells (10-
60%) in the BM than people with MGUS but without any end-organ damage symptoms
[243-245]. The overall risk of progression to symptomatic MM from SMM is higher
which is 73% at 15 years diagnosis (calculated as cumulative probability to progression)
[247]. SMM has a heterogeneous profile. The two main high-risk factors for
progression from SMM to symptomatic myeloma are a high proportion of BM plasma
cells and a high serum monoclonal protein level at initial diagnosis [247]. The
International Myeloma Working Group (IMWG) has updated the definition and
diagnosis for MM to include some high-risk subgroups of the previous SMM with
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clonal bone marrow plasma cells (BMPCs) =60%, or serum free light chain (FLC)
ratio =100 (plus measurable involved FLC level =100 mg/L), or more than one focal

lesion on an MRI scan (each focal lesion size must be > 5 mm). These indications are

now considered as early-stage MM, and early interventions are suggested [248].

<10 % plasma cells =10 % plasma cells, = 30 g/L paraprotein
Asymptomatic CRAB events
MGUS SMM Multiple Myeloma

Smouldering Multiple
Myeloma Myeloma

Figure 1.13 Clinical features of MGUS, SMM and MM. MM and SMM both have =
10% clonal bone marrow plasma cells and/or =30 g/L of paraprotein. Similar to
MGUS, SMM is characterized by an absence of end-organ damage-defining CRAB

events (hypercalcemia, renal impairment, anemia or bone lesions). Illustration modified
from Bhutani et al. [249].

1.5.3 Pathogenesis
The development of myeloma is a multiple-step process that requires accumulation of
genome alterations in the neoplastic plasma cell clone, and changes in the BMM that

facilitate the clone’s expansion.

1.5.3.1 Aberrant gene mutations

The normal counterparts of the malignant plasma cells (myeloma cells) are the
terminally differentiated B cells, which are known as the plasma cells or antibody-
producing B cells. The molecular basis underlying the initiation of myeloma is mainly
due to the normal biological functions of the B cells. B cells acquire the ability to
produce specific immunoglobulin (Ig) through multiple rounds of somatic

hypermutation, rearrangement of the Ig genes, and class switch recombination. B cells
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become activated when in contact with antigens, otherwise, these B cells normally arrest
in the GO/G1 phase of the cell cycle as long-lived plasma cells in the BM or as memory
B-cells in the lymph nodes until the next antigen stimulation. The genetic events needed
for B cell development into plasma cells require DNA double strand breaks which can
result in aberrant chromosomal translocations, some of which could lead to oncogene

activation and tumour suppressors mutations [250, 251].

The progression to MM requires the accumulation of aberrant gene mutations. The
primary early genetic abnormalities initiated in myeloma development are defined as
the immunoglobulin heavy chain translocations, which are shared by MM and MGUS.
In addition to the primary early gene mutations, the secondary late-onset gene mutations
promote further myeloma progression from MGUS to MM. Complex chromosomal
abnormalities generated by abnormal class switch recombination can result in the
activation of oncogenes such as MYC and fibroblast growth factor receptor 3 (FGFR3)
[252], loss of expression or mutation in tumour suppressor p53, and the inactivation of
cyclin-dependent kinase inhibitors. These abnormalities are normally found in MM but

rarely in MGUS.

Certain chromosomal abnormalities such as t(4;14), t(14;16), t(14;20), chromosome 13
deletion, chromosome 1 abnormalities and 17p13 deletion are associated with poor
prognosis and resistance to therapy [253-256]. The t(14;16), t(14;20) chromosome
abnormalities are associated with increased oncogene c-MAF expression and indicate
poor prognosis in MM but not in MGUS [257]. The high expression of MAF protein in
myeloma due to t(14;16), t(14;20) translocation confers innate resistance to proteasome
inhibitor (bortezomib) [258]. The t(4;14) translocation occurs frequently in MM and
results in the simultaneous deregulated expression of two oncogenes, FGFR3 and
multiple myeloma SET domain protein/Wolf-Hirschhorn syndrome candidate gene 1
[252]. Deletions of 17p13, the genomic locus of the tumour suppressor gene p53, have
been associated with a poor patient outcome [259]. Other genetic abnormalities involve
epigenetic dysregulation and copy number abnormalities. Chromosomal abnormalities
are present in 20-60% of newly diagnosed MM patients and in 60-70% of patients with
progressive disease, indicating their importance in the pathogenesis of the disease [242].

This feature of dynamic gene mutations and chromosomes abnormalities makes MM
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patients vulnerable to disease progression and prone to disease relapse, as patients easily

present innate and develop acquired drug resistance [260, 261].

Initiation > Progression >

Germinal center —> Bone marrow > Peripheral blood

Post-germinal- Smouldering Plasma cell
centor B cell M MGUS ) myeloma ) Myeloma D cikaemi

Primary genetic events:
¢ |g heavy chain translocations
¢ Cytogenetic abnormalities

Secondary genetic events:
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Oncogenic activation or mutation
Epigenetic deregulations
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Figure 1.14 The pathogenesis of multiple myeloma. The progression of MM requires
the accumulation of gene mutations and chromosomal abnormalities. Primary early
mutation of the late stage matured B cells initiate the MM disease. The secondary
accumulation of further gene abnormalities drives further disease progression. In rare
cases, MM cells can also metastasise from the bone marrow into the blood stream
causing plasma cell leukaemia. Illustration modified from Morgan et al. [251].

1.5.3.2 Bone marrow microenvironment and pathogenesis

Besides genetic mutations of myeloma cells, the hallmarks of MM progression include
abnormal interactions between myeloma cells and the BMM, as well as aberrant
angiogenesis [262]. BM is the semi-solid, spongy, gelatinous compartmentalized tissue
found in the hollow spaces within the interior of bones. It is the major haematopoietic
organ and a primary lymphoid tissue. BM consists of haematopoietic tissue and the
associated supporting stroma. The BM haematopoietic tissue contains haematopoietic
stem cells (HSCs), which can differentiate into precursors of all types of blood cells,
erythrocytes, granulocytes, monocytes, lymphocytes and platelets [263]. The
mesenchymal stem cells of the stroma can differentiate into a variety of supportive cells,

such as osteoblasts, osteoclasts, chondrocytes, myocytes, fibroblasts, macrophages,
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adipocytes, and endothelial cells [264-268]. Myeloma cells can manipulate and hijack

this BM microenvironment for their own survival and progression.

Genetic abnormalities can alter the expression of adhesion molecules such as vascular-
cell adhesion molecule 1 (VCAM1), intercellular adhesion molecule-1 (ICAM- 1), and
integrin alpha 4 (VLA-4) on myeloma cell surfaces. The adhesion of myeloma cells to
hematopoietic and stromal cells induces the production of cytokines and growth factors
that are produced and secreted by cells in the BM microenvironment, such as
interleukin-6 (IL-6), vascular endothelial growth factor (VEGF), insulin like growth
factor 1, tumour necrosis factor, transforming growth factor Bl, and interleukin-10,
which stimulates myeloma cells growth, survival, migration, and angiogenesis [269-
271]. The adhesion of myeloma cells to extracellular matrix proteins (e.g. collagen,
fibronectin, laminin, and vitronectin) triggers the upregulation of cell-cycle regulatory

proteins and anti-apoptotic proteins [262].

The approximate levels of oxygen found in normal tissues are lower than the 20%
oxygen level in the air (normoxia), which averages at about 5% oxygen (ranging from
3-7.4%). Most untreated cancers are hypoxic with median oxygen levels around 2%
(approximately ranging from 0.3-4.2%) [272]. The normal BM is hypoxic, but a study
has shown that the myeloma-infiltrated BM has decreased hypoxia indicating that
myeloma-associated angiogenesis is functional [273]. Despite high vascular density in
MM, the absolute BM oxygen level is still low, ranging from 1.5-4.2% oxygen with 2.7%
on average [274]. Using pimonidazole hydrochloride as a nontoxic hypoxia marker, the
BM HSCs niche is hypoxic (1.3% O2) and the pimonidazole hydrochloride staining
pattern correlates with that of the HIF-1a protein [275]. These hypoxic niches inside
the BM harbour quiescent HSCs and are critical for HSCs self-renewal, maintenance
and function [268]. The disruption of the niches can affect the normal differentiation

process and could potentially lead to myeloma malignancy [268].

The hypoxic BM environment offers a favourable environment for the development and
survival of haematological malignancies such as MM. Under BM hypoxic conditions,
the glycolytic phenotype can be enhanced via HIF-dependent transcription activities
thus providing critical advantages for cell survival under hypoxia [27, 34, 48, 276].

Strong HIF-2a expression was seen in myeloma cells (surface marker: CD 138") but not
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in MGUS cells from BM biopsy samples, indicating that up-regulated HIF-2a
expression may be correlated with the malignant status of MM cells [277]. The up-
regulated expression of HIFs in MM can promote angiogenesis and thus provide a
beneficial microenvironment for MM cells evolving. Strong HIFs expression correlated
with high vascular density and VEGF up-regulation in BM samples from 106 MM
patients. High vascular density in 37 MM patients showed a significantly worse
prognosis [278]. Reviewed by Irigoyen et al., hypoxia and HIF-mediated signalling
pathways promote haematological tumour progression and relapse; and the inhibition of

HIF can be explored as a treatment approach [279].

In solid tumours, cancer cells in regions with restricted supply of nutrients and oxygen
would rely on different metabolic pathways such as glycolysis to support their growth
[25, 280]. Similar to that of the solid tumour, different vasculature perfusions and
complicated structure in the BM result in the malignant cells having only varied access
to nutrients and oxygen, and therefor the malignant cells in the BM also presents with
metabolic heterogeneity to ensure survival. A metabolomics study has indeed shown
that biopsy specimens of osteolytic lesions display heterogeneous metabolism profiles

from pathological fracture sites caused by MM [281].

To summarize, MM cells originate from and reside inside the BM before developing
into circulating MM cells. The hypoxic BM microenvironment and the different types
of supportive cells that coexist inside the niches provide ideal growth conditions to
harbour MM cells, promote their growth and metastasis, and to assist resistance to
chemotherapies by a complex network of cytokines, chemokines, adhesion molecules,
proteolytic enzymes and other components of the extracellular matrix [262, 265, 266,
282]. The BM microenvironment is heterogeneous in structure, physiology, and
metabolism. This complicated environment offers advantages for myeloma cell
progression and survival. Treatment of MM should take this complicated
microenvironment into consideration. Some novel agents used in the MM treatment can
target the interaction between myeloma cells and stroma, such as the proteasome
inhibitor and immunomodulatory drugs. There is metabolism context in the
pathogenesis of MM in the BM microenvironment. Manipulating the metabolic

phenotypes should be investigated as a possible approach to myeloma therapy.
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1.5.4 Treatment

1.5.4.1 Treatment guidelines

Current consensus treatments in Australia are based on the clinical practice guideline for
MM established by the Australian Medical Scientific Advisory Group. The current
standard of care is monitoring and observation for MGUS patients and SMM. However,
a randomized clinical trial showed early intervention using LEN and DEX improved

overall survival in high-risk SMM compared to no-intervention observation group [283].

The focus of this thesis is the treatment of symptomatic/active MM. The commonly
used novel agents in MM treatment include immunomodulatory drugs (thalidomide,
lenalidomide (LEN), Pomalidomide), and proteasome inhibitor (bortezomib). Other
backbone chemotherapy agents such as the alkylating agents (e.g. cyclophosphamide,
melphalan), and glucocorticoids (e.g. dexamethasone (DEX)) are commonly used in
combination with the novel agents in the induction therapy for newly diagnosed patients,

maintenance therapy, and salvage therapies for relapsed patients.

Currently, the standard treatments for patients with symptomatic MM depend on their
eligibility for autologous stem cell transplant (ASCT), which in turn depends on patients’
age, comorbidities, and performance status. Patients eligible for transplant will be
treated with 3-6 cycles of initial induction therapy (e.g. CyBorD: bortezomib+
cyclophosphamide+DEX), followed by the ASCT. Maintenance therapy such as
thalidomide with or without glucocorticoids may be recommended for patients,
depending on patients’ response to ASCT and their comorbidities. For ASCT non-
eligible patients, the induction therapy will be different, for example, BCD
(bortezomib+cyclophosphamide+DEX), CTD (cyclophosphamide+thalidomide+DEX).
The purposes of induction therapy are to bring a rapid reduction of tumour burden and
reversal of disease related complications, thus preparing patients to proceed to
transplant without antecedent toxicities. For relapsed/refractory patients, salvage
treatment regimens are given to patients including a novel agent with other backbone
chemotherapy agents in combinations, such as CTD, CyBortD, TD (thalidomide+DEX),
and RD (LEN+DEX) [284].
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New treatments are becoming available in Australia as the result of advancements in
medical research. The up-to-date clinical practice guideline for myeloma in Australia
(2017) listed new drugs that have been approved for the treatment of relapsed/refractory
MM by the FDA; but they are not yet reimbursed by the Pharmaceutical Benefits
Scheme (PBS) for the treatment of MM in Australia. These new drugs include the
second-generation proteasome inhibitor ixazomib, the monoclonal antibodies
daratumumab and elotuzumab, and the histone deacetylase inhibitor panabinostat. Some
novel immune therapies are in the early phase of developments include of chimeric
antigen receptors (CAR-T) and bispecific T cell engagers (BiTEs) [284]. The treatment
choices available for MM patients will depend upon what country they are in and their
country’s health care scheme. For example, in Australia, LEN is not reimbursed as
induction therapy for transplant eligible patients, but is reimbursed when used in non-

responsive patients after one prior therapy or in patients who are not eligible for ASCT.

1.5.4.2 MM chemotherapy drugs

Glucocorticoid: dexamethasone

As a backbone agent of the MM therapy, Dexamethasone (DEX) is often used in
combination with novel agents and other chemotherapy agents. DEX belongs to the
family of glucocorticoids (GCs) involved in the regulation of a wide range of biological
functions, such as immune responses, glucose and fatty acid metabolism, cell growth
and proliferation. DEX has strong anti-proliferative effects, can induce apoptosis, and
has been used in the treatment of many haematological malignancies including MM
[285-287]. High doses of DEX are normally used in combination with novel agents
such as lenalidomide, thalidomide, and bortezomib, and lead to significant anti-
proliferative and pro-apoptosis effects in MM [287, 288]; however, DEX resistance is

common [285].

DEX-induced apoptosis is mediated through a specific cytoplasmic glucocorticoid
receptor (GR) which can mediate the receptor functions of hormone binding, nuclear
translocation, DNA binding and transcriptional modulation. Thus, the binding of DEX
to GR induces the activation or repression of a network of glucocorticoid responsive
genes and produces a specific cellular response. DEX can reduce MM cell survival by

inhibiting IL6 and NF-kB (nuclear factor kappa-light-chain-enhancer of activated B
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cells) pathways, which contribute to MM cell survival and proliferation [289, 290].
DEX treatment of MM also triggers mitochondria to release Smac (a mitochondria-
derived activator of caspases) into the cytosol which activates caspase-9 leading to
apoptosis [291]. Chronic exposure to GCs ultimately leads to the development of
resistance; as the binding affinity to GR is weakened, the GR mRNA expression is
reduced or truncated and the GR protein is reduced in the resistant MM cell line [285,
289]. DEX treatment can change glucose metabolism and increase fatty acid synthesis,
[292], and the altered metabolism also assists with drug resistance. Given the important
position of DEX in the treatment of MM, more studies are needed to focus on how to
overcome the resistance to DEX in MM treatment; for example, manipulation of the

metabolic phenotype associated with DEX resistance could be a treatment option.

Immunomodulatory drugs: thalidomide & lenalidomide

Immunomodulatory drugs are a type of novel agent that are routinely used in induction
and maintenance therapies for both newly diagnosed and relapsed or refractory MM
patients. Thalidomide is the first of the immunomodulatory drugs used for MM
treatment, and it is used in Australia as an upfront treatment option. The thalidomide-
based treatment regimens, such as CTD, are among the effective treatment options for
induction therapy in transplant ineligible patients; however, the toxic side effects such
as venous thromboembolism and peripheral neuropathy are common. The thalidomide
can cause sedation and cognition impairment on patients which can limit its use as a
maintenance therapy [284]. Lenalidomide (LEN) is a second generation of
immunomodulatory drug (an analogue of thalidomide) with different side effects to
thalidomide. In Australia, LEN is either used as mono-therapy or in combination with
glucocorticoids for MM patients who are progressing after at least one prior therapy,
have experienced thalidomide-based treatment failure, and who are ineligible for a

primary stem cell transplant [284].

The immunomodulatory drugs thalidomide and LEN have similar mechanisms of
actions against cancer, such as modulating the immune system, interfering with BM
stromal cell growth factors, anti-angiogenesis activity and direct anti-tumour activities.
The anti-myeloma effects of thalidomide and LEN can be summarized: inhibition of

adhesion of myeloma cells to the BM stroma by decreasing cell surface adhesion

55



molecules (e.g. ICAMI, VCAMI); inhibition of cytokines and growth factors
production in the BM (e.g. IL-6, VEGF, TNF-a); inhibition of angiogenesis; stimulation
of T cell cytotoxicity and host natural killer (NK) cell immune activities against
myeloma; and direct apoptotic effects on myeloma cells [293-295]. Recently cereblon
(CRBN) was identified as a direct binding target of immunomodulatory drugs. In
normal tissue, CRBN is a 442-amino acid protein with multiple functions that locates in
the cytoplasm, nucleus, and peripheral membrane of the human brain and other tissues
[296]. Down regulation of CRBN is strongly associated with resistance to LEN in
human myeloma cell lines, and CRBN levels correlate with patients’ response to LEN

[297].

LEN has similar immunomodulatory and anti-cancer effects to thalidomide, but has
more potency in its direct apoptotic effects against myeloma cells, as well as in its
inhibition of inflammatory cytokine production and stimulation of T cells and NK cells,
furthermore, LEN has a different toxicity profile compared to thalidomide [295]. Beside
the teratogenic effects, thalidomide has many adverse effects, such as sedation and
drowsiness, constipation, subclinical hypothyroidism, peripheral neuropathy and venous
thromboembolism. LEN does not cause sedation or constipation, and the incidence of
neuropathy is lower than with thalidomide; but LEN has a more myelosuppressive
effect than thalidomide [298]. LEN therapy was reported to have equal, if not better,
outcomes than thalidomide therapy according to different clinical trials and population
cohort analysis. A comparison of LEN+DEX and thalidomide+DEX in newly diagnosed
MM patients found that patients on LEN+DEX had longer remission time, longer
progression-free survival and overall survival, than patients who received
thalidomide+DEX therapy [299]. A retrospective observational cohort study compared
the survival and rates of peripheral neuropathy in MM patients who were new users of
either thalidomide or LEN showed that there were no significant differences in overall
survival outcomes, but LEN therapy was associated with less neurotoxicity in MM

patients [300].

LEN is commonly used in combination with DEX; LEN and DEX act synergistically to
inhibit cell proliferation and induce apoptosis in MM cells. LEN and DEX combination
therapy has been approved for MM patients who have relapsed after initial therapy. In a
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phase III clinical trials, the combination improved patients’ response, prolonged their
remission and overall survival [301]. Two phase III clinical trials in relapsed/refractory
MM patients (not resistant to DEX) showed that the combination of LEN and DEX
resulted in a significant improvement in overall response and gave longer remission
time compared to DEX treatment alone [302]. Moreover, the combination of LEN and
DEX is shown to be effective as a first-line treatment option for newly diagnosed MM
patients in several clinical trials [303, 304], and in 2015, the FDA approved the
combination of LEN and DEX to treat patients with newly diagnosed MM in the USA.

Despite the evidence showing thalidomide and LEN’s abilities to inhibit MM, the
patients eventually develop drug resistance and relapse. The resistance to LEN is
common, with approximately 40% of MM cell lines found to be resistant to LEN
treatment [305]. When used as single agents, MM patients taking thalidomide or LEN
have only a 30% or 47% overall response rates respectively [306, 307]; the overall
response rates were improved when used in combination with DEX or
cyclophosphamide, yet invariably all patients develop drug resistance and relapse [307-
309]. More studies are needed before we can understand how to overcome the

development of resistance to immunomodulatory drugs in cancer cells.

Proteasome inhibitor: bortezomib

Bortezomib is the first proteasome inhibitor being approved for clinical use by the FDA.
The proteasome is a proteolytic complex for intracellular degradation of ubiquitinated
proteins that are involved in cell-cycle regulation, apoptosis, transcription, DNA repair,
protein quality control and antigen presentation. More than 80% of cellular proteins are
degraded through this ubiquitin proteasome pathway [310]. Cancer cells are highly
proliferative compared to normal cells and their rate of protein translation and
degradation is also higher. The blockade of protein degradation through proteasome
pathways leads to accumulation of unwanted proteins and thus activates the caspases
and the endoplasmic reticulum stress pathways that induce cell death [311, 312]. MM
patients have elevated circulating serum proteasome (the 20S complex) compared to
MGUS and healthy people, correlating with advanced disease, and thus this can be used
as an independent prognostic factor in MM [313].
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Bortezomib has been extensively studied either as a single agent or in combination with
glucocorticoids, cytotoxic agents, immunomodulatory drugs and radiation as treatment
options for MM and other haematological malignancies. It has ben found to have
efficacy in haematological cancers including MM but not in solid tumours. Bortezomib
proved to be potent against MM as demonstrated in several clinical trials [314-317].
While bortezomib exhibits activity as a single agent, it can overcome chemotherapy
resistance and induce sensitivity to a variety of commonly used chemotherapeutic
agents [318-321]. Despite good clinical results of initial treatment, many patients
acquired resistance to bortezomib and eventually relapse. The mechanism underlying
resistance to bortezomib could be due to impaired binding of the drug, adaptation to the
disruptions of proteasomal pathways [322]. The altered metabolic pathways also have
been found to contribute to the bortezomib resistance. A study showed that the altered
glucose metabolism of MM cells, which resulted in higher activity of both the PPP and
serine synthesis pathway, contributing to bortezomib resistance; and an enhanced
cytotoxicity of bortezomib was achieved by limiting the serine access to MM cells [323].
Targeting the glycolytic phenotype can be further studied in reversing bortezomib

resistance in future studies.

1.5.5 Chemotherapy resistance and correlation to
glycolytic phenotype

Despite the use of novel agents such as proteasome inhibitors and immunomodulatory

drugs, myeloma therapies are generally unsatisfactory, following a pattern of regression

and remission, and ultimately ending in treatment failure. The various gene mutations

make MM patients either present with innate, or develop, acquired drug resistance [260,

261].

There is growing evidence to show that an altered cancer metabolic phenotype is
associated with drug resistance in cancer treatment via different mechanisms such as
expanded cellular growth, activated export of chemotherapy drugs by the ATP-binding
cassette transporters, and an acidified microenvironment for the cancer cells resulting in
decreased passive transport of basic drugs. Furthermore, signalling pathways activated
by dysregulated metabolism contribute to drug resistance by repressing pro-apoptotic

signalling pathways and activating compensatory oncogene pathways [227].
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More studies have indicated that resistance to chemotherapy in cancer is associated with
altered metabolism, and that the glycolytic phenotype is one of the contributing factors.
The increased glycolysis ratio has been associated with drug resistance in leukaemia and
myeloma, and studies have shown that resistance to glucocorticoids, bortezomib and
melphalan can be overcome by manipulation of glycolysis [11, 125, 324, 325]. Further,
the combination of DCA and bortezomib showed additive cytotoxic effects in MM cell
lines and improved outcomes in a myeloma-bearing mouse model [11]. This suggests
that targeting the glycolytic phenotype in cancer cells can potentially overcome the drug

resistance.

1.5.6 Target glycolytic phenotype in MM

Both myeloma cells from myeloma patients and human myeloma cell lines present with
a glycolytic phenotype, thus it is feasible to target the glycolytic phenotype in MM.
Based on the analysis of the gene expression data available from NIH, the glycolysis
related genes (such as HK, GPI, PFKL, GADPH, LDHA, GLUTI) are overexpressed in
cancers such as lymphoma and MM [2]. The expression of glycolysis-related genes
such as LDHA, PDKI, and oncogene MYC was significantly higher in plasma cells
collected from BM samples of 59 MM patients than that from 13 MGUS patients [12].
Analysis of MM cell lines showed a heterogeneous pattern of the glycolysis-related
gene expression; where 4 of the 6 evaluated cell lines demonstrated a strong glycolytic
phenotype, which was confirmed by the lactate production levels, glucose consumption
levels, and LDHA mRNA expression and LDHA enzyme activities [12]. In another
study, 3 of the 6 MM cell lines display a glycolytic phenotype [11]. The presence of the
glycolytic phenotype in MM offers multiple potential therapeutic targets.

LDHA is an enzyme that can convert pyruvate into lactate. Many malignant tumours
express higher LDHA levels compared to normal tissues [122]. LDHA can promote
cancer cell growth and metastasis and it is an indicator of poor prognosis in various
cancer types [12, 123-125]. Patients’ LDHA serum levels positively correlate with the
mRNA expression levels in myeloma cells isolated from patients. Higher levels of
LDHA are associated with poor prognosis in MM patients [12]. Lactate used to be
considered as a waste product of the glycolytic phenotype, but recent evidence showed

that lactate can act as an important source of carbon for MM. Inhibition of LDHA by
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oxamate (compete with pyruvate for the binding site on the enzyme) has been shown to
reduce lactate production induced apoptosis in a dose-dependent manner in MM cell

lines [12].

Myeloma cells and normal plasma cells isolated from MM patient BM constitutively
express HIF even under normoxic conditions, while the normal peripheral blood
mononuclear cells (PBMCs) did not express HIF [39, 326]. Suppression of HIF-1a with
EZN2968, an antisense oligodeoxynucleotide that specifically targets HIF-1a, reduced
MM cell viability by inducing cell cycle arrest and diverting myeloma cells towards
mitochondrial respiration [326]. In preclinical studies, the inhibition of HIF-1 function
either by HIF-1 inhibitor (echinomycin), or siRNA knockdown, enhanced sensitivity to
melphalan in MM cells [39]. Down-regulation of HIF-1a expression has been reported
to sensitize MM cells to LEN, and to significantly increase the anti-tumour effect of

LEN in a xenograft MM mouse model [327, 328].

MM cells have elevated glucose uptake activity as a result of GLUT upregulation. MM
cell lines and the primary myeloma cells overexpress various GLUTs (GLUT 1, 4, 8, 11)
of the glucose transporter family because the GLUT overexpression is required for MM
cell growth [111, 329]. High risk MM with poor prognosis is associated with high
intensity of the "8F-FDG-PET scan (reflects the glucose uptake rate) [330, 331].
Inhibition of GLUT can suppress the glucose uptake activity and induce apoptosis in
myeloma cells while not showing cytotoxicity in normal PBMCs. Inhibition of GLUT
could also synergistically enhance myeloma cell death induced by melphalan,

doxorubicin, and bortezomib [111, 329].

1.5.7 DCA as a novel agent in MM treatment

MM displays a glycolytic phenotype, and it is feasible to be manipulated using
glycolysis inhibitors as a novel therapy. As a metabolic modulatory drug, there are
multiple advantages to repurpose DCA as an anti-cancer drug for clinical use. Firstly,
DCA has been studied comprehensively in humans and it has been used to treat acidosis
and mitochondrial malfunction in humans for decades; secondly, DCA has low toxicity
compared to most chemotherapy agents; and thirdly, DCA is an inexpensive, small

molecule that can be easily absorbed by patients (section 1.4).
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There are two studies describing the effects of DCA on MM cell lines and MM patients’
plasma cells [11, 12]. DCA, as a PDKI1 inhibitor, could serve as a novel therapeutic
drug as PDK1 is overexpressed in myeloma cells from MM patients, DCA (10-40 mM)
induced apoptosis in MM cell lines by stimulating ROS production and the caspase
cascade. DCA (40 mM) selectively induced apoptosis in patients’ myeloma cells but did
not have any cytotoxicity to the PBMCs from MM patients. The combination of DCA
(40 mM) with bortezomib (4 nM) had greater effect in inducing apoptosis on MM cell
line [12]. Furthermore, studies showed that DCA at lower (5-10 mM) could suppress
anaerobic glycolysis and improve cellular respiration that associated with activation of
the PDC, meanwhile higher concentrations of DCA (10-25 mM) could induce apoptosis
and suppress proliferation in MM cell lines. DCA can re-sensitize bortezomib resistant
MM cell line, and the DCA and bortezomib combined treatment improved the survival
of myeloma-bearing mice [11]. To summarize, DCA at high concentrations was
demonstrated to have anti-proliferation and cytotoxic effects on MM cells. However,
the concentrations of DCA used in these published in vitro studies were approximately
10-50 times higher than what can be achieved in patients, thus the anti-cancer effects of
DCA observed might not be due to its on-target effects. There is also lack of clinically

relevant information regarding the use of DCA in MM patients.
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1.6 Hypothesis and Aims

Hypothesis

We hypothesize that by inhibition of PDKs, DCA can reverse the glycolytic phenotype
of multiple myeloma cells and result in biochemical and gene expression changes that
can inhibit myeloma cell proliferation and thus can be used as a low toxicity addition to

myeloma chemotherapy.

To examine this hypothesis, this thesis has addressed the following aims:

Aims

Aim 1: Determine the effects of DCA on human MM cell lines (Chapter 2).

This study will determine the effect of DCA on representative human MM cell lines and

confirm the on-target effects of DCA. It will also examine key factors contributing to

different sensitivities to DCA in MM cell lines.

Aim 2: Determine the impact of stress conditions that mimic the bone marrow
microenvironment on the effects of DCA (Chapter 3).

This study will determine the effect of nutrient (glucose, glutamine) deprivation

conditions or hypoxia on the effects of DCA on MM cell lines to shed light on if there is

potential for DCA to be effective in heterogeneous in vivo MM microenvironments.

Aim 3: Determine the effects of DCA combined with chemotherapy drugs (Chapter 4).
This study will determine if DCA can enhance the effects of MM drugs in MM cell
lines.

Aim 4: Determine the effects of DCA in MM patients at plateau phase in a phase-2

clinical trial (Chapter 4).

This study will determine if the proposed DCA dosing regimen achieves and maintains
the desired drug levels in the clinical trial and correlate DCA pharmacokinetics with
GSTZ1 genotype. The patient response to DCA treatment will be analysed and

correlated with DCA serum levels.
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Anti-cancer activities and metabolic
modulatory effects of DCA in MM cells

Abstract

Background: MM is a B-cell malignancy that displays a glycolytic phenotype. DCA is
a PDK inhibitor that can reverse the glycolytic phenotype and has potential to be
utilized in MM treatment. Previous in vitro and in vivo studies have shown the cytotoxic
effects of using high-dose DCA (>10 mM) in MM, but evidence is needed of on-target
effects and anti-cancer effects when used at clinically achievable concentrations.
Methods: The effects of DCA (< 5 mM) on MM cell growth at concentrations in the
range of the inhibitory constants (K;) for the targets of DCA (PDKs) were tested in MM
cell lines by measuring total viable cell number (neutral red uptake assay), proliferation
(CFSE staining), apoptosis (Annexin V/7AAD) and cell cycle distribution (BrdU/PI).
The effects of DCA on extracellular lactate and glucose levels were measured by lactate
or glucose meters. The metabolic phenotypes of MM cells and the modulatory effects of
DCA on glycolysis and mitochondrial respiration were measured by Seahorse XF
analyser. The on-target effects of DCA on pPDH, at clinically achievable concentrations,
were measured by western blot. MM cell expression of the targets of DCA (PDKs) was
measured by western blot. Results: DCA at clinically relevant concentrations inhibited
MM cell growth and proliferation without inducing apoptosis, and was accompanied by
inhibition of glycolysis in the glycolytic cell lines. DCA acts on-target by reducing the
levels of the inactive, phosphorylated form of PDH (pPDH) even when used at lower,
clinically achievable concentrations, and these effects were cumulative over time.
Conclusions: DCA had a cytostatic effect when used at mechanistically relevant
concentrations. DCA acted on-target when used at clinically relevant concentrations in

MM cell lines, but this did not always directly correlate with its cytostatic effects.
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2.1 Introduction

Multiple myeloma (MM) is an incurable B-cell malignancy with unsatisfactory
conventional therapies, and new treatments are needed. MM presents with a glycolytic
phenotype, which can be used as a potential target. About half of MM cell lines present
with a glycolytic phenotype [11]. The malignant plasma cells of MM patients also have
a glycolytic phenotype where genes associated with glycolysis, such as PDK1, LDHA,
and oncogene MYC, are upregulated compared to the pre-myeloma condition known as
monoclonal gammopathy of undetermined significance (MGUS) [12]. MM patients
have complex cytogenetic abnormalities [262] and targeting the glycolytic phenotype of
myeloma could bypass these complexities and inhibit MM growth by disrupting the
downstream metabolic changes. Dichloroacetate (DCA) is a pyruvate dehydrogenase
(PDH) kinase (PDK) inhibitor that can reverse the glycolytic phenotype by diverting the
pyruvate flow from being transformed to lactate into mitochondrial respiration. DCA
has anti-cancer effects in various human cancer types in vitro and in vivo such as breast,
prostate, lung, cervical, and brain cancer [222]. Our laboratory showed that DCA can
inhibit breast tumour growth and that it caused a 58% reduction in the number of lung
metastases in a rat model [10]. DCA at high doses (= 10 mM) induced apoptosis in MM;
however, these doses used were much higher than the inhibitory constant (Kj)
(concentration of DCA needed to reduce half of the targeted PDK enzyme activity) and
thus these observed anti-cancer effects may not be due to the on-target effects of DCA
[11, 12]. The four isoforms of PDKs have different K; values for inhibition by DCA,
ranging from the most sensitive PDK2 (Ki: 0.2 mM), to the least sensitive PDK3 (Ki: 8
mM), with PDK1 (Ki: 1 mM) and PDK4 (Ki: 0.5 mM) in between [4]. In the in vitro
studies presented in this thesis, DCA was used in the range of the K; values, which were
defined as the mechanistically relevant concentrations. Clinically achievable
concentrations in cancer patients (taking 6.25 mg/kg, b.i.d.) have been reported in the
range of 0.05-0.7 mM [235]. It is yet unknown whether the clinically achievable
concentrations of DCA are sufficient to inhibit all of the PDK targets of DCA in

patients.

We hypothesize that DCA, at clinically achievable concentrations, acts on-target and
inhibits MM cell growth. This study aimed to analyse the effects of DCA on MM cell

lines and investigate the on-target effects of DCA when used at mechanistically relevant
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concentrations. This study also identified metabolism-related factors that could be

contributing to the different sensitivities of MM cells to DCA treatment.

2.2 Material & Methods

2.2.1 Cell culture

Three independent human MM cell lines, RPMI 8226, U266, NCI-H929, and two
isogenic human MM cell lines (MM.1S (dexamethasone sensitive) and MM.1R
(dexamethasone resistant)) were purchased from American Type Culture Collection

(ATCC). The basic characteristics of these cell lines are summarised in Table 2.1.

Table 2.1 Characteristics of MM cell lines

Cell Lines  Represented Biogenetics Characteristics

Disease [332-334]
RPMI8226 Ig G/ A MM 14q+, 22¢g-
U266 Ig E/ A MM Deletion of 13 and 17p, p5S3 mutant
MM.1S Ig A/ A MM t(14;16), glucocorticoid receptor(GR)

expressed; p53 wild type

MM.1R Ig A/ A MM t(14;16), GR not expressed, p53 wild type
NCI-H929  Ig A/ x MM del(1)(p11p25), del(9)(p13), del(12)(p12);

p53 wide type

MM.1S, MM.1R and RPMI 8226 were cultured in RPMI-1640 media (31800, Thermo
Fisher) recommended by ATCC at 37°C in a humidified 5% CO, atmosphere. The
complete RPMI-1640 media was supplemented with 10% or 15% (volume/volume)
heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 1 mM
sodium pyruvate and 100 ug/ml antibiotics (penicillin and streptomycin). The glucose
concentration in the RPMI-1640 media is ~11.11 mM (full formula in appendix). U266
was cultured in the complete RPMI-1640 media supplemented 15 % FBS. NCI-H929
was cultured in the complete RPMI-1640 media supplemented with 10 % FBS with
additional supplementation of 2-mercaptoethanol (2-ME) to a final concentration of
0.05 mM. The cell culture media was replaced by centrifugation (Eppendorf, 5810R)
and cells were passaged twice a week. Cells were maintained at concentrations between
5x10° and 1x10° viable cells per ml. The number of viable cells in suspension was

determined using Countess II FL Automated Cell Counter (Life technologies, USA).
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Cells ranging in sizes from 5 ym to 60 um were counted, and 0.2% trypan blue dye was

used to distinguish viable cells from dead cells.

2.2.2 DCA preparation

DCA (99% pure, Sigma) was diluted in 1x phosphate-buffered saline (PBS) to produce
a stock solution of 100 mM and adjusted to pH 7.4. The stock solution was stored for
long-term at 4°C and was stable. DCA was diluted in assay media on the day of use and

the vehicle (PBS) was diluted to less than 5% of the total volume per well.

The half maximal effective concentration (ECso) of DCA was calculated by fitting a
nonlinear regression dose-response curve using GraphPad Prism's (version 6.0f) dose-
response equations. ECso in this thesis refers to the concentration of a drug that induces

a response halfway between the baseline and maximum after a specific exposure time.

2.2.3 In vitro viability assay

Neutral red staining was used to quantitatively estimate the total number of viable cells
after treatment in culture. It is based on the ability of viable cells to incorporate and bind
the supravital dye neutral red in the lysosomes [335]. Cells were seeded in 96-well
round bottom plates at densities of 25,000-50,000 cells per well. Cell densities were
optimized through serial dilutions to ensure reliable neutral red measurements. Drug
treatments were performed after a randomized choice of well position in plates
(quadruplicate wells per treatment). After treatment for the desired period, the plates
were centrifuged at 520 xg for 5 minutes, and the media was flicked away swiftly and
the cells were incubated for 3 hours in media containing neutral red (33 ug/mL). Cells
were spun down (520 xg, 5 minutes) and washed once with 1x PBS and then lysed with
destain buffer (75% methanol: 25% acetic acid). The absorbance of the neutral red
extract was measured at 540 nm with a microplate reader (BioRad). The total viable cell
number of treated cells was expressed as a percentage of the untreated control. At least

three independent experiments were performed for each treatment.

2.2.4 Cell proliferation assay
Carboxyfluorescein diacetate succinimidyl ester (CFSE) staining was used to measure

cell proliferation. CFSE covalently labels long-lived intracellular molecules with the
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fluorescent dye, carboxyfluorescein. Thus, when a CFSE-labeled cell divides, its
daughter cells are endowed with half the amount of carboxyfluorescein-tagged
molecules and so each cell division can be measured by the corresponding decrease of
cell fluorescence via flow cytometry [336]. The total cell number needed for each
experiment was collected. Cells were centrifuged at 150 xg for 5 minutes and
resuspended in 1 ml serum-free RPMI (SF-RPMI) media in a 15 ml tube. CFSE staining
solution (to a final concentration of 5 uM) was added to the dry part of each tube and
vortexed immediately for 30 seconds for even labeling. After incubation at 37°C for 5
minutes, cells were resuspended and washed in 5 ml 1xPBS or SF-RPMI twice. Cells
were seeded at a density of 1x10° cells/well in a volume of 1 ml per well in 12-well
plates. Cells were harvested after DCA (1, 3, 5 mM) treatment and then washed twice in
IXPBS supplemented with 1% FBS. Then cells were resuspended in 1xPBS
supplemented with 1% FBS to a total volume of 100 I and analysed with fluorescence-
activated cell sorting (FACS) using LSR II (Becton-Dickinson). At least 10,000 events
were acquired for each sample. Data analysis was performed using FlowJo software
(FLOWJO, LLC, version 10.0.8). Results presented were from three independent

experiments with duplicate wells for each treatment.

2.2.5 Cell population-doubling time calculation

MM.1S and MM.IR were seeded at a density of 2x10°/ml in T-25 flasks and cultured
either in normal RPMI-1640 media as control groups, or in the same media
supplemented with 5 mM DCA (1xPBS, pH=7.4) as treatment groups. Cells were
passaged once a week and seeded in new flasks at a density of 2x10°/ml. Viable cell
numbers were measured by trypan blue dye exclusion. The treatment groups were
exposed to DCA-supplemented media for 12 weeks. The population-doubling time
(PDT) was calculated using the exponential growth equation (Roth V. 2006 Doubling

Time Computing. http://www.doubling-time.com/compute.php):

cell culture duration (hours) X log2

PDT = - - —— -
logfmal cell density 1Ogmltlal cell density
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2.2.6 Apoptosis and cell death assay

Apoptosis and cell death were measured using AnnexinV-FITC (BD Biosciences
Pharmingen, 556419) and 7AAD (BD Biosciences Pharmingen, 559925) staining
followed by FACS analysis. Cells were seeded at 25,000 cells per well in 96-well round
bottom plates. Cells treated with 500 nM staurosporine overnight were used as the
positive control for apoptosis induction. Samples were plated in duplicates. Three
additional wells of highest drug treatment were plated as unstained, AnnexinV-FITC
only and 7AAD only controls. After desired treatment, plates were centrifuged at 520
xg for 5 minutes at room temperature and the media was discarded by flicking the plates.
Cells were washed once by adding 200 4L 1xXPBS to each well and centrifuged at 520
xg for 5 minutes at room temperature. Cells were stained with 2 L. AnnexinV-FITC
diluted in 50 uL 1x AnnexinV Binding Buffer (10x buffer formula: 0.1 M HEPES, pH
7.4, 1.4 M NacCl, 25 mM CaCly) per well. Plates were incubated at room temperature in
the dark for 15 minutes, then cells were stained with 7JAAD (0.25 ug/10% cells) in
AnnexinV Binding Buffer per well. Cells were transferred to FACS tubes and then
analysed for apoptosis by flow cytometry in LSR II (Becton-Dickinson). At least 10,000
events were acquired from each sample. Data analysis was performed using FlowJo
software. Results presented were from three independent experiments with duplicate

wells for each treatment.

2.2.7 Cell cycle analysis

BrdU (Bromodeoxyuridine)/propidium iodide (PI) staining was used to analyse cell
cycle distribution. Cells were seeded at 5x10° cells/ml, in a volume of 2 ml per well in
6-well plates. After drug treatments, cells were pulse labelled with 10 xM BrdU (10
mM stock, Sigma-Aldrich) for 30 minutes at 37°C 5% CO.. Cells were collected into
sterile 15 ml Falcon tubes and spun down at 150 xg for 5 minutes and washed with 2 ml
IxPBS. Then cells were gently resuspended in 0.5 ml ice-cold PBS. Ice-cold 80%
ethanol (tissue culture grade) was added dropwise into each tube while vortexing. Fixed
cells were stored at 4°C for a minimum of 3-4 hours and for up to 2 weeks before

further staining.

Fixed cells were centrifuged at 520 xg for 5 minutes. Cell pellets were loosened by

briefly vortexing and then resuspended in 1 ml 2 N HCI (32% HCIl = 10.2 N) containing
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0.5% (v/v) Triton X-100 to denature the DNA. Cells were incubated at room
temperature for 30 minutes. The supernatant was removed after centrifugation at 520 xg
for 5 minutes. Each sample was neutralized by 1 ml 0.1 M Na:B4O7.10H20 (pH 8.5).
The supernatant was removed after centrifugation at 520 xg for 5 minutes. Cell pellets
were resuspended in 100 ul PBS containing 2% FBS and 0.5% Tween-20 and 20 ul /ml
anti-BrdU antibody (BD Biosciences clone B44, Catalogue number 347580) and
incubated for 30 minutes at room temperature. Cells were washed with 1 ml of PBS
containing 2% FBS by centrifugation at 520 xg for 5 minutes. Master mix (100 ul)
containing fluorescein-labelled (FITC) anti-mouse IgG (Invitrogen, Lot No. 1810918, 2
mg/mL) at a 1:100 dilution in PBS containing 2% FBS and 0.5% Tween-20 was added
to each tube. Cells were incubated in the dark for 30 minutes at room temperature and
washed as stated above. Then cells were resuspended in 200 ul PBS containing 2% FBS
and 10 ug/ml PI, transferred into FACS tubes and incubated in the dark for 15 minutes
prior to flow cytometry in the LSR II (Becton-Dickinson). At least 100,000 events were
acquired from each sample. Data analysis was performed using FlowJo software.

Results presented were from three independent experiments.

2.2.8 Extracellular glucose and lactate level
measurement

Extracellular glucose levels were measured using a FreeStyle Optium glucose meter
(TrueMeasure Technology, Abbot Japan, test range 1.1-27.8 mmol/L). The glucose
meter test principle is based on the chemical reaction of glucose in the samples and
glucose dehydrogenase, NAD+, and phenanthroline quinone on the test strips. The
reaction created a small electrical current and was measured and displayed on the
glucose meter. The reading on the meter is proportional to the glucose concentration in
the sample. The extracellular lactate levels were measured using Lactate Pro2 meter
(ARKRAY, Inc, test range 0.5-25 mmol/L). The lactate meter electronically analyses
potassium ferrocyanide converted from ferricyanide by lactate and the chemical reaction
also creates the current that can be measured and displayed by the device. Cells were
maintained in complete RPMI-1640 media before experiments and were washed with
fresh media before seeding into plates. MM cell lines were seeded at 5x10° /ml in a
volume of 5 ml per well in 6 well plates and cultured in complete RPMI-1640 media.

Media glucose and lactate levels were measured shortly after seeding and measured
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once every day for 4 days. As the lactate meter was optimised for measurements on
whole blood and were strongly influenced by haemoglobin (which is abundant in blood
but not in tissue culture media), the lactate meter readings were calibrated for our
purposes by comparison to a lactate standard curve prepared in RPMI-1640 media with
10% FBS. The lactate production was calculated by subtracting the day-1 lactate levels
as background from all readings. Data was calculated based on a standard curve. Cell
numbers were counted at 24 hours, 48 hours and 72 hours. Results were representative

of three independent experiments.

2.2.9 Extracellular acidification and oxygen
consumption rates

Metabolism profiling of cell lines was measured using Seahorse XFe96 analyser
(Seahorse Bioscience, MA, USA). The XFe96 analyser measures in vitro changes in
cellular bioenergetics by simultaneously measuring the oxygen consumption rate (OCR,
indicating mitochondrial respiration) and the extracellular acidification rate (ECAR,
indicating glycolysis). MM cell lines were cultured in RPMI 1640 complete media at a
density of 1x10%/ml, 5 ml per well, in a 6-well plate before the seahorse assay. The cell
density for seahorse assay was optimized to reach an OCR value between 50-150
pmol/min. Suspension cell lines were stuck to the bottom of the Seahorse XF96 cell
culture microplate using Cell-Tak (BD Biosciences, CN 354240) at a concentration of
22.4 pug/mL diluted in 0.1 M NaHCOs (pH: 8.0) solution. The diluted Cell-Tak solution
(25 uL) was added to each well and incubated for 20 minutes at room temperature, and
then each well was washed twice using 200 uL of sterile water. Cell lines were seeded
at 80,000 cells/well in XFe96 culture plates (Seahorse Bioscience, North Billerica, MA,
USA) in 50 uL of unbuffered assay media (Seahorse Bioscience) (pH: 7.4 £ 0.01). Cells
were centrifuged at 200 % g (zero braking) for 1 minute and then the plate was
transferred to a 37°C incubator without CO> for 25-30 minutes to ensure the cells had
completely attached. Treatment drugs were pipetted into the injection ports of the
cartridge during this time, then an extra 125 4L warm seahorse assay media was slowly
added to the cell culture plate along the side of each well. The sensors calibration was
completed after loading the cartridge to the seahorse analyser. The utility plate used for
calibration was replaced by the cell plate after the calibrations. The cells were checked

for confluence shortly after the assay using Incucyte Zoom (ESSEN Bioscience, USA).
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Each cell line’s morphology and cell size were predetermined using software Zoom
2016A. The incucyte data was used as a guide to confirm that the cell numbers in each
well remained homogenous after the assay and to exclude wells with cells being flushed

off in the assay.

2.2.9.1 Glycolysis stress test

To measure the maximum glycolytic capacity and glycolytic reserves, the Seahorse XF
Glycolytic Stress Test kit (Seahorse Bioscience) was used. Assay media used in this
assay was pyruvate free and glucose free but supplemented with 2 mM glutamine.
Measurements were taken over a 3-minute period, followed by 3 minutes of mixing and
re-oxygenation of the media. Three measurements were done after each injection. The
baseline metabolism and non-glycolytic acidification were measured 3-4 times before
glucose was injected from port A to fuel the glycolytic pathway. ECAR was measured
using the extracellular flux analyser (Seahorse Biosciences) by sequential injection of
glucose (final concentration of 10 mM), oligomycin A (final concentration 0.75 or 1uM,
concentrations were predetermined by optimization according to experiment protocol)
(Table 2.2) and 2-deoxyglucose (2-DG, final concentration 30 mM). Results presented

are from 3-4 independent experiments, with 5-6 replicate wells for each treatment.

Table 2.2 Optimised conditions for Seahorse analyser

Cell Lines Cell density  Oligomycin A final FCCP final

(per well) concentrations concentrations
(uM) (uM)
RPMI&226 80,000 0.75 0.125
U266 80,000 1 0.25
MM.1S 80,000 0.75 0.5
MM.1R 80,000 0.75 0.5

2.2.9.2 Mitochondrial respiration stress test

To further investigate the alteration of the mitochondrial respiration pathway by DCA,
mitochondrial function was measured using a Seahorse XF 96 cell mitochondria stress
test (Seahorse Biosciences, North Billerica, MA, USA) were carried out. As per
manufacturer’s instructions, oligomycin A, carbonyl cyanide-4 (trifluoromethoxy)

phenylhydrazone (FCCP) (final concentration in Table 2.2), a mixture of rotenone

71



(final concentration 1 M) and antimycin A (final concentration 1 M) targeting
different components of the ETC in the mitochondria were injected sequentially to
determine the basal respiration, ATP production, maximal respiration, and non-
mitochondrial respiration, respectively. Results presented were from 3-4 independent

experiments with 5-6 replicated wells for each treatment.

2.2.10 Western blotting

Cells (~1x10° cells) were collected and washed with PBS and lysed with
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-Cl (pH 7.4), 1% NP-40, 40
mM NaF, 10 mM NaCl, 10 mM NazVOs, 1 mM phenylmethylsulfonyl fluoride, 10 mM
dithiothreitol, and 1 ug/ml each of leupeptin and aprotinin). The lysate was then
sonicated under low power for 5 seconds and spun down at 13,000 xg for 20 minutes at
4°C. The supernatant was collected and total protein was measured using BCA assay kit
(Pierce, Rockford, IL, USA). Proteins (30 ug/sample) were separated by 10% SDS-
PAGE according to BioRad standard protocol and transferred to PVDF membranes
(BioRad) by wet transfer method (transfer at 500 mA current, 100 V constant voltage
for 1 hour) [337]. The membranes were blocked with either 5% non-fat dry milk (NFM)
or 3% bovine serum albumin (BSA) dissolved in 1xTBST (10xTBS: pH 7.5, 10 mM
Tris, 100 mM NaCl; 1xTBST: 1xTBS supplemented with 0.1% Tween 20) for one hour
at room temperature, and then probed with specific primary antibodies, diluted in their
specific blocking buffers, overnight at 4°C. The details of antibody information,
dilutions and specific blocking buffers are given in Table 2.3. After primary antibody
incubation, membranes were incubated with specific horseradish peroxidase-conjugated

(HRP) secondary antibodies (Table 2.3) for one hour at room temperature.

The membranes were washed again and developed by enhanced chemiluminescence
using Clarity Western ECL Substrate (Bio-Rad) reagent for one minute prior to image
acquisition. The chemiluminescent blots were imaged with the ChemiDoc MP imager
(Bio-Rad). Densitometric analysis was done using ChemiDoc MP imager software.

Images are representative of at least three independent experiments for each condition.

When investigating PDKs, each PDK was examined separately on different membranes;

the primary and secondary antibodies were then removed by a harsh stripping protocol
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(Abcam, buffer formula and protocol in Appendix Table 3) before re-probing for S-actin

as loading control. When investigating pPDH/tPDH ratio, pPDH was detected first, and

tPDH was probed on the same blot after a mild stripping protocol (Abcam, buffer

formula and protocol in Appendix Table 3). With this approach, a loading control is not

necessary for the pPDH/tPDH investigations (representative blots including f-actin

loading control are provided in Appendix Figure 2.5).

Table 2.3 Summary of primary antibodies used in western blot

Stock

. Catalogue Dilution  Blocking
Antibody Company number Lot number  (mg/ml) rate buffer
PDK1 Enzo life ADI-KAP- 11051415 1.00 1:500 5% NFM
science PK112-F
PDK2 ABGENT AP7039b SH030422G 0.25 1:500 5% NFM
PDK3 Abnova HO00005165-M01 F2101-2B11 0.50 1:500 5% NFM
PDK4 ABGENT Ap7041b SH030422K 0.25 1:500 5% NFM
pPDH abcam ab92696 GR196570-1 1.00 1:1000 3% BSA
tPDH abcam ab168379 GR121944-9 0.35 1:1000 3% BSA
f-actin abcam ab8227 GR245058-1 1.00 1:5000 5% NFM
Polyclonal goat Dako P0448 20010775 0.25 1:8000
anti-rabbit HRP
Polyclonal goat Dako P0447 00071312 1.00 1:8000

anti-mouse HRP

HRP: horseradish peroxidase. NFM: non-fat dry milk. BSA: bovine serum albumin.

2.2.11 Statistical methods

Numeric data were presented as mean =+ standard deviation (SD). T-test was applied to

test the differences between two groups. One-way ANOVA with Tukey’s multiple

comparison test was used to compare single mean among groups. Two-Way ANOVA

with Tukey’s multiple comparison test was used to compare multiple means among

different groups. A probability level of p < 0.05 will be considered statistically

significant. GraphPad Prism (version 6.0f) was used for all statistical analysis.

73



2.3 Results

2.3.1 DCA inhibited MM cell line growth without
inducing apoptosis or cell cycle arrest

To investigate the effect of DCA on MM cell lines, neutral red uptake assay was used to
measure the total viable cell number. DCA treatment significantly reduced the total
viable cell number compared to the untreated control in 4 out of 5 cell lines analysed;
however, there were considerable differences in their sensitivities to DCA (Figure 2.1
A). RPMI 8226 was the most sensitive cell line to DCA treatment with a 43% reduction
in total viable cell number, U266 was not responsive and the rest of the cell lines had
intermediate sensitivities (Figure 2.1 A). The DCA treatment at concentrations up to 5
mM did not reach the 50% inhibitory effect on cell growth in the MM cell lines, so the
ECso cannot be accurately calculated (Figure 2.1 A).

The contribution of cell proliferation, apoptosis and cell cycle distribution to the
reduction of total viable cell number induced by DCA treatment was investigated. MM
cell proliferation was measured by CFSE dye dilution followed by FACS analysis. DCA
treatment groups had significantly higher CFSE signal compared to their untreated
control, thus indicating less proliferation (Figure 2.1 B). AnnexinV/7AAD staining
after DCA treatment followed by FACS analysis was used to investigate if DCA
treatment can induce apoptosis. There was no significant induction of apoptosis by
DCA in the MM cell lines that had decreased total viable cell number after DCA
treatment (Figure 2.1 C). Earlier time points (6 hours, 16 hours, 24 hours) of DCA
treatment in MM.1S and MM.IR were also tested but there was no induction of
apoptosis (Appendix Figure 2.1). Cell cycle analysis in MM.1S and MM.1R indicated
that the reduction in total viable cell number was also not due to cell cycle arrest

(Figure 2.1 D).

DCA is likely to be used in patients chronically (Chapter 4) thus the effects of DCA
over 3 months of treatment was examined. MM.1S and MM.1R were treated with 5 mM
DCA for 3 months and population-doubling time was measured. The average
population doubling time of the MM cell lines is about 70 hours (Table 2.4). Compared
to the untreated control groups, chronic DCA treatment increased population-doubling

times from 6749 to 105+9 hours for MM. 1S cells and 80+4 to 109+8 hours for MM.1R
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cells (Figure 2.1 E). MM cells stopped growing after being exposed to 5 mM DCA for
10 weeks as indicated by cell number count (Appendix Figure 2.2). Trypan blue
exclusion indicated that DCA was primarily inhibiting cell growth, not inducing cell

death.

Table 2.4 MM cell line population doubling times

Cell Lines Doubling time
RPMI8226 * ca. 70 hours
U266 * ca. 55 hours
MM.1S + ca. 70 hours
MM.IR + ca. 72 hours
NCI-H929 * ca. 70 hours

* Data from German Collection of Microorganisms & Cell Cultures.
+ Calculated from data in Figure 2.1 E.

To conclude, DCA treatment reduced the total viable cell number by slowing cell
proliferation and increasing the cell population doubling time without altering cell cycle

distribution or inducing apoptosis.
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Figure 2.1 The effect of DCA on MM cell growth and viability. (A) DCA (72 hours)
treatment significantly reduced the total viable cell number compared to no-DCA
control in 4/5 cell lines. (B) Cell proliferation was inhibited in 3/5 cell lines. (C) DCA
(48 hours) treatment did not induce apoptosis. Staurosporine (500 uM, overnight) was
used as positive control for apoptosis. (D) Cell cycle distribution analysis did not show
cell cycle arrest after DCA treatment (72 hours). (E) Chronic DCA treatment (5 mM)
increased population-doubling times for MM.IS and MM.IR. Each data point
represents mean =+ standard deviation (SD), n > 3 independent experiments. *p <0.05,
**p <0.01, ***p <0.001. In panels A and B, statistics are with respect to 0 mM DCA
control groups.

76



Chapter 2

2.3.2 MM cell lines have heterogeneous metabolic
profiles

To further understand the contributing factors to the different responses to DCA across
the MM cell lines, experiments were carried out to evaluate the metabolic profiles of the

MM cells.

Glucose consumption and lactate production

Glucose consumption was measured by monitoring glucose levels in cell culture media
over 4 days of culture. In complete RPMI-1640 media, glucose levels decreased over 4
days of culture (Figure 2.2) but differences among cell lines were observed despite
similar cell population doubling times (Table 2.4). RPMI 8226 and MM.1S both have
similar cell population-doubling times (ca.70 hours); however, RPMI 8226 consumed
more glucose compared to the rest of the cell lines (~90% decrease at day 3) while

MM.1S consumed the least (~13% decrease at day 3) (Figure 2.2 A).

The lactate production, as measured by the changes in media lactate levels, were all
increased within 1 to 4 days, but the amount by which they increased varied among cell
lines and correlated with the reduction in glucose levels. The lactate level in the culture
media of RPMI 8226 had the highest increase (to 21.7+3.9 mM at day 4), while MM. 1S
cells had the lowest lactate production (4.2+2.1 mM at day 4) (Figure 2.2 B).

Interestingly, MM.1S (dexamethasone (DEX) sensitive) and MM.1R (DEX resistant),
derived from one patient before and after the development of glucocorticoid (GC)
resistance, showed different metabolic properties. Response to GC is dependent on the
glucocorticoid receptor (GR) which is expressed in the GC-sensitive cell line MM.1S
but significantly down-regulated in the GC-resistant derivative cell line MM.IR [286].
MM.IR had higher lactate production and lower glucose consumption compared to that
of MM.1S. This is consistent with the literature suggested that GC resistance is
correlated with upregulated glycolysis [325], and will be explored further in this chapter.
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Figure 2.2 MM cell lines are metabolically heterogeneous. (A) Media glucose level
was monitored using a glucose meter and (B) media lactate level was monitored using a
lactate meter once per day for 4 days in 6-well cell culture plates. The lactate production
was calculated by subtracting the day-1 lactate levels as background from all readings.
Each data shown represents mean + SD, n=3 biological repeats. Note: 2-ME was
supplemented in NCI-H929 as required to maintain the growth. 2-ME can act as a
biological antioxidant by scavenging hydroxyl radicals, thus can offer advantages to
NCI-H929, so it was taken out in experiments on metabolism.

Monitoring glucose and lactate levels in the culture media provided a basic
understanding of the heterogeneous metabolism phenotypes and substrates preferences
of the MM cell lines. Seahorse glycolysis stress and mitochondria stress tests were
carried out to analyse the in vitro changes of cellular bioenergetics by simultaneously
measuring the mitochondrial respiration indicated by oxygen consumption rate (OCR)

and glycolysis activities indicated by the extracellular acidification rate (ECAR).

Glycolytic flux and glycolytic capacity

Glycolytic flux and glycolytic capacity of the MM cell lines were studied using the
standard Seahorse XF Glycolytic Stress Test assay (Figure 2.3 A). Glucose was
injected to initiate the glycolysis pathway. The cells metabolise glucose through the
glycolytic pathway to pyruvate, ATP, NADH, water and protons. Protons are pumped
out of the cell to maintain the intracellular pH. The efflux of the protons into the
extracellular space or media is the main cause of extracellular acidification. This first
injection increases the ECAR reading and represents the rate of glycolysis; and it is an
indicator of the basal glycolytic activities (Figure 2.3 A). Media acidification may also
result from the CO, produced in the TCA cycle from non-glycolytic substrates, which

can be catalysed by carbonic anhydrase into bicarbonate and protons. This non-
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glycolytic caused acidification is detected before glucose injection [338]. The following
injection of oligomycin A, a mitochondrial ATP synthase inhibitor, stimulates cells to
utilize glycolysis to their maximum capacity, then subsequently increases the ECAR
reading as an indicator of the maximum cellular glycolytic capacity. In this assay, the
glycolytic capacity is calculated as the difference between measurement 7 (the first
reading after oligomycin A injection) and measurement 3 (the basal ECAR reading
before glucose injection). The third injection of 2-DG, a competitive inhibitor for
glucose uptake by binding to glucose hexokinase, shuts down the glycolytic pathway
and confirms the ECAR produced before is due to glycolysis. The difference between
the maximum glycolytic capacity and the basal glycolysis is reported as the glycolytic
reserve, which indicates the capability of cells to respond to an energetic crisis, and
measures if the cells’ glycolytic capacities are at the theoretical maximum (Figure 2.3

A) (Figure 2.3 A) [338].

In MM cell lines, the glucose injection successfully triggered increased glycolysis flux
where RPMI 8226 had the greatest increase, indicating the highest glycolytic activities
(Figure 2.3 B, Figure 2.4 A). The basal glycolysis of RPMI 8226 cells (151.0+12.3
pmol/min) is 5.2-fold higher than that of U266 (29.3+4.8 pmol/min), with MM.1S
(36.6+4.9 pmol/min) and MM.1R (58.8+8.3 pmol/min) being intermediate (Figure 2.4
A). The high glycolysis flux result correlates well with the high lactate production and
rapid glucose consumption of RPMI 8226 (Figure 2.2). It is worth noting that the most
glycolytic cell line, RPMI 8226, is also the most sensitive cell line to DCA treatment
(Figure 2.1 A). The mitochondrial activities (as indicated by OCR) in response to
glucose injection were monitored simultaneously with glycolytic activities (Figure 2.3
C). The OCR level was decreased after glucose injection in all MM cell lines. RPMI
8226 had the greatest decrease in OCR level compared to the rest of the cell lines,
which indicates that RPMI 8226 metabolises preferably through glycolysis rather than

mitochondrial respiration.
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Figure 2.3 Analysing glycolytic flux and glycolytic capacity in MM cells. (A) The
cellular glycolytic activity is examined by the Seahorse glycolytic stress assay [338].
Schematic graph was from Agilent Seahorse glycolytic stress kit manual guide. Glucose
injection reveals the basal glycolytic activity of MM cells. The non-glycolytic
acidification is the ECAR level before glucose injection. Oligomycin A (ATP synthase
inhibitor) injection is used to reveal the maximum cellular glycolytic capacity. 2-DG
shuts down the glycolytic pathway and confirms the ECAR produced before is due to
glycolysis. The difference between the maximum glycolytic capacity and the basal
glycolysis rate is reported as the glycolytic reserve. (B, C) ECAR and OCR changes in
MM cell lines after glucose (10 mM), oligomycin A (0.75 or 1 4M) and lastly 2-DG (30
mM) injections (black arrows). Numbers above the graph indicate the measurement
sequences. Data represents 3-4 independent biological repeats (mean + SD); each
treatment in every biological repeat consists of 5-6 wells (technical replicates). ECAR:
extracellular acidification rate; OCR: oxygen consumption rate.

In addition to having the highest basal glycolytic rate, RPMI 8226 had the highest
glycolytic capacity, whereas U266, with the lowest basal glycolysis, had the highest
glycolytic reserve among the MM cell lines (Figure 2.4 A, B). Despite the addition of
oligomycin A, a substantial increase in ECAR (glycolytic reserve) was observed only in

U266 (Figure 2.3 B, 2.4 C). This result indicated that the other three MM cell lines

were already at maximum glycolytic capacity, and inhibiting ATP production through
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oxidative phosphorylation could not further stimulate cells to utilize the glycolysis
pathways. MM.1R had higher basal glycolysis (p=0.015) and glycolytic capacity
(»p=0.029) than MM.1S (Figure 2.4 A, B), which correlates with published papers
suggesting that DEX resistance is associated with upregulated glycolysis [325].

The final injection of 2-DG abolished overall glycolysis by competitively inhibiting
glucose uptake through the glucose transporter. The ECAR readings decreased after 2-
DG injection, to levels similar to those prior to glucose addition, confirming that the

increased ECAR was due to glycolytic activities (Figure 2.4 D).
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Figure 2.4 Heterogeneous glycolytic activities of MM cell lines This figure shows (A)
basal glycolysis, (B) glycolytic capacity, (C) glycolytic reserve, (D) non-glycolytic
acidification, as defined in Figure 2.3. Data represents 3-4 independent biological
repeats (mean = SD); each treatment in every biological repeat consisting 5-6 wells
(technical replicates). *p <0.05, **p <0.01, ***p <0.001. One-way ANOVA Tukey’s
multiple comparison test was used to compare differences among cell lines.
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Oxygen consumption and mitochondrial respiration

Oxygen consumption rate (OCR) is an indicator of oxygen consumption and reflects the
mitochondrial activities. Key cellular mitochondrial activities of MM cell lines such as
basal respiration, ATP production, proton leak, maximal mitochondrial respiration, and
spare respiration capacity were evaluated by the Seahorse standard mitochondria stress
test (Figure 2.5 A). Oligomycin A, an ATP synthase (complex V) inhibitor, can shut
down mitochondrial ATP production and thus decrease OCR. This decreased amount of

OCR is linked with ATP production and reflects basal cellular ATP production [339].

At the end of the electron transport chain (ETC), protons return to the mitochondrial
matrix through the ATP synthase; the energy stored in the proton gradient drives the
phosphorylation of ADP to produce ATP. But the oxidative phosphorylation is not
entirely coupled to mitochondrial respiration. Protons can re-enter the matrix through
proton channels, bypassing ATP synthase without producing ATP. This process is
known as proton leak, which has been considered a protection mechanism from
oxidative damage by reducing ROS produced by the ETC [338, 339]. The basal
mitochondrial respiration OCR is composed of both the ATP linked OCR and the
proton leaked OCR (Figure 2.5 A).

Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is an uncoupler of
oxidative phosphorylation in mitochondria. It is capable of depolarizing mitochondrial
membranes by collapsing the proton gradient and allowing the electrons to flow through
the ETC freely, and thus enables the ATP synthase to consume oxygen to the maximum
capacity, regardless of ATP levels (Figure 2.5 B). The FCCP-stimulated OCR can
reveal the maximum mitochondrial respiration capacity. The spare respiratory capacity
is calculated as the difference between maximal respiration and basal respiration and it
is a measure of the ability of the cell to respond to increased energy demand. The last
injection shuts down the ETC by a mixture of rotenone (complex I inhibitor) and
antimycin A (complex III inhibitor), thus enabling the calculation of OCR by non-
mitochondrial oxygen-consuming processes such as protein folding, lipid and collagen

synthesis, demethylation reactions, and hydroxylation reactions [338, 340].
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The basal respiration rate reflects the energy demand of cells under normal conditions,
which is calculated as the basal OCR (measurement 3) minus the non-mitochondrial
oxygen consumption OCR (measurement 10). ECAR was also monitored
simultaneously in this assay to reveal the glycolytic activity responses to the injections

(Figure 2.5 D).
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Figure 2.5 Analysing mitochondrial respiration. (A, B) The mitochondrial respiration
activities were measured using the Seahorse mitochondrial stress test. The mechanisms
of action of the compounds used in this kit are illustrated in (B). Oligomycin A, an ATP
synthase (complex V) inhibitor, shuts down mitochondrial ATP production and thus
decrease OCR. FCCP, an uncoupler of oxidative phosphorylation, allows the electrons
to flow through the ETC freely, and enables complex V to consume oxygen to its
maximum capacity. The mixture of rotenone (complex I inhibitor) and antimycin A
(complex IIT inhibitor) was used to shut down the ETC to enable the calculation of non-
mitochondrial respiration. Assay media was supplemented with 10 mM glucose, 2 mM
glutamine, and 1 mM pyruvate. Schematic graphs were adapted from Agilent Seahorse
XF cell mito stress kit manual guide. (C, D) OCR and ECAR response of MM cell lines
to oligomycin A (0.75 or 1 M), FCCP (0.5, 0.25 or 0.125 uM) and a mixture of
rotenone (1 M) and antimycin (1 M) injections. Black numbers above the data points
in the graph indicate the measurements sequences. Each injection is marked as a vertical
arrow. Data represents 3-4 independent biological repeats (mean + SD); each treatment
in every biological repeat consists of 5-6 replicates. ECAR: extracellular acidification
rate; OCR: oxygen consumption rate.

83



The differences in the basal levels of OCR and ECAR among different cell lines were a
genuine reflection of different energy demands and the metabolic heterogeneity among
MM cell lines. RPMI 8226 (109+9.8 pmol/min) had the highest OCR among the cell
lines while MM.1S had the lowest OCR (53.3£1.5 pmol/min) (Figure 2.5 C, 2.6 A).
Consistent with the basal respiration rate, ATP production was highest in RPMI 8226
cells (75.344.5 pmol/min), almost double that of the MM.1S (35.745.9 pmol/min)
(»=0.019), which produced the least ATP among the cell lines (Figure 2.6 A, B). These
results indicated that RPMI 8226 was the most metabolically active cell line and

MM.1S was the least metabolically active one among the tested MM cell lines.

RPMI 8226 also had the highest maximum mitochondrial respiration capacity (169.0+
25.1 pmol/min) while MM.1S had the lowest capacity (81.7+15.9 pmol/min) (p=0.013).
Comparing the isogenic cell lines, MM.1R (DEX resistant) had almost 2-fold higher
levels of spare respiration capacity (p=0.045), maximal respiration (p=0.023), ATP
production and basal respiration (p=0.028) compared to its isogenic counterpart,

MM.1S (DEX sensitive) (Figure 2.6).

U266 had the highest spare respiratory capacity (73.3+27.4 pmol/min), which is 1.2
times higher than that of the most energetic cell line RPMI 8226 (59.34+12.6 pmol/min)
(Figure 2.6 D).

Examination of ECAR under the conditions of the Mito Stress Test kit gave results in
line with that of the previous glycolysis stress test (Figure 2.4). U266 had the highest
increase in ECAR from its baseline, more than 8§ times higher than that of RPMI 8226
(»<0.01), indicating that U266 had the greatest potential to switch to the glycolytic
pathway under mitochondria-stressed conditions (Figure 2.7). There was no significant
difference in non-mitochondrial respiration among the MM cell lines (Appendix

Figure 2.3 B).
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Figure 2.6 Heterogeneous mitochondrial respiration activities of MM cells This
figure shows (A) basal respiration, (B) ATP production, (C) maximal respiration, and
(D) spare respiratory capacity as defined in Figure 2.5. Each data point represents mean
+ SD from 3-4 biological repeats, each consisting of 5-6 wells (technical repeats). *p
<0.05, **p<0.01, ***p<0.001. One-way ANOVA Tukey’s multiple comparison test
was used to compare differences among cell lines.
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Figure 2.7 Glycolytic activity of MM cells in response to mitochondrial stress (A)
Basal glycolysis of MM cells. (B) Glycolytic reserve in this graph is defined as
percentage change from the baseline (the raw data was baselined to its basal ECAR).
Each data point represents mean + SD, from n = 3-4 biological repeats, each treatment
of each repeat had 5-6 technical replicates. *p <0.05, **p <0.01, ***p <0.001. One-way
ANOVA Tukey’s multiple comparison test was used to compare difference among cell
lines.
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2.3.3 DCA diverted the metabolic flux from glycolysis to
mitochondrial respiration

The effects of DCA on MM cell growth were mainly cytostatic (Figure 2.1). Having
established the metabolic characteristics of the cell lines, the effect of DCA on the
metabolism of MM cells was evaluated by measuring extracellular lactate production,
flux of glycolysis and mitochondrial respiration. As DCA inhibits PDKs and activates
PDH (Figure 1.11), a decrease in lactate production, decreased glycolytic rate/ECAR

and increased mitochondrial respiration rate/OCR would be expected.

The lactate level in the media was measured before and after DCA treatment. RPMI
8226, the cell line with the highest rate of lactate production, showed a significantly
reduced lactate production in the presence of DCA. This trend was also observed in

MM.1R and U266 (Figure 2.8 A).

To evaluate the effects of DCA on glycolysis activity in real time, ECAR was measured
within minutes of DCA injections by Seahorse flux analysis. Because pyruvate can fuel
the TCA cycle to increase oxygen consumption and can also be converted by LDHA
into lactate to increase media acidification, a pyruvate supplement can potentially
interfere with the effects of DCA. Thus, ECAR was measured in the presence of glucose
and glutamine but without pyruvate according to standard Seahorse protocol. DCA
significantly reduced ECAR in U266 by 29+ 3.6% (p<0.001), and reduced ECAR in
RPMI 8226 by 11.5+£3.2% (p<0.001) compared to the basal levels, but there was no
reduction of ECAR by DCA in MM.1S or MM.IR (Figure 2.8 B). To evaluate the
effect of DCA treatment on oxygen consumption in real time, OCR was measured
within minutes of DCA injection. DCA successfully increased OCR levels in RPMI
8226 (p<0.001) and U266 (p<0.001) while there was no increase in MM.1S and MM.1R.
U266 also had the greatest OCR increase of 12.7+1.2% after DCA injection among the
MM cell lines (Figure 2.8 C). Thus, the cell line U266 with no change in total viable
cell number in response to DCA treatment in normoxia (Figure 2.1) was the cell line
with the greatest change in metabolic flux following DCA treatment, as measured by

OCR and ECAR.
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Figure 2.8 DCA reduced extracellular lactate level and glycolytic flux of MM cells
(A) Extracellular lactate levels were measured and normalised based on lactate standard
curve. ***p <0.001. Two-way ANOVA Tukey’s multiple comparison test was used to
compare difference among groups, (mean + SD, n=3). (B, C) OCR and ECAR response
of MM cell lines to DCA (5 mM) when supplemented with glucose (10 mM) and
glutamine (2 mM) but without pyruvate. Vehicle control for this experiment was the
Seahorse assay media used in preparing the DCA dilution; the vehicle control did not
cause significant changes for the ECAR and OCR readings (Appendix Figure 2.4). Data
was baselined to the last basal reading of OCR or ECAR and the percentage change
from basal (100%) was calculated, (mean + SD, n=3-4); each treatment of every
biological repeat consisting 5-6 wells (technical replicates). In Figure 2.8 B and C, T-
test was used to analyse the statistical difference between normalised basal levels
(ECAR, OCR) and levels after DCA addition for each cell line (***p <0.001).
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2.3.4 The pPDH response to DCA correlated with PDK
expression profiles

Total PDH (tPDH) and the inactivated phosphorylated form of PDH (pPDH) were
evaluated in the MM cell lines by western blotting to test whether DCA acts on-target
by inactivating PDKs.

DCA treatment decreased pPDH levels in RPMI 8226 and MM.IS cells which
correlated with the growth inhibition by DCA, indicating that successful inhibition of
PDK activity (Figure 2.9); however, the DCA treatment also reduced pPDH levels in
U266 cells which were resistant to DCA growth inhibition. This may indicate that the
on-target effect of DCA of reducing pPDH is insufficient to inhibit growth in U266

cells, or that the reduction in pPDH was not sustained long enough in the growth assay.

The MM cell lines had different patterns of response to DCA as revealed by their
different degrees of pPDH/tPDH reduction with U266 having the fastest decrease of the
pPDH/tPDH after DCA treatment (Figure 2.9 B). In U266, the pPDH/tPDH ratio was
rapidly decreased by DCA to 25.4+10.7% after 15 minutes of DCA treatment and
maintained at a low level over the 24 hours of DCA treatment. In contrast, the
pPDH/tPDH ratio in RPMI 8226 was reduced to 51.4+9.8% after 15 minutes of DCA
treatment and then further to 27.4 £15.1% after 24 hours DCA treatment. (Figure 2.9 B).
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Figure 2.9 pPDH/tPDH of MM cell lines was reduced by DCA. (A) Representative
western blots of at least three independent experiments showed the pPDH and tPDH
protein levels after DCA treatment (5 mM). (B) Quantification showed the decrease of
pPDH/tPDH ratio after DCA treatments compared to no-treatment control (normalized
as 100%). Quantification of blot bands was calculated based on the results from three
independent biological repeats, each data point represents mean + SD. pPDH antibody
recognises the phosphorylated site S293 of the human pyruvate dehydrogenase E1-
alpha subunit. The antibody immunogen of tPDH is recombinant full-length human
PDH El-alpha subunit that can recognise both active and inactive forms of PDH. tPDH:
total pyruvate dehydrogenase. pPDH: phosphorylated PDH.

The PDK profiles on MM cell lines were examined as a possible cause of the different
pPDH response patterns. There are four PDK isoforms, which vary in their sensitivity to
DCA (Ki of 1.0, 0.2, 8.0 and 0.5 mM for PDK 1-4, respectively. Section 1.4.1) [4]. The
constitutive isoform PDK2 was expressed to a similar extent in all cell lines, but the
other isoforms differed in their levels of expression (Figure 2.10). Based on the K;
values, hypothetically, the cell line that could best respond to DCA treatment would
express PDK2 but have lower levels of expression of PDK1 and PDK3. In U266, there
was less PDK1 or PDK3 expressed compared to other MM cell lines, suggesting that
this cell line would not require a high level of DCA to inhibit its PDKs (Figure 2.10).
This correlated with it having the fastest reduction of pPDH after DCA treatment
(Figure 2.9) and greatest extent of OCR and ECAR changes as a result of DCA
treatment (Figure 2.8). RPMI 8226 had a higher protein level of PDK2 and a moderate
level of PDK1 expression, which correlated with a slower response to DCA in reducing
pPDH (Figure 2.9, 2.10). MM.1S had a higher PDK1 expression, which may require a
higher concentration of DCA to be inhibited, and this correlated with the slowest

response of pPDH reduction by DCA (Figure 2.9, 2.10). U266 expresses the least
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amount of PDKI1, 2 and 3, which may indicate that the glycolysis pathway of this

particular cell line may not be upregulated under normoxia.
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Figure 2.10 PDK expression profiles in MM cell lines (A) PDK 1-4 protein levels
were measured by western blot. MCF7 breast cancer cells express all 4 PDKs and are
used here as a positive control. Blot shown is representative of 3 independent biological
repeats. (B) Quantification of PDK blots. Band intensity is expressed as a ratio
compared to S-actin on the same blot. Each data point represents mean + SD, n = 3

biological repeats.
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2.3.5 Clinically achievable concentrations of DCA can
act on-target by reducing pPDH

While published studies have shown the effects of high levels of DCA (> 10 mM) in
vitro, these concentrations are unlikely to be achievable in patients and there is very
limited information about whether DCA can act on-target when used at clinically
achievable levels. Based on our DiCAM phase 2 clinical trial data, MM patients’ serum
DCA (6.25 mg/kg b.i.d) trough level was in the range of 0.04-0.79 mM and the average
peak level was 0.59 mM (Chapter 4). The DCA (6.25 mg/kg b.i.d) plasma levels from
the published clinical trial were in the range of 0.05-0.7 mM [235].

Based on the above information, a range of clinically achievable DCA concentrations
(0.1, 0.3, 1 mM) was tested in vitro for the ability to reduce the level of pPDH. In RPMI
8226 cells, low level DCA (0.1 mM) reduced pPDH after 24 hours of treatment.
However, there was no effect after 5 hours indicating low trough level DCA can act on-
target only after longer DCA exposure (Figure 2.11). DCA treatments at 0.3 mM and 1
mM reduced pPDH after 5 hours, and the levels were further reduced after 24 hours of
treatment (Figure 2.11). These results demonstrated that clinically achievable DCA

concentrations can act on-target, and that the effect is cumulative over time.

91



A 1h5 5hlr 24fllr

| 1
00103 15 0103 15 00103 15 (mM)

TPDH o e - - — - —

B
—~ 150~ - B 1hr
ns o /] 5 hr
[ 24 hr

100+

50-

pPDH/APDH (% of control

A
A
A,

0.1 mM 0.3 mM 1 mM 5mM
DCA (mM)

Figure 2.11 DCA at clinically achievable levels can act on-target by reducing
pPDH. (A) Western blot showed the pPDH and tPDH protein levels of RPMI 8226
after DCA treatments (0.1, 0.3, 1, 5 mM) at 1 hour, 5 hours and 24 hours. The blots
shown are representative of three independent experiments. (B) Quantification of
western blots bands. DCA at 0.1 mM (DiCAM maintenance dose trough level)
significantly reduced pPDH after 24 hours (p<0.001) but not after 5 hours. DCA at 0.3
mM (DiCAM maintenance dose peak level) and at 1 mM (DiCAM high dose peak level)
showed a similar trend and also significantly reduced pPDH after 24 hours but not after
5 hours (»p<0.001). Quantification of blot bands was calculated based on the results from
three independent biological repeats, each data point represents mean + SD; data was
expressed as a percentage of untreated control (100%) on each blot.
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2.4 Discussion

This chapter aimed to target the glycolytic phenotype of MM using DCA as a potential
therapeutic approach. To address this, the anti-cancer and on-target effects of DCA at
mechanistically relevant concentrations were tested on MM cell lines. In addition, the
metabolic phenotypes of MM cells were evaluated and contributing factors to the
sensitivity to DCA were analysed. The results of this chapter showed that DCA mainly
had cytostatic effects rather than cytotoxic effects on MM cell lines when used at
mechanistically relevant concentrations, where DCA (< 5 mM) can reduce the total
viable cell number by slowing down cell proliferation, increasing the cell population
doubling time without inducing apoptosis under normoxia (Figure 2.1). The
sensitivities to DCA treatment vary significantly among the MM cell lines which may
be affected by the heterogeneous metabolic profiles (Figure 2.2, 2.4, 2.6, 2.8) and PDK
expression levels (Figure 2.9, 2.10). This chapter also confirmed the on-target effect of
DCA of inhibiting PDKs at clinically achievable concentrations in vitro which was

found to be cumulative over time (Figure 2.11).

Mechanistically relevant and clinically relevant concentrations of DCA were used in our
studies. The mechanistically relevant concentrations were defined as concentrations in
the range of the inhibition constant (Kj) values of DCA, which are the concentrations of
DCA needed to reduce the activity of the targeted enzyme (the PDKs) by half. The four
PDK isoforms vary in their K; values to DCA (1.0, 0.2, 8.0 and 0.5 mM for PDK 1-4
respectively) [4]. The PDK profile of MM cells may contribute to their sensitivity to
DCA. MM cell lines studied here expressed various amount of PDK3 (Figure 2.10),
and the relatively low concentrations of DCA selected in this study may have not been
high enough to completely inhibit PDK3 activity. This could explain why there was still
residual pPDH after 24 hour 5 mM DCA treatment (Figure 2.9). High PDK3 expression
could explain a lack of growth inhibition by DCA; however, this is not the case in U266
cells which showed the lowest PDK3 level among the 5 studied MM cell lines. Thus an
alternative explanation for the insensitivity of U266 to the growth inhibition by DCA is
still needed.

In previous studies of DCA in cancer, DCA was generally used at high concentrations

(10-50 mM) [222], which were not only considerably higher than the mechanistically
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relevant concentrations but also unachievable in patients based on data gathered from
DCA pharmacokinetics studies (Chapter 4) and other clinical trials [5, 235]. DCA at
concentrations less than 5 mM did not induce apoptosis but had growth inhibitory and
metabolic modulatory effects on MM cell lines (Figure 2.1). However, in two previous
studies of myeloma, the anti-cancer effects of DCA were not observed when used at
concentrations lower than 5 mM in cell lines RPMI 8226 and U266, but the apoptosis
effects shown in their studies were only seen when DCA was used in non-
mechanistically relevant concentrations (10-40 mM). My results are supported by
several other studies in human breast cancer, human colorectal cancer and canine
mammary cancer which all showed that DCA when used at lower concentrations can

only inhibit cell proliferation without inducing apoptosis [9, 10, 223, 224].

MM cells had different sensitivities to DCA treatment. In order to understand what
factors contribute to the growth response to DCA, the metabolic profile of MM cell
lines and the biochemical changes caused by DCA were analysed. These results clearly
showed that the most glycolytic cell line (RPMI 8226) was also the most sensitive to the
growth inhibition by DCA (Figure 2.2, 2.4). However, for the cell lines that don’t fully
depend on glycolysis, the results were complex. In contrast to RPMI 8226 cells, U266
cells growth was not affected by DCA (Figure 2.1 A, B); but DCA treatment still
diverted the metabolic flux from glycolysis to mitochondrial respiration (Figure 2.8).
Sanchez et al. also identified RPMI 8226 as a typical glycolytic cell line while U266
was non-glycolytic and showed that DCA had metabolic modulatory effects such as
reducing lactate production, suppressing glycolysis and improving cellular respiration;
however, only high concentrations of DCA were investigated in their study [11]. U266
was found to have the highest glycolytic reserve when mitochondrial respiration was
inhibited with ETC inhibitors (Figure 2.4 C, 2.7 B), which correlated with its high
spare respiration capacity (Figure 2.6 D). These data indicate that U266 had greater
potential to adapt to mitochondrial stressed condition (such as in hypoxia) (Chapter 3).
U266 was not a typical glycolytic cell line like RPMI 8226 (Figure 2.8); thus it could
have a preference for other nutrients such as glutamine or fatty acids (Chapter 3) to
fulfil its biological needs. This may explain why the metabolic modulatory effect of

DCA on U266 was not sufficient to cause growth inhibition.
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These results showed correlation of the different sensitivity to DCA and their
heterogeneous metabolic profiles, which are in agreement with studies demonstrating
that DCA as an agent to promote mitochondrial respiration can confer selective toxicity
against cancer cells that are dependent on glycolysis or having deficiency in
mitochondrial respiration. For example, DCA caused pro-apoptotic effects on
glycolysis-dependent oral squamous cell carcinomas (OSCC) cells but not on OSCC
cells with an efficient mitochondrial respiration [341]. DCA was found to be cytotoxic
towards mitochondrial DNA (mito-DNA)-deficient MOLT4 and MCF7 cancer cells,
and synergize with mito-DNA damaging agents (cisplatin and topotecan) in vitro [226].
This characteristic of DCA has been harnessed by co-targeting mitochondria and
glycolysis at the same time. The combination of DCA and arsenic trioxide (inhibitor of
the complex 1V) was more effective in inducing apoptosis than either agent alone in
breast cancer cell lines [9]. A mitochondrial toxin (PENAO) currently in early phase
clinical trials also showed enhanced cytotoxicity when combined with DCA in breast
cancer cells [232]. Due to the metabolic heterogeneity of the MM cells lines, the
preference of MM cells for different nutrient fuels and their abilities to adapt under
mitochondrial respiration stressed conditions need to be taken into consideration

(Chapter 3).

This chapter also characterised the metabolic profiles of two isogeneic MM cell lines
that have not been reported on previously. MM.1R (DEX resistant) shows a more
glycolytic phenotype than its isogeneic counterpart MM.1S (DEX sensitive), as MM.1R
showed higher lactate production and glucose consumption levels, greater basal
glycolysis rate and glycolytic capacity (Figure 2.2, 2.4). These results are consistent
with the hypothesis proposed that glucocorticoid resistance is correlated with
upregulated glycolysis [325]. This leads to the question of whether DCA can reduce the
resistance to DEX in MM. 1R cells, which has been investigated in Chapter 4.

In addition to studying the metabolic profile and biochemical changes, a further
examination of the protein expression of the targets of DCA (the PDKs) was carried out
to elucidate different sensitivities to DCA. Previous research in this lab showed that the
sensitivity of breast cancer cells to DCA is correlated with their PDK profiles. The
breast cancer cell line T-47D expressed high PDK2 level but with low levels of other
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isoforms, and it was the most sensitive to growth inhibition by DCA. In contrast, MCF7
expressed high PDK3 level and was not sensitive to DCA treatment, but PDK3 siRNA
knockdown led to considerably increased sensitivity to DCA [232]. In MM cell lines,
the PDK expression levels correlated with their sensitivity to DCA to some degree, but
could not fully explain why the growth of U266, which had less PDK expression and
should be theoretically easier to be inhibited by DCA (Figure 2.10), was not inhibited
by DCA. The PDK profiles may, however, correlate better with the metabolic
modulatory effects of DCA instead of the biological growth outcomes. For example,
U266 expressed less PDK1 and PDK3 compared to other MM cell lines (Figure 2.10),
and this PDK profile correlated well with having the fastest reduction of pPDH after
DCA treatment (Figure 2.9). The speed of reduction of pPDH levels in U266 also
correlated with having the greatest extent of OCR and ECAR changes by DCA in the
Seahorse assay due to the very short timeframe of this assay (Figure 2.8). A similar
finding was shown in a study where human colorectal cancer cell line SW480 had the
lowest PDK expression but was not sensitive to the growth inhibition by DCA, and the
effects of DCA in reducing pPDH correlated with changes of mitochondrial activity, but
these metabolic modulatory effects also did not lead to significant changes in cellular
growth [342]. These results indicate that DCA can successfully modulate metabolism
and act on-target but this function may not directly correlate to reduced cancer cell
proliferation. A summary of the response patterns of RPMI 8226 and U266 to DCA
treatment is displayed in Table 2.5. This table shows the relationship among the on-
target effects of DCA (pPDH, OCR), the impact on glycolysis pathway (ECAR, lactate),

and the biological outcomes (cell growth and apoptosis).

Table 2.5 Summary of response patterns to DCA in normoxia (N)

On-target effects: Biological outcome Feedback regulation
Mitochondrial (upstream of targets):
Respiration Glycolysis
Readout pPDH OCR Growth |Apoptosis ECAR Lactate
Conditions N N N N N N
RPMI8226 v 0\ v >€ 7 7
U266 v 0\ >€ >€ 7 >€

W: decrease. A\: increase. =€ no effect.
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This chapter has identified a series of factors that can contribute to the sensitivity to
DCA of MM cells, but there are more components that could potentially affect the
sensitivity, which can be studied in the future. A possible obstacle for DCA to act on-
target effectively is its possible inefficiencies in the process of transportation from the
extracellular environment into its target location - the mitochondria. This chapter has
provided evidence that argues in favour of DCA being transported quickly into the
mitochondria. As the results showed that in RPMI8226 and U266, DCA changed the
flux from glycolysis to mitochondrial respiration within minutes of injection (Figure
2.8), and in all cell lines tested reduced the pPDH protein level within an hour (Figure
2.9). DCA is ionized and cannot pass through the plasma membrane by passive
diffusion, but studies showed that DCA as a haloacid, was able to be effectively
transported to the cytosol through haloacids transporters, such as sodium-coupled
monocarboxylate transporter (MCT1/SLC5AS8) [343, 344]. DCA is a pyruvate mimetic
that can be transported into the mitochondrial matrix through the mitochondria pyruvate
carrier (MPC) [345-347]. However, cancer cells often have altered expression of MCT
and MPC [344], so resistance to DCA may be mediated through the lack of DCA
transporters. However, the time course results of the pPDH in this chapter suggest that
with prolonged exposure, as would happen in patients, DCA will be able to enter the

cells to inhibit PDKs.

The amount of pyruvate dehydrogenase phosphatases (PDP) present in mitochondria
may also influence the effects of DCA. In the mitochondrial matrix, PDPs have the
opposite function to PDKs, that is to dephosphorylate and activate PDH [348]. DCA
inhibits PDKs to reduce the new phosphorylation of PDH but needs PDP to be present
in mitochondria to dephosphorylate and reactivate the PDH complex. The deficiency of
PDP is a rare mitochondrial disorder featured with cellular low native PDH complex
activity. It has clinically heterogeneous symptoms such as fatal infantile lactic acidosis,
neonatal hypotonia, and intolerance to exercise. DCA incubation can partially restore
the activity of the PDH complex in skin fibroblasts of patients with PDP deficiency, but
the degree of the restoration varies, possibly due to the different levels of PDP
deficiency [200]. In an extreme case of lethal infant null PDP mutation where the PDP1
protein in mitochondria was completely absent, DCA failed to activate the PDH

complex in skin fibroblasts [349]. Thus, in order for DCA to activate PDH, some
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amount of PDP is required to be present in mitochondria. Lower levels of PDPs may

confer relative resistance or a slower response time to DCA.

DCA can divert the pyruvate flow from glycolysis to mitochondrial respiration but it
does not directly inhibit the conversion of pyruvate to lactate. LDHA, that converts
pyruvate to lactate, is upregulated in many different human cancers thus also needs to
be considered in the holistic picture of intervening in the glycolysis pathway [350, 351].
The LDHA expression level of the MM cells could be a contributing factor to their
sensitivity to DCA, as LDHA mRNA level was positively correlated with the
expression of genes associated with glycolysis such as PDKI, GLUTI, and oncogene
MYC in MM cells [12], thus a high level of LDHA may play a role in the degree of
dependence of MM cells on glycolysis, and then affect their response to DCA. U266
was found to have no LDHA mRNA expression but RPMI 8226 has high LDHA
expression. In RPMI 8226 cells, a higher LDHA expression level was associated with
higher glycolytic activity, which was reflected by greater glucose consumption and
lactate production [12]. In this chapter, RPMI 8226 was also found to be a highly
glycolytic cell line and to be the most sensitive to growth inhibition by DCA while
U266 was not glycolysis-dependent and did not respond to the growth inhibition by
DCA. The expression levels of LDHA could be further investigated as a factor
contributing to the growth inhibition by DCA on MM cells.

In conclusion, this study demonstrated that DCA at mechanistically relevant
concentrations mainly had cytostatic effects on MM cells, and that DCA at clinically
achievable concentrations can act on-target by inhibiting PDKs in vitro. However, the
on-target effect of DCA did not always correlate with the inhibition of MM cell growth.
Among the factors that could contribute to the different sensitivities to DCA, the degree
of dependence of MM cells on glycolysis surfaced as the most likely factor.
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Chapter 3

Impact of metabolic stress on the effects of
DCA

Abstract
Background: Multiple myeloma (MM) originates from the bone marrow (BM). The

nutrient supply and oxygen distribution in the BM microenvironment (BMM) are
heterogeneous. The hypoxic niches are crucial for MM development, progression, and
drug resistance; and the hypoxic environment promotes glycolysis. DCA is a PDK
inhibitor that can promote mitochondrial respiration over glycolysis. Targeting MM cell
metabolism using DCA needs to consider the interaction between MM cells and the
BMM. Studying the effects of DCA under nutrient deprivation and hypoxic conditions
may offer insight into the clinical use of DCA and how well DCA can act in BMM.
Methods: The effects of DCA on MM total viable cell number under nutrient stressed
conditions (glucose or glutamine deprivation) were measured by neutral red uptake
assay, the effect on glycolysis and mitochondrial respiration under glucose or glutamine
deprived conditions was measured by Seahorse XF analyser. The mRNA and protein
levels of the DCA targets (PDK1, 2 and 3) in hypoxia were measured by RT-PCR and
western blot. In hypoxia, the effects of DCA on MM cells were measured through
examination of the extracellular lactate levels, total viable cell numbers, and apoptosis.
Results: MM cells displayed variable dependence on glucose or glutamine. DCA
cannot further reduce the total viable cell number when glucose was not present or when
glucose uptake was inhibited by 2-deoxyglucose. The effect of DCA in promoting
mitochondrial respiration and suppressing glycolysis was also abolished when glucose
was absent. Under hypoxia, DCA can induce apoptosis in a non-glycolytic cell line,
which had the greatest glycolytic reserve and the highest increase of PDK1 and PDK3.
Conclusions: The anti-growth effect of DCA requires glucose to be present and an
active glycolysis pathway. DCA can have cytotoxic effects in hypoxia in cell lines that

had greater glycolytic reserve. DCA may be useful in the treatment of hypoxic cancers.
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3.1 Introduction
The previous chapter demonstrated DCA had on-target and anti-growth effects on MM

cells when used at mechanistically relevant concentrations. This warranted further
investigations in this chapter to test if metabolic stress conditions that mimic the BMM
can impact on the effects of DCA on MM cells. The BMM presents with a nutrient
stressed condition due to the complicated structure and different vascular perfusions,
similar to that of a solid tumour (Section 1.5.3.2). MM cells have heterogeneous
metabolic phenotypes, which extend beyond the glycolytic phenotype and contributes to
the plasticity of MM cells, promoting survival [12, 25, 125, 179, 262, 280, 281]. This
metabolic heterogeneity was also reflected in previous results that only a subset of MM
cells is sensitive to glycolysis inhibitors. The resistance to glycolysis inhibitors was
developed through compensation by alternative metabolic pathways such as glutamine
metabolism [13, 352]. When glucose access is limited, cancer cells can upregulate
glutamine metabolism to replenish the precursors for the macromolecular biosynthesis
such as lipids, proteins, and nucleic acids [280, 353]. Hypoxia inducible factors (HIFs)
are important to ensure cancer cell survival under stressed conditions. They can be
activated by hypoxia, but also by growth factors, oncogene activation, or tumour
suppressors mutations [27, 29, 34, 35, 37, 38]. HIFs enhance glycolysis by altering
expression of the downstream effectors such as glucose transporters and glycolytic
enzymes such as LDHA and PDK [48, 276], which contribute to an increased rate of

glycolysis.

Dichloroacetate (DCA) can reverse the glycolytic phenotype by inhibiting pyruvate
dehydrogenase (PDH) kinase (PDK) [222]. To repurpose DCA for the treatment of MM,
evidence is needed to confirm that DCA can have anti-growth effects in conditions that
may arise in the BMM, such as limited nutrient or oxygen supply. Reports of the effects
of DCA under hypoxia in cancer cells have had conflicting results ranging from
enhanced cytotoxicity in glioma cells [354] to the cytoprotective effects in colorectal
cancer cells [355]. In this chapter, the MM cells were screened for their preference for
different nutrients, and the effects of DCA under nutrient deprivation or hypoxic
conditions were investigated. This chapter hypothesized that the effects of DCA on MM
cells may depend on an active glycolysis pathway, and DCA may have greater effects

on MM growth under hypoxic conditions.
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3.2 Material & Methods

3.2.1 Nutrient deprivation assay

MM.1S, MM.1R and RPMI 8226 were cultured in recommended RPMI-1640 media
(31800, Thermo Fisher) supplemented by 10% (volume/volume) heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate and
100 ug/ml antibiotics (penicillin and streptomycin) at 37°C in a 5% CO» atmosphere.
U266 was cultured in RPMI-1640 media with 15% FBS (Chapter 2). For growth in
glutamine/glucose free conditions, normal growth media was removed; cells were
washed and resuspended with either glutamine-free (#21870 Invitrogen) or glucose-free
(#11879 Invitrogen) RPMI-1640 media. 2-Deoxyglucose (2-DG, Sigma, Lot No. 99C-
5026), a glucose analogue, was used in this study to simulate glucose deprivation as it
can competitively inhibit glucose uptake. 2-DG was diluted in 1x PBS to produce a
stock solution of 100 mM. The stock solution was stored for long-term at 4°C and was
stable. 2-DG was diluted in assay media on the day of use and the vehicle (PBS) was
diluted to less than 5% of the total volume per well. MM cells were seeded in 96-well
round bottom plates at optimized cell densities. Neutral red staining (Chapter 2,
section 2.2.3) was used to quantitatively estimate the number of total viable cells after
the nutrient deprivation treatments. The total viable cell number of treated cells was
expressed as the percentage of the untreated control. Each treatment was performed in

quadruplicate wells on each plate; three independent experiments were carried out.

3.2.2 Glycolysis and mitochondrial respiration
measurements under different nutrient conditions

Metabolism profiling of cell lines was measured using Seahorse XFe96 analyser
(Seahorse Bioscience, MA, USA) (Chapter 2, section 2.2.8). The XFe96 analyser
measures in vitro changes in cellular bioenergetics by simultaneously measuring the
oxygen consumption rate (OCR, indicating mitochondrial respiration) and the
extracellular acidification rate (ECAR, indicating glycolysis). Cells were maintained in
RPMI-1640 media before the assay, which was replaced with Seahorse assay media
with different nutrient supplements. The media nutrient conditions included 10 mM
glucose only or 2 mM glutamine only, or both combined. Cell lines were seeded at

80,000 cells/well in XFe96 culture plates (Seahorse Bioscience, North Billerica, MA,
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USA) in 50 uL of unbuffered assay media (Seahorse Bioscience) (pH: 7.4 = 0.01). The
experiments followed the same protocol from Chapter 2. After 4 basal readings of cells
exposed to the above mentioned nutrient conditions, the first injection was 5 mM DCA
followed by oxamate (20 mM, LDHA inhibitor), FCCP, then a mixture of rotenone and
antimycin A that target different components of the ETC in the mitochondria (Chapter
2, Figure 2.5 B). The cells (adhered with Cell-Tak) were checked shortly after the assay
using Incucyte Zoom (ESSEN Bioscience, USA) to confirm that the cell numbers in
each well remain uniform after the assay, allowing exclusion of wells with cells being
flushed off in the assay (Chapter 2). Each treatment had 5-6 replicate wells on each

plate, and 3-4 independent experiments were performed.

3.2.3 Hypoxia and total viable cell number assay

For hypoxic conditions, cells grown in T-25 flasks or 96 well plates were kept in a
sealed hypoxic chamber (Billups-Rothenberg, Delmar, CA, USA) with humidified
condition. Oxygen was flushed out with beta gas (95% nitrogen, 5% CO) at 20 L/min
for 4 minutes and the gas inside the flasks was allowed to equilibrate for 3 hours. The
chamber was then flushed multiple times until an atmosphere of 0.3% O: condition was
obtained (the number of flushes required was estimated based on the flask/plate volume
within the chamber), after that the flasks/plates were incubated for 24 hours at 37°C.
Total viable cell numbers under hypoxia were measured using neutral red assay
(Chapter 2). Assays were carried out in two identical replicate plates; one plate was
used as normoxia control for each hypoxia plate. Each treatment condition was

quadruplicated in each experiment and three independent experiments were carried out.

3.2.4 Apoptosis

Cell apoptosis and cell death were measured using AnnexinV-FITC (BD Biosciences
Pharmingen, 556419) and 7AAD (BD Biosciences Pharmingen, 559925) staining
followed by FACS analysis (Chapter 2, section 2.2.6). Cells were seeded at
30,000/well in U-bottom 96-well plates and treatment plates were duplicated, one plate
was used as normoxia control, the other one was used as hypoxia treatment. Each
treatment condition was duplicated in each experiment and four independent

experiments were performed.
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3.2.5 Extracellular lactate level under hypoxia

The extracellular lactate levels were measured using Lactate Pro2 meter (ARKRAY, Inc,
test range 0.5-25 mmol/L) (Chapter 2, section 2.2.7). Cells were seeded at 30,000 cells
/well (200 uL/well) in 96-well plates. Each treatment condition was duplicated in each

experiment and three independent experiments were performed.

3.2.6 Western blot

PDK protein expression under normoxia and hypoxia was measured by western blot
according to the same protocol in Chapter 2. Proteins (30 ug/sample) were separated by
10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad) by wet transfer
method (Chapter 2, section 2.2.9). Blots were incubated with the primary antibodies at
4°C overnight, the specific information were listed in Table 2.3. Three independent
experiments were carried out. The final results were presented here as the percentage of

each cell lines’ normoxia control (normalized to 100%).

3.2.7 Real-Time Polymerase Chain Reaction

3.2.7.1 RNA extraction from cells

RNA from cells was isolated according to the manual instructions (PureLink RNA Mini
Kit, Life technologies). Approximately 1x10° cells were collected into an RNase-free
tube and centrifuged at 2,000 x g for 5 minutes at 4°C. Growth media was discarded
and 300 ul fresh lysis buffer containing 1% 2-mercaptoethanol was added. Cells were
vortexed at high speed until the cell pellet was completely dispersed and fully lysed.
The cell lysates were passed 5-10 times through a 21-gauge needle attached to an
RNase-free syringe. One volume of 70% ethanol was added to each volume of cell
homogenate, and then was mix thoroughly. Up to 700 uL of the mixture was transferred
to the spin cartridge with the collection tube and was centrifuged at 12,000 xg for 15
seconds at room temperature. The flow-through was discarded and the spin cartridge
was reinserted back into the same tube. This washing process was repeated once. Wash
Buffer I (700 uL) was added to the spin cartridge and centrifuged at 12,000 xg for 15
seconds at room temperature. The flow-through was discarded and the spin cartridge
was inserted into a fresh collection tube. Tubes were centrifuged at 12,000 xg for 15

seconds at room temperature after 500 uL. Wash Buffer II with ethanol was added to the
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spin cartridge. The same washing steps were carried out as described above and
repeated once. The cartridge was spun at 12,000 xg for 1-2 minutes to dry the
membrane. The spin cartridge was inserted into a recovery tube, 30 uL. RNase—Free
water was added to the centre of the cartridge and incubated at room temperature for 1
minute. The spin cartridge was centrifuged for 2 minutes at 12,000 xg at room

temperature to elute the RNA.

3.2.7.2 DNase treatment

DNA contamination was removed from the RNA samples using Ambione® TURBO
DNA-freem DNase Treatment and Removal Reagents (TURBO DNA-free kit, life
technologies). 0.1 volume of 10x TURBO DNase Buffer and 1 L. TURBO DNase were
added to the RNA and mixed gently, then incubated at 37°C for 20-30 minutes. 0.1
volume of resuspended DNase inactivation reagent was added and incubated for 5
minutes at room temperature, the content was mixed by flicking every minute. The
supernatant containing RNA was transferred to fresh tubes after centrifugation at 10,000
xg for 1.5 min. Then the purified RNA was aliquoted and stored at -80°C. RNA

concentrations were quantified using Nanodrop (Spectrophotometer, ND-1000).

3.2.7.3 cDNA synthesis

SuperScript III Reverse Transcriptase (Invitrogen) was used to synthesize first-strand
cDNA. 250 ng RNA was reverse transcribed. A 20 ul reaction mixture contains 1 ul of
oligo(dT)i2-18; 250 ng mRNA; 1 ul 10 mM dNTP Mix (10 mM each dATP, dGTP,
dCTP and dTTP at neutral pH) and sterile distilled water. Mixture was heated to 65°C
for 5 minutes and incubated on ice for at least 1 minute. The content of the tube was
collected by brief centrifugation and a mixture containing 4 ul 5 x First-Strand Buffer; 1
11 0.1 M DTT; 1 ul RNaseOUT™ Recombinant RNase Inhibitor (Cat. no. 10777-019,
40 units/ul) and 1 ul of SuperScript™ III RT (200 units/ul) was added. The sample was
mixed gently by pipetting and incubated at 50 °C for 30-60 minutes. The reaction was
heat-inactivated at 70°C for 15 minutes. The cDNA was dilute to 2.5 ng/ul for use as a
template for amplification in polymerase chain reaction (PCR). A total of 10 ng cDNA

was used per reaction.
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3.2.7.4 Real-Time PCR

Power SYBR Green PCR Master Mix (Applied Biosystems) was used for relative
quantification of gene expression in 384 well plates on the Fast Real-Time PCR
Detection System (AB Applied Biosystems, Model No. 7900HT). A total amount of 10
ul-reaction mixture composed of 5 ul Power SYBR Green PCR Master Mix, 300 nM
reverse primer and forward primer separately (original concentration was 200 uM in
nuclease-free water) and 4 ul template ¢cDNA. PDKI1, PDK2, PDK3, HPRTI1
(hypoxanthine- phosphoribosyltransferase 1) and GAPDH real-time PCR primers
(Integrated DNA Technologies) for mRNA expression are listed in the table below (F.:

forward primer; R.: reverse primer).

Table 3.1 Summary of the primers

Name Gene symbol Primer sequence

Hypoxanthine HPRT1 F. 5’-CCTGGCGTCGTGATTAGTGAT-3’
phosphoribosyltransferase 1 R. 5’>-AGACGTTCAGTCCTGTCCATAA-3’
(Human)

Glyceraldehyde-3-phosphate GAPDH F. 5>-CATGAGAAGTATGACAACAGCCT-3’
dehydrogenase (Human) R. 5’-AGTCCTTCCACGATACCAAAGT-3’
Pyruvate dehydrogenase kinase =~ PDK1 F.5’-CTATGAAAATGCTAGGCGTCT-3’

1 (Human) R.5’-AAC-CACTTGTATTGGCTGTCC-3’
Pyruvate dehydrogenase kinase =~ PDK2 F.5’-AGGACACCTACGGCGATGA-3’

2 (Human) R.5’-TGCCGATGTGTTTGGGATGG-3’
Pyruvate dehydrogenase kinase =~ PDK3 F.5’-GCCAAAGCGCCAGACAAAC-3’

3 (Human) R.5’-CAACTGTCGCTCTCATTGAGT-3’

PCR efficiency of the gene of interest and the internal control genes were optimized
before experiments [356]. The thermal-cycling conditions consisted of an enzyme
activation step at 95°C for 10 mins followed by 40 PCR cycles of 15 seconds at 95°C
and 60 seconds at 60°C. RT-PCR data were analysed using comparative Ct (threshold
cycle) method also known as the 244 method to compare the expression of interested
genes relative to the internal control in the treatment group compared with the untreated

group [356]. The equation used is shown below:
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2-AACt= {(Ct gene of interest — Ct internal control) Group A

— (Ct gene of interest — Ct internal control) Group B)}

Each treatment was performed in triplicate on the same 384-well plate, and three

independent experiments were carried out.

3.2.8 Statistical analysis

Numerical data were presented as mean + standard deviation (SD). T-test was applied to
test the difference between two groups. One-way ANOVA with Tukey’s multiple
comparison test was used to compare single mean among groups. Two-Way ANOVA
with Tukey’s multiple comparison test was used to compare multiple means among
different groups. A probability level of p<0.05 will be considered statistically
significant. The ECso for 2-DG treatment was calculated by fitting a nonlinear
regression dose-response curve using dose-response equations. GraphPad Prism

(version 6.0f) was used for all statistical analysis.
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3.3 Results

3.3.1 The effect of DCA on total viable cell number
depends on the presence of glucose

Metabolism study in Chapter 2 showed different glycolytic and mitochondrial
respiration capacities among MM cell lines and identified the most glycolytic cell line
(RPMI 8226) being the most sensitive one to DCA treatment. Further experiments were
carried out to investigate the dependency of the MM cells on glucose or glutamine, and
to analyse the effects of DCA under these different nutrient conditions. The neutral red
uptake assay was carried out to investigate if the different nutrient supplements can
affect the total viable cell numbers with or without the presence of DCA. RPMI 8226
was the most sensitive cell line to glucose-free media compared to other MM cell lines
as indicated by the significant 58% decrease in the total viable cell number (Figure 3.1
A), and consistent with it having the most glycolytic phenotype (Chapter 2). In standard
media, DCA was able to reduce cell growth by 29%. In contrast, DCA was unable to
further reduce growth when added to the glucose-free media. The growth of RPMI 8226
was reduced to a lesser extent in glutamine-free media (23% decrease) and, although the
decrease was not statistically significant, DCA was able to further reduce the total
viable cell number in the glutamine-free media by 12% (p=0.35) (Figure 3.1 A). These
results indicate RPMI 8226 cells have a stronger preference for glucose over glutamine,
and that the effects of DCA on cell growth are dependent on the presence of glucose in

the media.

U266’s total viable cell numbers were unaffected by glutamine or glucose deprivation
indicating the ability of U266 cells to use both nutrient sources, and DCA was unable to
impact on cell growth in any media (Figure 3.1 B). The total viable cell numbers of
MM.1S and MM.1R were not significantly reduced by glutamine or glucose deprivation,
but DCA treatment of MM.IR cells significantly reduced the total viable cell numbers
in glutamine-free media (p<0.05). These results indicated different cell lines had
different nutrient preferences. The results showed that DCA cannot further decrease
total viable cell number in the glucose-free condition indicating the effects of DCA on

growth inhibition requires the presence of glucose.
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Figure 3.1 The effect of DCA on total viable cell number in different nutrient
conditions. MM cell lines were maintained in different media with or without DCA (5
mM) for 72 hours. Neutral red assay was used to measure total viable cell numbers.
*Statistical comparisons represent treatment groups compared to Standard Media
without DCA treatment group; *p < 0.05, ** p < 0.01, ***p < 0.001. T Statistical
comparisons between DCA treatment group to the corresponding media without DCA
treatment group; T p < 0.05. Each treatment was quadruplicated. All data points shown
represented mean + SD from at least 3 independent experiments.
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To further confirm the glucose-dependence of the effect of DCA, glucose deprivation
on MM cells, 2-DG was used to simulate glucose deprivation. 2-DG is a glucose
analogue that can competitively inhibit glucose uptake and can be phosphorylated by
hexokinase to 2-deoxyglucose-6-phosphate but cannot be further metabolized, thus it
inhibits glycolysis and can cause ATP depletion (Section 1.3.1). The growth inhibition
effect of 2-DG alone on MM cell lines was variable (Table 3.2, Figure 3.2 A), and
RPMI 8226 was the most sensitive to 2-DG while U266 was the least sensitive,
correlating with sensitivity to glucose deprivation and DCA (Figure 3.1, 2.1).
Treatment of cells with the combination of DCA and 2-DG showed that DCA cannot
further decrease the total viable cell number in MM cells when treated with 2-DG
(Figure 3.2 B), indicating that the effect of DCA is lost when glucose uptake is
inhibited.

Table 3.2 2-deoxyglucose ECsg

Cell Lines *ECso (mM)  95% confidence intervals

MM.1S 33 3.0-3.6
MM.1R 4.8 3.6-63
RPMI8226 2.3 1.9-29
U266 11.6 8.9-15.1

* Derived from data in Figure 3.2 A.
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Figure 3.2 DCA cannot further reduce the total viable cell number when combined
with 2-DG (A) MM cell lines sensitivities to 2-DG alone. (B-E) DCA and 2-DG
combination treatment cannot further decrease total viable cell number compared to 2-
DG alone in all MM cell lines. Each treatment was quadruplicated per experiment. All
data points shown represented mean + SD from at least 3 independent experiments;
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3.3.2 Nutrient supply alters the effect of DCA on
glycolysis and mitochondrial respiration

To analyse the contribution of different nutrients to the glycolysis and mitochondrial
respiration of MM cells, basal OCR (mitochondrial respiration indicator) and ECAR
(glycolysis indicator) were measured in standard, glutamine-free and glucose-free
conditions (Figure 3.3 A, B). Glucose was mainly contributing to ECAR while
glutamine was mainly contributing to the OCR when MM cells were tested in deficient
media conditions (Figure 3.3 A, B). The ECAR levels were reduced significantly in
MM cell lines in media supplemented with glutamine but without glucose. RPMI
8226’s OCR levels were increased by 50% and ECAR levels decreased by 3-fold in
media only supplemented with glutamine without glucose indicating a dynamic switch
between mitochondrial respiration and glycolysis. However, when glucose was present
either in standard or glutamine-free media, the OCR and ECAR were not significantly
different under these two conditions indicating RPMI 8226 preferably utilized glucose
over glutamine. A similar trend can be seen in other MM cell lines but the degree of the

changes was trivial (Figure 3.3 A, B).

RPMI 8226 was identified as the most glycolytic cell line while U266 did not present a
glycolytic phenotype but had the highest glycolytic reserve (Chapter 2). In this chapter,
when glucose was present, RPMI 8226 and U266 both responded to the effect of DCA
in redirecting glycolysis to mitochondrial respiration indicated by the increased OCR
and decreased ECAR levels compared to the basal levels (p<0.001). U266 had greater
response to this metabolic modulatory effect of DCA as it had the highest OCR increase
by 12.7% and highest ECAR decrease by 29% compared to other MM cells in standard
media (Figure 3.3 C, D). When glucose was present in the media, this metabolic
modulatory effect of DCA remain effective in RPMI 8226 and U266, but this effect was
abolished when glucose was absent from the media (Figure 3.3 C, D). DCA treatment
in MM.1S and MM.1R did not demonstrate similar changes of OCR and ECAR
observed in that of RPMI 8226 and U266. This result indicated that the effect of DCA

in promoting mitochondrial respiration over glycolysis requires glucose to be present.
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Figure 3.3 The effect of DCA on OCR and ECAR levels under different nutrient
conditions. (A, B) Basal ECAR and OCR levels of each cell line under different
nutrient conditions. * Statistical comparisons between each cell line’s conditioned
media groups to its standard media group. (C, D) Percentage change of ECAR and OCR
after DCA (5 mM) injection compared to basal OCR and ECAR levels. T-test was used
to analyse the difference between normalised basal levels (ECAR, OCR) and levels
after DCA addition for each cell line (*). Two-way ANOVA was used to analyse the
difference in percentage change after DCA treatment in different media conditions for
each cell line (). Each treatment had 5-6 replicates wells per experiment. All data
points shown represent mean = SD from at least 3 independent experiments; **p < 0.01,
% p <0.001, ¥ p<0.01, 11 p <0.001.
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LDHA is an enzyme converting pyruvate into lactate. Many malignant tumours express
higher LDHA levels compared to normal tissues (section 1.3.1) [122]. As an inhibitor of
LDHA, sodium oxamate can inhibit lactate production, so it can have similar effect as
DCA of redirecting pyruvate into TCA cycle. Thus, the effects of oxamate with or
without DCA on glycolysis and mitochondrial respiration were examined to investigate
the impact of the pyruvate flux into the TCA cycle to the effects of DCA. Oxamate
treatment caused similar changes to OCR and ECAR compared to DCA in RPMI 8226
and U266 cells, increasing OCR and significantly decreasing ECAR when glucose was
present; however, this effect was diminished or even reversed when glucose was absent
(Figure 3.4 A, B). When glucose was present, oxamate decreased ECAR in MM.1S and
MM.IR but there was no significant effect on OCR; the above effect was reversed in
the absence of glucose (Figure 3.4 C, D). These results indicated that oxamate
maximized the effect on promoting mitochondrial respiration over glycolysis. DCA and
oxamate had a similar effect in diverting glycolysis to mitochondrial respiration;
however, in order to achieve this effect, glucose presence is essential and the glycolysis

pathway needs to be activated.
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Figure 3.4 The impact of oxamate on the effects of DCA on OCR and ECAR levels

of MM cells in different nutrient conditions. OCR and ECAR values were normalised

to the non-treatment basal levels (100%). DCA (5mM final) was injected followed by

oxamate (20 mM). Percentage changes from basal (displayed as 0 line) were displayed.

T-test was used to analyse the difference between normalised basal levels (ECAR, OCR)
and levels after treatments for each cell line (*). Two-way ANOVA was used to analyse

the difference in percentage change between treatments for each different media

condition (). Each treatment had 5-6 replicates wells per experiment. All data points

represented mean + SD from at least 3 independent experiments; * p < 0.05, **p < 0.01,

%k p<0.001, T p<0.05, 1 p<0.01, 71 p <0.001.
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3.3.3 DCA had greater effects in hypoxic condition

The effects of DCA in 24-hour-hypoxia (< 0.3% O:) were evaluated by measuring total
viable cell numbers and extracellular lactate levels. In normoxia, DCA reduced total
viable cell number at various levels in all cell lines except U266. Despite hypoxia alone
reduced total viable cell number, DCA in hypoxia can further reduce total viable cell
number in U266, MM.1S, and MM.IR to various levels but not in the glycolytic cell
line RPMI 8226 compare to hypoxia no-treatment control (Figure 3.5 A).

The total viable cell number of RPMI 8226 was reduced significantly by hypoxia
treatment alone (p=0.016) but it was not significant in other cell lines. In normoxia,
DCA reduced the total viable cell number of RPMI 8226 significantly; however, DCA
did not have any effect in reducing the total viable cell number in hypoxia (Figure 3.5
A). Correlating with results from chapter 2 (Figure 2.2, 2.4), these results indicated that
RPMI 8226 was already at its maximal glycolytic capacity in normoxia and had a low

glycolytic reserve to cope with the stress caused by hypoxia.

In contrast to RPMI 8226, DCA treatment in hypoxia reduced the total viable cell
numbers at various levels on other cell lines. In particular, U266, which is not
responding to DCA in normoxia but had a 30% reduction in total viable cell number in
response to DCA in hypoxia compared to normoxia control group (p=0.008) (Figure
3.5 A). DCA in hypoxia further decreased the total viable cell number by 19%
compared to hypoxia control. Previous metabolic phenotype studies in Chapter 2
demonstrated that U266 had the highest glycolytic reserve among the tested MM cell
lines (Figure 2.2, 2.4), indicating U266 was not rely on glycolysis in normoxia, and had

greater ability to adapt to hypoxia.

Hypoxic treatment significantly increased the extracellular lactate level in all tested MM
cell lines with that of RPMI 8226, U266 and MM.1S being statistically significant.
DCA significantly reduced RPMI 8226 extracellular lactate level both in normoxia and
hypoxia. DCA cannot reduce the extracellular lactate level of U266 in normoxia, but the
lactate level of U266 in hypoxia was reduced significantly in response to DCA

treatment (p=0.041) (Figure 3.5 B).
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Figure 3.5 DCA enhanced the hypoxia-induced reduction in total viable cell
number and reduced hypoxia-induced lactate level. (A) DCA (24 hours, 5 mM)
treatment further reduced the total viable cell numbers in hypoxia conditions. (B) DCA
significantly reduced hypoxia-induced lactate levels in RPMI 8226 and U266 cells.
Each treatment was quadruplicated per experiment. All data points shown represent
mean = SD from at least 3 independent experiments; * p < 0.05, **p < 0.01, *** p <
0.001.
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To further evaluate what causes the reduction of the total viable cell number, cell
apoptosis in hypoxia was measured. Experiments were performed in U266 and RPMI
8226 cells as these two cell lines had distinctive metabolic profiles and reacted
differently to DCA under hypoxia. While hypoxia alone can induce apoptosis in both
RPMI 8226 and U266 cells, DCA treatment in hypoxia can further increase the
percentage of apoptotic cells in U266 (Figure 3.6 A), but not in RPMI 8226 cells
(Figure 3.6 B). DCA treatment (24 hours) in hypoxia induced 31% apoptotic cells in
U266. This data corresponded with the 28% total viable cell number decrease under the
same treatment condition, indicating that DCA under hypoxia can induce apoptosis in a
non-glycolytic cell line. Further analysis of the apoptotic cell population showed that it
was the early apoptosis (defined as Annexin V+, 7AAD-) population of U266 that was

significantly increased after 24 hours of DCA treatment in hypoxia.
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Figure 3.6 DCA increased early apoptosis in U266 but not in RPMI 8226. (A, B)
Cells were treated with or without DCA (24 hours, 5 mM) in both normoxia and
hypoxia conditions. Apoptosis cells were analysed by FACS. Early apoptosis was
defined as Annexin V+/7AAD- cells, late apoptosis was defined as Annexin
V+/TAAD+ cells. Each treatment was duplicated per experiment. All data points shown
represented mean + SD from 4 independent experiments; * p < 0.05, **p < 0.01, *** p
<0.001.
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3.3.4 The targets of DCA were upregulated in hypoxia in
non-glycolytic cell lines

The mRNA levels of the targets of DCA (PDK 1, 2 and 3) were measured after 24 hours
hypoxia treatment. The corresponding protein levels of PDK1, PDK2 and PDK3 were
examined by western blot. PDK2 is constitutively expressed while PDK1 and PDK3 are
hypoxia-inducible [48, 50]. GAPDH was used as a positive control for the induction of
hypoxia. Hypoxia treatment significantly induced the expression of GAPDH to different

degrees among MM cell lines indicating a successful hypoxia induction (Figure 3.7 A).

Hypoxia treatment upregulated the mRNA expression of PDK1 and PDK3 in U266, a
non-glycolytic cell line. U266 had a 5.8-fold increase of PDK3 mRNA level in hypoxia,
while its PDK1 mRNA expression was increased only 2.2-fold. The increases of both
PDK1 and PDK3 in U266 were the highest compared to other MM cell lines (Figure
3.7 A). U266 PDK protein expressions in normoxia were the lowest among the MM cell
lines (Chapter 2, Figure 2.10). In hypoxia, PDK3 protein level of U266 increased by
64% (p < 0.001) compared to PDK3 level in normoxia (normalized as 100%) and PDK1
protein level was increased by 38% (p=0.073) compared to corresponding normoxia
level. The protein expression of PDK1 and PDK3 in U266 positively correlated with
their mRNA expression levels (Figure 3.7 B). RPMI 8226 PDK1 and PDK3 protein
levels were decreased in hypoxia, which negatively correlated with their mRNA
expression. Hypoxia treatment induced the mRNA expression of PDK1 and PDK3 in
RPMI 8226, a highly glycolytic cell line, but failed to induce corresponding protein
expression (Figure 3.7). Hypoxia induced mRNA expression of PDK1 and PDK3 in
MM.IS and MM.IR compared to normoxia control, the PDK1 and PDK3 proteins
expression in these two cell lines were increased, positively correlating to their mRNA

expression in hypoxia (Figure 3.7).
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Figure 3.7 PDK mRNA and protein levels under hypoxia. (A) Fold changes of
PDK1, PDK2, PDK3, and GAPDH mRNA relative levels normalized to HPRT1 in
hypoxia compared to that of normoxia. GAPDH was used as positive control for
hypoxia induction. HRPT1 was used as internal control. Each treatment was triplicated
per experiment. (B) Percentage change in PDK1, 2 and 3 protein levels were normalized
to f-actin in hypoxia compared to that of normoxia. Percentage change of protein
expression under hypoxia was standardized based on each cell line’s normoxia control
(100%). Multiple t-test was used for analysis of the differences between normoxia and
hypoxia in each cell line. All data points shown represented mean + SD from 3
independent experiments; * p < 0.05, **p < 0.01, *** p < 0.001. Representative western
blots were shown in Appendix Figure 3.2.
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3.4 Discussion
MM originates from the bone marrow (BM), and the BM microenvironments (BMM)

are metabolically heterogeneous and hypoxic. The heterogeneous BMM, the
heterogeneous metabolic profile of MM cells (Chapter 2), and the contribution of
alternative metabolic pathways can potentially impact on the therapeutic outcomes of
DCA. This chapter aimed to investigate the impact of the nutrient deprived or hypoxic
conditions that mimic the BM on the effects of DCA in MM cells. It was found that
MM cells have different preferences for glucose and glutamine (Figure 3.1), which
complemented the results showing MM cells display heterogeneous metabolic
phenotypes (Chapter 2). It was also demonstrated that while both the glycolytic cell line
(RPMI 8226) and the non-glycolytic cell line (U266) have functional mitochondrial
respiration (Chapter 2), they have varying degrees of plasticity to switch between the
different metabolic pathways (Figure 3.1, 3.3). Adequate cellular access to glucose in
the media was found to be a precondition of DCA exerting its anti-growth and
metabolic modulatory effects in MM cells (Figure 3.1, 3.2, 3.3). Furthermore, in
hypoxia, DCA had greater anti-growth effect and cytotoxicity in U266 than in normoxia
and these effects were accompanied by the upregulation of DCA’s targets PDK1 and
PDK3 (Figure 3.5, 3.6, 3.7).

Cells needed glucose to be present and to have an active glycolysis pathway for DCA to
exert its effects. DCA cannot further reduce total viable cell number in glucose-free
condition (Figure 3.1). When the glycolysis pathway was inhibited at the second step
by 2-DG (2-DG is metabolised by HK into 2-DG-6-phosphate, which cannot be further
metabolised in glycolysis [357]), DCA cannot further reduce the total viable cell
number of MM cells (Figure 3.2). In addition to cell growth effects, the metabolic
modulatory effect of DCA was also abolished in glucose-deprived conditions (Figure
3.3 C, D). These different results proved from multiple angles that anti-growth and
metabolic modulatory effects of DCA in MM cells required glucose and an activate
glycolysis pathway. These findings also suggested the DCA could exert anti-cancer
effects on a subgroup of cancer cells that rely on glycolysis and have active glycolysis
pathways. Similar to these findings, in a study of pancreatic cancer the glycolysis
inhibitor 2-DG showed selective cytotoxicity to highly glycolytic pancreatic cancer cell

lines while it had less effect in non-glycolytic cell lines [358].

120



Chapter 3

The heterogeneous metabolic profiles of MM cells are further demonstrated in this
chapter where they showed different dependence on glucose and glutamine. RPMI 8226
was the most sensitive cell line to glucose deprivation while other cell lines (U266,
MM.1S, MM.1R) were sensitive to neither glucose nor glutamine deprivation (Figure
3.1). These results are in line with a study where MM cell lines (KMS11, L363, and
JIN3) showed varying preferences for glucose and glutamine [352]. Compared to RPMI
8226, U266 was also less sensitive to the growth inhibition by 2-DG (Figure 3.2),
which is in line with a study showing U266 to be relatively insensitive to the growth
inhibition of 8-aminoadenosine, a purine analogue that can reduce glucose consumption
by inhibiting expression of GLUTs [359]. These results correlated with the results in
Chapter 2 where RPMI 8226 was the most glycolytic cell line and U266 was the least
glycolytic one. The insensitivity of U266 to the deprivation of glucose or glutamine
may also indicate that U266 has higher flexibility to utilize other nutrient source such as
fatty acid. Disruption of the fatty acid metabolism pathway by orlistat (fatty acid
synthase inhibitor) (section 1.3.4) showed to reduce the total viable number of U266
significantly (Appendix Figure 3.1). These results indicated that MM cells have
different dependence on different metabolic pathways. In a different study, Dalva-
Aydemir et al. found that the resistance of MM cells to another glycolysis inhibitor
(ritonavir) could lead to reliance on glutamine metabolism and the switch to utilize
mitochondrial respiration. Targeting both glycolysis (ritonavir) and mitochondrial
respiration (metformin, complex I inhibitor) in their study showed a synergistic
cytotoxic effect both in MM cell lines and malignant plasma cells isolated from patient
BM aspirates [352]. Combination therapy that targets at multiple metabolic pathways

should be considered in future studies of MM treatment.

MM cells also demonstrated to be readily switch between glycolysis to mitochondrial
respiration in this chapter (Figure 3.3 A, B). This flexible metabolic switch was also
supported by an RNA interference (RNAi) screen study, where glycolytic pathway
genes were enriched when cancer cells were cultured in high glucose condition (10
mM), in contrast, in low glucose condition (< 0.75 mM), genes of the components of
mitochondrial respiration pathway were enriched [360]. The ability of cancer cells
metabolically adjusting to the heterogeneous microenvironment proved to be important

for the cancer cell survival. In a '*C-isotopomers magnetic resonance spectroscopy
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study of breast cancer cells found that the highly metastatic breast cancer cells had
higher glycolytic and TCA cycle flux, more capable of switching between glycolysis
and mitochondrial respiration and was more capable of adjusting its metabolism to
respond to nutrient and hypoxic stress than non-metastatic cancer cells [361]. The
glycolytic phenotype of cancer cells is found to be readily interchangeable into non-
glycolytic metabolism under lactic acidosis condition, which is an inevitable
consequence of the high rate of glycolytic phenotype [104]. This shows that MM cells
may switch between glycolysis and mitochondrial respiration in response to the nutrient
conditions in their microenvironments. Thus, this finding also supports the rationale of
combination treatment that target both glycolysis and mitochondrial respiration

pathways.

U266 and RPMI 8226 were different in terms of their metabolic profiles and their
responses to growth inhibition by DCA (Chapter 2, Figure 2.4, 2.6), these results
indicated that the glycolytic pathway of U266 is functional and U266 had greater
flexibility to adapt to mitochondrial stressed condition. The impaired mitochondrial
function was identified as a condition to sensitize cells to DCA, which suggests that
forcing cells to utilize defective mitochondrial respiration is detrimental [362]. Hypoxia
can also simulate a situation where the mitochondria function is impaired as the
mitochondrial function is downregulated and glycolysis upregulated to cope with the
oxygen deprivation. Thus it is hypothesized that using DCA to divert the pyruvate flow
into TCA cycle and forcing cells to utilize the already oxygen-deprived mitochondria
may lead to further cellular damage and possibly cell death. DCA was found to have
greater effects in hypoxia on U266 than in normoxia (Table 3.3). DCA cannot reduce
the total viable cell number or the lactate level in U266 in normoxia, but there was a
significant reduction in both measurements under hypoxia (Figure 3.5, Table 3.3).
Further analysis of the reduced viable cells indicated the induction of apoptosis by DCA
under hypoxia in U266. In contrast, DCA treatment did not further reduce the total
viable cell number on RPMI 8226 under hypoxia (Figure 3.5). The enhanced DCA
cytotoxicity in hypoxia is supported by a study showing that DCA had enhanced
cytotoxicity in glioma cells under hypoxia through enhanced ROS production and
necrosis [354]. But an opposite result has also been reported, a study showed that while

DCA induced apoptosis on colorectal cancer cells in normoxia, it reduced apoptosis of
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these cells in hypoxia [355]. The results of this chapter showed that DCA had enhanced
anti-cancer effects on U266 in hypoxia and did not display a reduced effect on RPMI
8226 in hypoxia. An expanded summary of the response patterns to DCA (from Table
2.5), including a comparison of the hypoxic and normoxic conditions, is presented in
Table 3.3. Thus, the effects of DCA under hypoxia may be cell type specific. Gaining a
better understanding of what influences the effects of DCA will be important to using

DCA most effectively in the clinic.

Table 3.3 Summary of response patterns to DCA in normoxia (N) and hypoxia (H)

On-target Biological outcome Feedback regulation
effects: (upstream of targets):
Mitochondrial Glycolysis
Respiration
Readout pPDH | OCR Growth Apoptosis | ECAR Lactate
Conditions N N N H N H N N H
RPMI8226 v 0\ vV |V [ 2>2€ €] Y 7
U266 v 0\ >€ |V | >€ | A 7 > €

W: decrease. A\: increase. =€ no effect.

We hypothesised that the greater effects of DCA observed in MM cells in hypoxia
correlated with the activation of glycolysis pathway as indicated by upregulation of
PDK expression. Hypoxia can stabilize HIF1, and HIF1 can promote glycolysis over
mitochondrial respiration through binding to the hypoxic response elements (HREs) of
genes encoding proteins involved in glucose uptake and glycolysis [363, 364]. HIF1 can
directly induce PDK1 and PDK3 mRNA by binding to the HRE element in the
promoter regions of PDK1 and PDK3 [48, 50]. Thus, MM cells exposed to hypoxia
showed that the mRNA expression of PDK1 and PDK3 was upregulated in all tested
cell lines but to various degrees, with U266 showing the highest increase of PDK1 and
PDK3 mRNA expression levels (Figure 3.7). This successful induction of PDK1 and
PDK3 in U266 correspond with the highest glycolytic reserve of U266 among the MM
cell lines (Chapter 2, Figure 2.7), which suggests that U266 did not rely on glycolysis

under normoxia, but under hypoxia, it was forced to use glycolysis and consequently
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became more sensitive to DCA under hypoxia. This consistent with other reports that
the PDK1 siRNA knockdown led to apoptosis in MM cells [12], and suppressed lactate
excretion in hypoxia to the normoxia levels in head and neck squamous cancer cells
[365]; furthermore, PDK3 siRNA knockdown can inhibit hypoxia-induced glycolysis
and induce cell death in HeLa cells, and the double knockdown of PDK3 and PDK1 had
additive effects in inducing cancer cell death and overcoming drug resistance [50]. Thus,
inhibiting PDK1 and PDK3 warrants further exploration as a therapeutic approach for
hypoxic cancers. PDK1 is inhibited relatively more easily than PDK3 by DCA [4]. As
PDK3 has the greatest binding affinity to PDH E2 domain among all known isoforms
[201], and the PDK3 enzyme activity (1250 nmol/min per mg) is also the highest (25-
fold higher than the activity of the least active PDK2) [202], thus it is difficult to
overcome PDK3 activities in cancer. Further, DCA is unlikely to achieve the
concentrations necessary in humans to inhibit PDK3 (Ki: 8 mM) effectively based on
the serum DCA concentrations achieved in our clinical trial (Chapter 4) as well as
other DCA clinical trials [5, 235]. More potent PDK3 inhibitors need to be developed to
better target the enhanced glycolytic phenotype in hypoxic cancers.

The greater effects of DCA in hypoxia could be also due to its ability at inhibiting HIF-
la expression. DCA was found to inhibit HIF-1a either by inducing the production of
the mitochondrial-derived a-KG that leads to HIF-1a degradation, or by increasing p53
activity through stimulation of mitochondrial-derived H>O, production [5, 229-231]
(Section 1.4.3). The HIF-1 protein level of MM cells was measured in my study using
western blot, however even after hypoxia, elevated HIF-la protein levels was not
detected. The reason maybe that MM cells are suspension cells, and after the necessary
steps of centrifugation and collecting the cells, HIF-1a protein may already be degraded

as it has a very short-half life when exposed in normoxia (5-8 minutes) [366].

To conclude, the anti-cancer and metabolic modulatory effects of DCA requires
adequate cellular access to glucose and an active glycolysis pathway in MM cells. DCA
had enhanced cytotoxic effects in non-glycolytic cell lines in hypoxia. It has potential in

targeting MM in the BM hypoxic environment.
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GSTZ1 genotypes correlate with DCA levels
and chronic side effects in MM patients

Abstract
Background: MM is a B-cell malignancy that displays a glycolytic phenotype. DCA is

a PDK inhibitor that can reverse the glycolytic phenotype and has potential as an anti-
cancer agent. Four clinical trials of DCA in solid tumours demonstrated that DCA is
well tolerated, but there is limited efficacy information. GSTZI is the only known
enzyme that metabolises DCA, and DCA inhibits its own metabolism. GSTZ1 protein
coding and promoter sequences may alter a patient’s ability to metabolise DCA thus a
genetic-based individualised dosing of DCA is needed. Methods: Our world-first trial
(phase 2, non-randomised) of DCA in plateau phase MM tested if oral DCA could cause
a 25% disease readout reduction and established the achievable maximum DCA levels
and the safety of DCA with our dosing schedule. The study also correlated GSTZ1
genotype with DCA levels. Patients were given sodium DCA in addition to standard
maintenance therapies for 12 weeks; disease burden was monitored monthly. DCA
levels were measured by LC/MS or GC/MS and GSTZI genotyping was analysed by
PCR-RFLP. Safety assessment was monitored by physical and biochemical tests.
Results: The patients tolerated DCA well despite having pre-existing grade 1
neuropathy. Although there was a small increase of the neuropathy score during DCA
treatment, none of the patients’ side effects were serious enough to require DCA dose
reduction. Disease burden was reduced on day 28 in 2/6 patients where it reached the
response criteria but was not maintained. DCA was quickly absorbed and maintained at
mechanistically relevant concentrations for 3 months. GSTZ/ promoter polymorphism
maybe the driving variant in the chronic usage of DCA. Conclusions: While the
efficacy of DCA in MM patients could not be accurately assessed due to limited
numbers of patients, this trial was able to demonstrate the safety of DCA in patients

with neuropathy. DCA maintenance dose can be increased to achieve a better outcome.
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4.1 Introduction

Multiple myeloma (MM) is an incurable B-cell malignancy characterized by a
multifocal neoplastic proliferation of monoclonal plasma cells in the BM [367]. The
malignant plasma cells secrete a monoclonal immunoglobulin product known as
paraprotein, which can be used as a biomarker. The most common clinical features of
MM are bone pain, hypercalcaemia, immune deficiency, anaemia and renal failure
[242]. The standard treatment for MM depends on the stage of the disease. For
symptomatic MM, treatment often includes chemotherapy agents with the combination
of a novel agent (thalidomide, lenalidomide (LEN), bortezomib) and high dose of
dexamethasone (DEX) [284]. The conventional MM chemotherapies are unsatisfactory,
leading to cycles of remission and relapse, and ultimately treatment failure. DEX
resistance is common among MM patients. When used as single agents in patients,
thalidomide and LEN have only a 30% or 47% response rate respectively [306, 307];
when used in combination with DEX or cyclophosphamide, the response rate improved
yet eventually all patients develop acquired drug resistance [260, 307, 368-370]. New

treatments are needed.

MM displays a glycolytic phenotype that is feasible to target. The key glycolysis
relevant genes such as MYC, LDHA, and PDKI were upregulated in patient myeloma
cells and correlated with MM progression [12]. Dichloroacetate (DCA) has been used
for treatment of lactic acidosis and mitochondrial malfunction for decades. It is an
inexpensive and bioavailable candidate that can reverse the glycolytic phenotype by
inhibiting pyruvate dehydrogenase (PDH) kinases (PDKs) [3, 4, 48, 49, 132]. By
inhibiting PDKs, DCA restores PDH activity and increases the flux of pyruvate into the
mitochondria, reversing the glycolytic phenotype and arresting the growth advantage of
glycolytic cancer cells [24, 196]. There is cumulative in vitro and in vivo evidence of
the anti-cancer effects of DCA in many cancer types such as glioblastoma, colorectal
cancer, endometrial cancer and breast cancer [5-10]. Studies in MM cells showed that
DCA could suppress glycolysis and exert anti-growth effects in MM cell lines [11, 12].
DCA could re-sensitize a bortezomib resistant MM cell line to bortezomib, and the
combination of DCA and bortezomib improved the survival of myeloma-bearing mice
[11]. An increased glycolytic ratio (glycolysis/mitochondrial respiration) was associated

with drug resistance in leukaemia and MM, and manipulations of glycolysis overcome
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the resistance to glucocorticoids, bortezomib and melphalan [125, 324, 325]. However,
the combinations of DCA with glucocorticoids such as DEX or immunomodulatory

drugs have not been well studied in MM.

DCA pharmacokinetics studies in humans showed that DCA was rapidly and
completely absorbed after oral administration [211]. GSTZI1 (glutathione transferase
Zeta) is the only enzyme known to metabolise DCA [209]. DCA is an inhibitor of its
own metabolism by inhibiting GSTZ1, explaining why the subsequent doses had longer
half-life compared to the initial dose [208]. The GSTZI polymorphisms in both the
protein-coding and promoter sequences have significant influence on enzyme
expression and functions in vitro [219]. In vitro experiments showed that GSTZI
polymorphisms in promoter sequences (-1002 G>A and -289 C>T) alter promoter
activities [218], and different GSTZI polymorphisms in the protein-coding region also
corresponded with various activities in metabolising DCA [215, 217-220]. The GSTZ1
polymorphism is hypothesized to play a determining role in the GSTZ1 enzyme
activities and alterations to the function of GSTZI1 can consequently affect the
pharmacokinetics of DCA. Thus the knowledge of GSTZI genotype is proposed to be
important when assigning dosing regimens to patients participating in clinical trials of

DCA.

There have been several early phase clinical trials to study the efficacy and safety of
DCA in solid tumour types such as recurrent glioblastoma [5, 234], metastatic breast
cancer and advanced stage lung cancer [236]. These early phase trials on DCA showed
that chronic DCA treatment was feasible and tolerated well when taken orally using the
doses for treating metabolic diseases [234], and the main side effect of DCA was a
dose-limiting, reversible peripheral neuropathy without haematological, hepatic, renal,
or cardiac toxicity [5, 235]. It was suggested that DCA doses should be individualized
based on patients’ GSTZI genotypes and DCA study should be carried out in patients
with longer life expectancy [236]. The recommended phase-2 dose in 24 patients with
advanced solid tumours suggested 6.25 mg/kg b.i.d. [235]. Inspired by these early phase
trials of DCA in patients with solid tumours, a phase-2 clinical trial in the
haematological cancer MM was conducted to investigate if there is any potential of

using DCA as an addition to the chemotherapy of MM patients.
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4.2 Methods & Materials
4.2.1 Clinical Trial Information

4.2.1.1 Rationale of DCA dosing regimen and patient selection

In order to rapidly achieve and maintain DCA in our predicted therapeutic range, our
DCA dosing regimen included administering a high loading dose (25mg/kg) to increase
the half-life of DCA, followed by a lower maintenance dose (6.25mg/kg). An initial oral
dose of 25mg/kg sodium DCA was given to eligible patients on day 1 and
pharmacokinetics (PK) serum samples were taken, with the same measurements
repeated on day 8. Patients took the 25 mg/kg high dose on the following day 2 and day
3 of the trial. Then patients took a lower maintenance dose (6.25 mg/kg, b.i.d) for the
rest of the 12-weeks DCA treatment (Table 4.1). To avoid the problems encountered by
Garon et al. in metastatic tumours [236], our MM patient selection criteria were
designed based on the likelihood of a longer life expectancy and a steady plateau phase,
but with measurable disease burden to better evaluate the therapeutic effect of DCA in

patients.

Table 4.1 Summary of DCA dosing regimen.

Day 1 Day 2-3 Days 4-7 Day 8 Day 9 onward

Dose (mg/kg) 25, single 25, b.i.d 6.25, b.i.d 25, single 6.25, b.i.d

4.2.1.2 Study design

A Simon’s Mini-max 2-stage design was used to conduct the trial. This trial design
would optimise safety by exposing fewer patients to a potentially inactive treatment.
This clinical trial was undertaken as a prospective two-stage, phase 2, non-randomised
study of the efficacy of DCA in plateau phase myeloma. The plateau phase was defined
as where patients had achieved a maximal response to conventional glucocorticoid,
immunomodulatory drug, and proteasome inhibitor based therapy but showed evidence
of residual disease based on the persistence of a residual serum paraprotein or free light
chain difference. Patients were given sodium DCA in addition to their standard
maintenance therapies for 12 weeks, and free light chain and/or paraprotein levels were
monitored routinely as readout of response to DCA. The patient follow-up continued for
an additional 6 months. The first stage of the trial was aiming to recruit 15 patients. If

there were any proven efficacy, the number would be expanded to 25 in total.
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Patients continued treatment until consent was withdrawn, disease relapsed, or
unacceptable toxicity occurred during the three-month treatment of DCA. In the event
of any grade III toxicity attributable to sodium DCA, medical interventions to alleviate
toxicity would be instituted where such a medically appropriate intervention exists. The
toxicity must resolve to grade II or lower after 3 weeks of medical intervention. If failed,
the participant would be withdrawn from the study. In the event of grade III toxicity,
where no supportive medical intervention exists, the study drug would be withheld for
14 days, and at the end of this period, if that toxicity had resolved to less than or equal
to grade II, the study drug would be recommenced at 75% of the previously

administered dose.

This trial was registered as “A Phase 2 Clinical Trial of Dichloroacetate in Plateau
Phase Myeloma — DiCAM” (Trial ID: ACTRN12615000226505). All experiments met
Australian Capital Territory Human Research Ethics Committee (ACT HREC) approval.
Patients were recruited through the Clinical Haematology department of The Canberra

Hospital.

4.2.1.3 Study objectives

(1). Establish if there was evidence of clinical efficacy of DCA in myeloma patients in
plateau phase as measured by at least a 25% reduction in serum paraprotein or free light
chain (FLC) levels (difference between the involved and uninvolved FLC) over 12

weeks in at least 30% of participants treated with the study drug.

(2). Establish the achievable maximum drug levels of DCA in vivo with the dosing
schedule and confirm the tolerability and safety of DCA at these doses.

(3). Genotype patients for GSTZ1 and correlate with serum DCA levels and tolerability.

4.2.1.4 Patient eligibility

Eligible patients for this study (Table 4.2) are the ones who have been at the plateau
phase, which is a phase of stable disease where patients have achieved a maximal
response to conventional chemotherapy but with residual disease [371]. The expected

life expectancy of the eligible patients ideally should be likely to exceed 6 months in the
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opinion of the treating physician. The plateau phase is a period of neither progression

nor response for at least 28 days following the last change in myeloma treatment.

According to the International Myeloma Working Group (IWMG), progression is
defined as an increase in the paraprotein by > 25% from at least 5 g/L; or in light chain
only patients, >25% increase in difference between involved and uninvolved light chain
level, with an absolute increase of >0.1g/L; development of new lytic lesions;
development of new end organ damage (renal disease, marrow failure, lytic lesions,
hypercalcaemia) attributable to myeloma. Response was defined as reduction in the
paraprotein by > 25% or in the case of light chain only myeloma, 25% decrease in the
difference between the involved and uninvolved light chain. The ineligible criteria of
patients are summarized in Table 4.3, patients who have one or more of these below

criteria are ineligible for our study.

Table 4.2 Summary of key eligible criteria.

Eligible criteria

Consent Able to give informed consent

Myeloma category  Stable myeloma/plateau phase of myeloma with measurable
disease, which defined as quantifiable serum paraprotein (=
2g/L on electrophoresis) or elevated free kappa (>21mg/L)
or lambda light chains (>30mg/L) and an abnormal serum
free light chain ratio (normal x : A =0.26-1.26).

Patients Age = 18 years;

performance and Eastern Co-operative Oncology Group Performance status

physical status <2;
Adequate normal cardiac function; adequate hematologic,
renal and hepatic function
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Table 4.3 Summary of key ineligible criteria.

Ineligible criteria

Consent Unable to give informed consent

Myeloma Non-secretory myeloma

category

Co-treatment Receipt of any active anti-myeloma therapy within the last 16

weeks, except that patients on stable long-term maintenance
therapy; major surgery within the last 28 days

Other clinical Enrolled in another trial or discontinued from another clinical
trial trial within the last 14 days
Comorbidities Peripheral motor or sensory neuropathys;

Patient on thalidomide with pre-existing neuropathy score > 2;
Neuralgia or paraesthesia (of grade 3 or worse);

Liver disease or abnormal liver function within the last 14 days;
Renal impairment;

Uncontrolled or serious active fungal, bacterial and/or known
active viral infection;

Second malignancy which may affect the interpretation of
results

4.2.1.5 Study assessment

Efficacy assessment of the study was determined by Overall Response Rate (ORR),
which was defined as the proportion of participants achieving at least 25% and at least
1g/L reduction in paraprotein or at least a 25% reduction in the difference between
involved and uninvolved light chains. This trial was focused on a particular population
(plateau phase) of myeloma patients, who present with very low disease burden. Where
a 50% reduction in disease burden is more commonly used in trials with active or
progressive myeloma patients, a 25% reduction in patients in plateau phase was

considered enough to indicate a response to DCA.

Safety assessments of this study were monitored regularly. The vital signs, blood tests,
serum biochemistry tests, and neuropathy assessment (Total Neuropathy Score, TNSc)
results of the patients were recorded in physical examinations performed before the
study and repeated on day 1 (if more than 14 days had elapsed from the screening day),
8, 28, 56, 84, 112 (4 months), 168 (6 months) and 252 (9 months) of the trial. Disease
readout paraprotein level or free light chain levels were measured at days 28, 56, 84,

112, 168, and 252 (Table 4.4).
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Table 4.4 Summary of study assessment.

Assessment Before trial Day8  Days 28, Days 112,

or Day 1 56, 84 168, 252
Vital signs v v v v
Neuropathy score v v v v
Haematology v v v v
Biochemistry v v v v
Disease readout v v

4.2.1.6 Patient serum pharmacokinetic sampling

Measurements of serum sodium DCA levels were made for determination of
pharmacokinetics (PK) of DCA on day 1 and day 8 of the study. Blood samples were
collected at time 0, 1, 2, 3, 4, 5, 6 and 24 hours after administration of sodium DCA. On
day 15 and day 22, blood samples were taken before sodium DCA administration to
measure maintenance dose trough level. On day 28, day 56, and day 84, blood samples
were taken before and after 2 hours of sodium DCA administration to monitor the

maintenance dose trough level and peak level (Table 4.5).

4.5 Summary of serum pharmacokinetics (PK) sampling.

Serum samples Day 1 Day 8 Day 15,22 Days 28, 56, 84
Tests PK PK Trough level Trough/Peak levels
Hours after DCA 0,1,2,3,4,5, 0,1,2,3,4,5, 0 hour 0, 2 hours

6, 24 hours 6, 24 hours

4.2.1.7 Statistical considerations

With this study design a total of 25 patients were needed to achieve 80% power with an
alpha of 0.05. The null hypothesis is that less than 10% of patients respond to the DCA
treatment. The alternative hypothesis is that at least 30% of patients respond to the DCA.
Two-tailed P-values would be used for all comparisons, and all statistical tests would be

performed two-sided using a significance level of 0.05.

4.2.2 DCA Pharmacokinetics Study

4.2.2.1 Serum preparation

Blood samples were collected in plain tubes and left undisturbed at room temperature
for 15 -30 minutes after collection. The clot was removed by centrifuging at 3000 g for
15 minutes at 4°C. Following centrifugation, the supernatant (serum) was immediately

transferred and apportioned in 500 ul aliquots into clean eppendorf tubes. The samples
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were kept on ice while handling and transported back to JCSMR on ice. The serum
samples were stored at -20 °C for short term and transferred to -70 °C freezer for long-

term storage.

4.2.2.2 Sodium DCA extraction and LC/MS conditions

Powder form of sodium DCA (purchased from TCI, USA) used in the clinical trial was
used to make 20 mM sodium DCA stock solution in water and 0-20 mM sodium DCA
standards were diluted from this stock solution. Control human serum was used and
spiked with DCA to make the standards. Difluoroacetic acid (DFA, 100 uM) was used
as an internal standard. Serum protein was removed by spinning at 13,000 xg at 25°C
for 30 minutes in filter spin tubes (Pall Life Sciences, Cat# ODO010C35). The elute (40
ul) was collected and DCA was extracted by mixing with 200 xl HPLC-grade
acetonitrile. After centrifugation at 13,000 xg at 4°C for 10 minutes, 100 ul of the top
acetonitrile layer of the extract was transferred into inserted tubes in mass spectrometry
brown glass vials (protect from light) for analysis on a liquid chromatography—mass
spectrometry (LC/MS) system (Agilent Technologies). Sample (7 ul) was injected by
auto-sampling with needle-washing mode. The temperature of the sampling chamber
was kept at 20°C. The LC column and guard column system (Macherey-Nagel) were
used which consisted of 1x HPLC column (EC 50/2 Nucleodur HILIC, 50x2mm, 1.8
pm), 1x column protector system (guard column holder), 1x HPLC guard column (EC

4/2 Nucleodur HILIC, 1.8 um).

The gradient mobile phase was composed of phase A (1% diethylene glycol methyl
ether in acetonitrile) and phase B (60 mM ammonium formate in water) with vacuum
degas enabled and a flow rate at 0.2 ml/min. Column temperature was 30°C. The initial
phase was composed of 96% A and 4% B, followed by linear gradient to 75% A and 25%
B in 7 minutes, then returned to the initial phase condition at 7.1 minutes. The
Micromass Quattro Micro detector was running in negative electrospray mode. A
standard curve was drawn using sodium DCA dilution to determine if the patient
samples were within a linear phase of the standard curve and to calculate patient serum

DCA levels.

133



4.2.3 DCA Pharmacogenetics Study
4.2.3.1 DNA isolation

After patients’ serum had been removed, clotted blood was used for DNA extraction
using QIAamp DNA Blood Mini Kit (QIAGEN, Cat.No.51106). The blood clot (=500
(1) was transferred from the serum collection tube into an eppendorf tube and was
pipetted into smaller pieces. The clot (200 ul) was then transferred into a fresh
eppendorf tube containing 20 ul QIAGEN Proteinase K. Buffer AL (200 ul) was added
to the tube and mixed thoroughly by pulse-vortexing for 15 sec. The mixture was
incubated at 37°C overnight. After incubation, 200 xl 100% ethanol was added, and
mixed by pulse-vortexing for 15 second. The mixture was then transferred into the
QIAGEN mini spin column and centrifuged at 13,000 xg for 1 min, then washed with
Buffer AW1 and Buffer AW2. After centrifugation, the mini column was inserted in a
fresh 1.5 ml eppendorf tube. AE buffer (200 ul) was added to the mini column and
incubated at room temperature for 3-5 mins, and then centrifuged at 6000 xg for 1
minute. The eluted liquid with DNA was transferred into a fresh eppendorf tube, and the
DNA concentration was determined by absorbance at 260 nm measured by Nano Drop
Spectrophotometer (Biolab, ND-1000). DNA was stored at 4°C for a short term or -
20°C for longer term.

4.2.3.2 GSTZ1 genotyping

GSTZ1 genotyping was performed using polymerase chain reaction restriction fragment
length polymorphism (PCR-RFLP) using the published methods in the lab [218, 220].
PCR was performed using a programmable thermal controller PTC-200 (MJ Research
Inc, USA). Restriction enzymes and buffers were purchased from MBI Fermentas (NY,
USA) (Aw26l1, Bsh12361) and New England Biolabs (MA, USA) (Fokl, MIuCI). PCR
product purity was checked by 1% agarose gel electrophoresis (in 1x TBE buffer).
Restriction enzyme digestion fragments were separated by 2.5% agarose gel
electrophoresis or 8% polyacrylamide gel electrophoresis (PAGE) (Exon 5). ChemiDoc
MP imaging system (Bio Rad) was used to analyse gel.

Protein coding region: To amplify exon 3, PCR was performed with 25-50 ng genomic
DNA with 375 pmol/ml of ZseqA8 and Zexon3B primers [220] in a 20 ul reaction
volume containing 1x reaction buffer IV, 1.5 mM MgCl,, 200 4M dNTPs, 0.5 units of
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Taq polymerase (5U/ ul, Thermo Scientific, #AB-0192/A). PCR cycling conditions is
summarised in Table 4.6. The resulting 308-bp PCR product was digested with 4/w261
and Fokl separately for the determination of A to G transitions at position 94 and 124
(Appendix).

To amplify exon 5, PCR was performed with 25-50ng genomic DNA with 375 pmol/ml
of Zexon5A and Zexon5B2 primers in a 20 ul reaction containing the same formula of
that of exon 3 [220]. PCR cycling conditions is summarised in Table 4.6. The resulting
262-bp PCR product was digested with Bsh12361 for the determination of the
nucleotide present at position 245 (Appendix).

Promoter region: To amplify promoter region containing nucleotide -1002, PCR was
performed with 25-50 ng genomic DNA with primers (375 pmol/ml) in a 20 ul reaction
volume containing the same formula of that of exon 3. PCR cycling conditions is
summarised in Table 4.6. The resulting 216-bp PCR product was digested with MuCI
for the determination of the nucleotide present at position -1002 (Appendix). The PCR
product (5 ul) was digested at 37°C overnight in a 15-u1 reaction contained 1 unit M/uCI
(10,000 U/ml), 1x NEB buffer. The resulting fragments were separated by 2.5% agarose
gel electrophoresis [218].

Table 4.6 Summary of PCR cycling conditions

GSTZ1 gene region  Initial Cycle Cycle (x 35) Final Cycle

Exon 3 95°C 2 mins 95°C20s 72 °C 3 mins
60 °C 15 s
72°C30s

Exon 5 94 °C 2 mins 94 °C 20 s 72 °C 2 mins
60 °C 20 s
72°C30s

Promoter -1002 95°C 3 mins 95°C30s 72 °C 3 mins
58°C20s
72°C30s
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Table 4.7 Restriction enzymes and buffers

Buffers and reagents = Manufacturer Formula

1x reaction buffer IV Advanced Biotechnologies, 20mM (NH4)>SO4, 75 mM Tris-
Epsom, Surrey, UK HCI (pH 9.0), 0.01% Tween 20

1x TBE buffer 0.09M Tris-borate, 2mM EDTA

1x NEB buffer New England Biolabs 10 mM Bis-Tris-Propane-HCl,

10 mM MgCl,, 1 mM DTT
Taq polymerase (5U/ ul)  Thermo Scientific, #AB-

0192/A
MgCl, Advanced Biotechnologies
dNTPs Advanced Biotechnologies

Table 4.8 Summary of primers for GSTZ1 genotyping

GSTZ1 gene region  Primer Sequence

Exon 3 ZseqA8 5’-TGACCACCCAGAAGTGTTAG-3’
Zexon 3B 5’-AGTCCACAAGACACAGGTTC-3’

Exon 5 Zexon5SA 5’-AAGAGGTGTAGTGATGGTGC-3’
Zexon5B2 5’-GGTGCAAGTGTACAAGTGCC-3’

Promoter -1002 -1002 forward 5’-CCATTTCTGACACCCAGTAT-3’

-1002 reverse 5’-TTCTAAGGCCTGAGTTCCTA-3’

4.2.4 In vitro chemotherapy and DCA combination

4.2.4.1 Dexamethasone

DEX (Sigma-Aldrich, 100 mg/bottle) was dissolved in 100 % ethanol to make a stock
of 10 mM. DEX stock solution was aliquoted in eppendorf tubes and stored at — 20 °C.
MM cell lines were treated with DEX alone or in combination with DCA (5 mM). Total
viable cell number was measured by neutral red uptake assay. The concentration of
DEX and the treatment time was determined through literature research. A range of 0-
100 uM of DEX was used in this experiment. Cells were seeded at 25,000 -50,000/well
in U-bottom 96-well plates after expansion in 6-well plates overnight. All wells of

treatment plates had equal amount of ethanol vehicle (0.01%).

4.2.4.2 L enalidomide (LEN)

LEN used in this study was manufactured and provided by Celgene Company. LEN is
in powder form in brown glass vials, 5 mg per bottle, weighted to 0.0lmg accuracy.
LEN was dissolved in DMSO directly to make a 100 mM stock solution. LEN powder
vials were kept at — 20 °C, LEN stock solution was kept at — 80 °C. MM cell lines were
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treated with LEN alone or in combination with DCA. Total viable cell number was
measured by neutral red uptake assay. The concentration of LEN and the treatment time
was determined through literature research [372, 373]. A range of 0-100 uM of LEN
was used in this experiment. Cells were seeded at 25,000 per well in U-bottom 96-well
plates after expansion in 6-well plates overnight. All wells of treatment plates had equal

amount of DMSO vehicle (0.01%).

4.2.4.3 Neutral red assay

Neutral red uptake assay was used to evaluate total viable cell number after combination
treatment (Chapter 2, section 2.2.3). Cells were seeded in 96-well round bottom plates
at densities of 25,000-50,000 cells per well. Drug treatments were performed after a
randomized choice of well position in plates. Each treatment had quadruplicate wells

per plate and three independent experiments were carried out.

4.2.4.4 Combination index calculation

The Chou-Talalay method was used to analyse if the drug combination is synergistic.
The calculation was based on the median-effect equation used in biochemistry and
biophysics. The results were shown as the combination index (CI), which quantitatively
defines different drug combination effects as an additive effect (CI = 1), synergism (CI

< 1), and antagonism (CI > 1) [374, 375].

4.2.4.5 Statistical analysis

Numeric data were presented as mean = standard deviation (SD). Multiple t-test with
Holm-Sidak method was applied to determine the significant differences between two
treatments within one cell line. Two-Way ANOVA Tukey’s multiple comparison was
used to compare multiple means among different groups. A probability level of p < 0.05
was considered statistically significant. The ECso was calculated by fitting a nonlinear
regression dose-response curve using GraphPad Prism's (version 6.0f) dose-response
equations. The data was transformed to convert the X values to logarithms before

calculations.
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4.3 Results

4.3.1 Patient Characteristics

Six Caucasian patients were enrolled in this study between May 2015 and June 2016.
Patient demographics, baseline disease, prior treatments and co-morbidities are listed in
Table 4.9. Four out of these six patients had myeloma with intact paraproteins while
two patients had free light chain myeloma (001, free kappa; 002 free lambda). The
average age of the patients enrolled in the study was 65.6 years (range 52-77) and the
average age for the initial diagnosis of myeloma was 61.8 years (range 49-75). The
DiCAM patients went through rounds of prior myeloma treatment. Five out of six
patients were on co-maintenance treatments during the study (Table 4.9). P002’s
maintenance treatment (CyBortD) was stopped at study day 30 due to severe side

effects of the chemotherapy. Patients were compliant in this study.

One of the six patients had confirmed complex cytogenetics while the rest had normal
results indicating our patient cohort might not be representative of the full spectrum of
the high percentage of complex genetic abnormalities of the whole myeloma population.
P004 was withdrawal from the study due to rapid disease progression. PO04 had a
complex cytogenetics background (Table 4.9) compared to the rest of the patients.
P004’s cytogenetics results showed a complex male karyotype with multiple structural
and numerical changes in 19/20 cells examined, including chromosome 1 abnormalities,
14q32 rearrangements and monosomy 13 which are observed in myeloma and

associated with poor prognosis [259, 376].

4.3.2 Patient Outcomes

Two of the six patients (P001, P002) responded to DCA treatment at day 28 according
to our response definition where the measurable paraprotein readout or the difference
between affected and unaffected free light chain (FLC) achieved a 25% reduction
(Section 4.2.1.4), however, the response was not sustained during the low-dose DCA
maintenance (6.25 mg/kg b.i.d) therapy. POO1 reached a 25% reduction at day 28 of the
trial, but this was not sustained. PO02 had the longest response to DCA as the disease
readout remained below or close to the response line from day 28 till day 84 of the trial.

P002 also had the greatest response to DCA treatment compared to other patients, as the

disease burden of P002 reduced by 37% on day 28, 29% on day 56 and 24% on day 84.
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P003 had a 23% paraprotein reduction at day 28 but the effect was not sustained. P004
was taken off the trial due to rapid disease progression, which may be a consequence of
the patient’s complex cytogenetics background. POO5 had a 25% increase of paraprotein
on day 56, but the reading dropped to the baseline level (4 g/L) and remained at that
level throughout the rest of the trial. PO06 had a gradual increase of paraprotein during
the trial, with a 22% increase of paraprotein on day 56, and a 44 % increase on day 84,

the last day of DCA treatment (Figure 4.1).

139






Chapter 4

Table 4.9 Patients Characteristics Summary

Patient ID P001 P002 P003 P004 P005 P006

Age of enrolment 70 72 77 61 62 52

Gender Male Male Female Male Male Male

Age of diagnosis 65 62 75 60 60 49

Diagnosis (year) 2010 2005 2013 2014 2013 2012

Ethnicity Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian

Cytogenetics Normal Unknown Normal Complex* Normal Normal

Light chain only myeloma No A No No No No

(/M)

Intact paraprotein *IgA/x No IgG/x IgG/ A IgG/ A IgG/x

(HC/LC Isotypes)

Baseline disease FLC (A-x) FLC (A-x) Paraprotein Paraprotein Paraprotein Paraprotein
45 mg/L 239 mg/L 9¢g/L 4 g/l 4 g/l 10 g/L

Co-maintenance treatment  None CyBortD(until Thalidomide Thalidomide, Thalidomide Lenalidomide,

study day 30) DEX DEX

Best response received VGPR VGPR SD PR PR PR

after 1% therapy

Lines of prior therapy 3 7 2 3 3 3

Co-morbidities Deep vein Unknown Dyslipidaemia ~ No Gastro- Deep vein
thrombosis/ oesophageal thrombosis/
pulmonary reflux pulmonary
embolism; embolism

kidney stones

*P001: POO1 showed an IgA paraprotein at diagnosis in 2010, but the IgA paraprotein was not detected after 5 years on the screening day for the trial in 2015, thus
his disease readout was presented as free light chain myeloma.

Abbreviations: CyBortD, Cyclophosphamide+ Bortezomib + Dexamethasone; sCR, stringent complete response; CR, complete response; VGPR, very good partial
response; PR, partial response; SD, stable disease. FLC: free light chain. HC: heavy chain; LC: light chain. DEX: dexamethasone. *P004 cytogenetics results:
(43.X, Y, add (1)(q21), add (2)(p23), add (2)(q33), add (4)(p15), der (8) t (8; 17)(p21; q11.2), del (11)(p12), add (12)(q13), -13, t (14; 22)(q32; q12), -16, -16, -17, -
20, +mar1-3[12]/sdl, del (6)(q25)[5]/46, XX [36].
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Figure 4.1 Patients disease outcomes. Paraprotein level or FLC levels were measured
at days 28, 56, 84, 112, 168 and 252 of study. (A) P0O01 FLC levels. POO1 had free
kappa light chain myeloma. (B) P002 FLC levels. 002 had free lambda light chain
myeloma. (C-F) The paraprotein levels of P003, P004, P0O05, and P006. (G) Patients
disease readout percentage change calculated based on their baseline level (standardized
as 100%) before DICAM clinical trial. Green line used here is an indicator for DCA

treatment period.
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4.3.3 Toxicity and adverse events

There were no patients in this study who were withdrawn from the trial due to DCA
induced toxicity. The safety monitoring protocol for this trial included the regular
evaluation of patients’ vital signs, total neuropathy score (TNSc), full blood count,
white blood cell differentiations and live and kidney functions. There were no abnormal
changes observed of these aspects during the 3-month DCA treatment and the 6-month

follow up period (data not shown).

Based on other clinical trials data, peripheral neuropathy was one of the major side
effects of DCA in cancer patients. Grade-3 toxicity (defined as any of the 7 aspects of
TNSc had a score greater than 3, Figure 4.2 (A-F)) was considered as an indication of
severe neuropathy; the patient would be taken off study if the symptoms were not
alleviated after supportive treatments. POO1, P002, PO03 showed different degrees of
increased TNSc while on DCA during the trial but the TNSc decreased after the trial
indicating the peripheral neuropathy aggravated by DCA during the trial was reversible
(Figure 4.2 G). P002 had an accumulative higher TNSc compared to other patients on
the trial. The strength and motor symptoms of P002 both had a score of 3 on the last day
of DCA treatment (day 84), but the symptoms were alleviated and the TNSc of P002
was decreased after the DCA treatment (Figure 4.2 B). Similarly, PO06 had a score of 3
in vibration sensibility on the last day of DCA treatment (Figure 4.2 F), but the
symptoms were alleviated after the completion of DCA treatment. Thus, both PO02 and
P006 remained eligible for the trial.
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Figure 4.2 Patients Total Neuropathy Score (TNSc). (A-F) The peripheral
neuropathy score of each patient was assessed through 7 aspects: sensory symptoms,
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and tendon reflexes. (G) The TNSc of patients. Patients were examined on screening
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252 of the study. Green line indicates the DCA trial period.
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4.3.4 Pharmacokinetics

LC/MS method was used to measure the DCA serum levels of PO01-P004; GC/MS (gas
chromatography—mass spectrometry) method (Appendix) was used to measure P005
and P006 serum DCA levels because the LC/MS machine was no longer available
during my study. Although the DCA serum levels were measured by two different
methods, the range of the concentrations was similar and thus the data are highly
comparable (Figure 4.3 A, B). On day 1 of the trial, patients took 25 mg/kg (loading
dose) sodium DCA orally. Sodium DCA serum concentrations rapidly reached peak
level after 1 hour for PO01, PO0S5, and P006; and 2 hours for patients P002, P003, and
P004. POO1 had a faster clearance rate of DCA compared to other patients with a half-
life of 45 mins while the other patients’ DCA half-life was greater than 90 mins (Figure
4.3, Table 4.11). On day 8 of the study, the peak levels of serum DCA (25 mg/kg)
increased about 2-fold (average 0.59 mM, range 0.50-0.66 mM) compared to that of day
1 (average 0.33 mM, range 0.15-0.68 mM) (Figure 4.3). These dosages indicate that
DCA serum levels had reached concentrations capable of inhibiting PDK2 and PDK4
by DCA (Ki: PDK2, 0.2 mM, PDK4: 0.5 mM), partially inhibiting PDK1 and but not
PDK3 (Ki: PDK1, 1 mM, PDK3: 8 mM). The serum DCA concentration remained at
high levels 6 hours post DCA administration (half-life > 6 hours).

The average DCA trough level of patient PO01-P006 on 6.25 mg/kg (maintenance dose)
dose increased from day 8 (0.074 mM) to day 84 (0.309 mM) (Table 4.10, Figure 4.3
C). This trough level range is very close to the data reported by Chu et al. [235]. The
DCA peak levels of PO01-P006 ranged from 0.04-0.69 mM when patients were on
maintenance dose (Table 4.10, Figure 4.3 D), which reached mechanistically relevant
concentrations of inhibiting PDK2 by DCA. Strikingly, P002 had DCA trough levels 2-
3 fold higher compared to the average of the other patients on day 56 and day 84 of the
trial (Figure 4.3 C). This correlated with the increased total neuropathy score (Figure
4.2 G).
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Figure 4.3 Patients serum DCA levels. (A) DCA serum levels measured by LC/MS on
day 1 and day 8 of the trial. The loading dose (25 mg/kg, 5 doses) scheme was given to
patients. The results showed a longer half-life of DCA after 1 week of therapy. (B) The
DCA serum levels of PO05 and P006 measured by GC/MS on day 1 and day 8 of the
trial. The change of the method was due to LC/MS machine no longer available. (C)
DCA serum trough levels when on maintenance dose of DCA (6.25 mg/kg). (D) DCA
serum peak levels on maintenance dose of DCA throughout the trial.

Table 4.10 Patients serum DCA (6.25 mg/kg b.i.d.) trough and peak level (mM)

Day 8 Day 15 Day 22 Day 28 Day 56 Day 84

Trough  Trough Trough Trough  Peak Trough Peak Trough Peak
P001 0.052 a a 0.145 N.M 0.158 a 0.148 a
P002 0.148 0.137 N.M 0.041 0.155 0.593 0.695 0.795 b
P003 0.046 0.093 0.110 0.108 0.205 0.166 0.267 b 0.209
P004 0.007 0.038 0.095 0.027 0.036 c c c c
*P005 d 0.193 0.212 0.186 0.322 0.244 0.436 0.208  0.430
*P006  0.117 0.200 0.231 0.195 0.483 0.190 0.465 0.086  0.407

Mean  0.074 0.132 0.162 0.117 0.240 0.270 0.466 0.309  0.349

a-d: levels not measured for the following reasons:

a. Trial protocol design changed after POO1, the peak levels of PO01 while on maintenance dose
were not measured. b. P002 and P003’s missing data were due to omission in blood sample
collection. c. P004 was withdrawn from the trial after D28. d. PO0O5 took his first dose before
tough level blood sample taking.

* P005 and P006 serum DCA levels were measured by GC-MS methods by Ms. Pouryousef and
Dr Tea (method in Appendix) due to the unavailability of the LC/MS machine that was used to
measure P001-P004 serum levels.
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4.3.5 GSTZ1 genotype

Dunbar et al. suggested the importance to consider a patient’s GS7ZI genotype when
determining the suitable dose for chronic DCA administration as evidence showed
GSTZI genotypes affected DCA metabolism and thus consequently its toxicity [234].
P001 was heterozygous A/G at both Exon 3 nucleotide position (nt) 94 and 124. POO1
haplotype was determined as GSTZI*4/Z1*C based on the categorization methods
established by Blackburn et al. (that all alleles containing an A at nt 124 also contained
an A at nt 94 and G**A'?* was not present in the population) [219]. The GSTZ1a-1a
recombinant protein variant analysed in vifro had a 3.6-fold higher activity towards
metabolizing DCA compared to other recombinant GSTZ1 proteins [220]. POO1 had a
faster clearance rate of DCA compared to other patients on day 1 of the study indicating
that the GSTZ14 allele’s activity maybe the underlying cause. However, at day 8 of the
study, there was no difference between POO1 and the rest of the patients in terms of the
elevated DCA peak level and the longer DCA half-life (Table 4.11). Patient 002 was
homozygous A/A at GSTZI promoter -1002 who also had the highest average DCA
trough level and had the highest accumulative neuropathy score compared to other

patients (Table 4.11).

Table 4.11 Patient GSTZ1 genotype

Promoter Exon3 Exon3 Exon5 Haplotype Average DCA DCA half-
-1002 nt 94 nt 124 nt 245 trough level  life (mins)
(mM)
P001 G/A AGH A/Gr C/C Z1*A/Z1*C  0.13 (n=4) 45
P002 A/A AMAM GG C/C Z1*B/Z1*B  0.34 (n=5) >90
P003 G/G G*/G* GG C/T Z1*C/Z1*D  0.10 (n=5) >90
P004 G/G G*/G* GG C/C Z1*C/Z1*C  0.04 (n=4) >90
*PO05S  G/G G*/G* GG C/T Z1*C/Z1*D  0.21 (n=5) >90
*P006  G/G G*/G* GG C/C Z1*C/Z1*C  0.17 (n=6) >90

* PO05 and P0O06 DCA serum levels were determined by Ms N. Pouryousef and and Dr 1. Tea
through a GC/MS method due to the unavailability of the LC/MS machine that was used to
measure P001-P004 DCA serum levels.
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4.3.6 DCA combined with chemotherapy agents can
further reduce total viable cell numbers

Five of six of the DICAM patients enrolled in our study were on maintenance therapy
during the trial. To better understand the effects of DCA on the representative
chemotherapy agents at a cellular level, a series of drug combination assay were carried

out in MM cell lines.

DEX is the backbone of myeloma chemotherapy and commonly used in combinations.
The response to DEX or DEX and DCA combination were tested on MM cell lines by
measuring total viable cell numbers (Figure 4.4), apoptosis (Appendix Figure 4.1 A),
and cell cycle distribution (Appendix Figure 4.1 B). MM cell lines had different
sensitivity to DEX with MM.1S being the most sensitive while MM.1R and U266 were
resistant to DEX (Figure 4.4, Table 4.12). MM.1S and MM.IR are two isogeneic cell
lines derived from one patient before and after the development of DEX resistance
[290]. Previous chapters of this study showed that MM.1S and MM.IR displayed
different metabolism profiles. MM.1R demonstrated a higher degree of glycolysis
compared to MM.1S as reflected by its higher extracellular lactate level, higher glucose
consumption levels, and higher basal ECAR levels compared to MM.1S (Chapter 2).
Studies showed that the elevated glycolytic phenotype may associate with DEX
resistance [125, 324, 325]. In line with established publications, our data showed that
MM.1S was the most sensitive to DEX, and MM.1R indeed was resistant to DEX
(Figure 4.4). DCA and DEX combination significantly reduced the total viable cell
number of MM.1R compared to DEX treatment alone, but this effect was mainly
contributed by DCA, and there was no synergy between DCA and DEX on MM.1R
(Figure 4.4). DCA can further reduce the total viable cell number significantly in RPMI
8226 and MM.1R compared to DEX single agent treatment (Figure 4.4). DCA (5 mM)
had synergistic or additive effect (CI < 1) with lower DEX concentrations (< 14M) in
RPMI 8226. U266 was not responsive to DEX and this result was consistent with
published results [289].
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Figure 4.4 DEX and DCA co-treatments can further reduce the total viable cell
number in MM cell lines. (A) The different sensitivities of MM cell lines to DEX (0-
10 uM, 72 hours) alone. (B) The response of MM.1S and MM.1R to DCA (5 mM) and
DEX (0-10 uM) co-treatment. The response of RPMI 8226 (C) and U266 (D) to DCA
(5 mM) and DEX (0-100 uM) combination treatments. *Statistical comparisons
represent DEX and DCA combination treatment compared to DEX only treatment. Each
treatment was quadruplicated. All data points shown represented mean + SD from at

least 3 independent experiments; *p < 0.05, ** p <0.01, ***p <0.001.

Table 4.12 The ECs of dexamethasone (DEX)

Cell Lines ECso (uM) 95% confidence intervals
RPMI8226 1.14 0.34-3.84

U266 *ND ND

MM.1S 0.007 0.003-0.01

MM.IR ND ND

ECso: half maximal effective concentration. *ND: not determined.
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Four out of six DiICAM patients were taking immunomodulatory drugs during the trial
(Table 4.9). LEN represents the immunomodulatory drugs and is often used in
combination with DEX in myeloma therapy. The response to single agent LEN, LEN
and DCA combination, or LEN, DEX and DCA combination treatments was tested on
MM cell lines by measuring total viable cell numbers. MM cells lines had different
sensitivities to LEN single agent treatment with MM.1S and MM.1R being sensitive
while RPMI 8226 and U266 being resistant (Figure 4.5 A). RPMI 8226 was resistant to
LEN, which is consistent with published paper; however, U266 in this experiment also
showed resistance to LEN, which is inconsistent with the published paper [372]. The
sensitivities of MM.1S and MM.1R to LEN were not statistically different indicating
the mechanism of resistance to DEX does not affect their sensitivities to LEN (Figure
4.5 B). In RPMI 8226, DCA and LEN co-treatment further reduced total viable cell
number compared to LEN single agent treatment significantly (p < 0.001), and the DEX
and LEN co-treatment also significantly reduced the total viable cell number compared
to LEN single agent treatment (p < 0.001) (Figure 4.5 C). While the LEN, DEX and
DCA co-treatment showed a significant further reduction of the total viable cell number
in RPMI 8226 compared to LEN single agent or LEN and DCA co-treatment, U266 was
not responsive to any of the above drugs or any of the drug combinations (Figure 4.5
D). The results clearly showed an additive effect of DCA with low concentrations of
LEN or DEX. DCA did not further reduce the total viable cell number in LEN plus
DEX treatment, which is an existing standard combination for myeloma treatment. To
better evaluate the drug combination effects, a full comparison of drugs using the Chou
and Talalay method can be further explored. This method uses a range of different
concentrations of each drug and can calculate the dose response curve and the
combination index to indicate whether a combination is synergistic or not (section

4.2.4.4).

Table 4.13 The ECs of lenalidomide (LEN)

Cell Lines ECso (uM) 95% confidence intervals
RPMI8226 ND ND

U266 ND ND

MM.1S 0.17 0.07-0.43

MM.1R 0.19 0.05-0.81

ND: not determined.
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Figure 4.5 Different response to LEN and DCA co-treatments in MM cell lines. (A)
The different sensitivities of MM cell lines to LEN (0-100 uM, 96 hours). (B) The
response of MM.1S and MM.1R to DCA (5 mM) and LEN (0-100 M) combination
treatment. The response of RPMI 8226 (C) and U266 (D) to DCA (5 mM), LEN (0-100
uM), and DEX (1 uM) combination treatments. *Statistical comparisons represent
comparisons among LEN single agent, LEN and DCA combination, LEN, DCA, and
DEX combination treatments. Each treatment was quadruplicated. All data points
shown represented mean + SD from at least 3 independent experiments; *** p < 0.001.
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4.4 Discussion
4.4.1 DCA clinical trial in MM patients

There have been several DCA early phase clinical trials in different solid tumours [5,
234-236], but our study was the first attempt in conducting a phase-2 DCA clinical trial
in haematological malignancies, which has provided valuable dosing reference for any

further investigation in the field.

The MM patients enrolled in the trial generally tolerated a loading dose of DCA (25
mg/kg) well. No patient was withdrawn due to toxicity caused by DCA. P002 did not
take the last dose of DCA (6.25 mg/kg) due to a grade-3 neuropathy on the last day of
DCA treatment, but since then the neuropathy symptoms were alleviated so P002
remained eligible for ongoing monitoring and outcome measurement on the trial
protocol. The high loading dose regimen was designed to use DCA to inhibit its own
metabolism and reduce DCA clearance rate thus to quickly reach ideal DCA serum
levels. The recommended phase-2 dose of oral DCA from a published clinical trial in
advanced solid tumours was 6.25 mg/kg twice daily [235], but based on the in vitro
study (Chapter 2, 3) and the pharmacokinetics study of this chapter, the serum levels of
DCA under this suggested dose regimen is not sufficient to inhibit all PDKs, indicating

that future trials should use a higher dosing regimen.

The main concern of using DCA in cancer patients is peripheral neuropathy based on
results from a published clinical trial [235]. It is common for cancer patients to
experience peripheral neuropathy due to the side effects of chemotherapy or as a
paraneoplastic phenomenon. This study successfully showed that high loading dose of
DCA (25 mg/kg) was well tolerated even in MM patients who were already
experiencing different degrees of mild baseline neuropathy (less than grade 2). There
was no severe increase of the TNSc while the patients were given 6 high doses of DCA
in the first 8 days of the trial (Figure 4.2 G). Furthermore, no patients needed dose
reduction in the trial. However, there was a small increase of TNSc for the patients over
the 3 months of chronic DCA administration and two out of six patients had grade-3
neuropathy on the last day of DCA treatment. PO02 had the highest TNSc of 13 (Figure
4.2 G), but this side effect took 3 months to accumulate to a high level, so this side

effect was more likely due to chronic DCA administration rather the short high dose of
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DCA administration. Moreover, P002’s high TNSc was mainly attributed to a high
degree of tiredness (measured as strength and motor symptoms) rather than loss of
neuron sensibilities (Figure 4.2 B). The patients were carefully monitored during the
trial. Based on the safety and toxicity assessments through blood tests, liver and kidney
function tests, and the Eastern co-operative oncology group performance status
evaluation, all patients’ quality of life was not affected despite experiencing mild
increase of the neuropathy during the DCA treatment. But the neuropathy symptoms
were alleviated after the DCA treatment was completed, which further confirmed that
the neuropathy caused by DCA was reversible (Figure 4.2). These results validated the
safety and feasibility of chronic administration of oral DCA for MM patients who had

baseline peripheral neuropathy.

In this study, orally administrated DCA quickly reached the peak concentrations in the
serum and was maintained at mechanistically relevant concentrations for 3 months.
DCA was cleared faster after the first dose administration (Figure 4.3 A) with the half-
life of DCA being around one hour on day 1, but increasing after subsequent
administrations of DCA in all patients (Figure 4.3 A). DCA inhibits its own
metabolism as seen in the results that the day-8 DCA levels were 2-3 folds higher than
that of day 1 (Figure 4.3 A).

GSTZI protein-coding region polymorphisms correlated with patients’ short-term serum
DCA levels in this study. In vitro protein recombination studies showed that the
GSTZI*A haplotype corresponding protein GSTZla/la displayed higher activity to
metabolise DCA compared with other haplotypes and this haplotype also had a faster
clearance rate of initial dose of DCA in healthy volunteers (Chapter 1, section 1.4)
[215, 220]. POO1 (GSTZ1*A/Z1*C) possesses a GSTZI*A4 haplotype who had a faster
rate of DCA clearance and a shorter DCA half-life than other patients on day 1 of the
trial (Figure 4.3). However, this faster metabolism pattern was not seen on day 8 where
patients were exposed to DCA for a week. This indicated that the GSTZ1 protein coding
region polymorphism was responsible for short-term DCA exposure but was not the key

manipulator for DCA metabolism when using DCA chronically.

GSTZI1 promoter polymorphisms correlated with patients’ serum levels after longer-

term DCA exposure in this study. P002 was homozygous A/A at GSTZI promoter
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nucleotide position -1002 and this correlated well with the highest DCA trough levels
(Figure 4.3 D) and highest neuropathy score (Figure 4.2) compared to that of other
patients. The promoter -1002A allele had significantly lower promoter activities
compared to the -1002G allele in HepG2 cells [218]. The presence of -1002A also
resulted in a lower cytosolic GSTZ1 protein expression and lower enzyme activities in
Caucasian human liver samples [217]. The correlation of P002’s genotype, higher DCA
trough level and accumulative higher neuropathy score indicated that GSTZ/ promoter
polymorphism may be the driving variant in the chronic use of DCA, by causing
changes to GSTZ1 expression and activity, which consequently alters DCA metabolism

and its in vivo concentrations, thus resulting in different levels of neuropathy.

For future trials, individualized DCA dose based on a patient’s GSTZI genotypes can
assist in reaching meaningful serum levels to better target the PDKs. For short-term use
of DCA, higher dosing of DCA should be given to patients like PO01 with a GSTZ1*4
haplotype that is associated with faster DCA clearance rate. The faster clearance of
DCA caused by this GSTZ1*A phenotype is only seen when DCA was administered on
day 1 of the trial (Figure 4.3 A). DCA is more likely to be used chronically in cancer
patients. For patients with the promoter -1002 A genotype, a lower chronic dose of
DCA should be used to avoid severe peripheral neuropathy. However, as the frequency
of homozygous promoter -1002 A genotype only accounts for approximately 11% of
the Caucasian population (Section 1.4.2, Table 1), the majority of potential patients in
Australia would still benefit from DCA treatment without the cumulative side effects.
Individualized DCA dose based on each patient’s GSTZ1 genotype would be beneficial

for patients to achieve optimized DCA drug levels and avoid severe side effects.

The efficacy of DCA on the myeloma disease burden was also evaluated in this study.
There was a reduction of the measurable disease burden on day 28 in 33% of patients
where it reached a response (Figure 4.1 G), but the patients’ response was not
maintained when patients took lower maintenance dose of DCA. The exception was
P002 who had the longest and also the greatest response to DCA compared to other
patients. The disease burden of P002 was reduced more than 25% from day 28 till day
56, and on day 84 reduced by 24% (Figure 4.1, G). The response of P002 to DCA
correlated with the highest DCA trough levels and the highest scores for neuropathy.
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One explanation for this response was the GSTZI promoter -1002 A genotype of P002,
which can cause a higher serum DCA level. Additionally, P002 was the only patient
who received bortezomib as a maintenance therapy during the first 30 days of the trial.
In vitro, DCA can synergize with bortezomib in myeloma cell lines, and the co-
treatment of DCA and bortezomib improved survival of myeloma-bearing mice [11].
Further investigation should be carried out to confirm the synergistic effects of

combinational DCA and bortezomib treatment in patients.

Due to the limited number of patients, and the relatively low disease burden of the
patients, the efficacy of DCA is still yet to be confirmed. As this trial was designed to
protect patients from a potentially inactive treatment, the strict eligibility criteria limited
our recruitment of patients with a high measurable disease burden. This may
consequently recruited relatively “healthy” patients with only one of them had
confirmed abnormal cytogenetic results when the genetic abnormalities are present in
60-70% of patients with progressive disease in the myeloma population [242]. Most of
the patients recruited in this study had low quantitative diseases burden, which for some
patients were near the detectable limits of the paraproteins measurement methodology
(electrophoresis). As such, a result that fluctuates with + 2 g/L. was considered as no
change in the actual disease burden. All these conditions made it technically difficult to
interpret the efficacy of DCA in some of the recruited patients. Based on the
information gained from this study, future clinical trials using DCA can include MM
patients with a higher disease burden and a combination of DCA treatment with

conventional chemotherapy can be designed instead of using DCA as a single agent.

The results of this trial offer valuable information about the safety and side effects of
using DCA chronically in MM patients, determined the DCA pharmacokinetics in
myeloma patients and found in vivo evidence of the correlation of GSTZI genotypes
with the DCA serum levels. The proposed limiting factor for the clinical use of DCA
from other studies was the neuropathy, however, this study proved the safety of using
DCA in MM patients even with baseline neuropathy. Based on the in vitro cell line
study and other evidence, the serum DCA levels of the maintenance doses were in the
range of inhibiting PDK2 but not sufficient to inhibit PDK1 and PDK3 effectively. Thus,

a modified high DCA dose scheme is being carried out in our current clinical trial. DCA
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is orally taken at 25-mg/kg b.i.d for 5 days, and then followed by a 2-day rest period,
and this cycle will be repeated for 3 months. Based on the results from the DiICAM trial,
the new trial will determine an optimal dosing guidance for future clinical trial testing

DCA in cancer types that also display a glycolytic phenotype.

4.4.2 In vitro DCA and chemotherapy agents
combination study

This chapter evaluated representative myeloma drugs used in the DICAM trial in
combination with DCA on MM cell lines. The resistance to DEX, the backbone of
myeloma therapy, is common among MM patients. There have been various hypotheses
to explain the resistance to GCs. The decrease or loss of p53 expression and function
leads to MM cell progression and resistance to DEX through Bcl-2-related mechanisms
[377, 378]. The results of this chapter showed that U266 was resistant to DEX, and
U266 is also a p53 mutant cell line (Table 2.1). Many studies also demonstrated that the
mutation of the GC receptors (GR) in MM cells is the reason for the GC resistance [285,
379]. MM.1R displayed a truncated mRNA of the GR and the GR protein level was also
reduced or non-detectable [380]. However, the screening of the total GR protein
expression on MM cell lines does not correlate with these results. MM.1R appeared to
still have a certain amount of total GR expressed (Appendix Figure 4.2). Future study

should investigate the functions and the different isoforms of GR.

The deregulated cancer metabolism phenotype can also contribute to the resistance to
GCs. Transcriptional profiling indicated that resistance to GCs in leukaemia was
associated with up-regulated glycolysis, cholesterol biosynthesis and glutamate
metabolism, and was accompanied by increased proliferation and the activation of
PI3BK-AKT-mTOR and MYC signalling pathways [381]. GC resistance was
demonstrated to be directly associated with a glycolytic phenotype in acute
lymphoblastic leukaemia cells, and manipulation of the glycolysis pathways by
glycolysis inhibitor (2-DG) and/or the mitochondrial respiration inhibitor (oligomycin)
had additive or synergistic effects with methylprednisolone. This suggested that the
sensitivity to GC could be restored by targeting the glycolytic phenotype in resistant
cells [325]. In line with these above studies, the results of this chapter showed that
MM.IR (DEX resistant) had higher glycolysis activities compared to MM.1S (DEX
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sensitive) (Figure 2.2, 2.4, 2.6). However, while DCA and DEX combination treatment
showed synergistic effects on RPMI 8226, a glycolytic cell line, DCA only had additive
effects with DEX in MM.IR, suggesting that DEX resistance was due to different

mechanisms in these cells (Figure 4.4).

Alongside the GCs resistance, the glycolytic phenotype was also found to be
contributing to other chemotherapy drug resistance such as bortezomib and melphalan
[125, 260]. The resistance correlated with the induction of LDHA and HIF1, and the
inhibition of LDHA and HIF1 restored sensitivity to bortezomib and inhibited tumour
growth. Consistently, gain-of-function mutations in LDHA or HIFIA induced
resistance in bortezomib-sensitive cell lines [125]. The altered cancer cell metabolism is
demonstrated to be essential for the regulation of chemotherapy drug resistance in MM
cells. More study is needed to test the potential of DCA in reversing chemotherapy drug

resistance in MM through manipulating the glycolysis metabolism.

There was limited information on the effects of DCA combined with
immunomodulatory agents in MM. The results of this chapter showed that DCA had
additive effects with LEN in some of the MM cell lines, but no synergy was observed.
Resistance to LEN is common, about 40% of MM cell lines are resistant to LEN
treatment [305]. The sensitivities to LEN in this thesis are in line with publications
where RPMI 8226 is a LEN resistant cell line [372]. DCA and LEN cotreatment on
LEN resistant cell line had a reduced total viable cell number compared to LEN
treatment alone (Figure 4.5). It may still be useful to know that a LEN resistant cell line
can respond to DCA. A study showed that by lowering lactate level and reducing the
acidification of the cancer microenvironment using DCA yielded a better outcome for
immunotherapy [382]. While DCA alone does not reduce the tumour burden, it
increased antitumor immunotherapeutic poly I:C activity in mouse tumour models [382].
Although in vitro MM cell line system can only be used to show the direct effects of
LEN on MM cells such as cell cycle, apoptosis and total viable cell numbers, but the
cell line model is not sufficient to understand the complicated immune modulatory

effects of LEN, which require the involvement of immune system.

This chapter demonstrated that the combination of DCA with either DEX or LEN had

significant reduction of the total viable cell number compared to single agent treatment
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in the DCA-responsive MM cells. Although DCA may not reverse the DEX or LEN
resistance phenotype of the MM cell lines, the combination with DCA did not reduce
the effectiveness of these commonly used chemotherapy agents. Further studies can be
carried out to study the enhanced reduction in total viable cell numbers by DCA. The
data shown here demonstrated that further investigations are warranted into the potential
benefit of using DCA as an addition to the standard of care for the management of

myeloma patients.
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Chapter 5 General Discussion

5.1 Significance of Study

Deregulated cancer metabolism is a hallmark of cancer and has been studied for the
development of new cancer treatments. The glycolytic phenotype is one of the well-
studied metabolic pathways in cancer treatment [1]. Multiple myeloma (MM) displays
this glycolytic phenotype but is also a heterogeneous cancer type with complex genetic
profiles and metabolic phenotypes [11-13, 262, 352]. DCA has been used as an
investigational drug to treat lactate acidosis and mitochondrial malfunction in humans
for decades. DCA inhibits PDKs, thus indirectly activates the PDH (the key enzyme
convert pyruvate into acetyl-CoA), diverting the flow of glycolysis-derived pyruvate
from lactate production into mitochondrial respiration [3]. DCA has been shown to have
anti-growth effects both in vitro and in vivo in various cancer types [5-10]. MM displays
a glycolytic phenotype and DCA has anti-proliferative effects on MM cell lines and
improved MM-bearing mice model survival when combined with bortezomib [11, 12].
However, the concentrations used in these studies were 10-50 times higher than the
ones clinically achievable in humans. Moreover, there have been four DCA clinical
trials studying the effects of DCA on malignant solid tumours [5, 234-236], but none on

haematological cancer types. The efficacy of DCA has not yet been demonstrated.

In this thesis, the effect of DCA in improving the remission in MM patients with steady
disease burden (plateau phase) is investigated in the clinical trial (DiCAM), which is the
world first trial using DCA in haematological cancer. Furthermore, it also verified the
ability of DCA to inhibit cancer cell growth under clinically relevant conditions;
investigated the factors contributing to the different sensitivities to DCA in MM cell
lines; and evaluated the effect of combining DCA with various chemotherapy agents

with the aim of finding effective combinations for clinical use.

This study demonstrated the safety of using DCA in MM patients with steady disease
burden after being treated with conventional chemotherapy (Chapter 4). Peripheral
neuropathy is the main side effect of DCA and is considered to be the limiting factor for
its use in the clinic [383], however, this study showed the safety of using DCA in
patients with baseline peripheral neuropathy. GSTZ1 is the only known enzyme to
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metabolise DCA, but DCA inhibits GSTZ1 [208, 209]. The dosing regimen of this
study innovatively had a high loading dose of DCA to inhibit its own metabolism thus
to quickly achieve desirable DCA serum levels in MM patients. The patients GSTZ/
genotype correlated with their DCA serum levels in this study. This information will be
useful in the future to individualize DCA dosage based on patients’ GSTZ1 genotypes in

order to achieve a maximum effect and avoid causing severe side effects.

Previously published studies in MM cells did not provide evidence of the effects of
DCA when used at clinically achievable levels [11, 12]. Concentrations of DCA used in
this thesis were in the range of the inhibitory constant (Kj) values, that is, the
concentration of DCA needed to reduce half of the targeted PDK enzyme activity in
vitro. The four isoforms of PDKs have different K; values to be inhibited by DCA
ranging from 0.2 mM (PDK2) to 8 mM (PDK3) [4]. The results of this thesis found that
DCA, at concentrations in the range relevant of the K; values, had cytostatic effects on
MM cells in normoxia and can have cytotoxic effects on MM cells in hypoxia. DCA
can act on-target in MM cell line when used at concentrations achieved clinically in our
DiCAM trial (Chapter 2, 4). These concentrations are 10-50 fold lower than those used
in other in vitro studies on MM [11, 12]. This thesis also demonstrated that the on-target
effect of DCA at these lower concentrations was cumulative over time in vitro

(Chapter 2).

MM is a very heterogeneous disease and the MM cells exhibit varying responses to
DCA treatment (Chapter 2). This is likely due to the heterogeneity of the MM cells,
which was displayed in their preference for nutrients, their degree of dependence on
glycolysis, and their glycolytic reserve (Chapter 2, 3). Identification of the contributing
factors to the sensitivity of cancer cells to DCA is important for the selection of suitable
cancer types as well as patients that can benefit from DCA treatment. This study found
that the PDK (the targets of DCA) profile under normoxia may correlate with some of
the sensitivity to DCA, but the degree of dependence on the glycolytic phenotype and
an active glycolysis pathway may be the key contributing factors in determining the
sensitivity of cancer cells to DCA. The effects of DCA were abolished when there was
no glucose present or when the glycolysis pathway was not activated (Chapter 2, 3).

While the metabolic modulatory effects of DCA may not cause growth inhibition
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effects under normoxia (Chapter 2), DCA is able to exhibit greater anti-cancer effects
in the non-glycolytic MM cell line in which the glycolysis pathway is activated under
hypoxia (Chapter 2, 3). DCA was found in this study to be more effective when the
glycolysis pathway is upregulated, which offers us insight into which patients would be

most likely to benefit from DCA treatment.

5.2 Limitations and Future Directions

5.2.1 DCA clinical trial modification

The DiCAM study was unable to recruit the ideal number of patients due to our strict
eligibility criteria. The ideal patient for this trial would be MM patient in remission but
still with a considerable amount of residual disease burden. As it turned out, the
majority of eligible MM patients in remission had a very low disease burden (Chapter
4, Table 4.9) and the levels being close to the limits of the detection methods. The
limited number of patients in DICAM also hindered a statistical analysis on efficacy of
DCA. Thus, in this trial, the efficacy of DCA was not determined. In future DCA
clinical trials, patients with higher disease burden should be included, for example, MM
patients with progressive disease and undergoing active chemotherapy, or patients with

other B-cell malignancies can also be considered in DCA clinical trial.

Based on our pharmacokinetics data of DCA from this trial, and correlating with the
results from MM cell line study, it has become clear that the dose regimen used in this
trial was only high enough to reach the concentrations to inhibit PDK2 (Ki: 0.2 mM),
PDK4 (0.5 mM) and partially PDK1 (1 mM) but not PDK3 (8 mM) (Chapter 4) [4].
The doses of DCA need to be increased to reach a higher serum level so that all PDKs
may be better targeted, but first further investigation is needed into what the optimal
doses of DCA in patients are. Recently, a new clinical trial protocol has been approved
enabling our laboratory to test a higher DCA dosage regimen for all B-cell malignancies
including MM, chronic lymphocytic leukaemia and low-grade lymphoma, at The
Canberra Hospital. In this updated protocol, patients will be given 25-50 mg/kg of oral
DCA twice daily for 5 days and followed by a 2-day rest period, then this 5-day on, 2-
day off regimen will be continued for 12 weeks. As the DiCAM trial data indicated that
chronic DCA administration could be associated with increased reversible neuropathy

symptoms (Chapter 4 Figure 4.2), the new trial has modified the DCA dose schedule
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to an intermittent dosing to allow patients to clear all the DCA, preventing accumulation
of trough DCA levels, thereby preventing development of further neuropathy. This new
study will focus on establishing the lowest effective dose of oral DCA in patients that
will achieve serum concentrations of DCA predicted to be sufficient to inhibit PDK 1, 2,
and 4, and thus determine a recommended phase-2 dosing (RP2D) schedule for
haematological malignancies. This RP2D from our study will be in contrast to the
RP2D (6.25 mg/kg, b.i.d) determined by Chu et al., which was based on maximum
tolerated continuous dosing of DCA [235].

5.2.2 DCA clinical trial in high-risk smouldering
myeloma

The repurpose of DCA for MM treatment can be carried out in high-risk smouldering
myeloma (SMM). The current standard treatment for SMM is observation. However,
SMM is very heterogeneous in terms of disease symptoms, biomarkers and risk to
progression to MM. Even after the IMWG updated the MM diagnosis criteria and
considered a small subgroup of previous SMM as early-stage MM [248], yet there
remain some high-risk subgroups of current SMM with an approximately 50% risk of
progression within 2 years, and these patients can be considered for clinical trials that

are testing early intervention therapy [384].

There was lack of positive results treating SMM before the introduction of novel agents
such as lenalidomide (LEN) and bortezomib. Previous clinical trial designs did not
stratify high-risk SMM patients from the low-risk ones. However, a recent randomized
clinical trial showed early intervention treatment of high-risk SMM with LEN and DEX,
was associated with better progression-free and improved overall survival compared to

the no-intervention observation group [283].

To our knowledge, there has not been any study to investigate whether the glycolytic
phenotype is present in high-risk SMM. But there has been indirect evidence that SMM
does present with a glycolytic phenotype. One of the current definitions of high-risk
SMM is that 'F-FDG-PET/CT scan of focal lesion with increased uptake of the!®F-
FDG tracer without underlying osteolytic bone destruction, which indicates a high-risk
of progression to MM [384]. Clinical studies demonstrated that the '8F-FDG-PET/CT

scan has diagnostic value in monitoring SMM disease progression as patients with
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positive scan results had a higher risk of progression to MM [249, 385, 386]. Through
plotting the Oncomine data available from a global gene-expression profiling study
[387], we found that many of the glycolysis-related genes had higher expression levels
in myeloma cells enriched from SMM biopsy compared to those of the normal plasma
cells from healthy people, for example, LDHA mRNA expression is 2.6 fold higher,
MYC expression is 3.1-fold higher, GLUT is 1.9-fold higher, and PDK2 is 2-fold higher
in SMM compared to healthy plasma cells (Appendix Table 5.1).

The evidence suggests that the glycolytic phenotype is present in SMM. Clinical trials
can be designed to target this glycolytic phenotype by using DCA in high-risk SMM
patients. Patients with high-risk SMM can be grouped into an observation group and an
early intervention DCA treatment group in a randomized trial. The end point will be
progression to MM, and by comparing the progression time to MM for the two groups,

it can potentially reveal whether DCA intervention can lead to a better prognosis or not.

5.2.3 Biomarker of DCA in patients and the effect of
DCA on patient myeloma cells

Although the results of this thesis have confirmed the on-target effects of DCA at
clinically achievable levels, this was only demonstrated in MM cell lines (Chapter 2)
and there was no validated biomarker to indicate whether DCA was acting on-target in
myeloma cells from the DICAM MM patients. Our laboratory has explored using
pPDH/tPDH (western blot) as a biomarker to evaluate the on-target effects of DCA in
MM patients’ PBMCs. The results showed a reduced pPDH/tPDH after DCA exposure
in the patients (data not shown), which implied that DCA could act on-target in human.
But further studies are needed to provide direct evidence of the on-target effects of DCA

on myeloma cells in the BM of MM patients.

If we could obtain the permission from the ethics committee, we could directly evaluate
the on-target effects of DCA by determining the pPDH/tPDH in the MM patients’ BM
biopsy myeloma cells (CD138") both before and after patients receiving a period of
DCA treatment. There are a few methods that can be used to measure the on-target
effects of DCA. If the yield of the patient’s myeloma cells is abundant, a western blot
can be performed to evaluate the change of pPDH/tPDH in each patient according to a

protocol developed in our laboratory. In order to find a suitable, reliable and easily
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detectable biomarker for DCA in patients, I optimized the western blot method to
measure pPDH/tPDH as a biomarker in the enriched CD 138" MM cells from BM
biopsy after in vitro DCA treatment. 1 also evaluated the effects of DCA on
pPDH/tPDH and the baseline variation of pPDH/tPDH from different MM patients
(newly diagnosed and relapsed) and healthy donors (Appendix Figure 5.1). Due to the
limited number of donors of BM biopsy and the low myeloma cells count in the
acquired biopsies, this result may not be able to draw a conclusion on whether DCA can
act on-target in myeloma cells; however, with this optimized method, further
recruitment of eligible MM patients can be carried out to validate this biomarker. If the
yield of the myeloma cells was too low from the BM biopsy, other methods can be
optimised to evaluate the change in the expression of pPDH after DCA treatment, such
as using PDH antibody staining followed by flow cytometry analysis or by using
immunohistochemistry staining on the BM biopsy smears. But these methods all need

optimization and are not as straightforward as western blot.

5.2.4 Predicting a cancer patient’s suitability for DCA
treatment

The studies of this thesis and other published studies indicate that multiple factors need
to be considered to predict whether a cancer patient can be a good candidate for DCA
treatment or not. First of all, the results of this thesis confirmed that DCA works best in
glycolytic cancer cells and the effect of DCA can be cancelled by inhibiting glycolysis
(Chapter 2, 3), so it is important to validate whether the cancer type of the patient is
glycolytic or not. There are about 24 cancer types, accounting for more than 70% of
global cancer cases that have a glycolytic phenotype [2]. Accumulating reports showed
that the glycolytic phenotype is associated with cancer progression and that the
glycolytic phenotype is targetable. The solid cancers exhibiting the glycolytic
phenotype mainly originate from: the brain and nervous system [5]; the digestive
system such as colon, stomach, liver, pancreas [388-392]; and reproductive system such
as mammary glands, ovary, uterus, prostate [393-396]; as well as lung [397] and skin [2,
398]. Overexpression of glycolysis genes has also been shown to occur in
haematological cancers, such as MM, some leukaemia and lymphoma (Hodgkin and
non-Hodgkin) [2]. The glycolytic phenotype is associated with drug resistance in acute

myeloid leukaemia (AML). The RNA expression of enzymes and transcription factors
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associated with the glycolytic phenotype, such as hexokinase, GLUT1, LDHA, and
HIF-la was increased in drug-resistant AML patients compared to AML patients in
complete remission and partial remission or healthy individuals [399]. The inhibition of
G6PD activity induced anti-leukaemia effects both in vitro and in vivo [400]. The
inhibition of genes driving the glycolytic phenotype such as MYC and PI3K-mTOR
decreased lymphoma cell viability through the reduction of the expression of glycolysis-
associated genes [401]. Further investigation into the effect of DCA can be carried out
in the above described cancer patients with a glycolytic phenotype; however, due to the
metabolic heterogeneity of the cancer cells, a personalized screening of the patients’
primary cancer cells is needed to better validate the presence of the glycolytic
phenotype. There are possible markers that can be screened in the laboratory such as
pPDH/tPDH ratio by western blot and OCR/ECAR by Seahorse flux analyser, to predict
whether the primary cancer cells of patients can respond to DCA. However, these

methods may not be practical or economical in a hospital setting.

These markers may also be suitable for predicting the sensitivities of the cancer cells to
DCA in hypoxia. Based on the results from the in vitro work of this thesis, the most
glycolytic cell line (RPMI 8226) was the most sensitive to DCA treatment, this result
correlated with the effects of DCA in reducing the pPDH and ECAR in RPMI 8226. In
normoxia, although DCA did not inhibit the growth of non-glycolytic U266, however, it
effectively reduced pPDH and ECAR levels; whereas in hypoxia, DCA reduced cell
viability and induced apoptosis in U266 (Chapter 3). Since myeloma cells develop in
the hypoxic BM, so the response to DCA in hypoxic conditions may be more relevant to

its clinical use.

The target of DCA, the PDKs, can contribute in predicting whether a patient will be
sensitive to DCA treatment. The PDKs vary in their sensitivity to inhibition by DCA,
with PDK3 being the least sensitive [4]. The PDK profile correlates with some of the
sensitivity to DCA in this thesis (Chapter 2). Previous studies in this laboratory have
also demonstrated that the magnitude of the sensitivity to DCA correlated with PDK
expression. Thus, the PDK expression profile in the cancer cells from patient can be
used to predict a patient’s sensitivity to DCA. Immunohistochemistry examination of

PDK protein expression in patients’ BM smears can also be used. PDKI protein
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expression has been studied in different cancer types such as neuroblastoma, lung
cancer, head and neck squamous cancer, and breast cancer using immunohistochemistry
analysis [365, 402-404]. The ideal patients for DCA treatment would have higher levels
of PDK2 and PDK1 expression but lower levels of PDK3 expression since DCA serum
levels in our DICAM trial can achieve the concentrations to inhibit PDK2 and PDKI1
but not PDK3 (Chapter 4).

When using DCA in patients, one cannot overlook the metabolism of DCA, as this
directly affects its serum levels in humans. GSTZ1 is the only known enzyme to
metabolise DCA in humans. In the DiCAM trial, the GSTZI promoter polymorphism
correlated well with the chronic DCA serum levels in patients and its side effects
(Chapter 4). Thus, by genotyping the patients, we can predict the ability of a patient
metabolise DCA, and based on this information, doctors can adjust the DCA dose to

reach an optimized DCA serum level without causing severe side effects.

5.2.5 Chronic low dose DCA treatment in patients

DCA was found to have a cytostatic effect on myeloma cells (Chapter 2). There have
been several case reports of the chronic use of DCA in cancer patients resulting in
disease stabilization and remission. A patient with renal squamous cell carcinoma who
was treated with oral DCA (18 mg/kg/day) for 3 months showed no recurrence of the
cancer and achieved a complete remission for more than 5 years. This was the first
reported long-term complete remission for this aggressive disease with short median
survival usually being several months [405]. A stage-4 colon cancer patient experienced
disease stabilization by DCA therapy for nearly 4 years. This patient tolerated high
doses of DCA well, only experienced mild sedation [406]. Khan et al. (2017) treated a
metastatic melanoma patient with oral sodium DCA therapy (17 mg/kg/day) alone, and
this resulted in disease stabilization for over 4 years with this patient only experiencing
minor peripheral neuropathy [407]. Since DCA is an off-patent chemical, many cancer
patients have been purchasing DCA on-line and self-medicating. Strum et al. (2013)
contacted self-medicated patients and reported that a non-Hodgkin’s lymphoma patient
on DCA (1,000 mg/day) achieved a complete remission after disease progression with
conventional therapy. This patient’s symptoms were alleviated within two weeks of

commencing DCA therapy, and by day 71, all systemic symptoms were completely
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resolved [408]. These patients were chronically using higher doses of DCA than the
maintenance dose (6.25 mg/kg, b.i.d) used in our DICAM trial. Based on these case
studies, DCA can be used in patients for long term with minimal side effects that need

monitoring.

The chronic DCA treatment in patients caused remission in the case reports, but further
study is needed in the laboratory to understand the mechanism of this effect. The results
of this thesis showed that the clinically achievable doses of DCA were cumulative in
reducing pPDH (Chapter 2). Exposure to the lower doses of DCA over long term
caused a significant decrease of the pPDH in MM cell line, similar to that achieved with
short-term, higher-dose DCA treatment (Chapter 2). But investigations are needed to
determine whether the long-term exposure to low doses of DCA can yield any on-target
effects on MM cell lines with different PDK profiles. Furthermore, it raises the question
of whether this low dose regimen causes any growth inhibition outcomes. This would
help us to understand how chronic DCA treatment caused remission in patients and how

we can best use DCA clinically.

5.2.6 In vivo multiple myeloma models

This thesis examined the effects of DCA and tested it in combination with various drugs
on MM cell lines. The MM cell lines were found in this thesis to have heterogeneous
metabolic profiles and to respond better to DCA in hypoxia (Chapter 2, 3). The
hypoxia treatment used in this thesis was homogeneous and acute (24 hours) instead of
heterogeneous and chronic like that in the BM. The in vitro results obtained from
myeloma cell lines do not reflect the complexity of the myeloma BMM. Therefore,
further study is needed using in vivo models which would enable us to observe the
interactions between myeloma cells and the BMM, and to test the effects of DCA
combination therapy in the BM.

There are different kinds of well-developed murine MM models including the
immunocompetent and immunodeficient mouse myeloma models, xenograft murine
models of human myeloma, and genetically engineered models which mimic the gene
mutations responsible for the development of MM from MGUS in humans [409].

Different models have different advantages and disadvantages. The xenograft murine
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myeloma models and the VKk*MYC model can be considered for the purpose of
evaluating a new drug combination and studying the effect of DCA on myeloma cells

when interacting with the heterogeneous and hypoxic BMM.

To create xenograft myeloma models, human MM cell lines or primary human
myeloma cells are injected into immune compromised mice; systemic disease is able to
be established via intravenous injection, or local disease via subcutaneous injections.
These models can be used to evaluate the homing of MM cells to the BM and to test the
efficacy of new therapies against human MM in vivo [11, 410, 411]. However, these
models are not ideal for studying the immunomodulatory drugs due to the compromised
immune system. Another disadvantage is the intravenous injection of xenograft cells
can result in cancer that is not restricted to the BM but is also present extensively in
extramedullary sites. Although this may represent the rare aggressive type of human
MM, it does not reflect the more common but less aggressive types. MM cell lines
representing certain types of MM were derived from different MM patients, thus may
not be representative of the vast heterogeneity seen in patients [412]. A xenograft model
using primary human samples may be more representative of this heterogeneity but it
could be difficult to obtain enough myeloma cells from one single biopsy from patients

to develop this model. The cost and logistics would need to be considered.

Activation of MYC is associated with the progression of MGUS to MM. The VkK*MYC
mouse model was developed by introducing the MYC transgene into the
C57BL/KaLwRij mouse strain which has a high rate of spontaneously developed
MGUS progressing to MM [413, 414]. The Vk*MYC model resembles many of the
biological and clinical characteristics of human MM, for example, it has a high level of
monoclonal immunoglobulin (Ig) secretion which can be readily quantified; a
progressive monoclonal plasma cell population localized within the BMM; an intact
host immune system, and relevant clinical features (anaemia, renal disease, bone
fractures). The Vk*MYC model has an indolent disease course and a late onset of MM
resembling that of the human MM, thus it can be tested for new therapies that target
different phases of MM [414]. These advantages of the Vk*MYC model enable
researchers to further study the effects of DCA on myeloma cells in a heterogeneous

and chronically hypoxic BMM, and to monitor disease progression and disease burden
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through Ig quantification and fluorescent or luminescent signal. The intact host immune
system of Vk*MYC can be used to test immunomodulatory drugs combined with DCA
as well as combinations of multiple metabolic pathway inhibitors. But this model may
not reflect the heterogeneous genetic mutations normally seen among MM patients.
These new studies would offer a deeper insight into the potential of DCA and an

understanding of its working mechanism in a more complex but realistic setting.

5.2.7 PDKs knockdown in MM cell lines

To confirm that the working mechanism of DCA is by inhibiting PDKs, siRNA
knockdown on PDKs should be carried out in a future study. In this laboratory, a PDK
siRNA knockdown study was performed successfully in breast cancer cell lines using
Lipofectamine reverse transfection method. The effect of DCA on increasing ROS in T-
47D (breast cancer cell line that mainly expresses the PDK2 isoform) correlated well
with that of the siPDK2 knockdown [232]. Targeting PDK2 with DCA or siPDK2
knockdown yielded similar effects on growth inhibition in T-47D, yet combination of
DCA with siPDK2 did not further reduce the growth of T-47D. Thus, the effect of DCA
on inhibition of cancer cell growth was confirmed through the inhibition of its target-

PDK2 [415].

Knockdown of a specific PDK in cell line and then overexpress it could confirm
mechanistically whether any specific PDK isoform expression is contributing to the
different sensitivity to DCA. A previous study from this laboratory using the same
siRNA knockdown method has demonstrated that the sensitivity to DCA was
determined by the PDK profiles. The MCF7 breast cancer cell line expresses high levels
of the PDK3 isoform and found to be not sensitive to DCA treatment. The siPDK3
knockdown in MCF7 increased its sensitivity to DCA treatment by 24% [415].

Because MM cell lines grow in suspension or semi-adherently, it is very difficult to
manipulated these cells using the above transient transfection methodologies. In our
method optimization, the yields of the plasmid-transfected cells were too low to be used
for any analysis. There were studies reported or try to develop methods to efficiently
deliver siRNAs into MM cells. Although some publications have reported MM cell
transfection in their methods [416-419], a robust and widely applied protocol for
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efficient transient transfection has not been established. By far, electroporation and viral
gene transfer are the relatively more successful siRNA delivery methods in myeloma
cells, but each has its limitations. The electroporation method has only been successful
in a few myeloma cell lines, and can cause significant cell death; while the viral transfer
method is demanding on equipment and time (Dr Amee George, personal

communication).

5.2.8 The need for a more potent PDK3 inhibitor

The DCA treatment in vitro and in patients showed limited effects in this study. The
results of this thesis support the concept of targeting the glycolytic phenotype of the
cancer cells, but more potent PDK inhibitors are needed. The mRNA and protein
expression of PDK3 was upregulated in hypoxia (Chapter 3). Upregulated expression
of PDK3 in cancer can contribute to a reinforced glycolytic phenotype and thus
contribute to increased cancer cell survival and drug resistance (Chapter 3 Discussion).
It is difficult to inhibit PDK3 using DCA in patients (PDK3, Ki: 8 mM), thus more

potent inhibitors for PDK3 need to be investigated in cancer treatment.

Although there are derivatives of DCA and other molecules that have been developed to
inhibit PDKs, many of them lack further preclinical study or have been shown to be too
toxic [134]. Besides DCA, the other known PDK inhibitors are AZD7545 and radicicol.
AZD7545 inhibits PDK1 and PDK3 by binding to the lipoyl-binding pocket in the N-
terminal domain of PDK thus interrupting kinase binding to the pyruvate dehydrogenase
complex (PDC) [199]. Similarly, AZD7545 inhibits PDK2 activity by disrupting the
binding between PDK2 and lipoyl-bearing domains of the E2 component of the PDC
[420]. In contrast, radicicol competes with ATP for the nucleotide-binding site of PDK3
by directly binding to the ATP-binding site in the C-terminal domain of PDK3, thus
inhibiting PDK3 activity [199].

Compared to DCA, AZD7545 is relatively more potent at inhibiting PDK1 and PDK3,
with an ICso of 0.087 uM for PDK1 and 0.6 uM for PDK3; radicicol exhibits an 1Cso of
230 uM for the inhibition of PDK1 and an ICso of 400 uM for PDK3 [199]. It takes
about 8-times more DCA to inhibit PDK3 than PDKI1. Similarly, it takes 7-times more
AZD7545 to inhibit PDK3 than PDKI1. Thus, AZD7545 does not have a more
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specificity for inhibiting PDK3. The dose of radicicol required to inhibit PDK3 is about
1.7 times higher than inhibiting PDK1 so it may be a more specific inhibitor of PDK3.

AZD7545 was demonstrated to activate PDH and stimulate the rate of pyruvate
oxidation in rat hepatocytes. AZD7545 was shown to increase the proportion of the
activated/dephosphorylated liver PDH form in a dose-related manner in a rat model
[421]. Despite promising in vitro activity, radicicol is inactive in vivo due to its
instability in serum. Although there has been research to modify its structure, and the
derivatives have potent activity in vitro and in vivo, these compounds have not been
developed further in clinical studies [422]. AZD7545 and radicicol have more potent
inhibitory ability against PDKSs in vitro; however, there is lack of safety and efficacy
information in humans. This disadvantage has limited their clinical use. DCA still has
the advantage as being a good prototype PDK inhibitor because it can readily be tested

in clinical trials.

5.2.9 Targeting the glycolytic phenotype in the
treatment of myeloma today

There has been rapid progress in immunotherapy research in myeloma today compared
to four years ago. T cell-mediated immunotherapy such as chimeric antigen receptor T-
cell (CAR-T, introduced on page 54) is being studied extensively in clinical trials and
showing promising results in myeloma patients. However, emerging resistance to CAR-
T therapies due to intrinsic immunosuppressive networks remains a major challenge
[423]. Moreover, CAR-T therapy faces other challenges such as confronting a highly
immunosuppressive cancer microenvironment (CME), and cancer cells with low
immunogenicity. Thus, new methods to overcome the resistance and enhance the
efficacy of CAR-T therapy are needed [424]. Effector T cell activation requires a rapid
metabolic switch to glycolysis, a process common to cancer cells and proliferative cells
(Chapter 1 section 1.2.1). Sharing the same metabolic phenotype, T cells and cancer
cells compete for key nutrients, such as glucose, glutamine, lipids, and amino acids
[425]. The deregulated metabolic phenotype of the cancer cells mediated and regulated
the CME, creating a CME characterised by nutrient depletion and acidosis, which is
hostile for T cell activation and proliferation, consequently impairing T cell anticancer

functions [426].
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This thesis supports the concept of targeting cancer glycolytic phenotype in myeloma.
DCA single agent treatment showed limited anti-growth effects in myeloma cells
(Chapter 2), but the metabolic modulatory effects of DCA can be further explored for
reducing the acidic CME (by reducing lactate production) to improve the CME for T
cell activation. DCA was demonstrated to improve the immune status in thymoma
bearing mouse model and enhance the effects of antitumor immunotherapy (discussed
in Chapter 4) [382]. Other metabolic modulatory drugs that inhibit glycolysis, such as
LDHA inhibitors or MCT inhibitors can also be studied for their potential to improve
immunotherapy in cancer [424]. Targeting the cancer metabolic phenotype may have
potential in the improvement of immunotherapy by altering the hostile CME for

immune cell activation.

5.3 Conclusions

To conclude, DCA has the potential to be used as a low-toxicity addition to
conventional chemotherapy. The safety of DCA treatment in MM patients that present
with baseline neuropathy was confirmed. DCA serum levels were maintained at
concentrations to inhibit PDK2, PDK4 and partially PDK1 but not PDK3 in patients.
The in vitro studies presented in this thesis also showed that DCA, at concentrations in
the range of inhibitory constant values, can act on-target by reducing the inactive
phosphorylated PDH, reverse the glycolytic phenotype, and has anti-growth effects on
MM cells. DCA can have greater effects in hypoxic conditions. This thesis provides
dosing guidance for future clinical trial testing DCA in cancer treatment. It also opens
windows for further investigation into the repurposing of DCA for use against other

types of cancer that display a glycolytic phenotype.
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Appendix

Appendix Table 1. RPMI-1640 cell culture media formula (31800,
Thermo Fisher)

Main Component Concentration (mM)
Amino Acids

Glycine 0.133
L-Arginine 1.149
L-Asparagine 0.378
L-Aspartic acid 0.150
L-Cystine 2HCI 0.207
L-Glutamic Acid 0.136
L-Glutamine 2.054
L-Histidine 0.096
L-Hydroxyproline 0.152
L-Isoleucine 0.381
L-Leucine 0.381
L-Lysine hydrochloride 0.218
L-Methionine 0.100
L-Phenylalanine 0.090
L-Proline 0.173
L-Serine 0.285
L-Threonine 0.168
L-Tryptophan 0.024
L-Tyrosine disodium salt dihydrate 0.111
L-Valine 0.170
Vitamins

Biotin 8.1967213E-4
Choline chloride 0.0214
D-Calcium pantothenate 5.24109E-4
Folic Acid 0.0022
Niacinamide 0.0081
Para-Aminobenzoic Acid 0.0072
Pyridoxine hydrochloride 0.0048
Riboflavin 5.319149E-4

Inorganic Salts
Calcium nitrate (Ca(NO3), 4H,0) 0.423

Magnesium Sulfate (MgSO4) 0.407
(anhyd.)

Potassium Chloride (KCI) 5.333
Sodium Chloride (NaCl) 103.44
Sodium Phosphate dibasic 2.985
(N32HPO4-7H20)

Other Components

D-Glucose (Dextrose) 11.111
Glutathione (reduced) 0.003

Phenol Red 0.013
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Appendix Table 2. Agilent Seahorse XF base media formula (Agilent)

Main Component Concentration
Mg*" (as MgSOq) 0.8 mM

Ca*" (as CaCl,) 1.8 mM

NaCl 143 mM

KCI 5.4 mM
NaH;PO, 0.91 mM
Phenol Red 3 mg/L

Appendix Table 3. Stripping buffer and protocols used in western blot

Stripping protocol
Antibody  Buffer composition (100 ml)
PDK1-4 Harsh stripping buffer: Incubate at 50°C for up to 45 mins with
Mix 20 mL 10% SDS, 12.5 mL  agitation.
0.5 M Tris HCI (pH 6.8), 0.8 Rinse the membrane under running water tap
mL f-mercaptoethanol, bring for 1-2 mins.
volume to 100 ml with h ely f .
distilled water. Wash extensively for 5 mins in 1xTBST.
Block in 5% NFM, 4°C, overnight.
pPDH Mild stripping buffer: Incubate at room temperature for 10 mins.

Dissolve 1.5 g glycine, 0.1 g
SDS, 1 mL Tween 20, in 80 mL
distilled water and adjust pH to
2.2, bring volume to 100 mL
with distilled water.

Repeat incubation for 10 mins with fresh
stripping buffer. Then repeat again.

Wash in 1xPBS twice, each for 10 mins
Wash in 1XTBST twice, each for 5 mins
Block in 3% BSA, 4°C, overnight
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Appendix

Chapter 2 Supplementary data

A MM.1S DCA treatment time course B MM.1R DCA treatment time course
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Appendix Figure 2.1 DCA treatment did not induce apoptosis in MM cell lines at different
time points. (A, B) Apoptosis (Annexin V positive) cells were measured in MM.1S and
MM.1R after treated with or without DCA (5 mM) for various time periods.
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Appendix Figure 2.2 Long-term DCA treatments reduced the total viable cell number of
MM cell lines. MM.1S and MM.1R were cultured in normal media and in media supplemented
with 5 mM DCA for 3 months. Viable cells were measured by Trypan blue exclusion method.
Viable cell number was calculated as percentage of the no-DCA treatment control.
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Appendix Figure 2.3 Non-ATP-linked OCR of MM cell lines. This figure shows (A) proton
leak, (B) non-mitochondrial respiration, as defined in Figure 2.5. Each data point represents
mean + SD from 3-4 biological repeats, each consisting of 5-6 wells (technical repeats). *p
<0.05, **p <0.01, ***p <0.0001. One-way ANOVA Tukey’s multiple comparison test was used
to compare differences among cell lines.
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Appendix Figure 2.4 Vehicle control addition did not affect ECAR (A) and OCR (B)
readings in MM cells. Vehicle control (0 mM DCA) in the seahorse assay was the media used
to prepare DCA dilutions. T-test was used to compare difference of basal ECAR or OCR
readings with readings after vehicle control addition in each cell line (mean + SD, n=1). Each
treatment has 5-6 technical replicates. ns: non-significant.
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Appendix Figure 2.5 Loading control for pPDH/tPDH western blots in MM cell lines.
Representative western blots of f-actin as loading control for pPDH and tPDH western blot
experiments. f-actin was used as loading control in the experiment optimization and other
experiments of pPDH (data not included in the thesis), and these results consistently showed an
even loading practice. Protein estimation kit BCA was also used to ensure equal protein loading
onto the gel. The aim of this particular experiment was to check the changes of the ratio of
pPDH and tPDH after DCA treatment, a loading control was not needed for this purpose as
pPDH and tPDH were determined on the same blot and so the loading was identical for the two
readouts. The quantitative results of pPDH/tPDH ratios were not generated through the f-actin

loading control.
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Appendix Figure 3.1 Orlistat and DCA co-treatments further reduced total viable
cell number in MM cell lines. (A) Different sensitivities of MM cell lines to orlistat. U266
and RPMI 8226 were sensitive to orlistat. Total viable cell numbers were shown after 72 hours
with different concentrations of orlistat (0-20 uM) with or without DCA (5 mM) treatments. (B,
1-4) DCA and orlistat combination treatments further decreased total viable cell number
compared to orlistat alone in 3 MM cell lines. Orlistat was purchased from Sigma (Cat#04139,
Lot#115M4717V), dissolved in DMSO at a concentration of 15 mM as stock solution. All wells
of treatment plates had an equal amount of vehicle DMSO. * Orlistat and DCA combination
treatment compared to orlistat treatment group. Each treatment was quadruplicated. All data
points shown represented mean = SD from at least 3 independent experiments; *p < 0.05, ** p <

0.01, ***p <0.001.
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Appendix Figure 3.2 PDKSs protein expression in normoxia and hypoxia in MM
cell lines. Representative western blot of PDK1, 2, and 3 were shown here. 5-actin was used
as loading control. Three independent experiments were carried out.
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Chapter 4 Supplementary data
4.1 DiCAM patients PCR-RFLP results
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Ladder NoDNA uncut 001 002 003 004 005 006 007

Q)
262
154

142
108

Ladder No DNA uncut 001 002 003 004 005 006 007

Ladder No DNA uncut 001 002 003 004 005 006 007

Appendix Figure 4.1. PCR-RLFP results of the GSTZ1 coding regions and -1002 promoter

region genotype of patients 001-007. (A) RFLP analysis of the A/w261 digestion of exon 3. P

001 and 007 are A*/G**; P 002 is A’*/A*; P 003, 004, 005, and 006 G**/G’*. (B) RFLP analysis

of the Fokl digestion of the exon 3. P 001 and 007 are A?YG': P 002, 003, 004, 005, and 006

G'?/G'**. The doublets in uncut and individuals 001 and 007 are thought to be heteroduplex

formation. The faint bands in individual P 002, 003, 004, 005, and 006 are undigested residue. C)
RFLP analysis of the Bsh12361 digestion of exon 5. P 001, 002, 004, 006, and 007 are C2/C?,
003 and 005 C***/T**. D) RFLP analysis the Mlucl digestion of -1002 promoter region. 001 and

007 G/A; 002 A/A; 003,004,005, and 006 are G/G.

Appendix Table 4.1 Guide for genotyping at Exon 3 nt 94, 124 [220].

Uncutsize A/Aband G/Gband A/G band Invariant size
(bp) sizes (bp) sizes (bp) sizes (bp)  (internal control) (bp)
nt 94 308
183 183
159 159
125 125 125 125
26 26
nt 124 308 308 308 --
193 193
115 115
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Appendix Table 4.2 Guide for genotyping at Exon 5 nt 245

Exon Suncut C/C band T/T band C/T band Invariant
size (bp) sizes (bp) sizes (bp) sizes (bp) size (bp)

nt 245 262 154 154 108
142 142
108 108 108
12 12

Appendix Table 4.3 Guide for genotyping at promoter -1002

Promoter -1002 A/A band G/G band A/G band Invariant
uncut size (bp) sizes (bp) sizes (bp) sizes (bp) size (bp)

-1002 216 216 216 --
150 150
66 66

4.2 GC-MS method

P005 and P006 serum DCA levels were determined using gas chromatography—mass
spectrometry (GC-MS) modified by our lab. Serum aliquots (80 ul) from each patient
was mixed with 40 ul of the internal standard (2,2-dimethyl-5-oxohexanoic acid) and 40
w1 of distilled water. 500 ul of 12% boron trifluoride-methanol complex (12% BF3-
MeOH) was added and mixed by votexing. The samples were heated at 115°C for 30
minutes in a graduated screw top vial. After cooling, 500 xl water and 500 4] methylene
chloride (dichloromethane) was added to the reaction solution. The mixture was mixed
by shaking vigorously for 15 seconds and centrifuged at 1057xg, 10 °C for 15minutes.
The methylene chloride layer/ the organic phase from each sample was transferred to a
fresh micro sampling vial with inserted tubes. Samples were run on 7010QQQ (Agilent
Technology) GC-MS. The GC-MS condition of 7010 MS triple Quad (QQQ) machine
with a 7890B GC system from Agilent Technologies was set up by Dr Illa Tea. The GC
column was a capillary column (from Zebron) ZB-Wax 60 m length, 0.32 I.D mm, 0.5
um. 1 ul of each organic phase was injected into the GC-MS column. The GC run
conditions are: -Injector temperature: 250 °C with a pressure of 17.729 psi, the oven
temperature conditions were: initial temperature 60 °C, initial time (1 minute), ramp
temperature: 10°C /min until 250 °C (for 5 minutes). MS conditions: full scan mode,

source temperature 230 °C and impact electronic mode with an Energy of 70eV. The

218



Appendix

7010QQQ system is driven by the Xcalibur Data system. The DCA half-life for each
patient was calculated from the time of peak level to the time where the DCA level fell
to the half amount of the peak level. The formula for calculation of drug half-life was
programmed using python programing which was m(t)=mo e’ m=half peak level mass,

t=time, m0 = peak level, and e-k = negative exponential rate.

4.3 DCA did not further induce apoptosis or cell cycle arrest
when combined with DEX

A 20, MM.1S 1200 g pex ~ MM.IR

[ DEX
1004 @ DEX+DCA 100{ BB DEX+DCA

©
o
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Appendix Figure 4.1 (A) The effects of DCA and DEX co-treatment on MM cells apoptosis.
Apoptosis cells (Annexin V positive cells) were measured after 48 hours of DEX (0-100 xM)
with or without DCA (5 mM) treatments. Cells were seeded at 25,000/well in U-bottom 96-well
plates. Each treatment was duplicated and three independent experiments were carried out. All
data points shown represented mean = SD from at least 3 independent experiments.
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Appendix Figure 4.1 (B) The effects of DCA and DEX co-treatment on MM cell cycle
distribution. Cell cycle was analysed after 72 hours of DEX (0-100 xM) with or without DCA
(5 mM) treatments. The cell cycle analysis was carried out using the BrdU/PI staining method
described in Chapter 2. Cells were seeded at 5x10°/ well, 2 ml per well in 6-well plates. Each
combination treatment was duplicated and three independent experiments were carried out. All
data points shown represented mean = SD from at least 3 independent experiments.

A549 MM.1S MM.1R RPMI 8226 NCI-H929 U266
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Appendix Figure 4.2 Glucocorticoids receptor (GR) in MM cell lines. GR protein expression
levels were analysed by western blot. A549 lung cancer cell line was used as positive control.
Blot shown was a representative of three independent experiments. GR antibody (Abcam, Cat#
ab109022, Lot# GR47297-21) was diluted to 1:1000 in 3% FBS in 1xTBST and incubated at
4°C overnight, 2™ antibody (Polycolonal goat anti-rabbit HRP, Dako, REF# P0448, Lot#
20010775) was diluted to 1:5000 in 3 % FBS in 1x TBST and incubated for one hour at room
temperature. All data points shown in the graph represented mean + SD from 3 independent
experiments.
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Chapter 5 Supplementary data
5.1 Oncomine data

Appendix Table 5.1 Summary of fold changes of gene related glycolysis in SMM
and normal plasma cells from bone marrow

Gene Fold change Samples compared [387, 427]

LDHA 2.6 SMM (12) vs normal PC bone marrow (22) vs MGUS (44)
MYC 3.1 SMM (12) vs normal PC bone marrow (22) vs MGUS (44)
MYC 2.68 MM (74) vs normal PC bone marrow (37)

GLUT 1.86 SMM (12) vs normal PC bone marrow (22) vs MGUS (44)
PDK2 2.03 SMM (12) vs normal PC bone marrow (22) vs MGUS (44)
PDK3 1.05 SMM (12) vs normal PC bone marrow (22) vs MGUS (44)

MGUS: Monoclonal Gammopathy of Undetermined Significance (44); PC: plasma cells; SMM:
Smouldering Myeloma.

5.2 pPDH/tPDH western blot on bone marrow plasma cells
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Appendix Figure 5.1 (A) MM newly diagnosed patient 001 (BMO001) had 33.7% decrease of
pPDH/tPDH of the enriched CD 138" plasma cells from BM biopsy (70% myeloma cells in BM
biopsy) after DCA (5 mM, 1 hour) treatment in vitro compared to that of the non-treated control
group. But there was only 10% decrease of pPDH/tPDH in DCA treatment in MM relapsed
patient 007 (BMO007). Data was normalized to control as 100%. (B) Baseline variation of
pPDH/tPDH of PBMCs from MM bone marrow (BM) donors, MM patients in DICAM and
healthy humans. Bone marrow from patient was collected in The Canberra Hospital in EDTA
tube and were culture with or without 5 mM DCA for an hour in a 6-well plate. Whole Blood
and Bone Marrow CD138+ MicroBeads (MACS) kit was used. Posselwb/Rinse programme was
selected from the autoMACS Pro Separator (MACS) This result indicates that there are natural
basal variations among individuals regardless of the disease profile. The ratio does not associate
with the healthy status. Comparisons or statistic considerations can only be done within each
individual’s different treatments.
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