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LAY ABSTRACT

Late-stage cancers can spread from the primary site to other body sites including the
bone. Breast cancer is one subtype that has a propensity to spread to the bone where it
can induce severe pain that is resistant to common treatments. Due to changes in how
cancer cells obtain and use nutrients, the cell increases its secretion of the molecule
glutamate which can induce pain making this an important target in developing new
therapeutics to treat cancer pain. Treatment strategies include blocking the release of
glutamate from the cancer cell or by preventing its production. Novel molecules were
identified for their ability to block glutamate release from an aggressive breast cancer
cell line with one such compound, capsazepine, reducing the development of pain
behaviour in an animal model of cancer pain. However, the drug, CB-839, targeting

glutamate production in cancer did not alter pain behaviours in the same model.
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ABSTRACT

A high proportion of advanced-stage breast cancer patients will experience bone
metastases resulting in skeletal-related comorbidities including cancer-induced bone
pain (CIBP). CIBP affects the quality of life of these patients and current treatments are
associated with dose-limiting side-effects that negatively impact patient care. Novel
mechanisms must therefore be explored to identify targeted therapies to address this
unmet clinical problem. Targeting cancer-specific mechanisms is one strategy to treat
this unique pain state peripherally. Glutamate is a key neurotransmitter and signaling
molecule in the central nervous system and peripheral tissues including the bone.
Particularly aggressive cancers that metastasize to the bone secrete high levels of
glutamate via the glutamate/cystine antiporter (system x.’) which can disrupt normal
bone turnover and induce CIBP. Therefore, identification of small molecule inhibitors of
glutamate release from metastatic breast cancer cells is a novel approach to targeting
CIBP. Using high-throughput screening, library compounds were tested for their ability
to reduce glutamate release from MDA-MB-231 cells known to secrete high levels of
glutamate through system x;” and induce CIBP in vivo. One compound, capsazepine
(CPZ), was confirmed to inhibit the functional unit of system x; (xCT) and successfully
delay the onset of, and reverse nociceptive behaviours in a validated animal model.
Another lead compound was found to show potent antagonism against glutaminase
(GLS), the enzyme catalyzing the intracellular conversion of glutamine to glutamate.
This offered another strategy to target glutamate-induced nociception upstream of xCT
activity. The effects of GLS inhibition on CIBP behaviours was tested with the specific
GLS antagonist, CB-839 but did not significantly modulate nociception, highlighting a

redundancy in glutamine metabolism that confers metabolic flexibility in different cancer



Ph.D. Thesis — J. Fazzari; McMaster University — Medical Sciences

cell lines. These studies identify novel molecules to target CIBP and reveal that their
antinociceptive effects are dependent on the glutamatergic target and metabolic status

of the cancer subtype.
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OVERVIEW:

Breast cancer is still the most common cancer diagnosis for Canadian woman
(Canadian Breast Cancer Foundation) and the focus of a vast amount of research on
developing therapeutics that target tumour growth and improve prognosis. As a result of
these efforts, deaths have decreased by 42% since their peak in 1988, however many
patients are currently living with cancer-induced morbidities which often remain under
addressed or demand treatments plagued by dose-limiting side effects’. As the
Canadian population ages, with 1 in 4 Canadians expected to be over the age of 65 by
2030, the number of cancer cases is expected to increase dramatically (Canadian
Cancer Statistics, 2017). With mortality rates declining over the past 30 years, and over
60% of patients surviving at least five years after diagnosis, the rate of cancer-related
morbidities will therefore increase dramatically in this population (Canadian Cancer
Society; May 2015). A high proportion of breast cancer patients will experience
metastases increasing their risk of such comorbidities which include bone fracture,
hypercalcemia and decreased mobility. The development of cancer-induced bone pain
(CIBP), however, is the most debiliating and significantly compromises patient
productivity and quality of life as a whole. CIBP often increases with disease
progression and becomes more difficult to manage. Often, patients begin to experience
another type of pain despite being on an analgesic regimen. This is known as
breakthrough pain and is distinct and often more severe then the dull, chronic, ongoing
nature of CIBP alone®>. Breakthrough pain is often evoked by movement of the tumour
bearing limb*~® which significantly impacts patient functionality. Furthermore, the

continuous, chronic nature of CIBP demands sustained analgesia and prolonged opioid
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use with many patients requiring dose escalation for sustained relief’ to the point where
adequate analgesia can only be achieved at the expense of diminished quality of life®
1% Without the discovery of a new class of analgesics, opioids will remain the standard

intervention for CIBP”™".

SUMMARY OF PAIN PROCESSING:

The central nervous system (CNS) receives diverse endogenous and environmental
stimuli, transmitting sensory signals from the peripheral tissues to the brain for the
processing of an emotional and behavioural response. Within the peripheral nervous
system (PNS), the dorsal root ganglia (DRG) are comprised of somatic sensory neurons
that act as mechano-receptors, pruriceptors, thermoreceptors and nociceptors'® 3.
Peripheral signals arising from noxious stimuli (those that can induce tissue damage)
result in the activation of nociceptors and the transmission of nociceptive signals to the
CNS. Under most circumstances this is coupled to the perception of pain. The
distinction between nociception and pain, however, is important as they can be
decoupled from one another in pathological states where the transmission of a
nociceptive stimulus may not result in the perception of pain and likewise the perception
of pain may not necessarily be associated with a detectable noxious

stimulus™. Particularly intense stimuli have the potential to elicit acute pain, and
recurring injury or tissue damage enhance both peripheral and central components that
contribute to the transmission of pain signals, leading to hypersensitivity. The majority of
sensory neurons transmit information on to postsynaptic neurons in the dorsal horn of

the spinal cord via the most abundant excitatory neurotransmitter, glutamate'"". In



Ph.D. Thesis — J. Fazzari; McMaster University — Medical Sciences

response, the brain actively interprets this sensory input and elicits a descending

coordinated response (reviewed by Heinricher et al. 2009®).

PHYSIOLOGY OF BONE AFFERENT NEURONS:

The bone is a dynamic tissue that is highly innervated. There are nerve fibres
that innervate mineralized bone, bone marrow and the outer periosteal layer'®??. The
characteristics of these neurons are consistent with those that have a role in
nociception. Nociceptive neurons (or nociceptors) respond to noxious stimuli and are
identified physically by being small in diameter and thinly myelinated or unmyelinated.
They are further identified immunohistochemically as having a peptidergic (Calcitonin
Gene Related Peptide [CGRP]- expressing) or non-peptidergic (CGRP negative,

Isolectin B4 binding) molecular phenotype®*?*.

The degree of innervation in the bone, the type of nerve fibres present and their
associated mechanical, chemical and thermal thresholds are significant when trying to
delineate the pathophysiology of cancer-induced bone pain. Tumours that often
metastasize to the bone do not illicit pain at their primary site but become exceptionally
painful upon colonization of the bone suggesting that the environment in which these
nerves exist differs from that of other innervated tissues. Several reviews give in depth
review of the physiology of bone afferents'®?>’. The sensory nerves of the periosteum
are easily compressed as they line hard cortical bone and are therefore sensitive to low
threshold mechanical stimuli®®. The nerves innervating the marrow are sensitive to

28,29

changes in intraosseous pressure which can be associated with pathological
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conditions including malignancies®®. Furthermore, nerves at these sites are also

activated by chemical and thermal stimul®'322%,

MECHANISMS OF CANCER PAIN:

The tumour microenvironment is very heterogeneous and is composed of
diverse cell types, growth factors, and both inflammatory and neurochemical mediators.
Considering the variety of stimuli that the afferent fibers innervating the bone can
respond to it is clear that the complex tumour microenvironment contributes to the
etiology of CIBP. Please see Lozano-Ondua 2013 for an in depth overview of these
mechanisms>3. One prominent mechanism is oxidative stress. Oxidative stress is a
hallmark of malignancy and is associated with a variety of chronic pain states®* %, The
unregulated growth of cancer cells is associated with high metabolic activity and a
concomitant rise in reactive oxygen species (ROS) that must be neutralized to sustain
cell survival. In order to maintain redox equilibrium, the cancer cell upregulates
antioxidant mechanisms to reduce their ROS burden (reviewed by Balendiran et al.
200439). The predominant antioxidant in the cell is glutathione (GSH) where it exists in
micromolar concentrations. A tripeptide of glutamate, cysteine and glycine, GSH

synthesis relies on the availability of these amino acids.

Cysteine is a non-essential amino acid but some cells lack the ability to
synthesize it de novo and the intracellular demand for cysteine in most cells exceeds
rates of production. Therefore, cells rely on its extracellular availability either in
circulating plasma in vivo or tissue culture media when grown in vitro*°. Cysteine exists

41,42

predominantly in its oxidized form, cystine (Cys-Cys) in the extracellular space.
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Glutamate is readily available in the cell due to robust glutamine uptake by the alanine-
serine-cysteine (ASC) transporter. Therefore, cystine acquisition is the rate-limiting step
in GSH synthesis****. This oxidative stress response is linked to noccieption through

glutamate as the import of cystine is coupled to the export of glutamate.

Glutamate is an important signaling molecule in a variety of tissues and aberrant
glutamatergic signaling can result in disruption of normal tissue homeostasis. In
addition to the spleen, pancreas, lung, heart, liver and other organs of the digestive and
reproductive system (reviewed by Gill 2001*°), the bone is also sensitive to glutamate
signaling46’47. Glutamate has a paracrine function in the restricted bone environment
and coordinates communication between cell types with even small changes greatly
influencing the skeleton®®. Prominent cells of the bone include osteoblasts and
osteoclasts which are responsible for bone deposition and resorption, respectively. Both

these cell types have been shown to release glutamate*®>°

and respond to extracellular
glutamate®'. Aberrant glutamatergic signalling has been associated with various
peripheral diseases, including cancer. Plasma amino acid analysis of cancer patients
has revealed elevated levels of plasma glutamate relative to healthy controls. This is
associated with cancer cell metabolism itself, inflammation and other metabolic

perterbations associated with the malignant state®*~°.

THE CYSTINE/GLUTAMATE ANTIPORTER; SYSTEM X¢:

Glutamate release from cancer cells has been associated with over-expression

- 57,58

of the cystine/glutamate antiporter, system x. , Which is up-regulated as an

antioxidant defense in response to high levels of ROS associated with altered glutamine
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metabolism. System X is a heterodimeric amino acid transporter (HAT) that facilitates
the Na*-independent transport of L-cystine into the cell in exchange for L-glutamate.
This exchange occurs in an obligatory 1:1 manner* and is the main exporter of
glutamate. System x. is composed of two subunits; a heavy chain and a light chain.
The heavy chain is a ubiquitous glycoprotein called 4F2hc, which facilitates the
transport of the light chain to the membrane and is used as a subunit in a variety of
other amino acid transporters®. The light chain, xCT, is a twelve transmembrane
integral membrane protein and is the subunit that confers substrate specificity to this
transport system. The molecular activity of the transporter was determined by Sato and
colleagues by cloning the murine form of the protein and analyzing its activity in
Xenopus oocytes®. It was found that transport activity is sensitive to pH as extracellular
pH dictates the concentrations of cystine relative to cysteine. Between the ranges of
5.8-8.0 the disulfide form predominates and transport activity therefore, increases within
this pH range °'. The high levels of intracellular glutamate and the low intracellular
levels of cystine, generates a concentration gradient that also partly drives the activity of

xCT8283,

The primary role of system x. in the tumour is to acquire cystine for the
intracellular synthesis of GSH®. In addition to intracellular GSH synthesis, cystine
reduction to cysteine across the plasma membrane also confers antioxidant potential by
mitigating extracellular levels of ROS®. As an obligatory antiporter, import of cystine
through system x.” must be coupled to the release of glutamate. Increased levels of
2glutamate are therefore, ultimately a by-product of the metabolic changes that promote

the rapid growth and continuous survival of cancer cells. This phenomenon has been
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well documented*?®® and is prevalent in many cancers including those of the breast.

- 57,67 and

Breast cancer cells secrete high concentrations of glutamate via system x;
often metastasize to the bone® where aberrant glutamate signaling can disrupt normal

bone homeostasis and result in pathology®®.

Expression of xCT at the mRNA level is affected by ROS via the KEAP-1/NRF2
pathway’®. Promoter activity is also controlled by nutrient sensing mechanisms
mediated by Activating Transcription Factor 4 (ATF4)71 and further gene expression is
mediated by STAT3 and/or STAT5 as well as the RNA-binding protein huR™2. It has
also recently been discovered that xCT activity is modulated post-transcriptionally via
phosphorylation by mTOR". Upregulation of this transporter, therefore, allows the cell
to mitigate diverse changes in its environment allowing for continuous and rapid cell

growth.

Glutamate export through system x;” represents an intermediate mechanism
linking the dysregulated production of glutamate at the tumour site with its detrimental
extracellular effects (reviewed by Reissner 201474), including the glutamate-promoted
migration and invasion potential of aggressive cancer cells” and most importantly in
this context, increased cancer-induced pain. Having implicated this particular
transporter in in vivo pain models, further investigation into the mechanisms by which
excess glutamate initiates nociceptive responses in cancer can lead to improved

therapeutic interventions.

In the periphery, glutamate is a mediator of inflammation and tissue injury and

77-79

plays a role in physiological nociceptive transmission’® through both ionotropic and
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metabotropic glutamate receptor activation. Several studies have shown that in both

82,83 84-86

humans and animal models , glutamate is released from peripheral terminals of
C-fiber neurons, increasing its local concentration. This excitatory amino acid is then
able to stimulate neighboring glutamate receptors in an autocrine fashion, promoting not
only the development, but also the maintenance and propagation, of nociception. Many
of these nociceptive responses can be blocked by local, peripheral administration of

ionotropic glutamate receptor antagonists’”"%’.

Considering the diverse mechanisms that exist to respond to glutamate, research
can be focused on developing new strategies to better manage cancer-induced pain in
the periphery by targeting tumour-derived glutamate as a major algogenic substance
contributing to CIBP. In addition to system x., other peripheral targets exist that also

have the potential to mitigate CIBP through glutamate.

TRANSIENT RECEPTOR POTENTIAL CATION CHANNEL,
SUBFAMILY V, MEMBER 1 (TRPV1):

TRPV1 was first identified based on its response to heat and vanilloids such as
capsaicin®®. It is a gated, non- selective cation channel of the transient receptor potential
family composed of identical tetramers comprised of six transmembrane domains®®.

TRPV1 is permeable to Ca®* and localizes to both spinal nociceptive afferent fibres®-2

and supraspinal structures where they can also play a role in central sensitization®%*,
enabling it to modulate membrane potential and to transduce sensory signals along
excitable cells. Cation permeability of TRPV1 is not static and can vary its ionic

selectivity based on both the type and concentration of agonist®. Therefore, this

channel plays a major role in integrating a variety of noxious stimuli®® with pain
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perception by initiating and propagating nociceptive signalling cascades along small,

unmyelinated primary afferent fibres®®.

TRPV1 in Cancer
TRPV1 expression has been documented in colon®, pancreatic®, and prostate®

cancers. Interestingly, the effects of capsaicin vary between cancer cell types, possibly

due to off-target effects or the level of channel expression. Also, the role of TRPV1 in

cell proliferation varies, which could be due to the degree of Ca?* signaling induced by
channel activation. For example, it has been shown that capsaicin does not affect the
proliferation of TRPV1-expressing MCF-7 breast cancer cells, but does induce

apoptosis®®. The latter effect has recently been associated with a rise in intracellular free

Ca?* concentrations upon TRPV1 activation'®. The same anti-tumour activity has been
observed in gliomas, in which TRPV1 gene expression is inversely correlated to tumour
grade'’. However, due to the heterogeneity of responses elicited by TRPV1 activation
in cancer cells, therapeutically targeting this channel may present a risky strategy as its
inhibition has been reported to promote proliferation in some cancers'%. Expression
levels of TRP family proteins, including TRPV1, can be used as a marker of cancer
progression'®. In addition, TRPV1 expression levels in peripheral cancers have been
correlated to pain scores®’, suggesting that channels not directly localizing to afferent
nerve terminals may initiate a pain response, possibly by inducing the release of
mediators such as glutamate from these terminals'®'%. In an osteosarcoma model of

bone cancer- induced pain, TRPV1 expression increased in the DRG'®, and TRPV1

antagonists inhibit both central®® 106

and peripheral > nociceptive transmission.

10
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TRPV1 Regulation:

In response to tissue injury and inflammation, endogenous factors are modulated in
order to increase the response to pain, whereby pain-transducing factors are up-
regulated in sensory nerve endings, heightening their ability to perceive noxious stimuli
associated with pathological changes. Translocation of TRPV1 to the cell membrane is
essential for its activity and is mediated by a variety of factors, including bradykinin,

197 "and nerve growth factor (NGF)'%. Ultimately,

insulin-like growth factor (IGF-1)
TRPV1 activation is voltage dependent, relying on membrane depolarization. The
specific factors that initiate channel activation also, in part, shift the membrane potential
to a voltage that sensitizes the channel to temperature'®. Therefore, persistent
depolarization of neurons would be expected to reduce the threshold for temperature-

mediated activation of TRPV1, allowing it to promote allodynia and hyperalgesia in

response to physiological changes in temperature'®.

Role of TRPV1 in Cancer-induced Pain
Numerous studies have documented the role of TRPV1 in nociception in diverse

tissues, including those composed of non-excitable cells where this channel can
function in conjunction with glutamatergic signaling to evoke a nociceptive response
from peripheral mediators including tumour-secreted factors. Therefore there is a

potential role of TRPV1 in the propagation of cancer-induced pain.

The transmission of sensory information by glutamate and glutamate receptor
activation is potentiated by TRPV1 phosphorylation. TRPV1 contains phosphorylation
sites on its cytoplasmic N- and C-termini, and its phosphorylation status underlies its

ability to respond to noxious stimuli'®. Extracellular glutamate in the periphery promotes

11
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phosphorylation of TRPV1 on the terminals of primary afferents, resulting in channel
sensitization. Group | metabotropic glutamate receptors (mGIuRs; R1 and R5) are also
expressed on the peripheral termini of unmyelinated nociceptive afferents, propagating
glutamate-induced hyper- and thermal sensitivity'"". In this manner, increases in local
extracellular glutamate levels can initiate a nociceptive response. This nociceptive
processing can be amplified by increasing the number of TRPV1 receptors that are
available on peripheral afferents. Similar to mGIuR expression, N-methyl-D-aspartate
(NMDA) receptors localize along the length of DRG neurons, including their peripheral
processes’'?, where they would be proximal to TRPV1 channels. NMDA receptors are
ionotropic glutamate receptors that are responsible for increased synaptic strength and
long-term potentiation of C-fiber synapses''>"'"*. The functional localization of these
glutamate receptors on peripheral afferent terminals has been further confirmed by the
induction of allodynia and hyperalgesia following peripheral administration of agonists

against this class of ionotropic receptor’ .

When applying these interconnected processes to the bone microenvironment, it
becomes evident how these mechanisms are able to play a role in propagating cancer-
induced bone pain signals. TRPV1 is expressed on sensory fibres that innervate
mineralized bone'"®. Extracellular agonists of TRPV1 increase during inflammation and
in response to cancer''"''®. This channel can therefore respond to local changes in the
bone microenvironment that arise in response to dysregulated glutamate signalling,
which is known to occur in the presence of maligancy*”''*'?". Given the multiple
chemical mediators, including those involved in inflammation and bone degradation

(acid), as well as tumour-secreted factors (glutamate), TRPV1 may become sensitized

12
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and activated under physiological conditions by its endogenous agonists. Indeed,
subcutaneous injection of capsaicin has been shown to induce peripheral glutamate
release, which could be inhibited by pre-administration of capsazepine, a TRPV1

antagonist'#1%,

Inhibition of TRPV1:

TRPV1 has emerged as an attractive target for pharmacological intervention in
pathological conditions associated with pain, including cancer-induced bone pain''®'*,
Desensitization of TRPV1 on peripheral afferent terminals renders these termini
insensitive to a wide range of agonists that induce nociception through channel
activation, including glutamate. TRPV1 antagonism has been an active area of
medicinal chemistry, resulting in the synthesis of novel antagonists (reviewed by Jara-

Osegura et al. 2008'%°

)- Some of these compounds display only modest efficacy in
reducing nociceptive behaviours associated with chronic pain, potentially due to the
multi-modal nature of TRPV1 sensitization'?®. However, A-425619, AMG 9810, AMG
517, and AMG 8163 display antagonism against heat-, proton- and capsaicin- induced
TRPV1 activation, demonstrating enhanced abilities to reduce pain125. JNJ-17203212

has been shown to relieve pain symptoms in an osteolytic sarcoma model, specifically

implicating TRPV1 antagonism with reduced cancer-induced bone pain''®.

The effectiveness of a potential TRPV1-targeted therapeutic agent for treating pain may
vary given the array of stimuli that modulate TRPV1 activity. Targeting TRPV1 also
poses the risk of impairing the perception of noxious stimuli to such an extent as to
evoke pathological changes in core body temperature and increasing the risk of burn-

related injuries'"'%.

13
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GLUTAMINASE:

Glutaminase (GA), also referred to as phosphate-activated GLS, L- glutaminase, and
glutamine aminohydrolase, is a mitochondrial enzyme that catalyzes the hydrolytic
conversion of glutamine into glutamate, with the formation of ammonia (NH3)'®. It is
thought that NH3 diffuses from the mitochondria out of the cell, or is utilized to produce
carbamoy! phosphate'®. Glutamate dehydrogenase subsequently converts glutamate
into a-ketoglutarate, which is further metabolized in the tricarboxylic acid (TCA) cycle to
produce adenosine triphosphate (ATP) and essential cellular building blocks. Glutamate
also serves as one of the precursors for glutathione (GSH) synthesis. The enzymatic
activity of GA serves to maintain normal tissue homeostasis, also contributing to the
Warburg effect'®' by facilitating the “addiction” of cancer cells to glutamine as an

alternative energy source'?.

There are currently four structurally unique human isoforms of GA. The
glutaminase 1 gene (GLS17) encodes two differentially spliced variants of “kidney-type”,
with GLS2 encoding two variants of “liver-type”'**'® that arise due to alternative
transcription initiation and the use of an alternate promoter'**. The “kidney-type” GAs
differ primarily in their C-terminal regions, with the longer isoform referred to as KGA

)'%, collectively called GLS'™®. The two isoforms

and the shorter as glutaminase C (GAC
of “liver-type” GA include a long form, glutaminase B (GAB)', and short form, LGA,
with the latter containing a domain in its C-terminus that mediates its association with

proteins containing a PDZ domain'®. The GA isoforms have unique kinetic properties

and are expressed in distinct tissues'.

14
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A tissue distribution profile of human GA expression revealed that GLSZ2 is
primarily present in the liver, also being detected in the brain, pancreas, and breast
cancer cells™°. Both GLS1 transcripts (KGA and GAC) are expressed in the kidney,
brain, heart, lung, pancreas, placenta, and breast cancer cells’*>'*'. GLS has also been
shown to localize to surface granules in human polymorphonuclear neutrophils'?, and
both LGA and KGA proteins are expressed in human myeloid leukemia cells and
medullar blood isolated from patients with acute lymphoblastic leukemia'?. KGA is up-
regulated in brain, breast, B cell, cervical, and lung cancers, with its inhibition slowing
the proliferation of representative cancer cell lines in vitro'**~*®, and GAC is also
expressed in numerous cancer cell lines'**'*°. Two or more GA isoforms may be
coexpressed in one cell type (reviewed by Szeliga 2009'%?), suggesting that the
mechanisms underlying this enzyme’s actions are likely complex. Given that the most
significant differences between the GA isoforms map to domains important in protein-
protein interactions and cellular localization, it is likely that each mediates distinct

functions and undergoes differential regulation in a cell type-dependent manner'°.

Role of Glutaminase in the CNS

In the CNS, the metabolism of glutamine, glutamate, and NH3 is closely regulated by
the interaction between neurons, surrounding protective glial cells (astrocytes), and
cerebral blood flow. This controlled metabolism, referred to as the glutamate-glutamine
cycle, is essential for maintaining proper glutamate levels in the brain, with GLS driving
its synthesis'®. The localization of GLS to spinal and sensory neurons indicates that it
also serves as a marker for glutamate neurotransmission in the CNS™®". GLS is active in

the presynaptic terminals of CNS neurons, where it functions to convert astrocyte-

15
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derived glutamine into glutamate, which is then loaded into synaptic vesicles and
released into the synapse. Glutamate subsequently undergoes rapid re-uptake by local
astrocytes, which recycle it into glutamine and the cycle restarts. As a major neurotoxin,
NH3 also factors into this process. Disorders resulting from elevated levels of circulating
NH3, such as urea cycle disorders and liver dysfunction, can adversely affect the CNS
and, in severe instances, cause death. The primary negative effects of
hyperammonemia within the CNS are disruptions in astrocyte metabolism and
neurotoxicity. Circulating NH; that enters the brain reacts with glutamate through the
activity of glutamine synthetase to form glutamine, and changes in this process can

significantly alter glutamate levels in synaptic neurons, leading to pain and disease’?.

Glutaminase Regulation:
Relative to healthy tissue, the levels of GLS protein are increased in breast tumours™*.

In particular, increased GAC levels have been associated with a higher grade of
invasive ductal breast carcinoma'®. The oncogene c-Myc positively affects glutamine
metabolism, as its up-regulation is sufficient to drive mitochondrial glutaminolysis'>*'%*.
Of the two GLS isoforms, mitochondrial GAC is stimulated by c-Myc in transformed

fibroblasts and breast cancer cells'*

. c-Myc also indirectly influences GLS expression
through its action on microRNA (miR) 23a and 23b"'*°. Under normal conditions, miR23a
and b bind to the 3’ untranslated region of GLS transcripts, thereby preventing
translation. c-Myc transcriptionally suppresses miR-23a/b expression, de-repressing the
block on GLS translation and thereby facilitating glutamine metabolism®. Interestingly,

acting through its p65 subunit, NF-kB also positively regulates GLS expression by

inhibiting miR-23a'°®. NF-kB is the common intermediary that modulates GLS activation
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downstream of Rho GTPase signalling™ . Another protein regulating glutamine
metabolism is signal transducer and activator of transcription (STAT) 1, the
phosphorylated/ activated form of which binds within the GLS1 promoter region, with
interferon alpha (IFNa) -stimulated STAT1 activation up-regulating GLS1 expression'’.
Mitogen- activated protein kinase (MAPK) signaling and changes in GA expression are
also linked based on a report demonstrating that KGA binds directly to MEK-ERK'®.
Activation of the MEK-ERK pathway in response to epidermal growth factor (EGF)
treatment, or pathway inactivation by the selective MEK1/2 inhibitor U0126, activates or
represses KGA activity, respectively, suggesting a phosphorylation-dependent mode of
regulation158. This latter point is in line with alkaline phosphatase exposure completely

blocking basal GAC activity'**.

Glutaminase in Cancer:
The main functions of glutamine are storing nitrogen in the muscle and trafficking it

through the circulation to different tissues'*®'®. While mammals are able to synthesize
glutamine, its supply may be surpassed by cellular demand during the onset and
progression of disease, or in rapidly proliferating cells. Glutamine is utilized in metabolic
reactions that require either its y-nitrogen (for nucleotide and hexosamine synthesis) or
its a-nitrogen/ carbon skeleton, with glutamate acting as its intermediary metabolite.
Although cancer cells generally have considerable intracellular glutamate reserves,
adequate maintenance of these pools requires continuous metabolism of glutamine into
glutamate. The GLS-mediated conversion of glutamine into glutamate has been
correlated with tumour growth rates in vivo'®''®2. By limiting GLS activity, the

proliferation of cancer cells decreases, and growth rates of xenografts have been shown
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to be reduced’®"®®, Human melanomas exhibit significantly higher GLS activity
compared to surrounding non-cancerous patient-matched skin'®*. In addition, the
expression and activity of GLS are up-regulated in various tumour types and cancer cell
lines. While glutamine may contribute to cellular metabolism through other mechanisms,
the activity of GLS is essential for altered metabolic processes that support the rapid
proliferation characteristic of cancer cells. Several cellular pathways related to amino
acid synthesis, the TCA cycle, and redox balance are supported by glutamine-based
metabolism through its intermediary, glutamate. Metabolites derived from glutamate are
directly relevant to tumour growth. These include nucleotide and hexosamine
biosynthesis, glycosylation reactions, synthesis of nonessential amino acids, antioxidant
synthesis (via GSH), production of respiratory substrates and reducing equivalents, and

ammoniagenesis (reviewed by DeBerardinis 2010"°°).

Role of Glutaminase in Cancer-Induced Pain:

Upon injection into human skin or muscle, glutamate causes acute pain, and
painful conditions such as arthritis, myalgia, and tendonitis (reviewed by Miller et al.
2011'%%), as well as Multiple Sclerosis (MS), are associated with increased glutamate
levels in affected tissues. Human chronic pain has been studied using animal models
and through the injection of inflammatory agents such as complete Freund’s
adjuvant'®. During inflammation, various neurotransmitters, including glutamate, as well
as stimuli such as ATP, cations such as hydrogen ions (H+), and prostaglandins,
sensitize primary afferent neurons by lowering their activation threshold, increasing
spontaneous neural activity, and increasing and/or prolonging neural firing'®. One

mechanism by which sensory neurons alter their responses to inflammation, noxious
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stimulation, or tissue damage is to increase the expression and availability of
neurotransmitters. Indeed, the levels of glutamate are higher in inflamed tissues, and
during inflammation, glutamate sensitizes the axons of primary afferent neurons by
decreasing their firing threshold and inducing a hyper-excitable state'®®. The primary
afferent neuron may act as a significant possible source of glutamate, and in both
humans and animal models, antagonism of glutamate receptors that are expressed on
axons of primary afferent neurons during inflammation lessens pain'®. It has been
shown that the peripheral inhibition of GA using 6-diazo-5- oxo-l-norleucine (DON)
relieves inflammatory pain, which is supported by work in rats demonstrating that GA
itself may act as a peripheral inflammatory mediator'®. Inflammation also up-regulates

170,171
G

the expression of substance P and CGRP in the DR and the spinal dorsal

173,174

horn'"2, as well as in the joints and skin , with these changes providing a marker of

pain-sensing neurons. Neurons that release substance P and CGRP are also

175,176 166,177

glutamatergic and produce glutamate through enhanced GA activity
However, how chronic glutamate production is regulated in pain models remains
understudied. It is known that in response to noxious stimuli, acute glutamate release

from primary afferent terminals'’®"®’

, occurring concomitant with the release of
substance P and CGRP, drives spinal neuron sensitization, which has been associated
with chronic changes'®. Induced inflammation in the simian knee joint increases fibers
in the spinal cord that are immunoreactive for glutamate by approximately 30% at 4
hours and 40% at 8 hours, consistent with a sustained effect'”®. Indeed, in rat spinal

cords, extracellular glutamate levels are 150% higher than controls at 24 hours'®’,

further supporting that glutamate release from central primary afferent neurons is
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prolonged and activity-dependent during inflammation. These findings indicate that the
production and release of glutamate are altered in response to pain, most likely due to
modified flux control and local changes in the GA-mediated glutamate-glutamine
cycle'®. In support of this latter notion, persistent inflammation, which was
experimentally induced by complete Freund’s adjuvant in a rat model of arthritis, was

184 1t was

shown to increase GA expression and enzymatic activity in DRG neurons
hypothesized that elevated GA in primary sensory neurons could increase the
production of glutamate in spinal primary afferent terminals, thereby either directly
contributing to central or peripheral sensitization'®*. In an animal model of MS, GA was
found to be highly expressed and correlated with axonal damage in macrophages and

microglial cells associated with active lesions'®

. A comparison of white matter from
various inflammatory neurologic diseases, including MS, with non-inflammatory
conditions revealed high GA reactivity only during inflammation'®®. It is likely that
dysregulated glutamate homeostasis contributes to axonal dystrophy in MS, and that
manipulating the imbalanced glutamate-glutamine cycle may be of therapeutic
relevance. GA, as an important regulator of glutamate production, could therefore be

targeted for the development of novel therapeutics aimed at treating pain, including

cancer-induced pain.

Inhibition of Glutaminase:
DON, a non-selective irreversible glutamine-competitive inhibitor with several other

187

targets'®, has been used to effectively block KGA activity'®’. Other glutamine analogs

with diazo groups, including azaserine and acivicin, irreversibly bind to the active site of
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GA, but also affect various other enzymes that utilize glutamine as a substrate, as well
as glutamine transporters'®. DON and azotomycin showed promising antitumour
activity against human cell lines implanted into nude mice, although clinical trials with
these small-molecule inhibitors were less efficacious and associated with toxicities'®.
New small molecules have been discovered that inhibit both KGA and its GAC splice
variant. Molecule 968, allosterically regulates GAC without competing with
glutamine**'8_ Its inhibitory potential has been described in various cancer cell lines in

vitro and in a mouse xenograft model'*

, although its hydrophobic nature has made it
difficult to apply in vivo. The effects of 968 on metabolically sensitive epigenetic markers
and their effects on cancer-related genes were also examined. In this context, GLS
inhibition enhanced histone acetylation at H4 while down-regulating the expression of
AKT and ERBB2, suggesting that 968 could potentially be applied as an effective
epigenetic therapeutic agent '°*'*'. In addition, 968 has been used to test whether GLS-
driven glutamine metabolism has evolved in cancer cells more as a means to control
intracellular pH through the release of NH; than to provide metabolites to fuel the TCA

41" Although not in line with established doctrine, this study presents evidence that

cycle
modulating cellular acidity is an important component of glutamine metabolism.
Glutamine withdrawal elicits less drastic effects on the viability of HeLa or MCF-7 cells
when their growth media is maintained at a neutral pH 7.3 rather than under acidic
conditions (corresponding to pH 6.3), with 968 treatment inhibiting cell proliferation only
at the lower pH. However, cell lines resistant to glutamine withdrawal have been shown

to regain sensitivity to this amino acid when exposed to glutamine synthetase inhibitors,

and glutamine synthetase, through its production of glutamine, consumes NH3, thereby
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potentially acidifying the cellular microenvironment, which were not considered in the
study'®2. Nevertheless, these findings present an intriguing secondary consequence of
glutamine metabolism in cancer cells, meriting further investigation into acid/base

balance.

Bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES) has emerged as
an important allosteric GLS inhibitor that specifically targets KGA over LGA. BPTES
binds at the interface where two KGA dimers join to form a tetramer, stabilizing a region
near its active site and controlling access to its catalytic pocket, thereby inactivating the
enzyme'>®19319% gimilar to 968, BPTES inhibits KGA activity in various tumour
types'"'*8 but, unlike 968, BPTES remains effective even in the presence of inorganic
phosphate. BPTES analogs have been designed to improve upon its poor metabolic

194 Other small molecules have been described that

stability and low aqueous solubility
inhibit KGA and/or GAC'®, including thiourea molecules designed to function as
farnesyl diphosphate mimetics that haven been proven to be efficacious against GA

activity'®®. However, even the most potent novel compound was less efficacious than

968, BPTES, or DON.

Recently, CB-839, a novel, orally bioavailable inhibitor selective for KGA and GAC, has
been developed and characterized, which potently blocks the proliferation of HCC-1806
triple-negative breast cancer cells in vitro while also decreasing glutamine catabolism
and the levels of glutamate, GSH, and intermediates of the TCA cycle'®’. Interestingly,
in the T47D estrogen receptor-positive breast cancer cell line, no anti-proliferative effect
was observed in response to CB-839, although its administration did modestly down-

regulate glutamine metabolism and the levels of its metabolites. A screen of 23 breast
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cancer cell lines revealed that while expression of LGA, KGA, and GAC could be
detected at some level in most cells, GAC protein levels were high, primarily in triple-
negative cell lines compared to estrogen-receptor positive cells. In addition, the triple-
negative subtype was associated with increased GLS activity and was also most
sensitive to CB-839 treatment. In two xenograft models, CB-839 mediated significant
anti-tumour activity. CB-839 may therefore be a promising novel therapeutic molecule
for targeting glutamine-dependent tumours in patients, as well for treating cancer-
induced pain or inflammatory pain linked to increased glutamate levels in the CNS,

meriting further investigation and clinical testing.

CONCLUSION:

The benefit of blocking glutamate release from cancer cells, irrespective of the
underlying mechanism(s), is to alleviate cancer-induced bone pain peripherally,
potentially expanding the clinical application of “anti-cancer” small molecule inhibitors as
analgesics. Furthermore, investigating these targets may reveal how tumour-derived
glutamate propagates stimuli that elicit pain. An overview of peripheral nociception

induced by tumour-derived glutamate is depicted in Figure 1.

These investigations reveal the multifaceted nature of glutamate in the cell and the
importance this molecule plays in many different facets of cellular metabolism and
signaling. Its implications in different pathways and systems increases the number of
potential mechanisms for targeting its production and transport. Despite this, however,

redundancy in glutamate-dependant pathways that are crucial for cell survival highlights
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the importance/reliance on this amino acid in cancer cells potentially making a difficult

target for single agent therapies.
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Figure 1: Overview of peripheral nociception induced by tumour- derived
glutamate.

Dysregulated cancer cell metabolism promotes glutamine uptake by ASCT2 transporter
and production of large intracellular glutamate pools that drive the activity of the
cystine/glutamate transporter, xCT to accommodate the intracellular demand for

cysteine, the limiting reagent in glutathione synthesis. Upregulation of glutaminase
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(GLS) and system x. increases the extracellular concentration of glutamate that can be
perceived by proximal nociceptive terminals that can translate glutamate into a
nociceptive signal by integrating the activities of glutamate receptors with TRPV1.
These terminals also release glutamate that can act in an autocrine fashion also
activating these same glutamate receptors. TRPV1 translocation to these terminals
increases in response to peripheral noxious stimuli through the action of NGF in the

dorsal root ganglion.
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RELEASE FROM BREAST CANCER CELLS; NEW
TARGETS FOR CANCER-INDUCED BONE-PAIN
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PREFACE:

In this chapter, an author-generated version of the manuscript entitled:

“Inhibitors of glutamate release from breast cancer cells; new targets for cancer-induced
bone-pain” published in Scientific Reports February 2015 is included. The paper is
reproduced with permission from Nature Publishing Group as stated in the licence

and copyright agreement:

“Scientific Reports does not require authors to assign copyright of their published

original research papers to the journal. Articles are published under a CC BY license

(Creative Commons Attribution 4.0 International License). The CC BY license allows for
maximum dissemination and re-use of open access materials and is preferred by many
research funding bodies. Under this license users are free to share (copy, distribute and
transmit) and remix (adapt) the contribution including for commercial purposes,
providing they attribute the contribution in the manner specified by the author or

licensor.”

In the following manuscript, | conducted a high-throughput screen alongside Dr.
Hanxin Lin. | performed all follow up experiments, cell culturing and treatments including
optimization of the Amplex Red protocol (Appendix 1). | am responsible for writing and
revising the manuscript as well as preparing all figures. The objective of this first chapter

was to screen for small molecules including synthetic derivatives and bioactives from
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the Canadian Compound Library at McMaster University with the goal of identifying
potential novel inhibitors of glutamate release from the MDA-MB-231 breast cancer cell
line that models an aggressive, triple negative cancer with high metastatic potential.
This line is used in our lab to generate a cancer-induced bone pain model and was
therefore deemed appropriate to use this cell line for screening. Glutamate
concentrations were measured in cell culture media after an incubation period of 48
hours with the test compound using the Amplex Red assay. This assay was adapted to
screening conditions by Dr. Hanxin Lin to ensure stability of the fluorescent probe, cell
plating density and optimal incubation times. The automated high-throughput liquid
handling protocols were designed by Cecilia Murphy of the Centre for Microbial
Chemical Biology at McMaster University who also prepared compound libraries,
performed Z' factor calculation, and initial data analysis composing Figure 1 in the

following publication as well as compound hit identification.

RATIONALE:

Targeting system x. has proven to be a viable way to modulate CIBP behaviours in an
animal model of this condition. Based on the hypothesis that CIBP is at least in part
mediated by glutamate released from invading cancer cells and glutamate’s role in
dysregulated bone remodeling and nociception this antiporter remains an attractive
therapeutic target for developing novel treatments for CIBP. Previously, the anti-
rheumatic drug, Sulfasalazine (SSZ) was found to have off-target effects as an inhibitor
of system x. and was able to delay the onset of CIBP behaviours. Due to the poor
bioavailability of the drug, required dose and unwanted side-effects, SSZ does not

represent a viable therapeutic to be repurposed outside of preclinical models for
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treatment of CIBP. Therefore, identifying other molecules targeting this antiporter was
the goal of this first study and represents the preliminary stages in development of novel

CIBP treatment strategies.

Please note the following publication uses American spelling as per the request of the

journal.
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ABSTRACT:

Glutamate is an important signaling molecule in a wide variety of tissues. Aberrant
glutamatergic signaling disrupts normal tissue homeostasis and induces several
disruptive pathological conditions including pain. Breast cancer cells secrete high levels
of glutamate and often metastasize to bone. Exogenous glutamate can disrupt normal
bone turnover and may be responsible for cancer-induced bone pain (CIBP). CIBP is a
significant co-morbidity that affects quality of life for many advanced-stage breast
cancer patients. Current treatment options are commonly accompanied by serious side-
effects that negatively impact patient care. ldentifying small molecule inhibitors of
glutamate release from aggressive breast cancer cells advances a novel, mechanistic
approach to targeting CIBP that could advance treatment for several pathological
conditions. Using high-throughput screening, we investigated the ability of
approximately 30,000 compounds from the Canadian Compound Collection to reduce
glutamate release from MDA-MB-231 breast cancer cells. This line is known to secrete
high levels of glutamate and has been demonstrated to induce CIBP by this
mechanism. Positive chemical hits were based on the potency of each molecule relative
to a known pharmacological inhibitor of glutamate release, sulfasalazine. Efficacy was
confirmed and drug-like molecules were identified as potent inhibitors of glutamate

secretion from MDA-MB-231, MCF-7 and Mat-Ly-Lu cells.
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INTRODUCTION:

Bone metastasis is a common characteristic of advanced, highly aggressive breast
cancer’. A high proportion of breast cancer patients presenting with bone metastases
experience significant co-morbidities such as bone fracture and hypercalcemia? 3. The
most prominent, however, is the manifestation of severe, intractable cancer-induced
bone pain (CIBP)“. This unique chronic pain state can significantly compromise patient
quality of life and functional status. Furthermore, therapeutic strategies for severe
cancer pain are often constrained by dose-limiting side effects and acquired treatment
resistance. The satisfactory management of chronic pain is essential to successful
palliative care in cancer patients. In patients with tumours, 15-75% present with
significant chronic pain. While pain management is increasingly a priority in cancer care,
the cancer-induced pain state is poorly characterized and treatment outcomes can
frequently exacerbate the poor quality of life experienced by most patients®. As CIBP
has been demonstrated to be a unique pain state distinct from other chronic pain
conditions®, there is the potential and the need to develop unique treatments for CIBP.
Investigating and targeting the factors that initiate CIBP may allow for the development
of effective therapeutics with minimal side effects. Investigating the effects of tumour-
secreted factors on the host microenvironment, such as the bone, will provide insights
into the physiological mechanisms underlying CIBP. In turn, this will aid in the
development of novel pharmacological strategies for targeted pain interventions.
Glutamate is both an ubiquitous cell-signaling molecule in many tissues and a
well-characterized excitatory neurotransmitter in the central nervous system (CNS),

where it is involved in nociception and pain sensitization” 8. Both metabotropic and
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ionotropic glutamate receptors are involved in pain hypersensitivityg, and glutamate
secretion is associated with peripheral tissue injury and inflammation'® ''. Glutamate is
also implicated peripherally in a variety of non-malignant painful states including
polymyalgia'?, arthritis”™ '* and other inflammatory disorders'® '°. Therefore, glutamate
plays a key role in both central and peripheral propagation of pain including the
development of features of chronic pain and hypersensitivity. In addition to its role in the
CNS, glutamate is also an important metabolic component and signaling molecule in the
periphew16' 7, Among the spleen, pancreas, lung, heart, liver and other organs of the
digestive and reproductive system, bone is also sensitive to glutamatergic signaling'®
'®_In the restricted environment of the bone, glutamate acts in an autocrine and
paracrine manner, coordinating intra- and intercellular communication between
prominent cells of the bone such as osteoblasts and osteoclasts. Signaling between
these cells coordinates bone deposition and resorption in a glutamate-dependent
manner'® 2% 21,

Intracellular glutamate is primarily a product of glutamine metabolism in cancer
cells with a proportion of this glutamate pool destined for secretion® 2> ?*. In cancer
cells, amplified secretion of glutamate, as well as other aspects of dysregulated
glutamatergic signaling, have been shown to correlate with a malignant phenotype25' 2,
' For example, exogenous glutamate secretion from glioma cells in the CNS allows
tumour expansion and metastasis through excitotoxic cell death of proximal neurons
and glial cells?. In the periphery, cancer cell lines including breast and prostate cancers

associated with bone metastases also exhibit increased secretion of glutamate that

contributes to the disruption of normal bone homeostasis and CIBP?".
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Increased glutamine consumption is a hallmark of many neoplasms and cancer
cells. Many aggressive breast cancer cell lines have been observed to be glutamine
auxotrophs®®. Glutamine is the major energy source for many tumours, as it is able to
meet the bioenergetic demands of cancer cells while providing macromolecular
intermediates that are required for rapid growth and proliferation®. Glutamine
metabolism is initiated by the glutaminase-mediated conversion of L-glutamine to L-
glutamate. With further processing by glutamate dehydrogenase, the resulting product,
a-ketoglutarate, can directly enter the TCA cycle. Furthermore, glutamine metabolism
provides molecular precursors for glutathione synthesis which maintain redox
equilibrium in rapidly proliferating cancer cells®" *2. In malignancies, the demand for
glutamine rapidly surmounts its endogenous supply, exceeding that needed for
biosynthetic processing alone®. Generally classified as a non-essential amino acid, an
exogenous glutamine supply becomes essential for cancer cell metabolism and
survival.

Glutamate signaling involves several classes of receptors. In transformed cells,
metabotropic glutamate receptors have been shown to confer oncogenic potential® 3°.
Such G-protein coupled receptors with oncogenic activity are associated with increased
local levels of their ligand. The production of a ligand such as glutamate, by either the
tumour itself or surrounding tissue promotes ectopic expression and continued
activation of its receptors® ". The growth of several types of tumours such as glioma®®
¥ breast cancer*” and melanoma®' * has been attenuated by inhibiting glutamatergic

signaling in xenografts and cultured cell lines.
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A variety of mechanisms may affect the secretion of glutamate from cancer cells.
In addition to pathways that produce an intracellular source of glutamate, mechanisms
that transport this amino acid across the plasma membrane should be considered as
targets for pharmacological inhibition. Notably, breast and prostate cancer cells secrete
high concentrations of glutamate through the activity of the cystine/glutamate antiporter,
system x.2* *8. Survival of these tumours, amongst others, is dependent on this system,
where its inhibition effects cell growth and viability*® %°. System x¢™ is a Na*-
independent, anionic amino acid transporter*. It is composed of heavy and light chain
subunits, 4F2hc and xCT, respectively*?. A ubiquitous glycoprotein, 4F2hc facilitates the
transport of the light chain to the plasma membrane®. The light chain, xCT is an
integral membrane protein with twelve transmembrane domains. It is this subunit that
confers specificity to this transport system, facilitating the 1:1 exchange of the anionic
form of cystine for L-glutamate**. MDA-MB-231 triple-negative breast cancer cells
express several glutamate receptors and transporters driving both glutamate secretion
and uptake®. It has been shown that glutamate secretion from these cells is limited by
an inhibitor of system x., sulfasalazine (SSZ)*. However, inhibition of the vesicular
glutamate transporter (VGLUT-1) does not affect glutamate release®. This suggests
that a large proportion of glutamate is secreted through system x.". In addition, we have
previously shown that in a mouse model of CIBP, treatment with SSZ attenuated pain
behaviours in mice harbouring intrafemoral MDA-MB-231 xenografts46. Furthermore, the
exitotoxic levels of glutamate release from glioma is also attributed to the activity of
system x¢ *’. System x¢ inhibition has also demonstrated advantageous results in

several other cancer-associated pathologies. These include inducing a reduction in
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epileptic seizures associated with glioma*®, decreasing cellular resistance to
chemotherapy*®, and increasing cell susceptibility to oxidative stress, leading to greater
cancer cell death®. Although a widely utilized drug for ulcerative colitis and rheumatoid
arthritis, SSZ is not an immediately viable therapeutic option for system x¢™ inhibition
due to its limited bioavailability when administered orally. The inhibitory action of SSZ
on system xc’ is dependent on the whole molecule not its colonic metabolites,
sulfapyridine and 5-aminosalicylic acid*® *°. It is therefore of considerable interest to
identify other compounds that act on a target such as system x¢" in order to treat CIBP.
Inhibiting the release of glutamate from the cancer cells themselves is a novel,
mechanistic strategy to eliminate the causative agent of several pathological conditions

caused by metastatic cancer, including severe CIBP.

RESULTS:

High-throughput screening for the inhibition of glutamate release from
MDA-MB-231 cells:

A live cell-based screen was used for primary screening to achieve physiologically
relevant results and thus foster the selection of higher-quality candidate compounds. In
the Amplex Red assay, L-glutamate present in cell culture media is measured indirectly
based on the level of H,O, produced from the oxidation of L-glutamate by L-glutamate
oxidase (producing a-ketoglutarate, NH3, and H20-). Peroxide production is then
quantified through the generation of a fluorescent product, resorufin by a horseradish
peroxidase (HRP)-catalyzed reaction with the Amplex Red reagent. Initially, the Z’ factor
was calculated to identify the statistical window to assess the effectiveness of the

Amplex Red assay for extracellular glutamate in high-throughput screening (HTS). This
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window exists at least 3 standard deviations below the extracellular glutamate levels of
the high control, DMSO, and 3 standard deviations above the low control, SSZ after a
48 hour incubation. The Z’ factor calculated for production of the fluorescent product of
the assay, resorufin, was consistently higher than 0.6. With the maximum Z’ factor being
1, this assay was determined to be suitable for HTS.

Fluorescence was measured 10 times at 90 second intervals for each plate. The
rate change of relative fluorescent units versus time was calculated and used as
indicator of inhibitory potency. The results were expressed as a ratio of the rate change
between a testing compound and the positive control, SSZ (Fig. 1). A ratio of 1.0 means
that the test compound, at a 10 yM screening concentration, has the same potency of
inhibition as 200pM SSZ. Approximately 500 positive hits were identified from the
primary screening. Among these compounds, 110 were 0.2-fold (i.e. 5 times) more
potent than SSZ, 127 were less than 0.4-fold, 292 were less than 1-fold, and 320 were
less than 1.1-fold. These 320 compounds were selected for secondary screening.
During secondary screening, cell viability was assessed visually following treatment with
the compounds selected from the primary screen. A potent cytotoxic compound would
not qualify as a viable therapeutic candidate, as it most likely would have targets outside
the tumour in healthy tissue when administered in vivo. Eliminating these compounds
with potent cytotoxicity narrowed the range of positive hits before progressing to
secondary screening. Ultimately, 7 compounds were identified as viable potent
inhibitors of glutamate release with low to moderate cytotoxicity. These compounds
were (R,R)-cis-Diethltetrahydro-2,8-chrysendiol, (+/-)-SKF38393 hydrochloride, N,N-

dipropyldopamine hydrobromide (NNDP), capsazepine, SKF83565 hydrobromide,
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KM02894 and BTB01303 (Fig. 2). Among them, SKF38393, SKF83565 and NNDP are
well-characterized dopamine receptor agonists, while capsazepine is a vanilloid
receptor antagonist. Interestingly, these four compounds share a substituted
benzazepine functional group. Substituted benzazepine derivatives (1-phenyl-1H-3-
benzazepines) have been shown to have specificity for the dopamine D1 receptor’”.
Due to supplier availability, SKF83565 and KM02894 were not available for subsequent
testing. (R,R)-cis-Diethltetrahydro-2,8-chrysendiol and BTB01303 were eliminated due
to structurally predicted auto-fluorescence that may interfere with the glutamate release
assay. As a result, SKF38393, NNDP and capsazepine were selected for follow-up
testing to assess their cytotoxicity and inhibitory effect on glutamate release in a 96-well
plate format. Ultimately, capsazepine, SKF 38393 and NNDP showed low to moderate

cytotoxicity (Fig. 3) and dose-dependent inhibition of glutamate release (Fig. 4).

IC50 Values for SKF 38393, N,N-dipropyldopamine and Capsazepine:

In the Amplex Red reaction, glutamate is initially converted to a-ketoglutarate by
glutamate oxidase, which produces H2O,. This initiates the HRP-catalyzed reaction with
the Amplex Red reagent to generate the fluorescent product, resorufin, which is
quantified to indirectly measure glutamate. Therefore, the final fluorescent readout is
potentially affected by H,O- released by the cells when testing a range of
concentrations. Our data showed that H,O2 production was not a confounding factor
except at high doses of SKF38393 and capsazepine (=100 uM; data not shown). These
concentrations were eliminated from further testing. SKF38393, NNDP and capsazepine

had ICsg values lower than that of SSZ, suggesting greater potency than the positive
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control. After normalizing to viable cell number quantified 48 hours post inoculation, the
ICsp of capsazepine, SKF38393, NNDP and SSZ was calculated as 17.72, 20.12, 25.45
and 79.59 uM, respectively (Fig. 4). Therefore, capsazepine, SKF38393 and NNDP are

more potent inhibitors of glutamate release from cancer cells than SSZ.

DISCUSSION:

The objective of this study was to identify small molecule inhibitors of glutamate
secretion from human breast cancer cells. HTS of small molecules is an important stage
of drug discovery. HTS allows for the identification of new agents that target glutamate
release from an aggressive, metastatic breast cancer cell line that we have previously
used to induce a cancer-induced pain state. This investigation represents a novel
approach to treating cancer pain and is a stepping-stone in developing new, targeted
therapeutic strategies for this unique chronic pain state.

As a means of identifying potential mechanisms that contribute to excess
glutamate release from cancer cells, the small molecules selected from our HTS
implicate several novel molecular targets. Due to the high metabolic activity of cancer
cells, the production of antioxidants must be upregulated to effectively maintain redox
equilibrium. Glutamate release from cancer cells is thought to be a byproduct of a
protective mechanism against oxidative stress. Synthesis of glutathione (GSH), the
predominant cellular antioxidant, relies on the acquisition of cysteine as the rate-limiting
step. Cysteine is acquired extracelullarly in its oxidized form, cystine, through the action

of the cystine/glutamate antiporter system x¢". This transport activity, which is
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upregulated in cancer cells, necessitates the release of glutamate and is responsible for
the majority of glutamate release in several cancer cell lines>®.

The inhibition of intracellular glutaminase is another potential mechanism that
would affect the concentration of intracellular glutamate available for secretion. Collins
et al.?® have shown that approximately 30% of secreted glutamate is derived from
imported glutamine by way of glutaminase activity. Should any of our molecules disrupt
glutaminase activity, the proportion of glutamate available for export would decrease.
Glutamate secretion in cancer cells is affected by the extracellular concentration of
cystine, and intracellular glutaminase activity does not correlate with glutamine
consumption in breast cancer cells®. This suggests that glutaminase activity alone
cannot account for changes in glutamate secretion. The majority of exported glutamate
is however, coupled to the import of cystine?®, again supporting a role for system xc™ in
the secretion of a large proportion of released glutamate. This is consistent with the
observations of Bannai and Ishii in fibroblasts®?. Furthermore, we have shown that
system x¢ activity is also associated with CIBP, where a known inhibitor of this
antiporter, SSZ, reduces pain behaviours linked to the growth of MDA-MB-231 tumours
in the distal femur*®. While the compounds identified in our screen may inhibit glutamate
release by a variety of mechanisms, system xc'is likely a major target.

The known functions of SKF38393 and N,N-dipropyldopamine as dopamine
receptor agonists, offers additional mechanisms that warrant further investigation into
the role of the dopamine signaling pathway in malignant cells. The D1 dopamine
receptor is linked to downstream activation of adenylyl cyclase and cAMP production®?,

Agonist versus antagonist activity of 1-phenyl-1H-3-benzazepines is dependent on the
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substituent occupying position 7 of the benzazepine molecule®. All molecules identified
in our screening that contain the benzazepine group show agonistic properties by this
method. The D1 receptor is expressed by breast cancer cells®®, and dopamine itself is
an effective adjuvant to increase the efficacy of anticancer agents®. Furthermore, there
is evidence linking dopamine agonists to the functional reversal of the GLT-1
transporter’’. The GLT-1 transporter has been shown by our laboratory to be present at
the mRNA level in MDA-MB-231 cells and may therefore contribute to glutamate
secretion in these cells®®.

In addition to dopamine signaling, the Transient Receptor Potential cation
channel 1 (TRPV1) may play a role in glutamate secretion. Also known as the type 1
vanilloid receptor, this ion channel is well characterized in pain pathways, with the
excitotoxin capsaicin being a common agonist. One of the compounds identified in our
screen, capsazepine, is a synthetic analog of capsaicin, that acts as a TRPV1
antagonistsg. With well-characterized neurological effects, capsazepine has also been
shown to mediate anticancer activity through a reactive oxygen species (ROS)-
mediated JNK signaling mechanism®. TRPV1 receptors are present on tumour cells,
however, the mechanism of action of vanilloids on these cells was not through the
conventional calcium signaling associated with TRVP1 activation®. With potential
mechanisms outlined, the mode of action of all the glutamate release inhibiting

compounds discovered are currently under investigation.
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CONCLUSION:

Glutamate release is involved in several painful conditions and the cell-based
HTS described in the current investigation has discovered several molecules that inhibit
glutamate release. Previous studies by our lab have identified system xc™ as a major
mechanism of glutamate release from cancer cells®®. Several compounds identified in
the screen suggest that, in addition to system x¢’, other pathways and receptors may be
at play. Our data suggest that dopamine signaling and TRPV1 activity may modulate
glutamate release in MDA-MB-231 cells. We aim to further investigate the mode of
action of these compounds, as target validation may contribute to the development of
novel therapeutics for the treatment of several cancer-associated pathologies including
glutamate-mediated CIBP. Our study represents a unique opportunity to modulate pain
by targeting the tumour rather than the CNS, thus providing new insights into the
mechanisms eliciting cancer pain. To pharmacologically inhibit pain propagation and
hypersensitivity without affecting systemic signaling is a unique strategy for the
development of novel therapeutics that address the underlying mechanism causing the

pain rather than the development of those that merely mask pain intensity.

METHODS:
Cell Culture:

MDA-MB-231 human breast adenocarcinoma cells were maintained in high glucose
DMEM (Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum

(FBS) and 1% antibiotic/antimycotic (Life Technologies). Cells undergoing screening
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were maintained in DMEM supplemented with 10% dialyzed FBS (dFBS) and 1%
antibiotic/antimycotic (A/A; Life Technologies). All cells were incubated at 37 °C and 5%

CO..

Assay Optimization for High-Throughput Screening:

Calculation of Z’ factor is used to assess the size of the screening window, which
statistically outlines the region in which positive hits will be selected. The fluorescent
signal produced from the Amplex Red reagent (Life Technologies) was found to be
significantly above background signal. Measurements were taken over 13 time points

within 83 minutes and the Z’ factor was calculated using the following equation:

Z' factor =1- {7(301) A 36@}
lup — |

o= standard deviation of positive (p) and negative (n) controls
p= mean of positive (p) and negative (n) controls

Cell-Based High-Throughput Screening for Molecules Inhibiting Glutamate Release:
MDA-MB-231 cells were grown in T-75 flasks containing normal growth media as
outlined above. Cells were harvested at 70-90% confluency with 0.5% trypsin/EDTA,
counted by haemocytometer, and dispensed at a density of 700 cells per well of a 384
well-plate in DMEM supplemented with 10% dFBS and 1% A/A. Immediately after
seeding, compounds of the Canadian Compound Collection library were dispensed at a
concentration of 10 uM. All seeding, treatments, and subsequent assays were
automated using a BIOMEK FX liquid handler (Beckman Coulter, Brea, CA). All

compound plates comprising the library contained technical replicates but did not
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contain positive and negative controls. Positive and negative controls were therefore
prepared in parallel in one plate containing 200 uM sulfasalazine (positive control) and
1% DMSO (negative control) in screening media. Furthermore, in order to establish
basal glutamate levels in the growth medium, a plate containing only media was
dispensed and subjected to the same protocol for compound testing. All plates were

then incubated for 48 hours at 37 °C and 5% CO..

Screening Library:

The Canadian Compound Collection HTS library consists of 29,586 compounds
including synthetic small molecules, off-patent small molecules that are FDA approved,
natural products, pharmacologically active small molecules and bioactives. Compound
stocks were solubilized at 1 mM in 100% DMSO and validated as greater than 95%

pure.

Measurement of Glutamate Release:

Extracellular glutamate levels were measured after 48 hours using the Amplex Red
glutamic acid assay kit (Life Technologies). This assay is modified to increase sensitivity
to low glutamate concentrations by removing the L-alanine and L-glutamate-pyruvate
transaminase from the reaction®*. After the 48 hour incubation, the Amplex Red reaction
mixture was added to each well at a ratio of 1:2. Immediately following addition, the
plate was measured fluorometrically by the EnVision 2102 multilabel reader (Perkin
Elmer, Waltham, MA) in continuous assay mode. Readings were acquired every 90

seconds for a total of 15 minutes at an excitation wavelength of 530-560 nm and an
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emission wavelength of 590 nm. The fold difference between the negative (DMSQO) and
positive (SSZ) control was greatest at a time of 15 minutes post-addition of the Amplex
Red reagent. The slope of relative fluorescent units versus time in seconds is used as
indicator of inhibitory potency. The smaller the value for the slope, the less glutamate is

in the medium.

Data Analysis — Determining Hit-rate:

The glutamate release values for each compound were plotted against their technical
replicate and normalized to SSZ. The results were gated to highlight compounds that
had a fold change in the inhibition of glutamate release < 1.1 relative to SSZ. From
initial screening, 320 compounds that met this criterion were considered for re-
screening. Of these compounds, a significant proportion were eliminated due to
observable cytotoxicity which was classified as a confounding factor contributing to false

positives. These compounds were not pursued in follow-up experiments.

Prioritization of Compound Hits and IC50 Determination:

Re-screened compound hits were then tested in a 96-well plate format. Cells were
seeded at 5,000-10,000 cells/well and compounds were added over a range of 0-200
MM in DMEM + 10% dFBS immediately after cell seeding. Cultures were incubated at
37 °C for 48 hours from the time of plating and compound addition. Media was collected
after incubation and diluted 1:10 for glutamate determination by Amplex Red assay.

The Amplex Red reaction mix consists of 1X reaction buffer (0.1 M Tris-HCI, pH 7.5),
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100 U/mL horseradish peroxidase, 5 U/mL L-glutamate oxidase, and 2.6 ug/mL of the
Amplex Red reagent dissolved in DMSO. Media sample dilutions were added at a 1:1
ratio with the reaction mixture (25 yL of each). Fluorometric data was measured by rate
as mentioned above in order to establish the change in fluorescent units over time. ICsg
values were calculated from the non-linear regression of slope versus log concentration

of each compound.

Cell Number Quantification:

Cell number was quantified by crystal violet staining in order to assess compound
cytotoxicity. After media collection, each well was aspirated, rinsed with PBS and fixed
in formalin for 30 minutes. Formalin was then removed and cultures were stained with a
0.25% crystal violet in 25% methanol for 15 minutes. Plates were then submerged in
water and rinsed until the stain was completely removed. Once dry, crystal violet stain
was solubilized with a solution of 0.05 M NaH>PO, in 50% ethanol and read on a
spectrophotometer (Biotek, Winooski, VA) at A=570 nm. Results are compared to
standard growth curves generated for the cell line and cell number was interpreted from
the equation of the standard curve. Calculated values were then used to normalize

relative glutamate concentrations to cell number.

Measurement of Assay Interference:

To determine whether any molecules interfered with the Amplex Red reaction, standard
glutamate concentrations were measured in the presence and absence of SKF38393,

NNDP, capsazepine and SSZ in isolation. The standard L-glutamate concentrations
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ranged from 0-25 yM and dilutions were prepared fresh before each test. All drug
dilutions were added to the glutamate standards at a ratio of 1:100 as used in follow-up
testing to ensure each sample has identical volumes of DMSO. The total volume of

glutamate, drug and reaction buffer was 25 pL.

Production of Hydrogen Peroxide:

Because the measurement of glutamate by Amplex Red is indirect it is the production of
H20, that induces HRP-catalyzed conversion of the Amplex Red reagent (10-acetyl-3,7-
dihydroxyphenoxazine) to its fluorescent product resorufin. To ensure drug treatment
did not induce exogenous H,0O, production/release, media samples collected from
treated cells were tested in the absence of L-glutamate oxidase to allow basal H,O,

levels to be quantified.
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FIGURES:
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Figure 1: High-throughput screening of 29,586 compounds for inhibitors of
glutamate release by MDA-MB-231 cells.

The level of glutamate in the cell medium was measured by Amplex Red reagent
48 hours post inoculation. Fluorescence was read every 90 seconds for 15
minutes. The rate change of fluorescent signal versus time was used as indicator
of inhibitory potency. The result was expressed as the ratio of rate change
between a testing compound (10 yM) and the positive control, SSZ (200 uM).
The X and Y-axis represent the ratio of rate change of replicate 1 (R1) and

replicate 2 (R2). Among 500 positive hits, 320 (enclosed in box) showed similar
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to more potent glutamate release inhibition potency as SSZ and were selected

for secondary screening.
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Figure 2: Chemical structure of 8 compounds showing potent inhibition of
glutamate release after secondary screening.

Positive hits selected from HTS screening as inhibitors of glutamate release from
MDA-MB-231 cells. The remaining compounds were those that were found under
HTS conditions to inhibit glutamate release but were not tested in follow-up

studies.

69



Ph.D. Thesis — J. Fazzari; McMaster University — Medical Sciences

_ 107 15
° ° °
© @ 1.0
58 0e{ o 53 5
Sax S .
©2 04- Cg
T w© «©
SE § g 057
£ 0.2 g -
o o
O.C T T T 1 oc L} L} L) U L}
0.0 0.5 1.0 15 2.0 00 05 10 15 20 25
Log [SKF 38393] uM Log [N,N-dipropyldopamine] uM
107 _ 101
° ® ° .
S o081 c$ 08 < °
e N g @
§’g 0.6 22 06 N
S S
C8 04+ 2 (44
© S w®
3E SE
£ 024 £ 024
G G
o-c L) L) T 1 oc L) L] L) L) 1
0.0 0.5 1.0 15 2.0 00 05 10 15 20 25
Log [Capsazepine] pM Log [sulfasalazine] uM

Figure 3: ICs5o curves for capsazepine, NNDP, SKF38393 and sulfasalazine.

The ICso was calculated by normalizing to the viable cell numbers. The
ICsp values are as follows: capsazepine = 17.72, SKF38393 = 20.12, NNDP =

25.45 SSZ = 79.59 pM.
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Figure 4: Cytotoxicity of SKF38393, NNDP and capsazepine in MDA-MB-231, MCF-
7 and Mat-Ly-Lu cells.

The cell number was quantified by crystal violet staining 48 hours post-incubation. Data

are represented as the mean of n = 3 experiments % the standard error of the mean.
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CHAPTER 3: IDENTIFICATION OF CAPSAZEPINE
AS A NOVEL INHIBITOR OF SYSTEM X AND
CANCER-INDUCED BONE PAIN
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PREFACE:

In this chapter, an author-generated version of the manuscript entitled:

“Identification of capsazepine as a novel inhibitor of system x; and cancer-induced
bone pain” published in The Journal of Pain Research April 2017 is included. The paper
is reproduced with permission from Dove Press as stated in the licence and copyright

agreement:

For this paper | implemented the assay for quantifying cystine uptake as a more specific
means of monitoring system x_ activity (Appendix I). | conducted all in vitro testing and |
was responsible for writing and revising the manuscript. Animal work was conducted in
conjunction with Matthew Balenko. This includes intrafemoral injection of MDA-MB-231
cells into the femur head to generate the CIBP model, drug preparation and
implantation of drug pumps as well as behavioural testing and analysis. Robert Ungard

assisted with tumour cell injection.

RATIONALE:

The following chapter includes the characterization of a lead compound from the
high-throughput screen from Chapter 1. Capsazepine showed robust inhibition of
glutamate during follow-up testing outside of screening conditions. In addition to
confirming CPZ’s ability to reduce extracellular glutamate release, CPZ showed potent

inhibition of cystine uptake, indicating that its ability to reduce glutamate release is
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through inhibition of system x_ activity. For this reason, CPZ was tested in our in vivo
model of CIBP that our lab has previously been shown to be modulated by system x_
inhibition. This model involves the implantation of MDA-MB-231 human, triple-negative
breast cancer cells into the right femur of Balb/c nude mice and assessing pain
behaviours that develop in conjunction with the proliferating tumour. These
assessments include the Dynamic Weight-Bearing test of mechanical allodynia as well
as the Dynamic Plantar Aesthesiometer as a measurement of mechanical hyperalgesia.
Together these tests model the clinical pain characteristics of spontaneous pain and
touch sensitivity respectively.

Although we showed CPZ exhibits action against system x_activity, it's on-target
action of TRPV1 receptors cannot be ignored as a contributing factor to its anti-
nociceptive mechanism. As discussed in Chapter 1, TRPV1 has an integral role in pain

processing and the potential to mitigate CIBP behaviours.
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ABSTRACT:

The cystine/glutamate antiporter has been implicated in a variety of cancers as a major
mediator of redox homeostasis. The excess glutamate secreted by this transporter in
aggressive cancer cells has been associated with cancer-induced bone pain (CIBP)
from distal breast cancer metastases. High-throughput screening of small molecule
inhibitors of glutamate release from breast cancer cells identified several potential
compounds. One such compound, capsazepine (CPZ), was confirmed to inhibit the
functional unit of system x;” (xCT) through its ability to block uptake of its radiolabeled
substrate, cystine. Blockade of this antiporter induced production of reactive oxygen
species (ROS) within 4 hours and induced cell death within 48 hours at concentrations
exceeding 25 pM. Furthermore, cell death and ROS production were significantly
reduced by co-treatment with N-acetylcysteine, suggesting that CPZ toxicity is
associated with ROS-induced cell death. These data suggest that CPZ can modulate
system x. activity in vitro and this translates into antinociception in an in vivo model of
CIBP where systemic administration of CPZ successfully delayed the onset and
reversed CIBP-induced nociceptive behaviors resulting from intrafemoral MDA-MB-231

tumors.
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INTRODUCTION:

Advanced cancers of the breast are the most common source of bone metastases in
women'. When in the bone, these cancers initiate a wide variety of pathological
sequelae, with the primary symptom being debilitating pain?. Once tumors metastasize
to the skeleton, they are associated with a dramatic change in the bone
microenvironment inducing a physiologically complex pain state, which can arise from a
multitude of factors including altered bone remodeling, fracturing of the bone, damage
to surrounding nerves, and release of nociceptive factors from the bone tissue itself or
directly from the invading tumor®>~. These skeletal-related effects correlate to a marked
increase in patient morbidity and mortality2 with cancer-induced bone pain (CIBP)
affecting up to 75% of cancer patients making it a key indicator of patient quality of
life®°. The multiplicity of nociceptive pathways contributing to CIBP makes treatment
difficult and often resistant to current analgesic therapies, with over 50% of patients
having persistent, unresolved pain'®. New pharmacological targets are therefore crucial
to advancing therapeutic strategies that can address this clinical problem and advance

patients’ quality of life.

We hypothesize that cancer-specific factors are responsible for the complexity of CIBP
and discovered that concentration of the nociceptive factor glutamate is greatly
increased in the tumor microenvironment as a result of upregulated antioxidant

machinery®” "’

namely, the cystine/glutamate antiporter, system x; (xCT). System x. is
upregulated in many tumor types in response to the high concentrations of reactive
oxygen species (ROS) produced as a consequence of their rampant cell growth and

metabolism. Functional upregulation of this antiporter promotes cell survival under a
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high ROS burden by promoting cystine uptake and downstream production of
glutathione (GSH). This is especially seen in cancers with aggressive phenotypes that
readily metastasize to bone'™"*. The exchange of cystine for glutamate via system

X.~ across the plasma membrane occurs in a 1:1 stoichiometric ratio'*'® driven by the
intracellular concentrations of glutamate. This secreted glutamate is believed to be a
major stimulus for the initiation and propagation of CIBP following metastases to the
bone. Glutamate is the most common neurotransmitter in the central nervous system,
and is known to play a role in pain as well as modulating cellular homeostasis in the
bone'®'”. With the nociceptive potential of glutamate implicated in a variety of painful
disorders, targeting glutamate release via system x. at the tumor site is a novel path to
achieve analgesia in CIBP. Therefore, inhibition of system x; in the cancer would limit
the release of glutamate from the tumor, making it a pharmacologically relevant and
pathology-specific target for reducing mechanical hyperalgesia associated with CIBP”.
Previously, our group has published the antinociceptive effects of a known xCT inhibitor,
sulfasalazine (SSZ), in an animal model of CIBP where treatment with this drug delayed
the onset of nociceptive behaviors. Slosky et al. recently corroborated this in a
syngeneic mouse model with complementary behavioral assessments'®. Despite the
success of SSZ in animal models, it has poor translational capacity for treatment of
CIBP due to the limited oral bioavailability of the parent drug relative to its colonic
metabolites, which have no inhibitory action toward system x.~ '*%. In addition, common
side effects of SSZ include nausea, vomiting, and anorexia, which need to be controlled
not exacerbated in a cancer patient. Therefore, our aim is to identify novel inhibitors of

system x. . We previously ran a high throughput screen examining a chemical library of
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30,000 compounds to identify lead molecules that effectively inhibit glutamate release
from MDA-MB-231 cells relative to SSZ?'. Capsazepine (CPZ) was one of several lead
compounds found to have a high inhibition of glutamate release. Originally, CPZ was
the first reported competitive antagonist of the vanilloid receptor-1 (TRPV-1 )22. Although
commonly used as such in pharmacological studies, it lacks potency and selectivity
toward TRPV-1%?* and has several known off-target effects®*2®. Therefore, it has since
been replaced by newer, more selective compounds. Here, we present the first
characterization of CPZ as an inhibitor of xCT in MDA-MB-231 cancer cells and
corroborate this activity with antinociception in an in vivo murine model of CIBP induced

by MDA-MB-231 bone colonization.

METHODS:

Cell culture

MDA-MB-231 human breast adenocarcinomas (American Type Culture Collection,
Manassas, VA, USA) were maintained at sub-confluent densities with 5% CO, at 37°C
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1X antibiotic/anti-mycotic (Life Technologies, Burlington, ON, USA).
Cultures tested negative for mycoplasma contamination following testing outlined by

van Kuppeveld et al.?’.
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Cell treatments

Capsazepine (CPZ; Cayman, Madison, WI, USA) and 5-iodoresiniferatoxin (IRTX;
Alomone Labs, Jerusalem, Israel) were prepared in accordance with manufacturer’s

recommendations using dimethyl sulfoxide (DMSO).

Uptake of ["*C]-cystine in MDA-MB-231 cells

The uptake of radiolabeled [**C]-cystine was measured as previously

described?®?°. MDA-MB-231 cells were plated in 6-well plates, 24 hours prior to testing,
in complete culture medium. Prior to drug treatment, cells were washed with Hank’s
balanced salt solution (HBSS) and incubated with drug diluted in HBSS for 20 minutes
at 37°C. ["*C]-cystine (0.03 pCi/mL) was then added and incubated for an additional 20
minutes at 37°C. Cells were then washed with ice-cold HBSS and lysed in 220 pL lysis
buffer (0.1% Triton X-100, 0.1 N NaOH) for 30 minutes. A 100 pL aliquot of lysate was
added to 1 mL scintillation fluid (Ecoscint-H) and read in a Beckman LS6000 liquid
scintillation counter. Total protein per sample was quantified using the BioRad reagent

and used to normalize scintillation data.

Measurement of intracellular reactive oxygen species

Intracellular ROS was quantified using a choloromethyl 2',7'—dichlorofluorescein
diacetate derivative (DCFDA) after 4 and 24 hours of treatments with 12.5-50 uM CPZ.
DCFDA is loaded into the cells at a concentration of 10 uM in HBSS for 30 minutes prior
to drug treatment. Following incubation, cells were washed with HBSS and treated in

phenol-red free DMEM supplemented with 10% FBS, sodium pyruvate (1 mM), and L-
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glutamine (4 mM). Fluorescence was then read at 529 nm following the indicated time

points.

Quantification of xCT mRNA by quantitative real-time polymerase chain
reaction

MDA-MB-231 cells treated with 25 yM CPZ for 48 hours were harvested by
trypsinization followed by mRNA extraction and purification. mRNA was then subject to
reverse transcription to generate cDNA, and quantitative real-time polymerase chain
reaction (RT-PCR) was carried out using the following primers for system

Xc [SLC7A11-forward (5'-CCTCTATTCGGACCCATTTAGT) and reverse (5'-
CTGGGTTTCTTGTCCCATATAA)]. Results were quantified using the 2711 [A1 ¢t method
with the housekeeping gene B-actin and presented as fold changes relative to vehicle
(DMSO)-treated control. RT-PCR was also used to confirm the presence of TRPV-1
MRNA in the MDA-MB-231 cells with the following primers: forward (5'-
CAGGCTCTATGATCGCAGGAG-3') and reverse (5-TTTGAACTCGTTGTCTGTGAGG-

3).

Animals

Female athymic BALB/c nu/nu homozygous nude mice (Charles River, Montreal, QC,
Canada) were used for developing MDA-MB-231 xenograft model. The mice ranged
from 4—-6 weeks of age and were sterile housed in groups of five. The mice were
maintained at 24°C with a 12-hour light/dark cycle and were provided a sterile setting
using autoclaved food and water ad libitum. All procedures were conducted according to
the guidelines of the Committee for Research and Ethical Issues of the International

Association for the Study of Pain and guidelines established by the Canadian Council
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on Animal Care with ethical approval from the McMaster University Animal Research
Ethics Board. Humane endpoints dictate euthanization if the tumor interference with the
normal function of the animals causes significant pain or distress or leads to
infection/risk of infection. This is monitored by frequent examination, pain behavioral

testing, and body weight recordings.

Tumor cell xenografts

Three days prior to cell implantation, all mice had a 0.25 mg, 21-day release 17§3-
estradiol pellet (Innovative Research of America, Sarasota, FL, USA) implanted
subcutaneously. At experimental day 0, mice were randomized to tumor or sham-
injected groups and subject to isoflurane anesthesia followed by subcutaneous
administration of buprenorphine (0.05 mg/kg) prior to cell injection. Animals in the tumor
group were inoculated with 2x10° cells in a 50 pL solution of phosphate-buffered saline
(PBS) (tumor mice) and sham animals received an injection of only 50 pL of PBS into

the right distal epiphysis of the femur, as previously reported’.

Experimental groups

Both tumor and sham-injected mice were randomized into treatment groups on
experimental day 14 following tumor cell inoculation to allow for tumor establishment
(Tumor injected: n=11, 5 mg/kg CPZ; n=10, 10 mg/kg CPZ; n=13 DMSO vehicle; Sham
injected: n=3, 5 mg/kg CPZ; n=5 DMSO vehicle). Drugs were delivered via Alzet model
1004 mini-osmotic pumps (0.11 pL/hour for 28 days; Durect, Cupertino, CA, USA),
which were implanted intraperitoneally to allow for stable drug delivery without constant

surgical interference that may otherwise skew behavioral results. Final CPZ doses were
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equal to 5 and 10 mg/kg, which have previously been shown to be safe for animal

use30,31

Behavioral testing

The behavioral testing period started 8 days prior to cancer cell inoculation and was
performed on alternate days to acquire a total of four baseline tests. The average of
these four tests represents the baseline pain score prior to tumor development and
treatment. After cell implantation, behavioral testing was performed 3 days/week until
endpoint was reached and involved the use of two behavioral systems; the Dynamic
Plantar Aesthesiometer (DPA) (Ugo Basile, Comerio, Italy) and the Dynamic Weight
Bearing (DWB) (BioSeb, Vitrolles, France) systems. All animals were randomly
assigned to treatment groups during baseline behavioral testing, which also accounted
for their random cage assignment. Researchers conducting behavioral tests and
assessment of radiography/histology remained blinded to treatment status through each
experiment. All data collected following cancer cell inoculation were normalized to these
baseline scores. All animals were given a 5- and 7-minute acclimatization period in the

DPA and DWB chambers, respectively.

Dynamic Plantar Aesthesiometer

The DPA is an electronic Von Frey instrument measuring mechanical withdrawal
thresholds as indicators of allodynia and hyperalgesia. The mice are placed individually
in holding areas with grated floors and the device is manually moved under the cell-
injected paw of the mouse and the actuator is triggered, raising the filament to the

plantar surface of the paw. Once contact is made, the applied force increases steadily
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until the paw is withdrawn. An average of five withdrawal thresholds were collected on
each testing day to represent the mechanical withdrawal threshold for that day. Only
mice that had visible tumors based on radiographic and histological identification were
used for final data analysis. In this study, tumor implantation was successful in all
animals. The final animal numbers for each group, therefore, were: vehicle: n=13; 5

mg/kg CPZ: n=11; 10 mg/kg CPZ: n=10; sham vehicle: n=5; sham 5 mg/kg CPZ: n=3.

Dynamic Weight Bearing system

The DWB system records weight distribution and time spent on each limb over the
course of 3 minutes using specialized weight sensors that are calibrated to the weight of
the mouse and is equipped with a video camera mounted overhead to analyze the
mouse’s movements as the experiment progresses. The mean weight applied by each
limb was measured separately, as well as the mouse as a whole, but only the rear right
(tumor-bearing) limb was used to analyze changes in applied mechanical force. The
daily mean weight average of the rear right paw was then compared to the baseline
mean weight to calculate the difference in weight distribution placed on the affected
limb. The digital recordings from the overhead camera were also used to manually
validate the mouse’s orientation on the sensor. The time spent on each paw was also
analyzed as it provides a more specific measurement of nociceptive behavior as it
highlights limb favoring and impaired ambulation of the tumor-bearing limb. Similarly to
the DPA results, only mice showing confirmed radiographic tumor development in the
injected limb were used, making the final group numbers as follows: vehicle: n=13; 5

mg/kg CPZ: n=11; 10 mg/kg CPZ: n=10; sham vehicle: n=5; sham 5 mg/kg CPZ: n=3.
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Only results of tumor-bearing mice are reported as no differences were seen among

sham-injected groups.

Immunohistochemistry

Ipsilateral and contralateral tibiae, fibulae, femora, and surrounding tissues with tumor
growth confirmed by radio-graphic analysis were dissected and fixed in formalin for 48
hours followed by decalcification in 10% EDTA and 4% formalin-buffered solution for 2
weeks. Fixed and decalcified samples were embedded in paraffin wax, and 4 pm
sections were prepared for hematoxylin and eosin staining to assess the extent of tumor
invasion. Sections were mounted on glass slides and heated at 65°C for 25 minutes.
Sections were then deparaffinized and rehydrated with multiple xylene and ethanol prior
to staining and coverslipped with xylene miscible Permount (Fisher Scientific,

Pittsburgh, PA, USA).

Statistical analysis

All in vitro data were measured using one-way analysis of variance (ANOVA) followed
by a Tukey’s test to compare all groups or by unpaired t-test with P<0.05. All behavioral
data were measured using a one-way repeated-measures ANOVA followed by a
Tukey’s test comparing all data sets to one another. Behavioral data were calculated
from day 25 until endpoint to limit the effects of the long lag phase from tumor
implantation to onset of pain symptoms. All data presented are in terms of mean
tstandard error of mean. GraphPad Prism software version 5 for Windows (GraphPad

Software, Inc., La Jolla, CA, USA) was used for all graphing and statistical analyses.
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RESULTS:

Radiolabeled cystine uptake identifies capsazepine as an inhibitor of xCT
activity

CPZ decreases the uptake of ['*C]-cystine in MDA-MB-231 cells within 20 minutes of
compound addition showing a maximal inhibitory effect at 6 uM. This mimics the effect
of the known xCT inhibitor, SSZ, indicating that CPZ does in fact show specificity for
xCT (Figure 1). CPZ did not exhibit inhibition when drug was removed prior to substrate

addition (data not shown).

Intracellular ROS levels are modulated by capsazepine in MDA-MB-231
cells

ROS levels increased over the course of 48 hours following CPZ treatment, relative to
vehicle-treated controls (Figure 2A). Within 24 hours, 25 yM CPZ increased intracellular
ROS levels by approximately three-fold (P<0.005). At 48 hours, this same dose
increased ROS levels dramatically relative to the 24-hour time point (P<0.0001) and by
greater than 15-fold relative to the vehicle-treated control (P<0.05). By contrast,
treatment with IRTX, a molecule of the same TRPV-1 antagonist class as CPZ but with
approximately 10x higher affinity for TRPV-1, did not result in significant increases in
ROS production over the course of 24 and 48 hours relative to the vehicle-treated
control (Figure 2B). Furthermore, the observed CPZ-induced increase in ROS is
abolished by the addition of 5 mM N-acetyl cysteine (NAC; Figure 2C), which is a
cyst(e)ine pro-drug that supplies the cell with an exogenous source of cysteine in the

absence of cystine uptake activity via system x. . Furthermore, CPZ treatment induces
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cell death after 48 hours, and co-treatment with 5 mM NAC significantly reduces cell

death at the highest concentration of 100 yM CPZ (P<0.001; Figure 2D).

xCT transcription increases in response to CPZ treatment

Treatment of MDA-MB-231 cells with 25 yM CPZ results in a significant increase in xCT
MRNA over the course of 24 (P<0.001) and 48 hours (P<0.05; Figure 3). Similarly, this
increase in expression is reversed to baseline by treatment with 5 mM NAC (data not
shown). This increase in xCT mRNA does not result in a functional increase in system
Xc activity nor does it resolve the increased ROS load induced by CPZ treatment.
Interestingly, it also does not induce an antioxidant response through the induction of

GSH production (data not shown).

Behavioral analysis

BALB/c nude mice bearing successful MDA-MB-231 grafts in the right femur as
determined by histological analyses were included in the study (Figure 4). The DPA and
DWB tests were consistent, showing a steady increase in nociceptive behavior with
tumor development. Treatment with CPZ at both a high dose (10 mg/kg) and a low dose
(5 mg/kg) exhibited pain-modulating effects with the prevention/delay in the onset of
nociceptive behaviors. To confirm that CPZ treatment alone did not affect the behavioral
responses, a small group (n=3) of sham-injected animals were treated with vehicle or

CPZ (5 mg/kg) with no significant differences in behavior between these two groups.

Dynamic Plantar Aesthesiometer

The DPA analysis showed that both the doses of CPZ prevented the onset of pain-

related behaviors as paw withdrawal thresholds did not significantly deviate from
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baseline measurements over the course of the experiment (Figure 5), while vehicle-
treated animals experienced a significant decrease in paw withdrawal thresholds
relative to baseline at day 27 signifying the onset of pain behavior (day 27 P<0.05, day
29-36 P<0.001). Both the 5 and 10 mg/kg doses of CPZ significantly increased the paw
withdrawal threshold from day 25 (P<0.05) relative to the vehicle-treated group, and the
withdrawal thresholds of the 10 mg/kg-treated group did not differ significantly from the
sham-injected group (results not shown), indicating that this dose was trending toward
the development of a nociceptive free state. However, both the 5 and 10 mg/kg dose did

not differ significantly from one another.

Dynamic Weight Bearing Analysis
In this weight-based test, the mice experiencing nociception showed a dramatic

decrease over time in the weight exerted on the tumor-bearing limb when compared to
their baseline weight distribution obtained prior to cancer cell inoculation (Figure 6A).
The onset of pain behavior in this test was marked on day 29 in which the percentage of
body weight placed on the tumor-bearing limb significantly deviated from baseline (day
29 P<0.01, day 32—-36 P<0.001). Treatment with 5 mg/kg CPZ delayed the onset of pain
behavior assessed by this method until day 36 (P<0.01), while treatment with 10 mg/kg
prevented the onset completely. When compared to the pain score of the vehicle-
treated mice, both doses of CPZ were found to reverse this nociceptive behavior
(P<0.05) in tumor-bearing mice. Furthermore, the ratio of weight applied to the
contralateral (rear, left) limb and the ipsilateral (rear, right) limb was also diminished with
CPZ treatment relative to vehicle-treated controls (data not shown). Furthermore,

measurement of the time spent on each limb was indicative of limb preference, and it
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was shown that only mice experiencing severe nociception in the other behavioral tests
would favor or lift their rear, right (tumor-bearing) limb (Figure 6B), consequently putting
more weight on the contralateral leg. During this experiment, only the mice with the
most severe pain were shown to raise their hind leg for time periods that significantly
differed from that of their baseline preferences. Similarly to the other tests, both doses
of CPZ were found to significantly increase the time spent on the tumor-bearing limb
relative to the vehicle group (P<0.05), but failed to create a dose-specific response.
Similarly to the DPA, the weight applied to the tumor-bearing limb of CPZ-treated mice
(both 5 and 10 mg/kg treatments) did not differ significantly from that of the sham-
injected mice (results not shown). For both measurements of limb use, a one-way
ANOVA with repeated measures was used past day 25 when pain-related behaviors

manifest.

DISCUSSION:

From a clinical perspective, development of novel treatment strategies for CIBP is
becoming more pressing as a significant proportion of oncology outpatients are
reaching advanced disease stages and as a result experience greater degrees of pain
coupled with inadequate pain control*2. Often, achieving analgesia is at the expense of
a patient’s quality of life; therefore, having a peripheral and pathological target for
blocking the source of a nociceptive stimuli rather than manipulating the physiological
response to such stimuli offers a novel therapeutic approach that exploits pathological
changes in the tumor while sparing physiological systems such as the central nervous
system. In this study, a novel inhibitor of system x. , CPZ, is reported and is shown to

delay and, in some cases, prevent the onset of CIBP. The ability of CPZ to have similar
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analgesic effects as the known xCT inhibitor, SSZ, is important due to the limited

bioavailability of SSZ making it an unattractive clinical therapeutic for CIBP.

To correlate the CPZ-induced decrease in glutamate release from MDA-MB-231 cells
with system x; inhibition, CPZ was tested for its ability to inhibit the uptake of radiola-
beled cystine, a specific system x. substrate. These data show that CPZ rapidly
prevents cystine uptake indicating blockade of system x; . Like SSZ, CPZ must inhibit
system x. sterically or by another fast acting signaling mechanism, as the inhibitory
action of both drugs is lost after washout (data not shown). Because system x; is one
of the mechanisms responsible for ROS detoxification, downstream effects of its
inhibition often manifest as rising levels of intracellular ROS and decreasing levels of
GSH, the major intracellular antioxidant, as a consequence of impaired cystine
acquisition®**3*. Cancer cells generate high titers of ROS as a byproduct of increased
cellular metabolism and rapid growth, which requires upregulation of antioxidant
machinery, such as system x. , to survive. Therefore, blocking antioxidant synthesis
through xCT inhibition results in a rise in intracellular ROS over time. This is observed
following CPZ treatment in conjunction with a temporal increase in xCT mRNA likely in
response to ROS production by way of antioxidant response elements in the xCT
promoter. Similarly, recent data have proven that the reactive nitrogen species
peroxynitrite, which is elevated in the tumor tissues, also drives system x. expression
and glutamate release from the tumor cell and that elimination of this species can

attenuate CIBP'8,

Furthermore, when cells are treated with another TRPV-1 antagonist (IRTX), a

compound with greater than ten times more specificity for TRPV-1 than CPZ, this
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increase in ROS is not observed (Figure 2B) corroborating an off-target action of CPZ
on XCT, not on TRPV-1. Considering that CPZ is known to lose its specificity for TRPV-
1 and exhibit off-target effects at doses exceeding 700 nM as used here, as well as the
fact that a highly selective TRPV-1 antagonist does not mirror the effect of CPZ,
suggests that CPZ modulates intracellular redox levels not via TRPV-1, but through an

off-target mechanism, likely system x. .

Clinically, the treatment of bone pain is often met with little success as breakthrough
pain interrupts periods of analgesia even in the presence of various stages of
pharmacological intervention. In order to see if CPZ’s ability to modulate system

Xc activity in vitro translates to effective analgesia in vivo, CPZ was tested in an
experimental mouse model of CIBP for its ability to attenuate the nociceptive behaviors
associated with an established intrafemoral tumor. There is evidence that bone cancer
pain is often accompanied by skin hypersensitivity and as a result may be responsible
for the manifestation of skeletal pain-related behaviors measured by common tests of
nociceptive behaviors including the DWB®. Here, we include tests of both cutaneous
stimulus-evoked pain and postural equilibrium/limb weight bearing using the DPA and
DWB tests, respectively, thus analyzing both features associated with skeletal pain.
Treatment with CPZ has a significant effect in both tests confirming that analgesia
obtained by administration of this molecule is not merely associated with a decrease in

skin hypersensitivity.

In vivo, the non-selective nature of CPZ has proven to be more effective in reversing the
nociceptive effects of neurogenic inflammation relative to a more selective TRPV-1

antagonist SB-366791. The use of TRPV-1 inhibitors, such as CPZ, is one of the fastest
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growing branches of analgesic study in the last decade, with a widely accepted rationale
for the development of TRPV-1 antagonists for the treatment of various inflammatory
pain conditions®®. However, the role of TRPV-1 antagonists for chronic pain states,
where conditions of tactile, mechanical, and spontaneous pain predominate, is less
clear. TRPV-1 was identified as the primary mediator of thermal hyperalgesia following
tissue injury with its expression increasing both centrally and peripherally in accordance
with specific pain states including those initiated by cancers of the bone. However,
absence or attenuation of this receptor does not seem to influence mechanical

allodynia/hyperalgesia®*~®

as is measured in this study, suggesting that attenuation of
mechanical-based nociception is via a novel mechanism, which we propose to be a
result of diminished glutamate secretion from xCT inhibition at the tumor. Furthermore,
CPZ has successfully inhibited temperature-derived behaviors relating to pain, but failed
to reverse hyperalgesia induced by Complete Freund’s Adjuvant, suggesting CPZ does
not play a role in mitigating inflammatory-induced nociception®. CPZ also does not

reverse chronic inflammatory and neuropathic pain in rats and mice, where it only

blocks capsaicin-induced TRPV-1 hyperalgesia®’.

The need for system x. in cancer cells and its association with pain states make it a
novel, peripheral, and tumor-specific target for pharmacological development.
Previously, we, and Slosky et al."®, have shown that system X, inhibition, decreased the
onset of nociceptive behaviors in an animal model of CIBP’. This murine model of CIBP
accurately mimics human metastatic breast cancer to the bone and has the advantage
of being able to isolate the affected limb. Mechanical allodynia develops in conjunction

with tumor development, as evidenced by a decrease in the force required to trigger
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paw withdrawal in the DPA test (Figure 5) and reduced weight bearing on the affected
limb as measured by DWB testing (Figure 6A). We have shown that this behavior can
be reversed toward baseline scores by systemic administration of CPZ at both 5 and 10
mg/kg. The DWB test offers advantages over the DPA testing as it reduces human
interaction and produces a greater standardization of the testing procedure, limiting
human error and subjectivity. This weight distribution measurement is a method of
validating mechanical nociception in mice, indirectly measuring both weight bearing and
spontaneous breakthrough pain, a clinically relevant assessment of CIBP.
Measurements of the time spent on each limb were also found to be a useful parameter
when measuring nociception in this model. The weight-based measurements of the
DWB showed that CPZ-treated mice were able to apply more weight to the tumor-
bearing limb relative to vehicle treated mice. The higher dose of CPZ (10 mg/kg)
prevented the development of this nociceptive behavior unlike the lower dose, which
only delayed the onset of this behavior until day 36 (5 mg/kg; Figure 6). The reduction in
the ratio of the weight applied to the left limb relative to the right (tumor-bearing) limb
suggests that CPZ-treated mice showed normal postural equilibrium relative to vehicle-
treated animals indicating the CPZ-treated mice can bear more weight on their tumor-
bearing limb. This was the most sensitive behavioral test used for indirectly measuring
pain behavior as its high selectivity and low sensitivity ensure that a large deviation
exists between mice experiencing a high degree of pain-related behavior and those that

fall into the parameters of a pain-free state (baseline; Figure 6).

Similar to CPZ’s minimal selectivity for TRPV-1 in vitro at doses exceeding 700 nM, in

vivo, CPZ is no longer considered selective for TRPV-1 at doses exceeding 2 mg/kg™®.
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Doses used in this study exceed this threshold and therefore this suggests that CPZ

modulates nociceptive behavior through off-target interactions.

The ability of CPZ to modulate system x; activity in vitro strongly suggests that its
ability to limit progression of pain behaviors occurs at least in part through system

Xc inhibition at the tumor. This is especially relevant considering CPZ’s limited affinity
for TRPV-1. Overall, targeting glutamate release in the periphery as a means of treating
cancer pain suggests a novel therapeutic strategy to relieving CIBP with fewer side
effects and increased effectiveness. In the future, it would be interesting to expand this
study using other cancers associated with metastatic bone pain and syngeneic animal
models. Further investigation into the exact mode of action of CPZ in vivo is therefore

warranted and may yield promising analgesic potential in the clinic.
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Figure 1: Quantification of cystine acquisition in MDA-MB-231 cells in the
presence of capsazepine (CPZ).

CPZ inhibits the uptake of "C-cystine when incubated with 0-50 pM of the
compound. This effect is comparable to intracellular levels of "C-cystine after
incubation with sulfasalazine, a known system x; inhibitor. Data are expressed
as the fold change in counts per minute/mg protein (+standard error of the mean)
relative to vehicle control (dimethyl sulfoxide). **P<0.01; ***<0.001;

****P<0.0001.
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Figure 2: Capsazepine treatment induces the production of reactive oxygen
species.

Quantification of intracellular levels of reactive oxygen species (ROS) as
measured by DCFDA over 24 and 48 hours of treatment with capsazepine (CPZ)
and 5'-iodoresiniferatoxin (IRTX; A). After 48 hours, 25 uM of CPZ induces a
significant increase in ROS relative to dimethyl sulfoxide-treated cells (P<0.001).

Treatment with IRTX does not result in significant changes in ROS over this time
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course. These data are represented as mean fold change tstandard error of
mean relative to vehicle-treated cells. One-way analysis of variance (ANOVA)
was used to measure significant increases in ROS relative to vehicle-treated
control. CPZ-induced ROS production is abolished by co-treatment with 5 mM N-
acetyl cysteine (NAC; B). An unpaired t-test was used to assess significance of
NAC addition at each time point. Cell survival decreases in a dose-dependent
manner after treatment for 48 hours with CPZ. Co-treatment with 5 mM NAC
increases cell survival relative to treatment with CPZ alone (C). Cell survival at
100 uM CPZ is significantly higher in the presence of 5 mM NAC (P<0.001; one-
way ANOVA comparing each concentration of CPZ without NAC to those with

the addition of NAC). *P<0.05; **P<0.01; ***P<0.001.
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Figure 3: Treatment with 25 uM capsazepine significantly induces xCT

expression by 24 and 48 hours relative to dimethyl sulfoxide (DMSO)
treatment.

These data are expressed as the fold change in xXCT mRNA levels relative to
DMSO zstandard error of mean and analyzed using a one-way analysis of

variance (24 hours P<0.001, 48 hours P<0.05). *P<0.05; **P<0.01.
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Figure 4: Histological analysis of tumor xenografts in bone represented by
hematoxylin and eosin staining.

(A) Sham-injected mice. Tumor-injected mice show extensive invasion of
xenograft into the femur with destruction of growth plate (B, D) and in some

cases breaching of the periosteum (C). Arrowheads indicate tumor tissue.
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Figure 5: DPA force-withdrawl scores of tumour-bearing paws.

Dynamic Plantar Aesthesiometer (DPA) measurements of force required for
withdrawal of the injected limb compared to the baseline results in capsazepine
(CP2)-treated and non-treated mice (100% on the y-axis is therefore equivalent
to the animal’s behavior pre-tumor implantation surgery). A significant decrease
in the force required to induce paw withdrawal relative to baseline is only seen in
the vehicle-treated group beginning on day 27 as indicated by the asterisks. Both
the 5 and 10 mg/kg CPZ-treated groups do not show any significant deviation
from baseline measurements. A one-way analysis of variance (ANOVA) with a

Dunnett post-test was used to show significant differences between time points
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relative to the baseline control. Paw withdrawal thresholds are increased in CPZ-
treated mice increase in force required for paw withdrawal in the CPZ-treated
mice relative to vehicle-treated mice (10 mg/kg) n=10; (5 mg/kg) n=11; (vehicle)
n=13. One-way repeated measures ANOVA was used on the measurements
past day 25 (marked by dotted line) showing significant differences between
groups (P<0.0001). While both doses were significantly different from vehicle
mice (P<0.05), differences between doses were not significant. Data are
expressed as the mean required force as a percentage of the baseline score

+standard error of mean. *P<0.05; **P<0.01; ***P<0.001.
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Figure 6: Dynamic Weight Bearing (DWB) behavioural assessments.

(A) Capsazepine (CPZ)-treated mice and non-treated mice. A significant
decrease in weight applied to the tumor-bearing paw relative to baseline marked

the onset of pain behavior in vehicle-treated mice on day 29 as indicated by the
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asterisks. This is delayed until day 36 for the 5 mg/kg CPZ-treated mice, and no
significant changes from baseline are seen in the 10 mg/kg CPZ-treated group. A
one-way analysis of variance (ANOVA) with a Dunnett post-test was used to
show significant differences between time points relative to the baseline control.
This graph shows a significant increase in weight distribution in the CPZ-treated
mice, relative to vehicle-treated mice (10 mg/kg) n=10; (5 mg/kg) n=11; (vehicle)
n=13. A one-way repeated measures ANOVA was used on the measurements
past day 25 (marked by dotted line) showing significant differences between
groups (P=0.0008). While both doses were significantly different from vehicle
mice (P<0.05), differences between doses were not significant. Data are
expressed as the mean weight bearing in the injected limb as a percentage of the
baseline score +SEM. (B) DWB measurements of time spent on the injected limb
compared to the baseline results in CPZ-treated mice and non-treated mice. A
decrease in the time spent on the tumor-bearing limb significantly deviates from
baseline at day 32 with the CPZ-treated group not showing any deviation from
baseline at any time point. Relative to the vehicle-treated group, an increase in
time spent on injected limb is seen in the CPZ-treated mice (10 mg/kg) n=10; (5
mg/kg) n=11; (vehicle) n=13. A one-way repeated measures ANOVA was used
on the measurements past day 25 (marked by dotted line) showing significant
differences between groups (P<0.005). While both doses were significantly
different from vehicle mice (P<0.05), differences between doses were not
significant. Data are expressed as the mean time spent on the injected limb as a

percentage of the baseline time +SEM. *P<0.05; **P<0.01; ***P<0.001.
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CHAPTER 4: EFFECT OF GLUTAMINASE
INHIBITION ON CANCER-INDUCED BONE PAIN
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PREFACE:

In this chapter, an author-generated version of the manuscript entitled: “Effect of
Glutaminase Inhibition on Cancer-Induced Bone Pain,” prepared for submission to the

Journal of Pharmacology and Experimental Therapeutics

For this paper | conducted all in vitro and in vivo assays including behavioural
testing and validation/analysis. | assisted with HPLC protocol development (Appendix 1)
which was optimized under the direction and expertise of Flavia Alves from the Centre
of Microbial Chemical Biology over the course of several months. When the protocol
demanded the use of another HPLC/MS system that did not permit trainee use, Flavia
worked independently on optimization in this system which ultimately provided the
conditions for successful separation and detection of our analytes of interest. | prepared
all plasma samples for HPLC analysis which entailed liquid extraction and spiking with
internal standards.
| am responsible for preparing all figures as well as writing and revising the manuscript

for submission. Calithera Biosciences generously provided the test compound, CB-839.

RATIONALE:

SKF-3839, is a known dopamine receptor 1/5 agonist that came up as a target
molecule in HTS as discussed in Chapter 2 warranting further characterization for its
ability to robustly prevent extracellular glutamate release in our in vitro HTS model.

SKF-38393 reduced extracellular glutamate release in MDA-MB-231 cells in follow-up
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testing after screening but did not show any effects on cystine uptake. For this reason,
this compound was not pursued for in vivo testing. However, upon further investigation
into a rationale for this molecule’s ability to inhibit glutamate release, it was discovered
that SKF-38393 also appeared as an active glutaminase (GLS) inhibitor in a quantitative
HTS identifying inhibitors of GLS activity from the National Centre for Advancing
Translational Sciences (NCATS) Chemical Genomics Centre at the National Institute of
Health (NIH) using the Library of Pharmacologically Active Compounds (LOPAC).
Based on the fact that our characterization of SKF-38393 did not highlight this molecule
as an inhibitor of xCT activity, these data suggested that its potential to inhibit GLS
activity could account for its ability to reduce glutamate release independent of system
Xc . Due to SKF-38393’s on-target effects on dopamine receptors, it was not a viable
option to test in vivo due to its behaviour modulating effects including diminished
locomotor activity'. Therefore to investigate the role of glutaminase inhibition on CIBP
behaviours, we used the selective glutaminase inhibitor CB-839 provided by Calithera
Biosciences who is testing this compound in phase | clinical trials as an anti-cancer
therapeutic.

Gross et al. 2014 show that expression of glutaminase 1 isoform, GAC, is
increased in most triple negative breast cancer cells as is glutaminase activity.
However, GLS expression does not always correlate with GLS activity as MDA-MB-231
cells have comparable activity levels to ER+ lines. However, the ability of GLS inhibition
with CB-839 to reduce glutamate levels in the cell, glutamate release in culture and

glutamate levels in tumour samples within 4 hrs of treatment made CB-839 an attractive
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molecule to pursue for a potential CIBP modulator based on the cancer-secreted
glutamate hypothesis.

They showed that CB-839 blocks glutamine utilization in TNBC cells including
HCC1806 and MDA-MB-231 cells which also translated to a reduction in glutamate
production in both lines. Furthermore, TCA metabolites were also reduced after
treatment indicating a decreased flux through the TCA cycle which is marked by GLS-
mediated conversion of glutamine to glutamate.

Furthermore, since a large fraction of glutamate derived from glutamine can be
recovered in extracellular media in vitro suggests its export out of the cell. This can be
correlated to a high demand for extracellular cystine for ROS detoxification by system
x:2>. Increased ROS could possibly be a result of impaired mitochondrial respiration
after CB839 treatment driving cysitne acquisition and GSH synthesis which directs

glutamate away from TCA cycle and potentially GLS-independent glutamate production.
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ABSTRACT:

The complex nature of cancer-induced bone pain (CIBP) has led to investigation into
cancer-targeted therapies. This has involved targeting glutamate release from the
tumour, secreted as a byproduct of antioxidant responses and metabolic disruption.
Cancer cells undergo many metabolic changes that result in increased glutamine
metabolism and subsequently the production of glutamate. Glutaminase (GLS) is the
enzyme that mediates the conversion of glutamine to glutamate and has been shown to
be upregulated in many cancer types including malignancies of the breast. This enzyme
therefore represents another potential therapeutic target for CIBP, one that lies
upstream of glutamate secretion. A recently developed inhibitor of GLS, CB-839, was
tested in an animal model of CIBP where it failed to modulate any of the associated
nociceptive behaviours induced by intrafemoral MDA-MB-231 tumour growth. Further
investigation in vitro revealed the sensitivity of the drug is dependent on the metabolic
flexibility of the cell line being tested which can be modulated by cell culture
environment. Adaptation to metabolic disturbances may explain the failure of CB-839 to

exhibit any significant effects in vivo.

INTRODUCTION:

Circulating glutamine is the most abundant amino acid in the plasma*. Glutamine
is readily consumed by rapidly dividing cells, including cancer, for both energy synthesis
and carbon/nitrogen source. Rapidly proliferating cancer cells have a modified

metabolism, increasing their dependence on glutamine to sustain uncontrolled
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proliferation at rates that exceed normal intracellular glutamine production, making this
otherwise non-essential amino acid to become conditionally essential®®. The nitrogen
from glutamine supports the levels of many amino acids in the cell via aminotransferase
activity” where at least half of the non-essential amino acids used for protein synthesis
in cancer are derived from glutamine®®.

A large proportion of intracellular glutamate is derived from glutamine10 and
exchanged for extracellular cystine'’. This has also been observed in breast cancer
cells"'. Glutaminase (GLS) is the enzyme responsible for generating glutamate from
glutamine and is transcriptionally upregulated in triple-negative breast cancer (TNBC)
cells increasing their reliance on exogenous glutamine®'?. Reactive oxygen species
(ROS) production increases with increased glutamine oxidation via the mitochondrial
electron transport chain®, but at the same time, glutamine oxidation also suppresses
ROS production through its contribution to glutathione (GSH) production™, both through
the production of glutamate and the acquisiton of cystine as the rate limiting step in
GSH synthesis. Amino acid acquisition by cancer cells is therefore essential for both

cellular metabolism and redox homeostasis'>'®

, making the activity of amino acid
transporters, such as the cystine/glutamate antiporter, system x. (xCT), essential for
cell survival".

Previously, we have targeted this system to limit glutamate release from MDA-
MB-231 cells in an effort to prevent or delay the onset of cancer-induced bone pain
(CIBP) behaviour as a potential novel therapeutic strategy for this clinical issue'®°.
Although effective in pre-clinical models, existing xCT inhibitors are limited for clinical

use. CB-839 is a potent allosteric inhibitor of GLS in phase one clinical trails with TNBC
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cells reported to show great sensitivity to this compound. CB839 exhibits
antiproliferative effects, depletion of key metabolic intermediates and anti-tumour
activity in TNBCs exploiting a metabolic alteration in these cells for therapeutic benefit?.
Based on this work, GLS appeared to be an attractive target for CIBP based on the
glutamate-induced nociception hypothesis as GLS represents a glutamate-modulating
target upstream of its release throught the activity of xCT.

Despite the results reported by Gross et al. 2014, we did not observe any
significant delay in the development of CIBP in our MDA-MB-231 xenograft animal
model after chronic CB-839 treatment. This is potentially due to the metabolic flexibility
of this cell line and its ability to adapt to different nutrient conditions which may provide

variable responses in vivo versus in Vitro.

MATERIALS AND METHODS:

Cell culture:

MDA-MB-231 human breast adenocarcinoma (American Type Culture Collection)
were maintained at sub-confluent densities with 5% CO, at 37°C in DMEM
supplemented with 10% fetal bovine serum and 1X antibiotic/antimycotic (Life

Technologies).

Quantification of extracellular glutamate:

Media samples are collected after incubation with CB-839 for 72 hrs and the

concentration of glutamate is quantified using the Amplex Red Glutamic Acid Kit (Life
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Technologies). Cells are fixed with 10% formalin and stained with crystal violet to

quantify cell number. Final glutamate concentrations are normalized to cell number.

Quantification of intracellular ROS production:

Intracellular ROS was quantified using a choloromethyl 2’,7'—dichlorofluorescein
diacetate derivative (CM-H>.DCFDA) The production of intracellular reactive oxygen
species (ROS) is quantified using DCFDA reagent loaded onto the cells prior to drug
treatment. Fluorescence was quantified after either 24 or 72 hrs of CB-839 treatment.
treated in phenol-red free DMEM supplemented with 10% FBS, sodium pyruvate (1mM)
and L-glutamine (4 mM). Fluorescence was then read at 529 nm following the indicated

time points.

Assessing xCT activity: monitoring uptake of radiolabelled cystine:

The uptake of radiolabelled [**C]-cystine was measured as previously
described'®. MDA-MB-231 cells incubated with CB-839 or DMSO for 72 hrs were
washed and incubated in the uptake buffer (HBSS +0.45uCi "*C-cystine) for 5 minutes
and then subject to washes with ice cold HBSS and lysed in lysis buffer consisting of
0.1N NaOH and 0.1% Triton-X, for 15 minutes. One hundred microliters of lysate is then
added to 1mL of scintillation fluid for quantification of radioactivity. Protein concentration
for each sample is quantified using the Bradford reagent and used to normalize

scintillation counts.
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Development of subcutaneous MDA-MB-231 xenograft:

Slow release (0.25 mg, 21-day release) 173-estradiol pellets (Innovative
Research of America, Sarasota, FL, USA) were implanted subcutaneously three days
prior to tumour cell inoculation. Three million MDA-MB-231 cells were injected
subcutaneously in the right flank of Balb/c nude mice. Tumours were allowed to develop
until they reached on average approximately 75mm? before CB-839 administration. CB-
839 was administered 2x per day at a dose of 200mg/kg by oral gavage due to the high
clearance of the drug (Calithera). The treatment period extended for 24 days with daily

tumour volume measurements.

Development of intrafemoral MDA-MB-231 xenograft:

As mentioned above, estrogen pellet implantation preceded tumour cell
inoculation. Animals were subject to isofluorane anaesthesia and subcutaneous
buprenorphine (0.05mg/kg) prior to intrafemoral injection. Mice were randomly assigned
to CIBP or Sham groups. Animals receiving MDA-MB-231 cells were injected with 500
000 cells suspended in 25 yl PBS into the right, distal epiphysis of the femur as
previously reported'®'®. For sham controls, MDA-MB-231 cells that had been subject to
repeated heating and freezing were injected at the same concentration and volume as
the CIBP group. The cells used for sham controls were verified to be dead by trypan
blue staining. CB-839 or vehicle treatment began approximately 1 week following

tumour cell innoculation.
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Behavioural testing and radiographic lesion assessment:

Dynamic weight bearing (DWB) and dynamic plantar aesthesiometer (DPA)
testing was used to assess weight distribution and mechanical withdrawal thresholds
respectively as previously described'®"”. Behavioural testing was done at least two
times per week for continuous assessment of CIBP progression. Experimenter was
blinded as to what treatment group each animal belonged. As animals had to be
administered vehicle or CB-839 twice per day by oral gavage which is a potentially
stressful procedure, animals were given ample time following their first gavage on
testing day. For DPA testing, animals were allowed to equilibrate for 20 minutes in the
testing chamber prior to testing. No equilibration time was allotted for DWB testing as
exploratory behaviour (including rearing) is important to these measurements?’.

Assessment of intrafemoral lesions was conducted using radiographic analysis at
endpoint and blinded scoring of radiographs was conducted on a scale of 0 (no lesion)-

3 (extensive osteolysis) as described previously'®.

Serum glutamate quantification by HPLC/MS:

To quantify the concentration of glutamate in serum, a standard glutamate curve
was made by spiking 10uL serum with 0.2ug/ml L-glutamate acid-2,3,3,4,4-ds as an
internal standard (Sigma 616281). Injection volumes of 0.1, 0.2, 0.5 and 1yl
corresponded to 0.1, 0.2, 0.5 and 1 ng/ul of the L-glutamate ds in the standard curve.
Glutamine and glutamate elute in close proximity to eachother and therefore, the pH of

mobile phase A is essential to maximize separation and prevent overlap of peaks.

122



Ph.D. Thesis — J. Fazzari; McMaster University — Medical Sciences

Although the concentration of glutamine itself was not quantified, the ratio of glutamine
to glutamate was determined by comparing peak areas of both analytes.

Serum samples were subject to an ice cold methanol (MeOH) extraction at a
ratio of 1:10 (serum:MeOH) for 1 hour on ice. Liquid chromatography was performed on
an Agilent 1290 Infinity liquid chromatography system in isocratic mode equipped with
a SeQuant ZIC-HILIC PEEK column (3.5um, 100A; 150 x 2.1 mm; Millipore). Mobile
phase consisted of (A) 10mM ammonium formate (pH 6.5) and (B) acetonitrile, Injection
volume was 5 L with a flow rate of 0.2 mL/minute. LC/MS analysis was performed on
an Agilent 6550 iFunnel Q-TOF in negative ion mode with a mass range of 100-200m/z.
Additional paramaters are as follows: gas temperature at 275°C, nebulizer pressure at
30 psig, sheath gas temp at 320°C, sheath gas flow at 11 L/min, capillary voltage
(VCap) at 3500 V and nozzle voltage at 1500 V. Data acquisition was performed using

Agilent Mass Hunter (version B.07.00).

Statistics:

Data are presented as means +/- SEM. One-way ANOVA and two-way repeated
measures ANOVA were used for statistical comparisons. P values <0.005 were

considered statistically significant.
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RESULTS:

CB-839 does not prevent growth of MDA-MB-231 xenografts:

Before testing CB-839 in the CIBP model, the effect of the drug on the growth of
MDA-MB-231 xenografts was tested in a subcutaneous tumour-growth model. Differing
from results observed by Gross et al. 2014 with another triple-negative breast cancer
cell line (HCC1806), CB-839 treatment did not affect the growth of MDA-MB-231 cells
relative to the vehicle treated control (Figure 1). Serum glutamate concentrations also
did not differ significantly between groups despite the trend illustrating a decrease in
serum glutamate concentrations from CB-839-treated animals (Figure 2). Furthermore,
the ratio of glutamine to glutamate in the serum was significantly elevated in drug
treated animals indicative of an accumulation of glutamine due to inhibition of GLS
which is in agreement with Gross et al. 2014 who report elevated glutamine in plasma

within 4 hours of CB-839 administration.

CB-839 does not prevent development of CIBP behaviours:

CB-839-treated animals did not show any delay in the development of pain
behaviours as measured by dynamic weight bearing (Figure 3A) or dynamic plantar
aesthesiometer measurements (Figure 3B) relative to the vehicle treated controls.
Treatment with this compound was therefore, not effective in preventing CIBP-related
mechanical hyperalgesia and allodynia. The degree of osteolysis also did not differ

significantly between vehicle and CB-839-treated groups (Figure 4) suggesting CB-839
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did not affect tumour development consistent with our preliminary subcutaneous tumour

growth analysis.

CB-839 reduces glutamate release from MDA-MB-231 cells:

After seeing negative results in our in vivo model, we wanted to confirm that CB-
839 reduces extracellular glutamate release from MDA-MB-231 cells as reported. CB-
839’s ability to reduce extracellular glutamate is sensitive to the status of sodium
pyruvate in the culture media. Extracellular glutamate concentrations decrease
significantly in the absence of sodium pyruvate in the media (Figure 5a). Furthermore,
only in the absence of sodium pyruvate is any significant impact on cell density
observed suggesting that the presence of that metabolite in the media maintains cellular

proliferation during GLS inhibition (Figure 5b).

ROS production and uptake of radiolabelled cystine:

In the absence of sodium pyruvate, there is an approximate 2.5 fold increase in
ROS production by 72hrs relative to the DMSO control (Figure 6a). Interestingly, this is
not accompanied by a significant influx of cystine uptake unless there is sodium

pyruvate present in the media (Figure 6b).

DISCUSSION:

In an effort to target glutamate release from cancer cells associated with clinical

CIBP characteristics, we targeted glutamate production at a major metabolic hub that is

125



Ph.D. Thesis — J. Fazzari; McMaster University — Medical Sciences

often associated with the reprogrammed metabolism of aggressive cancers. In such
cells, GLS activity is a key mediator of anaplerosis fuelling the Tricarboxylic Acid (TCA)
cycle. Glutamine-derived TCA cycle intermediates predominate as a result of a shunted
glycolytic pathway where glucose metabolism is diverted to lactate production (Warburg
effect). Therefore, GLS expression and activity is upregulated in many cancers including
MDA-MB-231 cells. In addition to generation of TCA metabolites, glutamine-derived
glutamate is essential for production of the major antioxidant tripeptide, glutathione
(GSH) composed of glutamate, cystine and glycine. Glutamate has a dual role in GSH
production where it not only is essential to the composition of the molecule itself, it is
necessary for the cell to acquire cystine, the rate-limiting component of GSH synthesis.
Glutamate/cystine exchange occurs through the xCT antiporter. Expression of xCT has
been identified as a marker for glutaminase inhibitor sensitivity?' as high xCT activity
decreases intracellular glutamate pools increasing the cell’s reliance on glutaminase to
replenish this pool from glutamine. This allows the cell to maintain antioxidant
production at the expense of regenerating TCA cycle intermediates from glutamine?.

It has become clear that the metabolic flexibility of the cancer must be
considered when evaluating the efficacy of a potential therapeutic that targets a major
metabolic pathway in the cell. To promote survival the cell must balance fueling energy
production and biomass accumulation with ROS clearance, diverting potential metabolic
intermediates, such as glutamate, towards antioxidant production rather then
anabolism. When nutrients in the microenvironment are scarce, the cell's demand for

GSH increases and a large amount of glutamate is exported in order to acquire cystine
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for GSH synthesis in order to buffer intracellular reactive oxygen species. Therefore
glutamine-derived glutamate can be sacrificed to promote survival over growth?>.

After treatment with CB-839 ROS levels increase possibly due to impaired
mitochondrial function and limited GSH production in the absence of GLS-derived
glutamate. It was hypothesized that glutamate flux via xCT would be limited as well with
limited intracellular glutamate available to drive antiporter activity and as a result cystine
acquisition. A decrease in extracellular glutamate is not accompanied by significant
changes in cystine uptake when sodium pyruvate is absent from the media which
results in decreased cell proliferation. Extracellular glutamate is diminished slightly
when sodium pyruvate is present in media however, cystine uptake is not halted and
responds as expected to increasing ROS. ROS production is not dependent on the
presence of sodium pyruvate in the media potentially due to mitochondrial dysfunction
that accompanies GLS inhibition. The cell must regenerate this intracellular glutamate
pool via glutamine uptake and GLS activity**. However with GLS activity inhibited, TCA
cycle intermediates and GSH is depleted and growth of TNBCs is halted in the absence
of sodium pyruvate?.

CB-839 sensitivity is associated with an increased basal ratio of glutamate to
glutamine which is common of TNBCs including MDA-MB-231 cells?**?. Despite this,
sensitivity of MDA-MB-231 xenografts to CB-839 treatment was limited. This has also
been observed by Lampa et al. also in TNBCs?’. In this investigation, the same cell lines
resistant to CB-839 treatment in vivo exhibited increased sensitivity to GLS in vitro,
suggesting the metabolic profile of these cells differs under in vitro and in vivo

conditions. This could possibly be attributed to the nutrient availability in the tumour
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microenvironment or possibly due to the drug not reaching the tumour at sufficient
levels to cause adequate GLS inhibition that will result in the decreased production of
downstream metabolites including glutamate. This differential response to CB-839 in
vitro and in vivo has also been observed with pancreatic carcinoma and has also been
attributed to compensatory metabolic networks?®.

Flexibility to overcome perturbations in glutamine metabolism is important for
cells conventionally labeled as glutamine addicted. Under such conditions, pyruvate
carboxylase (PC) has been found to be a compensatory anaplerotic mechanism
allowing the cells to use glucose-derived pyruvate for anaplerosis over glutamine?. This
could be an explanation for why MDA-MB-231 cells show varied survival after CB-839
treatment in the presence or absence of sodium pyruvate. In fact, MDA-MB-231 cells
have been shown to have reduced TCA cycle activity due to oncogenic kRas activity®.
As a result, glycolysis is enhanced and these cells consume greater quantities of
glucose relative to glutamine. Although still dependent on glutamine for anaplerosis
much of the genes encoding TCA cycle enzymes are downregulated; this includes GLS.
However genes involved in glutamine anabolism are increased, particularly those
involved in GSH metabolism®. Although low glutamine levels do hinder proliferation of
MDA-MB-231 cells it is not halted to the degree imposed by glucose limitation implying
greater metabolic flexibility to overcome glutamine restriction and/or GLS inhibition.

Furthermore, in many cancer cells, glucose and glutamine are compensatory
under different metabolic conditions in order to maintain the TCA cycle®'. Cells deemed

t29

glutamine-addicted can therefore become glutamine independent®”, using glucose to

produce oxaloacetate (OAA) via pyruvate metabolism. When pyruvate is limited or not
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present, there is a shift to glutamine-dependent acetyl-CoA formation, which is

suppressed when pyruvate is present®’

. This may explain why there is an amplified
impact of CB-839 on proliferation and glutamate release when pyruvate is removed
from tissue culture media as under these conditions the cell is relying more heavily on
glutaminolytic machinery including GLS. Pyruvate therefore aids in the cell’s resistance
to this metabolic stress. In glioblastoma cells, GLS suppression is accompanied by
glucose-dependent anaplerosis via pyruvate carboxylase which produces OAA from
pyruvate (glucose-derived®).

Despite that the majority of extracellular glutamate released from TNBC'’s derived
from glutamine confirming activity of GLS, it is clear that this can vary between cell
types in this category and under different nutrient conditions. For example, where one
TNBC line, HCC1806 reported in Gross et al 2014 showed limited metabolic flexibility
when it comes to GLS inhibition, we have shown that another TNBC line, MDA-MB-231
potentially has greater nutrient flexibility then HCC1806 cells and can survive
perturbations in glutamine metabolism.

Furthermore, in the absence of GLS activity, glutamate can be generated from
alpha-ketoglutarate (a-KG) by glutamate dehydrogenase. Pyruvate feeds the TCA cycle
in the absence of GLS activity generating a-KG which can be diverted to make more
glutamate and fuel system x. exchange to balance redox homeostasis. Glutamate
dehydrogenase (GDH) catalyzes the conversion of glutamate to a-KG but can also
convert a-KG back to glutamate when there are sufficient levels of TCA cycle
intermediates which may be the case when sodium pyruvate is present in the media.

When pyruvate is absent in the media, the pull remains on glutamate to fuel TCA cycle
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increasing reliance on GLS activity and making the cell mores susceptible to GLS
inhibition. However, when pyruvate is present, the TCA cycle pool can be restored in
the absence of GLS activity making the cell less susceptible to GLS inhibition. Therefore
under these conditions, it is possible that sufficient levels of glutamate are being
produced from the a-KG pool via transamination® to drive system x.~ activity under the
pressure of increasing ROS (Figure 7) as cystine uptake increase after 72hrs when

ROS is also increased.

CONCLUSION:

Sensitivity of MDA-MB-231 cells to GLS inhibition with CB-839 is variable and
dependent on culture conditions. CB-839’s effect on cell survival and glutamate release
in these cells is dependent on the presence of sodium pyruvate in the culture media.
Furthermore, the reported effect on tumour growth following CB-839 therapy was not
observed with both the subcutaneous growth of MDA-MB-231 tumours and the
development of intrafemoral lesions not differing significantly from vehicle-treated
controls. Of most significance, CB-839 treatment also failed to modulate CIBP
behaviours in vivo. It is possible the same metabolic adaptations observed in vitro are
occurring in vivo and maintaining glutamate production in the absence of GLS activity.
Balancing cellular proliferation with ROS homeostasis places different metabolic
demands on the cell. When these demands can be met, cell survival persists even in
the presence of metabolic perturbations.

By identifying what adaptations are taking place in MDA-MB-231 tumours

following CB-839 administration will give more insight into the role of glutamine
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metabolism and intratumoural glutamate production in CIBP and reveal novel

combinatorial treatment approaches to overcome the metabolic plasticity of these cells.
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Figure 1: Growth of subcutaneous MDA-MB-231 tumours in in Balb/c nude
mice treated with CB-839 or vehicle.

Tumour volume was measured daily and CB-839 or vehicle treatment began
once tumours reach approximately 100mm?®. Tumour measurements continued
daily until endpoint. CB-839 treatment does not affect result in a reduction in

tumour volume relative vehicle-treated controls.
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Figure 2: Concentration of glutamate in serum from animals with

subcutaneous MDA-MB-231 tumours treated with CB-839 or vehicle.

A) Concentration of glutamate in serum relative to vehicle-treated animals
(P=0.0781 by unpaired t-test). B) The ratio of glutamine to glutamate in serum
indicating that glutamine levels significantly increase in the serum of mice-treated

with CB-839 (P<0.001 by unpaired t-test).
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Figure 3 : Assessment of pain behaviours- dynamic weight bearing (A),
dynamic plantar aesthesiometer (B).

Three behavioural measurements were taken prior to tumour cell inoculation to
establish baseline responses to both tests. Behavioural testing resumed 10 days
post tumour cell inoculation with testing conducted twice per week to monitor
development of CIBP behaviours until endpoint. Treatment with CB-839 or
vehicle by 2x daily oral gavage commenced two weeks following tumour initiation
(experimental day 28). No significant changes in nociceptive behaviours were
observed between CB-839 and vehicle treated groups were observed in both

tests.
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Figure 4: Radiographic lesion scoring of MDA-MB-231 tumours at endpoint.

Representative images of vehicle and CB-839-treated groups are presented and
osteolysis from tumour development is indicated by white arrows. A graphical
representation of radiographic lesion scoring of all animals in each group is

shown.
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Figure 5: Concentration of extracellular glutamate (A) and cell proliferation
(B) over a dose range of CB-839 +/- sodium pyruvate in culture media.

Non-linear regression analysis of log transformed [CB-839] vs. relative RFU/cell
results in a shift in EC50 values between “no sodium pyruvate® (EC50=4997nM)
and “with sodium pyruvate” (EC50=11.07). Only in the absence of sodium
pyruvate is there significant reduction in glutamate relative to the vehicle (OnM) at

doses of 12nM (P<0.05) to 1000nM (P<0.005) CB-839.
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Figure 6: Production of reactive oxygen species over the course of 24 and
72 hrs and cystine uptake after 72hr treatment with 1uM CB-839.

A significant increase in ROS (A) is observed after a 72hr incubation with
1000nM CB-839 (P<0.05; 2-way repeated measures ANOVA). Similarly, ['*C]-
cystine uptake (B) increases significantly by 72 hrs but only in the absence of

sodium pyruvate (P<0.01; 2-way repeated measures ANOVA)
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Figure 7: Glutathione synthesis for ROS detoxification drives metabolic
adaptations to maintaitn glutamate production and cystine aquistion in the
absence of GLS activity.

Bolded arrows represent the pathway that is hypothesized to compensate for loss of
glutamine-derived glutamate under conditions of GLS inhibition or low glutamine
conditions. Under in vitro conditions, the addition of sodium pyruvate to cell culture

media drives this process.
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CHAPTER 5: CONCLUSION AND FUTURE
DIRECTIONS
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SUMMARY:

The work comprising this dissertation presents the early stages of developing
novel therapeutics for cancer-induced bone pain in an effort to address an unmet
clinical need. Cancer-related pain often increases with disease progression and
becomes more difficult to manage as a result. Cancer cells are constantly adapting to
and modulating their environment making CIBP a multifaceted pain state exhibiting
characteristics of both inflammatory and neuropathic pain. The dynamic nature of the
cancer tissue itself and the inadequacy of current therapeutics warranted a mechanistic
investigation. Both increased oxidative stress and increased dependency on alternate
nutrient sources involves increased production and release of glutamate into the
extracellular environment. Therefore, targeting the cancer-derived nociceptive factors
such as glutamate may offer a more effective peripheral treatment strategy for this
complex pain state. This strategy circumvents the central targets that are the focus of

most pain medications and the source of undesirable side effects.

The literature listed below outlines the works that contributed to the development

of the hypothesis investigated in this dissertation.

Seidlitz E. P., Sharma M. K., Saikali Z., Ghert M. & Singh G. Cancer cell lines release
glutamate into the extracellular environment. Clin. Exp. Metastasis 26, 781-787
(2009).

Sharma M. K., Seidlitz E. P. & Singh G. Cancer cells release glutamate via the
cystine/glutamate antiporter. Biochem. Biophys. Res. Commun. 391, 91-95 (2010).
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Ungard R. G., Seidlitz E. P. & Singh G. Inhibition of breast cancer-cell glutamate
release with sulfasalazine limits cancer-induced bone pain. Pain (2013)
10.1016/j.pain.2013.08.030.

Slosky LM, BassiriRad NM, Symons AM, et al. The cystine/glutamate antiporter
system xc- drives breast tumor cell glutamate release and cancer-induced bone
pain. Pain. 2016;157(11):2605—-2616.

Seidlitz E. P., Sharma M. K. & Singh G. Extracellular glutamate alters mature
osteoclast and osteoblast functions. Can. J. Physiol. Pharmacol. 88, 929-936
(2010).

Walker, K.M., Urban, L., Medhurst, S.J., Patel, S., Panesar, M., Fox, A.J., and Mclintyre,
P. (2003). The VR1 Antagonist Capsazepine Reverses Mechanical Hyperalgesia in
Models of Inflammatory and Neuropathic Pain. J Pharmacol Exp Ther 304, 56-62.

Collins, C.L., Wasa, M., Souba, W.W., and Abcouwer, S.F. (1998). Determinants of
glutamine dependence and utilization by normal and tumor-derived breast cell
lines. J. Cell. Physiol. 176, 166—-178.

Gross, M.1., Demo, S.D., Dennison, J.B., Chen, L., Chernov-Rogan, T., Goyal, B.,
Janes, J.R., Laidig, G.J., Lewis, E.R, Li, J., et al. (2014). Antitumor Activity of the
Glutaminase Inhibitor CB-839 in Triple-Negative Breast Cancer. Mol Cancer Ther
13, 890-901.

Whillier S., Garcia B., Chapman B. E., Kuchel P. W. & Raftos J. E. Glutamine and a-
ketoglutarate as glutamate sources for glutathione synthesis in human
erythrocytes. FEBS J. 278, 3152-3163 (2011).

Therefore the following hypothesis was generated:

Dysregulated cancer cell metabolism results in the production and release of
glutamate into the tumour microenvironment where it acts as a pronociceptive stimulus

on primary afferent nerve fibres leading to the development of CIBP.

This hypothesis was explored through the following objectives discussed below in the

context of the previous chapters and in reference to their contribution to the literature.
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Objective 1: Establish a high-throughput screening protocol to identify novel
inhibitors of glutamate release from MDA-MB-231 cells and identify lead
molecules.

This work builds on the data put forth by Collins et al. 1996, Seidlitz et al. 2009 and
Sharma et al. 2010 where it was shown that breast cancer cells secrete glutamate into
their extracellular environment and that this release is mediated by the
cystine/glutamate antiporter, system xc-. Due to the therapeutic potential of targeting
glutamate release from cancer cells to treat CIBP, we screened thousands of small

molecules for their ability to block this process.

Objective 2: Characterize antinociceptive effects of one lead molecule,
Capsazepine, in a CIBP model.

This paper expands on the publications by Ungard et al. 2013 showing that
systemic administration of an inhibitor of system xc-, Sulfasalazine (SSZ), significantly
delayed the onset of one type of CIBP behaviour associated with clinical skeletal pain.
Dynamic weight bearing analysis is designed to assess postural equilibrium and
spontaneous nociceptive behaviours' which SSZ was able to modulate. However
behavioral assessment using the dynamic plantar aesthesiometer measure of touch
sensitivity (allodynia) was not affected in animals receiving SSZ. Poor bioavailability and
off-target effects of SSZ made investigation into novel inhibitors crucial for pursuing
cancer-secreted glutamate as a therapeutic target for CIBP. Slosky et al. 2016
confirmed the antinociceptive effect of SSZ through the use of flinching and guarding

pain behaviours supporting the role of tumour-derived glutamate in CIBP2.
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As discovered in Objective 1, Capsazepine (CPZ) was a lead candidate molecule
and pursued for its ability to modulate CIBP. CPZ proved to be more effective than SSZ
in preventing CIBP behaviours as well as modulating other cellular mechanisms both
upstream and downstream of system xc-; xCT transcription and GSH production
respectively.

Walker et al. 2003 showed that CPZ reversed mechanical hyperalgesia in
inflammatory and neuropathic pain models in a species specific manner with little
efficacy in the rat and mouse except for preventing capsaicin-induced nociceptive
behaviours®. Their models were direct inductions of pathologies and did not represent a
complex pain state that has both neuropathic and inflammatory components such as
CIBP. Furthermore, effective doses used in this publication exceed 10 mg/kg whereas
5mg/kg CPZ were effective in the CIBP model from Chapter 2. Another target of CPZ
was therefore identified, contributing to the possible uses of this molecule previously
abandoned due to its lack of specificity for its original target TRPV1*®. Most importantly,
this is the first publication to show antihyperalgesic activity of CPZ in a mouse model of

pain.

Objective 3: Characterize antinociceptive effects of a glutaminase inhibitor
on CIBP model.

This paper presents the first investigation into cancer GLS as a target for CIBP.
This builds on the glutamate hypothesis however, rather than targeting glutamate
release from the cancer cell via system xc-, glutamate production is being targeted with

the anticipation that reducing the intracellular glutamate pool would prevent its release.
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These data reveal that targeting glutaminase activity in vivo can vary from in vitro
observations highlighting the fact that each cancer line should be characterized based
on its nutrient flexibility when assessing drug effectiveness. These data do not model
that of Gross et al. 2014 highlighting inherent differences between cancer cell lines
despite having similar clinical classification based on receptor status. This difference
between in vitro and in vivo sensitivity to this drug has also been observed by other
investigations in different cancer types highlighting how the metabolic demands of the

same cell type can differ under in vitro and in vivo conditions.

Future Directions:

Discovery and characterization of small molecule inhibitors of glutamate release
has established a connection between cancer cell metabolism and the development of
CIBP. Both processes of glutamate production by GLS and glutamate release via
system xc- are driven by the cellular demand for antioxidant production. ROS
detoxification is essential for cancer cell survival under conditions of rapid proliferation.
Further investigation into how these metabolic changes influence the tumour
microenvironment and how these changes subsequently influence peripheral and
central nociception. This convergence of cancer cell metabolism with peripheral
nociceptors in the tumour microenvironment a unique target for CIBP.

Peripheral afferent nerve fibres surrounding the tumour receive ongoing
stimulation from tumour-derived factors which can lead to central sensitization and long-
term potentiation. In addition, sprouting and reorganization of afferent fibres in the

periosteum and skin in vicinity of the tumour®"". Future investigations could reveal how
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cancer secreted factors can modulate structural plasticity of the peripheral nervous
system.

Targeting factors that can induce such sprouting, such as Nerve Growth Factor
(NGF) has been an attractive target with NGF antagonists showing robust, pre-clinical
success, clinical trials have been plagued by unwanted side-effects such as
osteoarthritis, osteonecrosis'? resulting in accelerated joint damage' and autonomic
nervous system toxicity”. Similarly, targeting glutamate receptors themselves have not
been safe due to their involvement in many physiological pathways'>.

As discussed in Chapter 3, CPZ is a partial antagonist of TRPV1 which is a
polymodal nociceptor and implicated in many pain disorders (See review by Holzer
2008'®). TRPV1 is present on the sensory afferent fibres that innervate the femur in the
mouse'’, therefore, in order to fully understand the antinociceptive action of CPZ in the
CIBP models described in Chapter 3, the use of a TRPV1 knockout model of CIBP
would be essential to understand if the action of CPZ was indeed independent of this
receptor.

Aerobic glycolysis has been the major hallmark of altered cancer cell metabolism
discussed in the literature since its description by Warburg, 1956'®. However, glutamine
metabolism and specifically glutamine “addiction” has come to the forefront over recent
years having a role as both an energy source and nitrogen source fueling biosynthetic
demands of the cell (see reviews by Altman et al. 2016'%; Still and Yuneva 2017%).
Glutamine’s relationship to glutamate production via the glutaminase (GLS) enzyme
made this enzyme another attractive target for glutamate-mediated CIBP. Having

discovered that a lead molecule from Chapter 2 had been shown to have off-target
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antagonist effects on GLS, highlighted the fact that this enzyme represents another way
to target glutamate release and that is by preventing its production from glutamine.

With such a vast amount of literature describing the upregulation of glutaminolytic
machinery?'* GLS activity?' and sensitivity of many cancer cell lines to glutamine
withdrawal?'?? as well as its association with oxidative stress and xCT expression®?
made the results discussed in Chapter 4 unexpected. The microenvironment varies
greatly between in vitro and in vivo conditions with the changing conditions in vivo
placing different demands on the cancer cell for survival. These adaptations may favour
different metabolic pathways whether it be for energy production, anabolism and growth
or ROS detoxification. Furthermore, metabolic pathways may also become
compartmentalized and function independently of a once coordinated network limiting
the metabolic flexibility of the cell and adaptation to certain nutrient conditions. Not only
could these metabolic changes influence the release of potentially nociceptive factors
such as glutamate they may promote resistance to drugs targeting specific metabolic
networks by exploiting redundancies in the metabolic networks. Further investigation
into which in vitro conditions best represent those in vivo may streamline the discovery
of molecules that target major metabolic hubs in the cancer cell. A combinatorial
approach to treatment to block adapting metabolic pathways may offer less variable

results and more robust clinical outcomes.

CONCLUSION:

The results of this body of work links cancer cell metabolism to CIBP behaviours.

Byproducts of dysregulated cancer cell metabolism acts as a source of nociceptive
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factors that can activate sensory neurons surrounding the malignancy. The preceding
chapters provide evidence how novel pain therapeutics can target the peripheral pain-
inducing pathologies rather then central responses to these stimuli which often leads to
unwanted side effects and loss of functionality associated with common analgesics. It is
the unique metabolic alterations in cancer cells that make cancer-associated
comorbidities such as CIBP multifaceted and notoriously difficult to treat. However it is
also these unique adaptations that offer great therapeutic potential to explore cancer-
specific targets that spare disturbances in physiological systems. Exploiting pathology-
specific features will be the key to developing new classes of potent analgesics with

limited side effects.
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APPENDIX I: ASSAY DEVELOPMENT AND
OPTIMIZATION
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Adaptation of the Amplex Red assay

Compound Interference:

As per the established protocol, measurement of glutamate levels were obtained from a
single, endpoint read (i.e. after a 30 minute incubation) and not as a time course. With
some initial difficulty replicating the potency of the screening leads, it was determined
that the drugs themselves, although colourless, affected the measurement possibly due
to auto-fluorescence or interference with some component of the assay.

To confirm this, compounds were added over a range of 0-200 yM to known
concentrations of glutamate in the absence of cells. Reading fluorescence using the
same Amplex Red detection method, it was observed that standard glutamate dose
response curves were altered by the presence of some of the compounds. Due to this
factor, the HTS method of reading fluorescence (i.e. as a rate) was adopted for bench-
top screening and glutamate was measured in the conditioned media collected from
treated cells. Measurements were taken every 90 seconds over the course of 15
minutes in order to obtain a rate of fluorescence rather than a single read as this
method has the potential to under- represent the data. In contrast to screening
conditions measurements were obtained from media alone whereas in the screen, cells
were still present at the time of measurement. As discussed in Chapter 2 the molecule
hits from the HTS share a benzazepine and/or dihydroxybenzene (Figure 1) functional
groups. As shown in Table 1 below, the slope of standard glutamate curves are altered
in the presence of these molecules with slopes decreasing with increasing

concentrations of each compound.
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It has been shown that molecules containing 4-benzoylbenzoic groups (Figure 1)
interfere with the HRP-catalyzed oxidation of Amplex Red’. In this investigation,

however, the presence of these molecules enhanced Amplex Red oxidation to resorufin.

uM DMSO SKF-38393 N,N-DP CPz
0 132.94

10 69.18 67.43 64.76
25 53.16 53.47 44.61
50 52.73 30.84 57.04

TABLE 1: Slopes from the glutamate standard curves (0-50 uM) generated using
the Amplex Red Glutamic Acid/Glutamate oxidase assay spiked with varying
concentrations of the test molecules.

O
H
N OH
D | OO O 0w
—
OH o
Benzazepine Dihydroxybenzene 4-benzoylbenzoic

Figure 1: Functional groups from molecules affecting the Amplex Red glutamic
acid/glutamate oxidase assay

The Amplex Red assay assumes that fluorescence is proportional to glutamate
concentration but as seen in the reaction scheme shown below in Figure 2, this assay
is indirect. Interference with the L-glutamate oxidase and/or horseradish peroxidase
reaction(s) can decouple fluorescence intensity from actual glutamate concentrations in

the test media and give a false representation of these data.
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0] 0] O @)

H L-glutamate Oxidase
%WOG ” > HOWOH
®NH; @)
Glutamate a-ketoglutarate
0O, H,0,
RESORUFIN AMPLEX RED
(fluorescent) < < (non-fluorescent)

Horseradish Peroxidase

Figure 2: Amplex Red reaction scheme.

Quantification of the fluorescent product resorufin is proportional to the concentration of

glutamate via L-glutamate oxidase.

Optimizing Cell Number in Follow-up Testing:
Moving from a 384-well to a 96-well format, the increase in surface area meant

that cell seeding density was a factor that may influence compound efficacy (i.e. how
the cells response to the compound) as well as the concentration required to illicit same
level of inhibition observed in screening. Timmerman et al. 2013 had shown that culture
confluence influences cell cycle phase content of breast cancer cells as well as affecting
their response to glutamine restriction®. MDA-MB-231 cells are glutamine auxotrophs
and highly dependent on glutamine over other energy sources for growth. These cells
have been shown to adjust growth parameters in metabolic conditions of stress by
controlling expression of certain compensating factors including system xc- activity and

expression®. Compounds were tested at varying cell densities (3, 000; 5, 000; 10,0000
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cells) which did not seem to affect the dose-response trend observed in initial tests at
the seeding density of 10, 000 cells suggested in the protocol.

Follow-up screening also accounted for a major pitfall of the original high-
throughput screen procedure- it did not effectively account for cytotoxicity/cell death
associated with drug treatment. Although visually identified as non-toxic at 10uM, the
dose-response data generated in follow-up testing was significantly affected by cell
number normalization. The potency of these compounds relative to SSZ were,

therefore, not as dramatic as originally observed in HTS.

Impact of H,0, release on Amplex Red Fluorescence:
Furthermore, due to the nature of the Amplex Red assay, it was necessary to rule out

the production of H,O, after treatment with each molecule. H,O; could generate
artificially high readings due to the indirect nature of the assay (in which H202 is the
actual product measured). It is expected that any compounds that had such an effect
(i.e. induced H20, production) would naturally be eliminated in the screening process.
They would appear with low inhibitory activity (high glutamate levels after treatment)
and would not be below our threshold at which positive hits were selected. However, it
was important to rule out the possibility of this being a confounding factor when testing
over a range of concentrations. Culture media was collected from MDA-MB-231 cells
incubated with compounds as described in Chapter 2. The Amplex Red rxn scheme
(Figure 2) was modified so that fluorescence intensity was proportional to H202 to
endogenous H2O, production. This was done by only including the Amplex Red reagent

in the reaction mix. Eliminating glutamate oxidase in the reaction ensures only H,O;
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generated/released from the cells will be available as the substrate for HRP to catalyze
the Amplex Red to resorufin reaction.

It can be seen in Figure 3 that only at toxic doses (correlated with low cell
number) is H2O an issue. Due to issues associated with toxicity including a spike in
glutamate release under some circumstances, these doses were eliminated from

subsequent testing.

4501
—- SKF
00 - CPZ
-~ NN-DP
5 - SPB
T 350- o 867
300
250 .

1 ] 1 1
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[Compound] uM

Figure 3: H,O; production following treatment with compound hits from high-
throughput screening for inhibitors of glutamate release from MDA-MB-231 cells.
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Radiolabeled cystine uptake assay:

Due to the limitations of the Amplex Red assay discussed above, a more specific
assay was needed to assess xCT activity. Even if the compounds did not interfere with
the Amplex assay reaction, a compound’s action on glutamate release does not indicate
total specificity for system xc-, therefore a more direct method of quantifying xCT activity
was necessary to test whether their pharmacological inhibition of glutamate release is
directly related to xCT inhibition. Monitoring cystine influx into the cell is an effective way
of measuring xCT activity directly. As detailed in Chapter 1, glutamate release through
xCT occurs as a 1:1 exchange coupled with the uptake of cystine from the extracellular
environment®. Transport activity can be quantified by monitoring the flux the uptake of
cystine from the extracellular environment. ["“C]L- cystine uptake to characterize xCT
activity. It should be noted that even though cystine is rapidly converted to cysteine
once it enters the intracellular space, with the probe often being incorporated into
glutathione and cysteine-glutathione disulfides9, scintillation measurements are not
biased to the presence of labeled cystine alone, therefore incorporation of labeled thiols
into other molecules will still be indicative of cystine uptake. L-glutamate efflux will be
quantified using the Amplex Red reagent on conditioned media samples, which is a
well-established assay in our lab*°. Although this assay represents a standard method
of assessing xCT activity in the literature®®, uptake and lysis buffers as well as
concentration of radiolabeled substrate and cell seeding densities vary between
protocols and optimization was therefore required for implementation in our lab. The
known xCT inhibitor, SSZ, was used for assay optimization as it’s ability to reduce

cystine uptake is well represented in the literature® '°ograp.
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Troubleshooting revealed that cell density can have a profound effect on the
uptake of cystine and should be taken into consideration when planning and comparing
experimental results. It was also discovered that to replicate the robust effect SSZ has
on cystine uptake, the drug must be added to the uptake buffer and not removed or
washed prior to lysis. It was found that washing the cells after incubation eliminates the
effect of the drug on xCT activity. This implies the drug acts in a steric manner and its
effects are reversible. This therefore, becomes another important consideration when
testing novel compounds (modification to step 2).

The protocol was finalized as follows:

1. Cells were seeded at a density of 250 000 cells per well in a 6-well plate and left
to adhere overnight before treating with experimental compound(s).

2. Cells are to be treated in cell culture media for the desired period of time (see
note 1 below)

3. Prior to loading the cells with 14C-cystine, aspirate culture media and wash with

HBSS.

4. Add uptake buffer to cells- 300ul HBSS containing 0.009uCi

5. Incubate at 37C for 20 minutes

6. Aspirate uptake buffer and quickly wash 3X with ice-cold HBSS to stop uptake

7. Lyse cells in 220 ul of lysis buffer (0.1N NaOH containing 0.1% Triton-X) for 30
minutes

8. Add 100 ul of each cell lysate into a 5 mL scintillation vial containing 1 mL of

Ecoscint-H solution. (NOTE: remaining lysate will be used to measure protein
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levels using the Bradford method. This is to normalize scintillation values
(provided as counts per minute;CPM) to mg protein.
9. Samples were subject to liquid scintillation using a Beckman LS500 scintillation

counter

Note 1: As discussed above for SSZ, if the potential action of the drug on cystine
uptake in cells is lost upon its removal prior to exposure to the radiolabeled substrate,

the drug should be present in the uptake buffer.

Overall, development of this radioisotope uptake assay will allow us to directly measure
xCT activity as cystine uptake is limited to the activity of this transporter. These data can
then be correlated to glutamate release to provide a more robust profile of xCT activity

in these cells in response to test compounds.

Development of HPLC-MS Protocol for Glutamate Quantification:

Quantification of glutamate by HPLC-MS was pursued to overcome the
limitations of the Amplex Red assay. This is an important tool to quantify glutamate
levels from in vivo samples such as serum in order to see how testing of novel
compounds on CIBP impacts glutamate levels. Extensive troubleshooting of methods
was necessary to achieve a measurable signal, adequate separation from co-eluting

analytes and appropriate detection at concentrations expected in sample..
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Attempts at detection began with quantification of known concentrations of glutamate

(10, 50 and 100ng) in 0.1% formic acid.

Standards

Column

Mobile Phase

Mass Spec (mode)

0.2-10ng/uL in
0.1% formic acid

C-18

A- MeOH 0.1% FA
B- H20 0.1% FA
GRADIENT

Microtof (+)

Chromatogram could be extracted only at 5ng/uL concentration

0.003-1mg/mL in HILIC A-H20 0.1% FA Microtof (+)
H20 B- ACN
GRADIENT
No detection
0.003-1mg/mL in C-18 MeOH +5mM Ammonium Microtof (+)
H20 Formate
ISOCRATIC
No detection
0.003-1mg/mL in HILIC A-0.1% FA +10mM Microtof (+)
H20 ammonium formate
B- 0.1% FA +ACN
GRADIENT
No detection
10ng/ul PFP A- ACNin 0.1% FA Microtof (+)

B- H20in 0.1% FA

Slgnal but RT is 0.6min, low sensitivity, move to Orbitrap

10ng/ul PFP A- ACNin 0.1% FA Orbitrap XL (+)
B- H20 in 0.1% FA

No results

0.5mg/mL C-8 A- ACNin 0.1% FA Orbitrap XL (+)
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B- H20 in 0.1% FA

Make standard curve (0.06-0.5 ng/mL) RT 3 min

0.5mg/mL C-8 A-ACN in 0.1% FA MicroTOF (+)
B- H20 in 0.1% FA

Detection, but conc. too high
Make standard curve (0.125-0.5)

GLUTAMIC ACID STANDARD CURVE EQUATION: y=8x10°x+236163 (R?*=0.99666)

Chromatogram - Std_0125mgml _1-c,2_01_29434.d: BPC +
Intens. ]
x105

4:

e N W
L i "

04; ~— = = S - / —_—
0 1

' Overlaid / List }, Stacked }\ Analysis }, View [

~n
%
nd
o
a

Spectrum View - Std_0125mgmL_1-c,2_01_29434.d
Intens.
x105]

148.0639
1.00]
0.759
0.501

130.052¢
0.251

62.4402 102.0554 170.0465 1860126
0.00 N A N L " x L

50 100 150 200 250
F¥ =2 Q [JAuto e

0.5mg/mL C-8 A-ACN in 0.1% FA MlcroTOF (+)
B- H20in 0.1% FA
ISOCRATIC (95% A, 5% B)

Make curve 0.03-0.5
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Chromatogram - Glu_Std_025mgmL _1-a,5_01_29456.d: EIC 148.0600:0.01 +

Intens.

5
x10 y 0.25 mg/mL
15 0.5 mg/mL
1.0 0.06 mg/mL
0.5 0.12 mg/mL
___—¥ 0.03 mg/mL
0.0 — ;

0 1 2 3 4 5 6 7
7o) = A (P ol

v»Overla.d List _;-"lStacked Analysis View

Spectrum View - Glu_Std_025mgmlL_1-3,5_01_29456.d
Intens.
x105

143.0664
1.5
1.0 295.1163

0.5 130.0560

102.0597
A

0.01=; ; v - :
50 100 150 200 250 300
B9 = A [Vauo A

GLUTAMIC ACID STANDARD CURVE EQUATION (0.4-3.4uM): y=1x10°x+468776
(R?=0.99704)

0.03mg/mL C-8 A- ACN in 0.1% FA Orbitrap (+)
(4.6x150m | B- H20in 0.1% FA
m) ISOCRATIC (95% A, 5% B)

Consistently see m/z=148.06+1 but inconsistent area measurements- change column

GLUTAMIC ACID STANDARD CURVE EQUATION (13-204uM): y=940704x-1x10’
(R?=0.99908)

4mg/mL C-8 A-ACNin 0.1% FA Orbitrap (+)
(2.1x100x3. | B-H20in 0.1% FA
5 um) ISOCRATIC (95% A, 5% B)

GLUTAMIC ACID STANDARD CURVE EQUATION (1.2-25.5 uM): y=164251x+83495
(R?=0.99784)

Failure to adequately separate glutamate and glutamine peaks which have similar
elution times therefore cannot quantify without peak separation

HILIC A- 10mM Ammonium MicroTOF (-)
formate pH 6.5

B- ACN
ISOCRATIC (30:70)
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results have been achieved in high concentrations, using an Agilent 1200, coupled
with a Bruker MicrOTOF. Therefore, to apply the conditions, described above, in
plasma samples it is necessary to adapt the conditions to an Agilent Q-TOF coupled
with an Agilent 1290.

SeQuant A- 10mM Ammonium QTOF (-)
ZIC-Hilic formate pH 6.5

3.5um, B- ACN

100A, 150 x [ ISOCRATIC (30:70)

2.1mm

(PEEK)-

Millipore

GLUTAMIC ACID STANDARD CURVE EQUATION (145, 363, 725, 1450, 2180 and
2900 ng/mL): y=3496.7x+397719 (R?=0.9975)

Samples were spiked with a stable isotope of glutamate (L-glutamic acid-2, 3, 3, 4, 4-
d5; 0.2ug/mL) as an internal standard prior to extraction in order to account for loss of
analyte after sample processing (volume loss from extraction). Extraction with MeOH
for 1h at -80C. Calibration curve was generated with pooled serum samples spiked with
0.1-1 ng/uL deuterated glutamate internal standard. This was to account for any matrix
effects that would alter peak intensities of our analyte of interest. Therefore the standard
curve must be measured in the same matrix as the sample to get accurate
quantification. The equation of the final calibration curve was y=3496.7x+397719

(R%=0.9975).
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APPENDIX lI: ADDITIONAL EXPERIMENTS
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Further characterization of SKF-38393:

xCT promoter activity

In an effort to determine whether any compounds have transcriptional effects on
xCT, we cloned 2.6 kilobase pairs (-2329 to +278 bp) of the human xCT promoter
region from genomic DNA isolated from MDA-MB-231 breast cancer cells. Four
truncations were also generated by PCR. Full length and truncated clones were
transferred into a luciferase reporter gene construct (PGL3-Basic). MDA-MB-231 cells
were transiently co-transfected with the dual luciferase system (PGL-3 Firefly and pRL-
TK Renilla) and subsequently treated with compounds. SKF 38393 was the only
compound that significantly inhibited luciferase activity (Figure 4). This result suggests
that this compound could possibly be inhibiting one of the many transcription factors

that we have mapped to bind the promoter of xCT.

Transfected cells were treated with 25uM of compounds for 24 hours. SKF-
38393 affected the promoter activity of xCT after a 24hr treatment resulting in a 30%
decrease in luciferase activity . This result suggests that SKF 38393 may be, in part,

lowering glutamate release from MDA-MB-231 cells by transcriptional inhibition of xCT.
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Firefly/Renilla
(Relative to Basic)

DMSO SKF (25 uM)

Figure 4: SKF-38393 induces a decrease in XCT promoter activity.

SKF-38393 affected the promoter activity of xCT after a 24hr treatment resulting in a

30% decrease in luciferase activity.

Intracellular GSH

Glutathione (GSH) levels were measured by DTNB quantification 24 hours after
treatment. SKF 38393 was the only follow-up compound that showed a consistent dose-
dependent decrease in total glutathione relative to cell number. Data represented as
relative glutathione levels per 106 cells and normalized to
vehicle levels. Correlating the decrease in GSH to a decrease in glutamate secretion

suggests the target is xCT.
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Inhibition of Glutathione Production

1.5+

Relative Levels of
Total Glutathione

o

o ®
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& 3 >

Treatment

Figure 5: SKF-38393 decreases intracellular glutathione levels in a dose-
dependent manner.

SKF 38393 was the only follow-up compound that showed a consistent dose-dependent
decrease in total glutathione relative to cell number. Data represented as relative
glutathione levels per 106 cells and normalized to vehicle levels. Correlating the

decrease in GSH to a decrease in glutamate secretion suggests the target is xCT.

Characterize transporter activity of HEK239T retroviral transduced
XCT line:

In an effort to generate a tool to test compound specificity for xCT, Dr. Hanxin Lin
and myself attempted to generate an xCT overexpression system in Human Embryonic
Kidney cell line (HEK293T or 293T). In order to assess specificity, a less complicated
model of xCT function is required in a cell line that has endogenously low xCT
expression and glutamate secretion. HEK293T cells were chosen as a model cell line
in which to overexpress the transporter. Murine system xc- has previously been

overexpressed in HEK293 cells as a means of pharmacological investigation®. Adopting
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the strategy used by Bridges and Zalups, 2005, the human xCT open reading frame
was cloned into the pcDNA3.1 (+) vector (Life Technologies)” by Dr. Lin. Because the
system xc- heavy chain, 4F2hc is ubiquitously expressed in many cell types, including
HEK cells®, exogenous 4F2hc is therefore not required for proper expression/function of
exogenous xCT. In fact, overexpression of 4F2hc has been shown to significantly
reduce the uptake of radiolabeled substrates and was hypothesized that excess
expression of this glycoprotein disrupts the stoichiometry with xCT and as a result,
membrane trafficking and function®. Dual overexpression vectors may also overwhelm
the transcriptional/translational machinery diverting the cell’'s resources away from xCT
overexpression. Therefore, overexpression of system xc- light chain, xCT, was shown to
retain proper localization at the membrane and was sufficient to increase acitivity in this
cell line® consistent with activity previously described>'?'. This includes increased
uptake of radiolabelled substrates in a Na+-independent manner that can be blocked by
the addition of cystine. Therefore, in a system where the background levels of xCT are
very low (but measurable, as in HEK cells), an increase in glutamate secretion can be
attributed to the presence of the artificial overexpression of the xCT transporter and as a
result any compound showing inhibitory effects on glutamate releases in these cells can
be attributed to blockade of xCT activity. This tool was also intended for potential use as
a cell line for future screening of novel compounds and also for in vivo testing.

Although overexpression of xCT was achieved at the transcriptional and
translational level, it was not accompanied by changes in glutamate output which was
expected to increase based on the results described in the literature. This system failed

to yield a functional upregulation in xCT and was therefore not pursued further.
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Testing CB-839 in Mouse Mammary Carcinoma Cell Line:

4T1 cells are derived from spontaneous mammary tumour from Balb/c mice
(Dexter et al. 1978) and closely models late stage metastatic human breast cancer.
Characterization of CB-839 in this line was conducted in order to test a syngeneic line

for use in our CIBP animal model.

Dose Response
4T1 cells were sensitive to CB-839 treatment as seen by a decrease in cell

number in a dose-dependent manner after 72 hrs. Glutamate release also decreased
with CB-839 treatment, however, the results were not as dramatic as changes in cell

number possibly due to the fact that dying cells release intracellular glutamate pools

confounding the quantification of physiological release of glutamate. Experiments

conducted as outlined in Chapter 4 (final paper manuscript) for MDA-MB-231 testing.

_ (- o RPWY 1.59 . RFMI
3 »  DMEM 5 " DMEM
= : £
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o
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Figure 6: Treatment of 4T1 Mammary Carcinoma Cells with CB-839

Non-linear regression of log[CB-839] vs. relative [glutamate]/cell (A) or cell number (B)

following a 72hr incubation with CB-839 in RPMI (circles) or DMEM (squares). For
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RPMI the EC50 is 3.926unM and in DMEM the EC50 is 16.88nM (A) where the effect is
CB-839 action on extracellular concentration of glutamate in culture media. Where the
effect is CB-839’s effect on cell number the EC50 in RPMI is 13.69nM and in DMEM is

1663nM (B).

Subcutaneous tumour growth

Subcutaneous implantation of 4T1 cells was done as stated in Chapter 4 (final
paper manuscript) for MDA-MB-231 cell implantation. However, only 15000 4T1 cells
were injected to initiate tumour as they are syngeneic and grow rapidly in this host. CB-
839 treatment and daily tumour measurements were also conducted as in chapter 4.
CB-839 treatment did not show significant differences in tumour volume between

vehicle and drug-treated animals.

2000+ )
-o- Vehicle

15004 -=- (CB-839

10004

500+

Tumour Volume (mm?)\

Figure 7: Tumour volume measurements of subcutaneous 4T1 tumours in Balb/c
mice treated with CB-839 or vehicle.
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Knockdown of GLS through transient siRNA transfection:
Having been working with pharmacological inhibition of GLS with CB-839, a

genetic GLS knockdown was pursued to have as a tool to investigate other changes
specifically associated with GLS inhibition that may reveal the differences in sensitivity
to CB-839 observed between HCC1806 and MDA-MB-231 cells. We decied to look for a
link between GLS inhibition and xCT expression. Two siRNA's trageting GLS1 were
succussfull in producing a transient decrease in GLS1 expression in HCC1806 MDA-
MB-231 cells (Figure 8A and B). Transient knockdown of GLS1 (72hrs) had a
differential response in its effect on xCT expression in both cells lines Figure 8C and D).
Furthermore, the effect of targeting GLS1 on glutamate release showed variation
amongst constructs but successful reduction in extracellular glutamate after transfection

was observed (Figure 9).
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Figure 8: Transient siRNA-mediated knockdown of GLS in HCC1806 and MDA-
MB-231 triple-negative breast cancer cell lines after 72 hrs.

GLS was successfully knocked down at the mRNA level using siRNA GLS 7 and 10 in

MDA-MB-231 cells (A). In HCC1806, GLS 6 and 10 siRNA moeluces were most

effective (B). A differential response was observed between xCT mRNA expression

after GLS transfection in these cell lines. xCT mRNA levels were decreased after

transfection with the corresponding siRNA relative to a scrambled control in MDA-MB-

231 cells (C) but was not observed in HCC1806 cells (D).

176



Ph.D. Thesis — J. Fazzari; McMaster University — Medical Sciences

_ 3 MDA-MB-231 - [J HCC-1806

[=} =1 -

g - | £ 2.0

8 8

° o

&» n

2 =

P 415 a 1.5

5 k]

o o

g 1.0 - g 1.0

s s

[ 3

® 0.54 2 0.54

@ g e —

5 5 =

=1 =4

o o

= 0.0- " s 0.0 T T
o & 3

4

siRNA siRNA

Figure 9: Extracellular glutamate levels following transient GLS siRNA
transfection.

Only GLS7 siRNA transfection resulted in a reduction in glutamate release relative to
scramble control in MDA-MB-231 cells (A). Both siRNA transfections resulted in a
decreased in glutamate release from HCC1806 cells (B). Samples collected 72 hrs

following transfection.
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