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Lay Abstract 

The tools we have right now to manage severe and chronic pain are insufficient. Patients 

with advanced cancers including bone cancer can suffer from very severe pain. This pain 

is generated in a number of ways including by the tumour itself releasing chemicals that 

activate pain-sensing nerves, by the destruction of the bone in and around the tumour, and 

by the sensitization of the nervous system, which can make pain worse and longer lasting. 

We have taken three approaches to researching cancer pain and to investigating new 

treatments. We have found that by reducing the amount of glutamate that cancer cells can 

release into their environment, we can reduce cancer pain in mice. We also found that 

treating rats with pregabalin and progesterone can change nerve signaling and reduce 

neuropathic pain, but that this effect is most pronounced in male rats with neuopathic pain 

and smaller in female rats with neuropathic pain, and even smaller in rats with cancer 

pain. We also analyzed expression of all the protein-coding genes in dorsal root ganglia 

from rats with cancer pain and found that there are many differences from rats without 

pain. Some of these differences may be promising new research targets. Going forward 

this research has provided important evidence necessary for next steps to develop new 

therapies and research strategies for cancer pain. 
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Abstract 

Metastatic bone cancers cause severe symptoms including pain that compromises patient 

functional status, quality of life, and survival. Current treatment strategies have limited 

efficacy and dose-limiting side effects. Cancer-induced bone pain (CIBP) is a unique pain 

state that shares features with but is distinct from the pathology of neuropathic and 

inflammatory pain. This dissertation investigates how CIBP is generated and maintained 

by the direct effects of cancer cells on their metastatic microenvironment and the 

peripheral nervous system, including unique signaling properties and gene expression 

changes. In particular, we found that genetic knockdown of the functional subunit xCT of 

the system xC- cystine/glutamate antiporter can reduce CIBP, further elucidating this as a 

therapeutic of interest. We found that the neuroprotective voltage-gated calcium channel 

inhibitors progesterone and pregabalin markedly reduce mechanical hypersensitivity and 

excitability in sensory neurons of the dorsal root ganglion (DRG) in male rat models of 

neuropathic pain, but that these effects and less pronounced in females. In cancer pain, 

these sex differences are reversed, with females but not males demonstrating a delay in 

time-to-onset of mechanical hypersensitivity. We also analyzed gene expression at the 

DRG by RNA-Sequencing of rat models of CIBP. Our findings uncovered differential 

gene expression between CIBP and sham controls and between ipsilateral and 

contralateral DRGs in CIBP model rats. These studies have identified several promising 

avenues for therapeutic research for CIBP.  
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Preface  

This doctoral dissertation is presented as a sandwich thesis that includes four manuscripts 

prepared for publication during the author’s Ph.D. tenure and on which the author of this 

dissertation is also the primary author of the manuscript. Three manuscripts have been 

published and indexed (Chapters 1, 2, and 3), and one manuscript is prepared for 

publication and pending submission (Chapter 4). Each manuscript is presented as a 

separate chapter and includes a preface detailing each author’s contributions, and a 

description of the manuscript in the context of this thesis. The first manuscript presented 

in Chapter 1 is a review-style book chapter published in Oncodynamics: Effects of Cancer 

Cells on the Body. This manuscript provides a conceptual overview and comprehensive 

background information on the context and pathophysiology of cancer pain and cancer-

induced bone pain in particular. Subsequent chapters (Chapters 2, 3, and 4) are primary 

research manuscripts describing experiments that were performed during the author’s 

Ph.D. tenure. A concluding chapter (Chapter 5) summarizes and concludes this 

dissertation and discusses promising future directions to follow-up on the findings 

presented here  

Literature cited within each manuscript are independent and consistent with the 

requirements of their corresponding journal. Literature cited elsewhere uses the Council 

of Science Editors Name-Year style and is included in a separate References section 

following the Conclusions in Chapter 5. Three Appendices are included describing 

unpublished methodology and results and two copyright licences.  
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Preface  

In this chapter, an author-generated version of the manuscript titled “Cancer-Induced 

Pain”, published in 2016 as a book chapter in G. Singh (Ed.), Oncodynamics: Effects of 

Cancer Cells on the Body (pp. 129-145). Cham: Springer International Publishing, 

Switzerland, is presented. This chapter is reprinted with permission from Springer 

Publishing (see Appendix 1 for License Agreement). 

For this manuscript, I performed the literature review, wrote the manuscript, designed and 

produced the figure. Dr. Buckley and Dr. Singh provided conceptual input and reviewed 

the content and structure of the chapter. 

 

Context and Background Information 

This chapter provides a thorough review of the pathophysiology of cancer-induced pain, 

with background information included on prevalence and other pain states to 

contextualize cancer pain in the broader landscape of pain research. This chapter is 

included in a textbook which introduces the concept of oncodynamics as “the impact of 

abnormal cues generated by tumors on the physiological functioning of the body”. This 

chapter specifically focuses on cancer pain as an oncodynamic effect. 

This chapter includes an introduction describing background information on pain 

including detail on nociceptive pathways and neuropathic and inflammatory pain states. 

The concept of cancer pain as a distinct pain state is introduced and essential definitions, 

epidemiology and initiating factors are included. 

This chapter goes on to describe the pathophysiology of cancer pain in detail, providing 

mechanistic and clinical findings that are essential to the conceptualization behind the 

work presented in this dissertation. This introductory chapter describes how factors 

secreted from tumours and tumour-associated cells can directly provoke pain and expands 

on some of the most well-known secreted factors and some of the most promising, 
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including glutamate. The effects of tumours on their host tissue is described, including a 

detailed review of the literature on cancer-induced bone pain (CIBP) and the multiple 

factors that contribute to the initial generation and long-term maintenance of this pain, 

including bone remodelling and pathological signalling and molecular changes in the 

peripheral and central nervous systems. This chapter also includes a review of therapeutic 

practices and promising therapeutic candidates for pain with a focus on those that have 

evidence for use in treating cancer pain. 

 

This manuscript does not include the hypothesis and objectives of this dissertation; 

therefore, the hypothesis is included here: 

Cancer-induced bone pain is a unique pain state that shares features with but is 

distinct from neuropathic and inflammatory pain states, and that is generated and 

maintained by the direct effects of cancer cells on their metastatic 

microenvironment, including unique signalling properties and gene expression 

changes in sensory neurons and associated cells. 

This hypothesis was investigated through three distinct objectives, discussed in the 

context of the papers presented in Chapters 2, 3, and 4.  

Objective 1: Establish and investigate the impact of genetic knock-down of xCT in human 

cancer cells on cancer-induced bone pain. 

Objective 2: Investigate the impact of the neuroprotective treatments progesterone and 

pregabalin on neuropathic pain and cancer-induced bone pain. 

Objective 3: Investigate gene expression by mRNA selective RNA-Sequencing of dorsal 

root ganglia isolated from a model of cancer-induced bone pain. 
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Cancer-induced pain 

Robert G. Ungard, Norman Buckley and Gurmit Singh 

 

Content 

Introduction 

Secreted Factors 

Physical factors 

Sensitization 

Cancer-induced bone pain 

Cancer-induced bone pain treatment 

Treatment 

Conclusion 

 

Introduction 

The ability to sense physiological pain is an essential self-preservational quality of an 

organism that allows the avoidance of tissue damage and the recognition of damaging 

pathological states. However, the physiological systems that allow us to perceive pain in a 

useful manner can also become pathological themselves, either seemingly independently 

as is the case with some chronic pain conditions, or as the result of an unrelated disease 

state, such as cancer. The pain produced by cancer can range from mild discomfort to 

severe, intractable, and self-propagating states of chronic pain.  
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Some type of cancer-induced pain is estimated to be experienced by 30–50% of all cancer 

patients, and by 75–90% of those with late stage metastatic cancer (1). Metastatic cancer-

induced bone pain is the most common source of cancer pain reported by patients (2), and 

has also been the most well-studied. Cancer pain can be debilitating and intractable and is 

a major impediment to the maintenance of quality of life and functional status in cancer 

patients (3,4). And yet, many barriers to the effective management of cancer pain still 

remain. These include significant sociological and regulatory barriers, but also a deficit of 

knowledge regarding the mechanisms and control of chronic pain itself, and of cancer 

pain in particular. It has been recently determined by systematic review that 

approximately 1/3 of patients undergoing treatment for cancer pain are undertreated, 

although this number is highly variable globally (5). This chapter will summarize the 

molecular mechanisms of cancer-induced pain as an oncodynamic effect of great 

importance to people living with cancer.  

Pain 

Pain is defined by the International Association for the Study of Pain as an unpleasant 

sensory and emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage (6). The human experience of pain is multifaceted and 

subjective and difficult to quantitatively study. Mechanistically, pain is subcategorized 

into three physiological sources; nociceptive, inflammatory, and neuropathic pain. In 

many painful conditions, including many conditions of cancer pain, all three of these pain 

types will play a contributory role in the overall mechanisms and quality of the 

experience of pain.  

Acute nociceptive pain arises from the stimulation of specialized sensory nerve fibres 

called nociceptors. This includes the myelinated and rapidly-conducting A- and A-

fibres, and the unmyelinated, slow-conducting C-fibres. Nociceptors innervate most 

somatic tissues at differing densities, and exhibit receptors that allow sensitivity to a 

range of inputs including noxious thermal, mechanical, and chemical stimuli. Most 

nociceptors in the body remain constitutively inactive until activated with unusual stimuli, 
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as is the case when the distortion of a broken bone stimulates dormant mechanically-

sensitive nociceptors. The cell bodies of nociceptors that innervate the body lie in the 

dorsal root ganglia (DRG), lateral to the spinal cord at the vertebral column, or in the 

trigeminal ganglion for facial nociceptive innervation. The central terminals of 

nociceptors synapse with second-order neurons in the central nervous system (CNS), 

usually at the dorsal horn of the spinal cord. Here, these connections are subject to 

inhibitory, facilitory and other modulatory influence by central descending neurons and 

by glial cells (7). Ascending neurons generally pass along the spinothalamic or 

spinoreticulothalamic tracts to the thalamus and brainstem, and further to the cortex (8). 

Multiple brain regions are involved in the perception and processing of pain signalling, 

including primarily the primary and secondary somatosensory cortex, as well as the 

insular cortex, anterior cingulate cortex and prefrontal cortex (9). Nociceptors are widely 

variable in their structures and functions, including their activating stimuli and thresholds, 

the extent of their receptive fields, and their speed and frequency of signalling. This 

heterogeneity allows the sensation of a wide variety and quality of painful sensations at 

the CNS (10). 

Inflammatory pain is pain produced by nociceptors activated by the mediators and 

molecular products of inflammation. Nociceptors express many receptors for individual 

products of inflammation, including but not limited to substance P, bradykinin, 

prostaglandins, adenosine triphosphate (ATP), nerve growth factor (NGF), tumour 

necrosis factor-α (TNF-α), and protons. These are secreted by the peripheral terminals of 

nociceptors, and by cells associated with inflammatory states including mast cells, 

macrophages, and fibroblasts, to the extracellular “inflammatory soup” of pro-

inflammatory and algesic signaling molecules that is characteristic of inflammatory sites 

(11). 

Neuropathic pain is pain that arises as a direct consequence of damage or disease 

affecting the somatosensory system (6). This can arise from a number of conditions 

including surgical or traumatic damage, chronic inflammation, and invasive cancer.  
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There is increasing evidence that despite the phenotypic similarities of many conditions 

of pain, the mechanisms that contribute to the production and maintenance of pain can be 

significantly divergent. There are peripheral and central mechanistic differences between 

painful conditions, and between sexes experiencing the same condition that are relevant 

to treatment (12).  

Despite their etiological differences, all pain regardless of the source or any modulation 

must be transmitted by neuronal cells to the brain in order for perception to occur. This is 

as true for cancer pain as it is for the pain of any other condition. Also at play, regardless 

of the source of the pain, is that chronic nociceptive signalling and pathological 

conditions can produce dramatic reorganization of the structures that transmit and 

regulate pain signalling. This reorganization includes physiological changes in neurons 

and glial cells that are associated not only as indicators of a state of chronic pain, but as 

factors implicit in the maintenance of that pain. Ultimately these pain pathways can 

transition from acute activation to chronic ongoing activation through the processes of 

peripheral and central sensitization. Sensitization results in the conditions of hyperalgesia 

and allodynia, whereby a lower stimulus threshold triggers a nociceptive response, and a 

normally non-nociceptive stimulus becomes painful, respectively. These processes are 

essential to the physiology of chronic pain conditions, including cancer pain. 

Cancer Pain 

As befitting such a diverse pathological condition as cancer, pain resulting from cancer 

can arise from many physical, chemical, and thermal stimuli. Cancer pain can be 

nociceptive, inflammatory and neuropathic, and is commonly a result of situations such as 

physical pressure from the tumour itself, damage to or remodelling of tissues in close 

proximity to the tumour, and peritumoural inflammation. Central and peripheral 

sensitization render cancer pain into a chronic condition that can become constant and 

intractable. Treatments of cancer also often cause pain as a side-effect, most notably, 

chemotherapy-induced peripheral neuropathy (CIPN), and opioid-induced hyperalgesia, 
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however these conditions are not directly oncodynamic, and as such, will not be 

addressed in this review. 

Conditions of cancer pain are defined by the source tissue of the primary cancer, and the 

host tissue from which the pain emanates. A list of common clinical cancer-associated 

pain syndromes and their treatment can be found in this review by Portenoy (13). The 

quality and intensity of these pain conditions are widely variable, for example the pain 

emanating from a primary tumour in the breast, if any, presents very differently than the 

pain of a metastatic breast cancer growing in the spine. One of the challenges of cancer 

pain management, however is the inconsistency of the influence of location or tumour 

type in the generation of pain. One patient’s tumour may not cause pain until late stages, 

whereas a similar tumour in another patient may generate severe pain before the lesion is 

detectable by other means (14). This is due to widely differing primary cancers, but also 

the structures and functions of host tissues in the body, which play a defining role not 

only in the progression of the invading cancer, but also in the nature and extent of the 

oncodynamic consequences of that invasion. Despite this, regardless of the host tissue, 

cancers can cause pain by similar mechanisms. Many cancers secrete a host of algesic 

chemicals capable of stimulating and sensitizing nociceptors. In innervated tissue, these 

chemicals would be expected to be independently capable of nociceptive stimulation, as 

has been shown to be the case with endothelin-1 (ET-1) which can cause pain following 

secretion from several different types of cancer cells in multiple tissues (15–18). 

Breakthrough cancer pain is a separate condition that is defined by its relationship to pain 

treatment. It is a transitory exacerbation of pain in excess of the otherwise effective 

analgesic regimen of the patient (19). This pain can arise spontaneously or as a result of 

an action or movement committed by the patient in which case it is labelled as incident 

pain. The rapid onset and occasional unpredictability of breakthrough pain makes it 

particularly difficult to control and burdensome for the patient.  
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Secreted Factors 

Many algogenic factors that contribute to cancer pain are secreted from cancer cells and 

associated stromal cells. Several of these are also mediators of inflammation and 

inflammatory pain secreted from immune cells recruited to the tumour site. Other classes 

of secreted factors include neurotrophins, neurotransmitters and cell-signalling molecules 

including hormones and cytokines. There have been several lines of research focussed on 

pursuing the importance of particular secreted factors to cancer pain, some of which have 

have shown more potential for treatment that others. It is appearing more evident that 

targeting a single factor is unlikely to emerge as a valid treatment of cancer pain in 

isolation. Many secreted factors play complex and intertwined roles in inducing and 

maintaining cancer pain, and determining their physiological roles and respective 

importance to cancer pain is an important pursuit. 

Nerve Growth Factor 

Nerve growth factor (NGF) has recently been found to be an important compound in the 

development and treatment of multiple pain states including cancer pain, and particularly 

cancer-induced bone pain. Targeting NGF in cancer pain has accumulated much primary 

basic and clinical evidence of efficacy, and is emerging as a promising therapeutic 

avenue. NGF can directly activate nociceptors that bear either the tropomyosin receptor 

kinase-A (TrkA) receptor or the low-affinity neurotrophin receptor p75. NGF is known to 

be upregulated in inflammatory pain states, and NGF-TrkA signalling is a mediator of 

sensitization through action at the spinal cord and DRG (20). In mouse models of 

osteosarcoma, NGF promotes the rapid neurogenesis of TrkA positive sensory and 

sympathetic fibres that eventually reach a pathologic density in the periosteum of tumour-

bearing bone (21). Antibody sequestration of tumour-generated NGF reduces pain and 

pathological neurogenesis in animal models of osteosarcoma, prostate cancer, and breast 

cancer in bone (21–23). NGF also promotes the development of sensitization through 

transcriptional upregulation of neuropeptides and ion channels at the DRG in nociceptors, 

including substance P, calcitonin gene-related peptide (CGRP), and brain-derived 
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neurotrophic factor (BDNF) (21). BDNF is a neurotrophin that binds the TrkB receptor, 

and, like NGF, also to p75. The overexpression of BDNF at the spinal cord is likewise 

involved in the generation of central sensitization in both inflammatory and neuropathic 

pain states (24). Microglial production of BDNF is also involved in the development of 

central sensitization in an animal model of metastatic breast cancer-induced bone pain. 

Treatment of these animals with a tetracycline inhibitor of microglial activation, 

minocycline, reduced BDNF at the dorsal horn simultaneously with behavioural evidence 

of pain (25). 

Endothelin-1 

Endothelins are vasoactive and nociceptive peptides usually secreted from endothelial 

cells but also important in the regulation of angiogenesis, bone turnover, and tumour 

growth. Endothelin-1 (ET-1) can directly stimulate and sensitize nociceptors, and has 

been found to be secreted by breast and prostate cancer cells (26), fibrosarcoma (15,16) 

and oral squamous cell carcinoma (17). Much research has been focussed on the role of 

endothelins in cancer pain and they continue to pose a promising, if complex, target for 

treatment. Inhibition of the endothelin-A receptor (ETAR) which is expressed by sensory 

neurons and sensitive to ET-1, has successfully reduced cancer pain in multiple animal 

models (15–17), however these findings have not yet been validated at clinical trial (27). 

Interestingly, inhibition of the endothelin-B receptor (ETBR) can have the opposing 

effect of increasing cancer pain in animal models (28). 

Acidic environment 

Acidic microenvironments are characteristic of tumours and can directly stimulate 

nociceptors and induce downstream mediators of pain through several signalling 

cascades. Acid is a well-characterized mediator of pain. In cancer pain, particularly 

cancer-induced bone pain, it has been proposed that this acidic microenvironment in bone 

following tumour growth and osteoclast upregulation may produce sufficient acid to 

activate the low pH receptors acid-sensing ion channel (ASIC) and transient receptor 
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potential channel-vanilloid subfamily member 1/capsaicin receptors (TRPV1) that are 

present on nociceptors (29). In addition, expression of both of these receptors at the DRG 

is elevated in animal models of cancer-induced bone pain (30,31), and TRPV1 inhibition 

has reliably decreased cancer pain in animal models (32). 

Glutamate 

Many cancer cells secrete the neurotransmitter and cell-signalling amino acid glutamate, 

including breast, prostate, melanoma and glioma cells. In these cell types, the mechanism 

of glutamate secretion has been found to be the cystine/glutamate antiporter system xC- 

(33,34). Depending on the host tissue or metastatic site, this glutamate release can be a 

severely a disruptive influence on normal host tissue cell signaling, and can directly 

activate and sensitize primary afferent nociceptors (35). In glioma in the CNS, this 

glutamate release provides a functional advantage to the tumour, promoting malignancy, 

causing the excitotoxic cell death of neurons, and inducing detrimental oncodynamic 

side-effects including seizures, and possibly headache (33,36,37). In peripheral tissues, 

glutamate secretion and pain have been investigated in the context of cancer-induced 

bone pain. Reducing glutamate release from cancer cells by inhibiting the system xC- 

transporter can reduce cancer pain in animal models of breast cancer metastasized to the 

bone (38). This outcome may be due to the direct effects of secreted glutamate on the 

glutamate-sensitive nociceptors in the bone and peritumoural space, or due to differential 

changes in bone physiology that are susceptible to glutamatergic interference. 

There are many other relevant secreted factors to cancer pain. These include but are not 

limited to: proteases, prostaglandins, bradykinin, TNF-α, interleukins-1 and 6, epidermal 

growth factor, transforming growth factor-β (TGF-β), and platelet-derived growth factor. 

These many factors have been detailed in a number of comprehensive reviews (14,39,40). 
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Physical Factors 

Visceral pain syndromes often result from physical interference with one or more visceral 

organs by a tumour mass. Commonly this pain results from obstructions or distension of 

the visceral organs due to tumour growth or associated edema, including hepatic 

distension and intestinal obstructions (13). The bulk of a growing tumour also poses a risk 

of physically encountering a sensory neuron that varies with the characteristics and 

innervation of the host tissue. Physical contact between a tumour and neuron can cause 

nerve entrapment and injury and induce neuropathic pain states including plexopathies 

and radiculopathies. In animal models, the leading edge of tumours in bone were found to 

come into contact, injure and then destroy the distal processes of sensory fibres in 

conjunction with the development of neuropathic cancer pain states (41). In addition to 

stimulating and sensitizing sensory neurons, some of the secreted factors described above, 

including proteases, can also directly damage neurons, given certain conditions.  

Sensitization 

Cancer pain, like other enduring pain states, eventually becomes a state of chronic pain 

through the development of peripheral and central sensitization. Evidence of 

physiological changes indicative of sensitization in animal models of cancer pain are 

plentiful, including central sensitization at the dorsal horn (42–45), peripheral 

sensitization of local primary afferent C nociceptors (15,46–48), and cellular and 

neurochemical changes in the dorsal root ganglia (DRG) neurons and dorsal horn of the 

spinal cord (41,45,49).  

Cancer-Induced Bone Pain 

Bone pain from cancer is the most common type of cancer pain and despite the transition 

of several mechanistically targeted therapies into clinical practice, cancer-induced bone 

pain has remained extremely difficult to manage. 
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Cancer in bone can be a result of primary cancers of bone tissues and of metastases from 

distant sites. Bone metastases are extremely disruptive to normal bone cell metabolism, 

often resulting in the development of lesions featuring the dysregulated destruction and 

formation of mineralized bone tissue and the release of pro-inflammatory and algogenic 

substances into the bone microenvironment. This disruption is responsible for a host of 

intertwined pathologic consequences including bone fractures and microfractures, spinal 

cord compression, hypercalcaemia, and severe pain. Cancers of the lung, prostate, kidney, 

thyroid and breast are the most likely to produce a bone metastasis, with lung, prostate 

and breast cancer accounting for the vast majority of these cases (50).  

Pain in metastatic cancer afflicted bone can arise from a number of stimuli and from any 

location within the bone. Bones are densely but unevenly innervated with sympathetic 

and sensory nerve fibres. Aβ-, Aδ- and C-fibres have been identified in the periosteum, as 

well as throughout mineralized bone and the bone marrow (51,52). The densely 

innervated periosteum is highly sensitive to disruption, however many painful lesions 

have been found to entirely lack periosteal involvement (1). 

Animal models have revealed that cancer-induced bone pain is a unique pain state 

exhibiting distinct neurochemical and cellular features in the spinal cord and DRG that 

are not shared with other inflammatory or neuropathic pain states. In particular, changes 

in the expression of both substance P and CGRP were observed in the dorsal horn of the 

spinal cord in both inflammatory and neuropathic animal models, but neither 

neuropeptide was altered in models of bone cancer pain. In addition, bone cancer pain 

resulted in a much greater increase in glial fibrillary acidic protein (GFAP), a marker of 

astrocyte proliferation and hypertrophy than other modelled pain states (53).  

As discussed above, a number of factors involved in tumour metastasis, growth and lesion 

formation have the potential to cause pain both directly and indirectly. The confluence of 

multiple contributing algogenic substances and extensive physical disruption at the 

tumour site indicate that the mechanisms responsible for cancer-induced bone pain are 

heterogeneous and complex. 
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The growing tumour itself contributes to pain generation through pressure on the 

periosteum or sensory nerves in bone, and through the destruction of sensory neurons. 

Both osteolytic (net bone resorbing) and osteoblastic (net bone forming) lesions are 

characterized by weaker bone that is more prone to fracture, compression, and collapse 

(54). Microfractures of the bone trabeculae and fractures of the whole bone compress 

sensory neurons and distort the periosteum, contributing significantly to pain (2). 

The mechanisms of pathological bone cell turnover itself have also been linked to cancer-

induced bone pain. Osteoblastic lesions commonly arise from prostate cancers and from 

~25% of breast cancers (55). Their promotion of bone formation in the lesions associated 

with the metastatic tumour has been associated with the production by the tumour cells of 

a number of factors that are secreted into the bone microenvironment. The most well-

characterized of these many associated factors is the aforementioned ET-1 which is 

released by typically osteoblastic prostate and breast cancer cell lines, and has been 

shown to act at ETAR on osteoblast cells (56). A number of other tumour associated 

factors are involved in the promotion of bone volume including osteoprogenetrin (OPG), 

TGF-β, urokinase, fibroblast growth factors, and possibly also prostate-specific antigen, 

all of which are associated with osteoblast cell proliferation (55). Pathological osteoblast 

activity associated with bone metastases is not just the overactive production of normal 

mineralized woven bone or osteons; rather cancerous osteoblastic lesions are typically 

dysregulated and osteosclerotic tissue that is of poor functional quality and conducive to 

pain (57).  

Many cancers including multiple myeloma and most breast cancer metastases produce 

primarily osteolytic lesions which extensively degrade mineralized bone and are 

frequently severely painful. Other conditions including postmenopausal osteoporosis and 

hormone-ablative therapies in cancer treatment, are also associated with pathological 

osteolysis (58). Most of the osteolytic degradation associated with metastatic cancer is a 

result of the pathological activation of osteoclasts by the tumour; however, it has also 

been demonstrated that tumour cells can directly resorb bone even in the absence of 

osteoclast cells. Like osteoblastic metastases, osteoclastic bone resorption is stimulated by 
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the tumour through the release of a number of stimulatory factors that upregulate 

osteoclast proliferation and activity. One released factor, parathyroid hormone related 

peptide (PTHrP) shares many structural and functional similarities with parathyroid 

hormone (PTH). At the bone, PTHrP stimulates osteoclast proliferation through 

osteoblastic production of the receptor activator of nuclear factor-κB ligand(RANKL) 

(59). Treatment of animal models of metastatic bone cancer with neutralizing antibodies 

to PTHrP significantly reduces bone metastasis and resorption (60). However, PTHrP 

may have a dual role in bone remodelling, as its expression by prostate cancer cells has 

conversely been associated with the extent of osteoblastic lesions (61). Other osteolysis-

inducing factors either released directly or induced to be released by tumour cells include 

macrophage colony-stimulating factor (M-CSF), TGF-β, TNF-α and β, interleukin-1, 6, 

and 11 (62), and Jagged1 of the Notch signalling pathway (63). 

One of the roles of mineralized bone matrix is to act as a reservoir of minerals and growth 

factors that can be re- released into circulation by osteoclastic bone-resorption. Bone 

resorption in the event of a lytic metastasis results in the pathologic release of these same 

reserved substances. Ca2+ release in this manner is partially responsible for the 

hypercalcaemia that is characteristic of bone metastases (64), and the release of both 

mineral and growth factor has been implicated in a positive-feedback cycle of tumour 

growth and bone destruction commonly referred to as the vicious cycle hypothesis. The 

vicious cycle consists of the release of osteoclast stimulating factors including PTHrP 

from the metastatic tumour cells which promote osteoclast cells to increase bone 

resorption, resulting in the release of tumour cell-stimulating cytokines and growth 

factors from the bone matrix reserves, that further stimulate tumour growth and 

perpetuate the “vicious” cycle. Factors released in this manner from mineralized bone that 

stimulate tumour cell growth include TGF-β, insulin-like growth factor 1, and Ca2+ itself 

(55). 

Bone resorption can also occur independently of osteoclasts through the direct action of 

cancer cells. This ability has been demonstrated in vitro in several cancer types including 

breast (65), prostate (66), murine melanoma (67), and giant cell tumour of bone (68). 
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MMPs secreted from these cancer cells are thought to play a significant role in this 

process, particularly MMP-2 and 9 (69), and MMP-13 (68). Inhibition of MMPs reduced 

the ability of in vivo human breast cancer cells to degrade bone (69).  

Inhibitors of osteoclast activity have reliably been demonstrated to limit bone pain, and 

the enhancement of resorption has conversely been demonstrated to increase pain, but this 

could be due to a number of factors (70). Osteoclastic bone resorption is initiated through 

the acidification of the resorption compartment of the osteoclast cell at the mineralized 

bone surface by vacuolar-ATPase H+ transporters. Due to this process and to the 

induction of an acidic microenvironment by cancer cells themselves, the extracellular 

environment of various human tumours becomes progressively acidic as tumours develop 

(71). This acidic microenvironment in bone following tumour growth and osteoclast 

upregulation may produce sufficient acid to activate the ASIC and TRPV1 low-pH 

receptors that are present on nociceptors in bone (29). 

Cancer-Induced Bone Pain Treatment 

An impediment to the effective treatment of cancer-induced bone pain is that current 

standard treatments are largely based on principles developed from studies of non-cancer 

pain (1). Standard treatment for progressive ongoing pain involves adherence to the WHO 

analgesic ladder following progression from non-opioid analgesics for mild pain through 

strong opioids in conjunction with non-opioids and adjuvant treatment for moderate to 

severe pain. Adjuvant treatments in this case are non-analgesics that modify analgesic 

outcomes. The use of adjuvant treatments in the management of pain is quite common, 

and standard treatments can include the use of antidepressants or anticonvulsants. In the 

treatment of cancer-induced bone pain the use of drugs that prevent osteoclastic bone 

resorption are widely used as adjuvants. Bisphosphonates are a class of antiresorptive 

compounds with a high affinity to bind Ca2+ and therefore to become sequestered in the 

Ca2+ rich bone matrix. When released and absorbed by osteoclasts, bisphosphonates 

inhibit the enzyme farnesyl diphosphate synthase which then limits the downstream 

ability of the cell to produce several essential GTP-binding proteins, inducing apoptotic 
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cell death (72). This limits the extent of osteoclastic resorption in the bone and therefore 

limits pain from mechanical stress and osteoclast-associated algogenic factors. 

Bisphosphonate treatment has also been tentatively shown to reduce metastasis to bone 

and increase survival in breast cancer patients without current bone metastases (73). 

These results have fuelled the search for drugs that, like bisphosphonates, inhibit 

osteoclastic bone resorption. Treatments with OPG, the decoy receptor for RANKL has 

successfully limited bone pain and tumour growth in animal models (74). A fully human 

monoclonal antibody to RANKL, denosumab, has also been developed as a more specific 

inhibitor of osteoclast activity than bisphosphonates. In multiple phase III clinical trials 

denosumab was superior to several bisphosphonates in the prevention of skeletal related 

events including pain in both prostate and breast cancer patients (53). The inhibition of 

osteoclasts appears to have several serious side effects that has limited treatment with 

these drugs. Bisphosphonates are associated with occasional atrial fibrillation, 

osteomyelitis, and more commonly, osteonecrosis of the jaw of which bisphosphonate 

treatment is involved in over 90% of all cases (75). Standard treatments for cancer in 

bone can also have an impact on pain including radiotherapy and surgery. Both are 

applied palliatively with pain control as the primary intention (76). Recently, a fully 

humanized monoclonal antibody to NGF, tanezumab has demonstrated clinical efficacy 

in the treatment of cancer-induced bone pain (77). 

Currently, μ-agonist opioids remain the gold standard for the treatment of moderate to 

severe cancer pain in adherence to the WHO pain ladder. Their efficacy is limited by the 

occurrence of severe side-effects at the doses necessary for adequate analgesia and patient 

quality of life suffers as a result. Adjuvant treatments are successfully utilized in cancer-

induced bone pain management, but reliable pain relief in a manner not independently 

detrimental to patient quality of life remains elusive. 

Current treatment 

The effective management of cancer pain is largely performed in accordance with the 

principles of the World Health Organization (WHO) guidelines for cancer pain relief.  
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The core of the guidelines is based upon adherence to the WHO Analgesic Ladder which 

stipulates a treatment progression from non-opioid analgesics through weak opioids to 

strong opioids as is necessary to treat progressively worsening pain. Adjuvant drug 

supplementation and other supplementary interventions including radiotherapy and 

alternative treatments are applicable throughout as necessary. Adherence to this treatment 

paradigm has been validated as effective for good or satisfactory pain relief in the 

majority of cancer patients; however, 24% of treated patients do not experience complete 

pain control, with 12% reporting inadequate pain control (78,79). It has also been 

reported that approximately two-thirds of patients undergoing treatment with opioids 

experience episodes of breakthrough pain (19). Episodes of breakthrough pain are treated 

usually with a “rescue dose” of the patient’s current analgesic, or with a different fast-

acting transmucosal μ-opioid agonist (80). 

Current analgesic treatment practices are often effective at their priority of reducing the 

experience of pain for the cancer patient, but that pain relief often comes at the cost of 

otherwise impairing the patient’s quality of life through treatment side effects. Opioids in 

particular induce a number of serious dose-limiting side effects including nausea, 

constipation, vomiting, respiratory depression, sedation, somnolence, and cognitive 

impairment, and prolonged use can induce the development of physical dependence, 

tolerance and addiction (81,82). Non-steroidal anti-inflammatory drugs (NSAIDs) are 

most often the first analgesic treatment for cancer pain, and they too are associated with 

dose-dependent adverse effects, most predominantly, gastrointestinal and renal side-

effects (83,84).  Patient or caregiver concern about treatment-associated side effects or of 

the consequences of dependence on pain treatment with analgesics can often result in the 

insufficient control of otherwise manageable pain, as can layers of regulation governing 

access to controlled pain medications (85,86).  For these patients who cannot or do not 

access adequate pain relief, in addition to those patients whose pain cannot be fully 

controlled with available analgesics, inadequate cancer pain management yet remains a 

global public health concern. 
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Conclusion 

In conclusion, the oncodynamic effect of cancer pain is a common and severely 

detrimental consequence for patients living with cancer. As cancer treatments continue to 

improve, and cancer patients live longer with their disease, strategies of pain control that 

maintain patient quality of life become ever more valuable, and the understanding and 

high-quality management of chronic cancer pain becomes a more pressing priority.  
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Figures 

 

Figure 1.  

Pain is perceived by transmission through sensory neurons to the central nervous system. 

Cancer pain is initially stimulated through many mechanisms. This figure illustrates 

several mechanisms of cancer-induced bone pain, including bone fracture due to weak or 

degraded bone structures proximal to the tumour, and multiple secreted factors from 

tumour cells and other cells including immune cells recruited to the tumour site. These 

secreted factors can modify the tumour itself, the host tissue environment, and can 

directly stimulate nociceptors. Pain signalling is initiated by sensory neurons in and 

around in the bone and tumour, and transmitted through the dorsal horn and 

spinothalamic or spinoreticulothalamic tracts of the spinal cord to the brain. Descending 

controls from the brain and spinal cord can alter pain signalling and initiate features of 

central and peripheral sensitization which serve to maintain and amplify pain, leading to 

intractable chronic cancer pain. 
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Preface  

In this chapter, an author-generated version of the manuscript titled “xCT knockdown in 

human breast cancer cells delays onset of cancer-induced bone pain”, published in 

Molecular Pain in 2019, is presented. The article is reproduced with permission from 

SAGE Publishing, as licensed under the terms of Creative Commons Attribution-Non 

Commercial 4.0 License which permits non-commercial use, reproduction and 

distribution of the work without further permission provided the original work is 

attributed as specified on the SAGE and Open Access pages. The copyright agreement is 

included in Appendix 2. 

Robert Ungard and Katja Linher-Melville are co-first authors on this research report as 

they contributed equally to the work. 

For this manuscript I cultured cancer cells for in vivo studies, induced all in vivo models 

of CIBP, performed behavioural tests and data analysis, and drafted and revised the 

manuscript. Katja Linher-Melville performed qPCR, Western Blotting and cystine uptake 

assays for in vitro and in vivo studies, prepared cells for RNA-Seq and contributed to 

writing and editing the manuscript. Manu Sharma assisted with all aspects of the in vivo 

studies. Jianping Wen generated and performed in vitro work to screen clones. Mina 

Nashed analyzed RNA-Seq data. All authors contributed to successive drafts of the 

manuscript. Gurmit Singh supervised the overall project, edited the manuscript, and 

provided funding for the study. All authors read and approved the final manuscript. 

 

American English spelling is used throughout the manuscript, as required by the journal.  

 

Context and Background Information  

This chapter describes the current state of the hypothesis that targeting the system xC- 

cystine/glutamate antiporter, and in particular its glutamate release function is a 
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promising target in cancer pain research. This work built on the findings from our lab and 

others that pharmacological inhibition of system xC- induces a reduction and delay to 

onset of cancer pain-related behaviour (Ungard et al. 2014; Slosky et al. 2016; Fazzari et 

al. 2017). The rationale of this approach includes that targeting pain-inducing features of 

the cancer cell may spare the broad side effects of centrally-acting analgesics and have 

the added benefit of potentially compromising cancer cell growth. In addition, cancer 

cell-derived glutamate has been demonstrated to directly activate and sensitize primary 

afferent nociceptors in musculoskeletal tissues (Cairns et al. 2002).  

To date, pharmacological approaches to researching the impact of system xC- 

cystine/glutamate transport on cancer pain have been limited by inconsistent specificity, 

off-target action, and dose-limiting side effects (Ungard et al. 2014; Robert et al. 2015).  

The model of xCT knockdown cancer cells presented here allows this potential 

therapeutic target to be evaluated for CIBP with greater specificity than previous 

pharmacological approaches. This manuscript describes the development of a stable 

shRNA-induced knockdown of xCT, (SLC7A11) in the human breast cancer cell line 

MDA-MB-231. xCT knockdown was confirmed at the transcript, protein, and functional 

levels. To investigate possible associated differential gene expression in response to xCT 

knockdown in these stable clones, RNA-Sequencing was performed, identifying multiple 

differentially expressed genes relevant to cancer pain including nerve growth factor, 

interleukin-1, and colony-stimulating factor-1.  

Knockdown cells were implanted in a mouse model of CIBP and evaluated for tumour 

growth and pain-related behaviour. We found no changes in tumour growth between 

groups, but observed a delay in the time to onset of pain-related behaviour in mice 

implanted with the xCT knockdown cell line as opposed to vector-control mice. 

These results add specificity to the body of evidence suggesting that a reduction in 

glutamate release from cancers in bone by inhibition of the system xC- transporter may 

decrease the severe and intractable pain associated with bone metastases. 
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In addition, we developed an IPTG-inducible (shRNA) xCT knockdown clone in the 

same cell line with respective negative controls. These clones were validated for 

sustained and inducible knockdown in vitro at the transcript, protein, and functional 

levels, and tumour growth was confirmed and measured subcutaneously in vivo.  

Similarly to the work presented in this chapter with the stable xCT knockdown cell line, 

these IPTG-inducible xCT knockdown clones were also implanted and tested in the same 

intrafemoral mouse model of CIBP for pain-related behaviour relative to an uninduced 

control group, however insufficient numbers of mice successfully grew and retained 

tumours to draw conclusions from our data. The methodology and results of this 

investigation are presented in Appendix 3. 
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ABSTRACT  

Cancers in the bone produce a number of severe symptoms including pain that 

compromises patient functional status, quality of life, and survival. The source of this 

pain is multifaceted, and includes factors secreted from tumor cells. Malignant cells 

release the neurotransmitter and cell-signaling molecule glutamate via the oxidative 

stress-related cystine/glutamate antiporter, system xC-, which reciprocally imports cystine 

for synthesis of glutathione and the cystine/cysteine redox cycle. Pharmacological 

inhibition of system xC- has shown success in reducing and delaying the onset of cancer 

pain-related behavior in mouse models. This investigation describes the development of a 

stable shRNA-induced knockdown of the functional trans-membrane system xC- subunit 

xCT, (SLC7A11) in the human breast cancer cell line MDA-MB-231. Clones were 

verified for xCT knockdown at the transcript, protein, and functional levels. RNAseq was 

performed on a representative clone to comprehensively examine the transcriptional 

cellular signature in response to xCT knockdown, identifying multiple differentially-

regulated factors relevant to cancer pain including nerve growth factor, interleukin-1, and 

colony-stimulating factor-1. Mice were inoculated intrafemorally and recordings of pain-

related behaviors including weight bearing, mechanical withdrawal, and limb use were 

performed. Animals implanted with xCT knockdown cancer cells displayed a delay until 

the onset of nociceptive behaviors relative to control cells. These results add to the body 

of evidence suggesting that a reduction in glutamate release from cancers in bone by 

inhibition of the system xC- transporter may decrease the severe and intractable pain 

associated with bone metastases. 

KEYWORDS 

Pain; Cancer-Induced Bone Pain; Nociception; Breast Cancer; System xC-; SLC7A11; 

Glutamate; Bone Metastasis  
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INTRODUCTION 

Bone is the most common site of distant breast cancer metastases [1], with an overall 

incidence of approximately 22 % at or following diagnosis [2].  These metastases produce 

symptoms including severe and often untreatable pain that compromise patient functional 

status, quality of life, and survival [3], and can develop into a chronic pain condition [4–

6]. Current management strategies of cancer-induced bone pain (CIBP) focus on 

radiotherapy and analgesic drugs including strong NSAIDs and opioids that induce severe 

dose-limiting side-effects that are independently deleterious to treatment outcomes and 

patient quality of life. As the number of cancer patients living with bone metastases 

increases, there is a growing need for interventions that focus on the preservation of 

quality of life.  

Using animal models, cancer pain has been revealed to be a complex state with peripheral 

[7,8] and central [9–11] features of neuropathic and inflammatory pain. There are 

multiple potential mechanisms underlying the development and maintenance of CIBP, 

including direct effects of tumor and stromal cells, as well as disrupted host bone cell 

processes. CIBP in animal models has been ameliorated by a number of promising 

approaches such as targeting inflammation [12], acidosis [13], and neurotrophin-induced 

neurogenesis [7,14,15]. 

We previously demonstrated that human cancer cells with the capacity to metastasize to 

bone release glutamate through the cystine/glutamate antiporter system xC- [16,17]. 

System xC- exchanges glutamate for cystine, ameliorating oxidative/nitrosative stress 

arising from the accumulation of intracellular reactive species, which occurs due to 

altered metabolism of aggressive cancer cells. This cancer cell-derived glutamate 

accumulates in the bone where it can disrupt host tissues and activate and sensitize the 

A-, A-, and C-fibers sensitive to noxious mechanical, thermal and chemical stimuli, all 

of which show changes in excitability in animal models of CIBP [18]. CIBP animal 

models demonstrate either a reduction or delay in the onset of nociceptive behaviors 

when treated with system xC--inhibitors sulfasalazine [19,20] and capsazepine [21]; and 
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when indirectly downregulated with peroxynitrate scavengers [20] and TrkA-inhibiting 

AG879 [22]. This reduction in nocifensive behavior has been associated with 

extracellular glutamate levels in bone [20]. 

We have developed a human MDA-MB-231 breast cancer cell line with a stable shRNA-

induced knockdown of SLC7A11, the gene encoding the xCT transmembrane antiporter 

component of system xC-. This report describes the molecular and functional validation 

of this cell line in addition to RNAseq analysis to determine the transcriptomic 

consequences of xCT manipulation including changes in the expression of other pain-

related factors. We also investigated the consequences of intrafemoral implantation of 

knockdown cells in a mouse model of CIBP to directly evaluate system xC- as a potential 

therapeutic target in bone tumors. Rather than targeting the nervous system, this approach 

exploits a feature of the cancer cell itself to decrease nociception. This proof-of-principle 

study follows directly from previous work by our lab and others investigating 

pharmacological inhibition of system xC- [20–23], and supports augmenting clinical pain 

management regimens with relevant system xC- blockers. This approach may reduce the 

requirement for increasing doses of centrally-acting analgesics, such as opioids, that are 

currently prescribed to patients experiencing intractable CIBP, thereby improving quality 

of life.  

 

MATERIALS AND METHODS 

Cell Culture 

The human breast adenocarcinoma MDA-MB-231 cell line was used in all in vitro and in 

vivo work. Testing for mycoplasma contamination was performed throughout this study 

and cells were verified to be mycoplasma-free prior to surgical implantation. All cells 

were maintained at sub-confluent densities in a humidified incubator with 5 % CO2 in 

room air at 37 °C using DMEM supplemented with 10 % fetal bovine serum (FBS) and 1 
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% antibiotic/antimycotic. Cell numbers were quantified in multiwell plates using crystal 

violet staining, measuring absorbance at λ= 570 nm with an optical plate reader (BioTek, 

Winooski VT). Cell harvesting for in vivo implantation was performed on sub-confluent 

cultures and adherent cells were suspended and kept lightly agitated in sterile PBS on ice.  

Knockdown Cell Generation 

Stable system xC- knockdown breast cancer cells were generated using a shRNA 

approach with a puromycin-selectable mammalian expression vector carrying either a 

shRNA cassette specifically targeting the human xCT gene (SLC7A11) or an empty 

vector control.  

MDA-MB-231 cells were transfected with 4 shRNA vectors: V2LHS-G1, V2LHS-C6, 

V3LHS-A12, V3LHS-F12 (Open Biosystems, Thermo Fisher Scientific, Waltham, MA), 

as well as a pLKO-1 empty vector control (Millipore-Sigma, Oakville, Canada), using 

Lipofectamine 2000 (Thermo Fisher Scientific) (2 µg shRNA + 10 µl lipofectamine 2000 

/well of 6 well plate). Puromycin (5 µg/ml) (Millipore-Sigma) was added to growth 

media for selection after 48-hour transfection, and media was refreshed every 2-3 days 

until cell colonies were formed 3-4 weeks later. All cell colonies for each shRNA vector 

were pooled and proliferated sufficiently for further analysis. These stable knockdown 

cell lines were named G1, C6, A12 and F12, respectively and are maintained were normal 

culture conditions with 1 µg/ml puromycin.  

Quantitative Real-Time PCR (qPCR)  

cDNA was prepared using Superscript III (Thermo Fisher Scientific) and oligo dTs using 

total RNA extracted from cultured cell pellets or subcutaneous tumor tissue with the 

Qiagen RNeasy mini kit (Qiagen, Hilden, Germany) treated with DNase (Thermo Fisher 

Scientific). qPCR was carried out on a BioRad CFX Connect Real-Time System with 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA). 

Primers specific to the human xCT gene, as well as relevant housekeeping gene primers 
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to amplify either β-actin or RNA polymerase II (RPII), have been described previously 

(Table 1). The 2-[Δ][Δ]Ct method was employed to calculate relative mRNA levels [24] 

and results are presented as fold changes of the control.  

Western Blotting 

25–50 μg of total cell lysates were loaded onto 10 % polyacrylamide gels for SDS-PAGE 

electrophoresis followed by immunoblotting using an anti-xCT (Novus Biologicals, 

Littleton, CO) antibody which detects both human and mouse xCT, and 

chemiluminescent signal detection. Stripped PVDF membranes were re-probed with 

either anti-β-actin (13E5, #4970S; Cell Signaling Technology, Danvers, MA) or anti-

calnexin (H-70, sc-11397; Santa Cruz Biotechnology, Dallas, TX) antibodies. IgG 

horseradish peroxidase secondary antibodies (Cell Signaling Technology) were used. 

Radiolabeled 14C-Cystine Uptake  

Uptake of 14C-cystine (0.5 μCi/mL; Perkin Elmer, Waltham, MA) was determined using 

a Beckman LS6000 liquid scintillation counter as described previously [21]. Each lysate 

from cells plated 24 hours prior to performing the assay was run in duplicate for at least 3 

independent experiments. Scintillation counts per minute were normalized to total 

protein, which was determined using the Bradford assay.  

Glutamate Assay  

The level of glutamate released into the culture media by cells plated 24 hours prior to 

collection was determined using a modification of the Amplex Red Glutamic 

Acid/Glutamate Oxidase Assay Kit (Thermo Fisher Scientific) and read on a CytoFluor 

Series 4000 Fluorescence Multi-Well Plate Reader (PerSeptive Biosystems, Thermo 

Fisher Scientific) as described previously [16]. Data from at least 3 independent 

experiments was normalized to total protein or cell number.  
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Animal Models 

4-6 week-old female Balb/c nu/nu immunocompromised mice (Jackson Laboratories) 

were used for all xenograft experiments. Mice were sterile housed and maintained at 24 

°C with a 12-hour light/dark cycle and access to 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 [25] and 

guidelines established by the Canadian Council on Animal Care with ethical approval 

from the McMaster University Animal Research Ethics Board. Three days prior to cell 

implantation surgeries, mice were anaesthetized by isoflurane inhalation and 21 day-

release pellets containing 0.25 mg of 17β-estradiol (Innovative Research of America, 

Sarasota, FL) were implanted subcutaneously. Although MDA-MB-231 are estrogen 

receptor negative, estrogen receptors are found throughout bone and play a role in the 

regulation of bone remodeling. In previous experiments, 17β-estradiol delivered prior to 

cancer cell inoculation improved the consistency of tumor establishment subcutaneously 

and in bone [23]. 

Subcutaneous Tumor Models 

Mice for subcutaneous tumor models were injected at the rear right flank with 4 × 106 

cancer cells suspended in 100 μL sterile PBS. Animals were randomly assigned to receive 

implantation of either C6 xCT knockdown cells (n = 3), A12 xCT knockdown cells (n = 

3), or vector-only negative control cells (n = 3). Subcutaneous tumor growth was 

monitored by measuring tumor dimensions with digital calipers and calculated according 

to the hemi-ellipsoid equation: Volume (mm3) = LWH(π/6). Tumor size was evaluated 3× 

/week, and animals were sacrificed on day 36 post-injection prior to ethical endpoint for 

tumor size. Tumor tissues were collected post-sacrifice, snap-frozen in liquid nitrogen, 

and stored at -80 °C. 
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CIBP Models 

Intrafemoral CIBP mouse model-induction procedures were performed as previously 

described [19]. Briefly, 25 μL of sterile PBS containing 4 × 106 cancer cells was 

percutaneously implanted into the distal epiphysis of the right femur of anaesthetized 

mice. Animals were randomly assigned by a random number generator to receive 

implantation of either C6 xCT knockdown cells (n = 9), or vector-only negative control 

cells (n = 9) on experimental day 0. Tumors successfully developed in n = 5 C6 xCT 

knockdown cell bearing mice, and n = 7 control cell bearing mice; data from all other 

mice was excluded from the final results. All animals were sacrificed on Day 30 post-

injection prior to ethical behavioral endpoints.  

Behavioral Analysis 

Mice were exposed to handling and behavioral testing equipment daily for a 1 week 

acclimation period, and assigned individual identification prior to model induction. All 

behavioral testing was performed by the same observers who were blinded to group 

assignment throughout the duration of the study. Behavioral testing was performed 3 

times prior to model induction to obtain baseline data, and 2-3 days a week beginning on 

day 1 following model induction and continuing until endpoint. The tests performed 

include two tests for spontaneous pain behaviors: the Dynamic Weight Bearing system 

(DWB) (BioSeb, Vitrolles, France), and open field limb use scale; and one test for 

elicited mechanical allodynia and hyperalgesia, the Dynamic Plantar Aesthesiometer 

(DPA) (Ugo Basile, Comerio, Italy). Open field observational limb use scale is an 

operator-derived numerical representation of the use of the animals ipsilateral limb 5 

minute period of free ambulation (0: No use, 1: severe limp, 2: moderate limp, 3: slight 

limp, 4: Normal use) [22].The DWB apparatus allows the recording of weight and time 

distribution between all points of pressure of freely moving animals and is described in 

more detail in previous reports [19]. The movement of each animal was recorded in the 

DWB apparatus for 5 minutes/test and recordings were manually validated with DWB 

software version 1.4.2.92 (BioSeb). Results were exported as a mean weight for each 
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point of pressure across the validated experiment time. Postural disequilibrium of the 

animal could indicate an allodynic response to normal ambulation, and so a reduction in 

weight borne by the tumor-afflicted limb of the animal was accepted as evidence of an 

inability or aversion to utilize that limb, providing indirect evidence of nociception. The 

DPA apparatus measures the threshold force and time to paw withdrawal from a 

mechanical stimulus to the plantar surface of the animal paw, and is described in more 

detail in previous reports [19]. DPA testing was performed four times at each of the hind 

paws of all animals on each testing day. Animals were first given a minimum of five 

minutes to acclimate to the testing chambers prior to any stimulation. Mechanical 

withdrawal threshold is expressed as the mean force of four measurements acquired on 

each testing day. A reduction in force withstood by the tumor-afflicted limb was accepted 

as evidence of increased sensitivity, both allodynic and hyperalgesic in that particular 

limb, manifested as a reflexive or desired withdrawal from stimulus, and therefore as 

indirect evidence of nociception. DPA data is presented for the tumor-bearing ipsilateral 

hindlimb only.  

Radiograph Lesion Scoring 

High-resolution radiographic scans of all mice were taken at endpoint with a Faxitron 

MX-20 X-ray system (Faxitron X-ray Co., Wheeling, IL) on Kodak MIN-R 2000 

Mammography film (Eastman Kodak, Rochester, NY). The extent of osteolytic lesions in 

the ipsilateral femurs imaged as a loss of bone density by post-mortem radiograph was 

scored using a custom four point (0-3) scale of bone destruction described in detail 

previously [19]. The scale designations are as follows: (0) normal bone, no visible lesion; 

(1) minor loss of bone density, minimal lesion; (2) moderate to substantial loss of bone 

density, lesion limited to bone trabecula and cortex; (3) substantial loss of bone density, 

lesion includes clear periosteal involvement or fracture.  
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RNA-Sequencing 

20 μl of RNA at 100 ng/μl from 3 independent biological replicate RNA samples was 

isolated from separate passages of MDA-MB-231 vector-only negative control and C6 

xCT knockdown cells for RNAseq. RNA quality was measured using the RNA 6000 

Nano kit and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Library 

preparation was performed using the NEBNext Ultra Directional RNA Library Prep Kit 

for Illumina, with the Next Poly(A) mRNA Magnetic Isolation Module (New England 

Biolabs, Ipswich, MA) to enrich poly-A mRNA. Samples were sequenced on the Illumina 

HiSeq 1500 platform (Illumina, San Diego, CA) via HiSeq Rapid V2 chemistry with 

onboard cluster generation and 70 bp single-end reads at the Farncombe Metagenomics 

Facility, McMaster University. Details of the sample preparation were conducted as 

previously reported [26,27]. 

 

Each biological replicate was split between two lanes to mitigate lane effects, with reads 

being subsequently combined during analysis using the Tuxedo protocol [28]. Analysis 

was carried out using a web-based platform, the Galaxy Project, as previously described 

[26,27]. Briefly, the FastQC tool, Tophat, Cufflinks, and Cuffmerge were applied to 

evaluate the quality of sequencing, align reads to the human GRCh38/hg38 assembly, 

create assembled transcripts, and create a transcriptome assembly, respectively. Cuffdiff 

was then used to assess transcript abundance in fragments per kilobase of transcript per 

million mapped reads (FPKM) and to identify differentially expressed genes (DEG) by 

merging the transcriptome assembly with individual aligned reads created by Tophat. The 

false discovery rate-adjusted p-value (q-value) was set to > 0.05. The Bioconductor 

package CummeRbund for RStudio (version 0.99.467 44–46) was used to graphically 

visualize group and pairwise comparisons of Cuffdiff output files, including a scatter plot, 

volcano plot, expression level plot, and heatmap. The Lander/Waterman equation (C = 

LN/G) was applied to calculate mean genome coverage: C denotes coverage, G 

corresponds to genome/transcriptome length (for RNA-sequencing), L denotes average 
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read length, and N stands for the average number of reads [29]. The base coverage tool in 

Galaxy (https://toolshed.g2.bx.psu.edu/view/devteam/ basecoverage/b8a9e718caa3) was 

used to derive the total length of annotated transcripts executed on the most recent human 

genome assembly (GRCh38), which was applied to calculate coverage. DAVID, a web-

based bioinformatics tool, was applied to perform ontological and KEGG pathway 

enrichment analyses to functionally interpret gene sets [30,31]. The list of DEGs for each 

pairwise comparison obtained from RNA-sequencing was imported into the “functional 

annotation” tool, with homo sapiens as the reference species. Enriched KEGG pathways 

and Gene Ontology Biological Processes (GO:BP) terms were identified with the 

Expression Analysis Systematic Explorer (EASE) threshold (maximum EASE score/p-

value) set to a default of 0.1, which is used by DAVID to identify significant gene 

enrichment. Fold-enrichment representing the ratio of the proportion of input genes 

relative to the number of genes represented by a particular term or pathway within the 

reference human genome was also reported. qPCR was performed to validate RNA-

sequencing results (see Materials and Methods section on qPCR above). For each of the 

15 target genes selected for validation, pairwise comparisons were based on fold changes 

calculated for the C6 clone relative to control. To determine the experimental 

asymmetrically distributed standard error of the mean (SEM) for each mean, which is 

required to linearly represent data derived from an exponential analysis, SEMs derived 

from each ΔCT value were used to calculate upper and lower 2−ΔΔCT values [32]. 

Linear regression was used to test the overall correlation between RNAseq and qPCR 

results, with α set to 0.05 [33]. See Table 1 for a list of validated human primers and their 

corresponding housekeeping genes, all with melting temperatures of approximately 60 

°C. Those not described previously [27,34–36] were selected based on PrimerBank 

(www.pga.mgh.harvard.edu/primerbank) [37]. 

Statistical Analyses  

Results represent the mean ± the SEM of at least three independent replicates for each 

experiment. Statistical differences between relevant groups were established by either t-
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test (denoted by stars) or one-way ANOVA coupled with a Tukey’s post-test (denoted by 

different letters). Results were considered significant at P < 0.05. Immunoblots depict a 

representative image of three independent experiments. All behavioral data were analyzed 

across treatment groups with multiple unpaired t-tests and presented as mean ± SEM. 

Osteolytic lesion scores were compared by Kruskal-Wallis test. A power analysis was 

performed prior to in vivo experimentation based on DPA results as primary 

measurement with a type II error (β = 20 %), and a type I error (α = 5 %). All analyses 

and charts were generated using GraphPad Prism 7 software (GraphPad Software, La 

Jolla, CA). 

 

RESULTS 

C6 and A12 MDA-MB-231 cell clones express reduced xCT mRNA and protein, and 

reduced membrane transport of glutamate and cystine by system xC- relative to negative 

control cells 

Following selection by puromycin, G1, C6, A12 and F12 xCT shRNA vector-transfected 

cells were screened for knockdown of xCT and reduction of functional system xC- 

activity. G1 and F12 clones were removed from further screening for failing to show 

reduction in glutamate release at a preliminary stage. xCT mRNA levels, as measured by 

qPCR were, significantly down-regulated in both C6 and A12 xCT knockdown cell 

clones relative to vector-only negative control MDA-MB-231 cells (Fig. 1A). Western 

blotting revealed that xCT protein levels at 35 kDa were reduced in both C6 and A12 

clones relative to the vector-only negative control (Fig. 1B). To confirm that this 

downregulation had functional consequences in the activity of the system xC- transporter 

that could translate to an impact on the extracellular environment, glutamate release into 

the culture media and cellular cystine uptake from the extracellular environment (both 

mediated in cancer cells by system xC-) were measured in vitro. Uptake of 14C-

radiolabelled cystine, important in maintaining cancer cell redox balance, was reduced in 
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both C6 and A12 knockdown clones relative to the negative control (Fig. 1C). Glutamate 

released into the culture media over 24 hours, which is the corresponding membrane 

transport action of system xC-, was also reduced to approximately 0.5 fold of negative 

control, as measured by AMPLEX red (Fig. 1D). This confirmed the validity of the C6 

and A12 clones as a model of SLC7A11/xCT knockdown in MDA-MB-231 human 

cancer cells. 

C6 cell clones retain xCT transcript and protein reduction in subcutaneous tumor tissue 

from mice 36 days following implantation 

Prior to implantation in a mouse model of CIBP, it was necessary to determine if these 

xCT knockdown cell lines could successfully induce a xenograft tumor in vivo in Balb/c 

nu/nu immunocompromised mice, and to determine if xCT downregulation was retained 

in tumor tissue following a period of in vivo growth without puromycin. C6 and A12 xCT 

knockdown cells, and vector-only negative control MDA-MB-231 cells (4 × 106 cells / 

mouse) were implanted subcutaneously in mice (n = 3 / group). Subcutaneous tumor 

tissues were removed at sacrifice after 36 days of in vivo growth and examined by by 

qPCR for xCT mRNA and Western blotting for protein (n = 3 / group). xCT mRNA was 

significantly down-regulated in subcutaneous tumor tissue from the C6 and A12 xCT 

knockdown cell clones relative to negative control MDA-MB-231 cells (Fig. 2A). 

Consistent with in vitro transcript results, xCT mRNA remained significantly lower in C6 

clones than in A12 xCT knockdown tumor tissue. Western blotting for xCT protein at 35 

kDa revealed that while xCT was significantly lower in tumor tissue from C6 clones, 

there were no differences between A12 clones and control cells, as quantified by 

densitometry (Fig. 2B). Based on these results showing a robust and retained significant 

knockdown of xCT both in vitro and following in vivo growth in the C6 clone, further 

investigation including RNAseq and models of CIBP focused on this stable cell line. 

Tumor growth was measured throughout the duration of the experiment by calipers and 

reported as hemiellipsoid (mm3), and while tumors exhibited variability, at no point did 

tumor size significantly differ between groups (Fig. 2C).  
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RNAseq Revealed Differentially Expressed Genes in C6 xCT knockdown cell clones 

relative to vector-only negative control MDA-MB-231 cells 

Gene expression from 3 biological replicates of C6 xCT knockdown cell clones and 

vector-only negative control MDA-MB-231 cells was compared by RNAseq. 

Differentially expressed genes (DEG) are highlighted in Figure 3, and the full list of 

DEGs is provided in Supplemental Table 1. Overall gene expression similarities and 

differences between C6 xCT knockdown cell and negative control cells is indicated by 

scatter plot (Fig. 3A). Volcano plotting highlights genes that were differentially expressed 

between C6 xCT knockdown cell and control cells by plotting−log10(P-value) against 

log2(fold-change) of individual genes (Fig. 3B). A density plot illustrates expression level 

distribution, with non-overlapping segments representing differential gene expression 

between C6 xCT knockdown cell and control cells (Fig. 3C). Heatmapping illustrates the 

level of gene expression in log10(FPKM+1) for genes that were differentially expressed 

between C6 xCT knockdown cell and control cells (Fig. 3D). A complete list of 

differentially expressed genes is shown in Supplementary Table S1. Linear regression 

analysis of qPCR results compared with RNAseq results including a wide range of fold-

changes revealed high concordance between the two evaluations of gene expression (Fig. 

3E). 

15 differentially expressed genes identified by RNAseq across a range of fold changes 

and including cytokines, growth factors and xCT were validated by quantitative real-time 

RT-PCR 

xCT knockdown was confirmed by RNAseq and qPCR, and other DEGs identified by 

RNAseq representing a range of fold changes were validated by qPCR (Fig. 4). These 

included SLC7A11 (xCT), which was downregulated to less than 0.5 fold at P < 0.05, and 

genes of interest related to xCT expression and CIBP in cancer cells. CCND2, CPT1A, 

CSF1, GSTM3, IL1A, IL1B, IL1R1, IL1R1L, NGF, and SLC1A3 were significantly up- 

or down-regulated to a significance level of P < 0.01; SENP1 was upregulated at P < 
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0.05; and MYC, NGFR, and SLC25A1 were not significantly different between C6 xCT 

knockdown cell clones relative to the negative control as compared by t-test. 

C6 xCT knockdown cells implanted in bone produce a delayed development of pain-

related behavior in mice relative to implantation of vector-only control cells 

To determine if the reduction in cancer cell expression of xCT and the corresponding 

decrease in system xC--mediated glutamate release from these clones had an impact on 

behaviors indicative of nociception, C6 xCT knockdown cells and vector-only negative 

control MDA-MB-231 cells (1 × 106 cells / mouse) were implanted intrafemorally in 

mice (n = 9 / group). Tumors developed in n = 5 C6 cell bearing mice, and n = 7 vector-

only control cell bearing mice as verified by x-ray and H&E staining. Animals implanted 

with C6 xCT knockdown cells displayed reduced or delayed behaviors indicative of 

nociception relative to vector-only MDA-MB-231 controls with normal xCT expression 

and system xC- function. Weight borne on the rear right ipsilateral limb as measured by 

DWB progressively declined in both groups as tumors grew in the bone. The onset of this 

decline was delayed in the C6 xCT knockdown group relative to control, groups were 

significantly different on experimental days 19 and 22 (Fig. 5A). The decline in time of 

ipsilateral limb use was also delayed in the C6 clone group relative to control, with a 

significant difference between groups on day 19 (Fig. 5B). Other measures recorded by 

the DWB apparatus including paw surface area and relative weight-bearing also showed 

significant differences between groups at similar time points, as did reaction time as 

measured by DPA (data not shown). Both C6 xCT knockdown and control animal groups 

also demonstrate a decline in mechanical force (g) required to provoke ipsilateral paw 

withdrawal as measured by the DPA automated von Frey test. This decline was delayed 

in the C6 xCT knockdown group (Fig. 5C). Observational scoring of ipsilateral limb use 

(0-4 Scale) also showed a later onset of nociceptive behavior in the C6 clone group 

relative to control (Fig. 5D). No behavioral measures showed significant differences 

between groups at endpoint, indicating that this xCT-mediated decrease in nociceptive 

behaviors was not an overall reduction in nociception throughout the duration of the 
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model, but a delay in the time-to-onset of severe nociceptive behavior. Osteolytic lesion 

sizes in the femur at endpoint as measured by radiograph were not different between 

groups (Fig 5E), indicating that these behavioral differences were related to differential 

cancer cell phenotype rather than overall tumor size. All behavioral data was confirmed 

for normal distribution and analyzed across treatment groups with multiple unpaired t-

tests and presented as mean ± SEM (*P < 0.05). Osteolytic lesion scores were compared 

by Kruskal-Wallis test. 

 

DISCUSSION 

Cancer pain may arise from many factors, including weak and fractured bone, 

inflammation, neuropathy, and disruptive signaling via molecules released by a tumor or 

tumor-associated cells. The findings detailed in this report follow directly from findings 

by our laboratory and by the Vanderah laboratory that pharmacological inhibitors of 

system xC- reduce or delay the onset of pain behavior in mouse models of CIBP at least 

in part by reducing glutamate release from the cancer cell to the bone microenvironment 

[20–23]. By directly targeting the expression of SLC7A11/xCT in human cancer cells 

without the confounding off-target factors of systemic drug treatment, we have produced 

a cell and in vivo mouse model that can more directly evaluate the impact of targeting 

xCT and therefore system xC- activity for the treatment of cancer pain.  

Bone cancers are more commonly the result of metastasis than of a primary cancer of the 

bone, and the breast is the most common site of origin of these metastases, with the 

majority of late-stage breast cancers producing at least one metastatic site in the skeleton 

[4,38]. We chose to produce our stable xCT knockdown cell line in MDA-MB-231 triple-

negative human breast adenocarcinoma which produce osteolytic lesions when implanted 

in bone and have been established by our lab for use in a mouse model of CIBP [19,21]. 

MDA-MB-231 are among many cancer cell lines from a range of tissues of origin that 

release glutamate via system xC-. However, this phenomenon has been most 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 51 

comprehensively examined in human triple-negative breast cancer cells, where xCT was 

found to be highly expressed in the majority of cell lines adapted to culture, and in 40 % 

of a sample of patient-derived triple-negative breast tumor samples [39]. System xC- 

expression and activity have been implicated in cellular responses to oxidative stress, 

allowing enhanced cancer cell survival and acquired resistance to therapy [40,41], 

supporting aberrant cancer cell metabolic processes including upregulated glutaminolysis 

[27,42]. In the bone, glutamate is implicated in cell signaling and regulation of 

osteoblasts, osteoclasts, and osteocytes [43]. Bone metastases can induce dramatic 

disruptions in bone cell metabolism which can increase and dysregulate processes of bone 

resorption and apposition, producing large and painful lesions [44]. Extracellular 

glutamate also has the potential to activate and sensitize glutamate-receptive peripheral 

sensory neurons including nociceptors in and around the bone [42,45].  

In vitro, two stable cell clones (C6 and A12) transfected with shRNA cassettes targeting 

SLC7A11/xCT, showed downregulated xCT at both the mRNA and protein levels, with 

significantly downregulated indicators of functional system xC-, including cystine uptake 

and glutamate release relative to a vector-only negative control. Following subcutaneous 

in vivo implantation and growth, C6 clones were selected for further investigation by 

RNAseq and for use in an animal model of CIBP, based on that clone’s retention of 

approximately 50 % knockdown of xCT based on mRNA and protein levels relative to 

control cells. In addition, subcutaneous tumors from implanted C6 clone and negative 

control cells did not significantly differ in volume (mm3) over the 30-day time period 

corresponding to the duration of the intrafemoral CIBP model. Although experimental 

interference with system xC- is often intended to reduce growth of or even kill cancer 

cells, this outcome could be a dramatic confound in our mechanistic investigation into the 

validity of xCT at a target for cancer pain. Consistency in tumor size allows a more 

isolated investigation of the direct impact of xCT and system xC--mediated glutamate 

release on CIBP.  
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In our CIBP model, we observed a delay between the onset of nociceptive behaviors in 

mice intrafemorally injected with negative control cells with normal xCT expression, and 

later onset in C6 clone xCT knockdown cells. In particular, we observed a reduction in 

behaviors indicative of mechanical allodynia in C6 clone-bearing mice, including 

spontaneous ipsilateral weight bearing and time-of-use with the DWB, and evoked 

mechanical withdrawal threshold using the DPA test, which may also be indicative of 

mechanical hyperalgesia. We observed a reduction in spontaneous indications of limb use 

limitation or avoidance with the observational 0-4 scale, possibly indicating spontaneous 

allodynia. Other observational measures of spontaneous nociception including guarding 

time and flinching were found to be inconsistent or absent in Balb/c nu/nu mice. We 

hypothesize that this delay in the onset of nociceptive behaviors is a result of reduced 

glutamate release into the extracellular environment, where elevated levels of glutamate 

in the femur are associated with CIBP [20]. This time-frame in a mouse model could 

represent a clinically relevant delay in potential targeting of xCT for CIBP in cancer 

patients, allowing not only a lesser overall experience of pain, but also a delay until the 

need for stronger analgesic intervention. By endpoint there were no behavioral 

differences between groups, and animals were sacrificed prior to reaching behavioral 

ethical endpoints, consistent with previous findings of pain amelioration by targeting 

system xC- [19–22]. This is indicative of the complexity of CIBP, a pain state that 

involves many initiating and maintaining factors apart from cancer cell-derived 

glutamate, including other secreted factors, mechanical distortion, and direct neuronal 

damage or pathology – processes that could induce pain independently of system xC- and 

glutamate [46,47]. 

In rat models of intrafemoral tumors, we have observed plasticity in the intracellular 

electrophysiological characteristics of cutaneous and muscle spindle peripheral sensory 

neurons, including nociceptive C- and Aδ-fibers, as well as normally non-nociceptive Aβ-

fiber low threshold mechanoreceptors [18]. These rat models demonstrated behavioral 

results similar to the current mouse models, including reductions in mechanical 

withdrawal threshold, and measures of ipsilateral limb use [18]. It is possibly the case that 
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these same intrinsic membrane properties, including neuronal excitability, are altered in 

our mouse models of CIBP, with potentially relevant changes in particular fiber types 

resulting from system xC- inhibition, although in vivo intracellular recordings have yet to 

be performed in mice. 

Changes in gene expression between C6 xCT knockdown cell clones and vector-only 

negative control cells as compared by RNAseq confirmed that SLC7A11 mRNA levels 

were significantly down-regulated in C6 cells. In addition, transcripts of other factors 

implicated in feedback with system xC- and pain, including NGF, which has a well-

established relationship with cancer and skeletal pain [7,22],  as well as interleukin 1 beta 

(IL1β), which has been implicated in both xCT regulation [48,49], and cancer pain 

[50,51] were also downregulated in C6 cells. In addition, the transcript encoding colony-

stimulating factor 1 (CSF1), which modulates innate immunity, inflammation and cancer, 

as well as macrophage activation and the support of microglia [52,53], was also 

significantly down-regulated, along with its receptor CSF1R (to 0.4-fold via RNAseq) in 

the C6 xCT knockdown cells relative to controls at the mRNA level. Interestingly, in a 

T47D human mammary carcinoma cell line that over-expresses xCT and releases 

significantly more glutamate than wild-type T47D control cells, CSF1 levels are 

significantly increased by 2.5-fold [27]. C6 xCT knockdown clones also exhibited 

significant downregulation of TNFRSF1A (to 0.58-fold via RNAseq relative to control), 

which encodes the receptor for the pro-inflammatory cytokine tumor necrosis factor alpha 

(TNFα), which is also associated with cancer pain [54]. Our RNAseq data suggests that 

the xCT status of a bone tumor may be linked with other important pro-nociceptive 

players, and its downregulation may be beneficial not only by reducing glutamate levels, 

but also through concomitant down-regulation of neurotrophic factors and pro-

inflammatory cytokines implicated in modulating the complex state of CIBP. 

Our conclusions that xCT downregulation is associated with reduced CIBP in animal 

models and that xCT expression in cancer cells is linked with transcriptomic changes that 

include several other well-known players in the generation of cancer pain add to growing 

body of mechanistic CIBP research. Rationale is accumulating for the therapeutic 
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targeting of xCT as a way to manipulate a metabolically unique feature of many cancers 

that may impact not only cancer cell growth and survival, but also the associated 

morbidities of cancer including pain, seizures [55], and depression [56]. Our findings are 

consistent with the role of xCT in cancer and cancer pain. We intend to further evaluate 

the mechanisms and consequences of xCT manipulation in cancer cells by producing an 

inducible xCT knockdown system to strategically silence expression of the antiporter in a 

temporally controlled manner, and to evaluate the contribution of blocking cancer cell-

derived glutamate in vivo in conjunction with currently used analgesics including 

NSAIDs such as meloxicam, or clinically relevant opioids. These experiments will build 

on the findings of this report and others, furthering an understanding of the value of xCT 

as a therapeutic target for cancer pain. 
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FIGURES 

 

Figure 1.  

xCT mRNA and protein levels, and system xC- functional cystine uptake and glutamate 

release are reduced in C6 and A12 xCT knockdown cell clones relative to vector-only 

negative control MDA-MB-231 in vitro.  
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(A) xCT mRNA was significantly down-regulated in both C6 and A12 xCT knockdown 

(KD) cell clones relative to vector-only negative control MDA-MB-231 cells (vector). 

xCT was also significantly lower in C6 than A12 xCT KD cells. (B) A representative 

Western blot image depicting that xCT protein levels at 35 kDa were lower in both C6 

and A12 xCT KD cell clones relative to vector. Functional indicators of system xC- 

activity were reduced to approximately 0.5 fold of vector-only negative control cell 

activity, in concordance with xCT expression levels. These include (C) 14C-radiolabelled 

cystine uptake and (D) glutamate release into culture media, both from cells in culture for 

24 hours. Data represent the mean of three independent experiments (±SEM) calculated 

relative to vector. Different letters a, b, or c in panels A, C, and D correspond to statistical 

differences between groups (P < 0.05), as determined by one-way ANOVA and post-hoc 

Tukey’s test.  
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Figure 2.  

xCT mRNA and protein levels remain down-regulated in subcutaneous tumor tissue from 

C6 xCT knockdown cells, while mRNA but not protein remains reduced in tumors from 

A12 xCT knockdown cell clones relative to vector-only negative controls. Subcutaneous 

tumors did not significantly differ in size.  

4 × 106 C6 and A12 xCT knockdown (KD) cells, and vector-only negative control MDA-

MB-231 cells (vector) were implanted subcutaneously into nude mice (n = 3 / group). 

Tumor tissue was collected after 36 days of growth. (A) xCT mRNA levels remained 

significantly down-regulated in subcutaneous tumor tissue collected from both C6 and 

A12 xCT KD cell clones relative to vector. xCT was also lower in C6 than A12 xCT KD 
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cell-derived tumors. (B) xCT protein at 35 kDa was also significantly lower in C6 but not 

A12 xCT KD cell clones relative to vector in tumors, as quantified by densitometric 

analysis of xCT protein levels relative to actin measured by Western blotting. (C) Tumor 

growth was measured throughout the duration of the experiment; at no point did tumor 

size (mm3) significantly differ between groups as compared by one-way ANOVA. Data 

represent the mean of three independent experiments (±SEM) calculated relative to 

vector. Different letters a, b, or c in panels A and B correspond to statistical differences 

between groups (P < 0.05), as determined by one-way ANOVA and post-hoc Tukey’s 

test. 
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Figure 3.  

A visual summary of patterns of differentially expressed genes (DEGs) derived from 

RNA-sequencing of C6 xCT knockdown and vector-only negative control MDA-MB-231 

cells. 

(A) Overall gene expression similarities and differences between C6 xCT knockdown 

(KD) cells and vector-only negative control cells (vector) are indicated by scatter plot. (B) 

Volcano plotting highlights genes that were differentially expressed between C6 xCT KD 

cells and vector. (C) A density plot illustrates expression level distribution, with non-

overlapping segments representing differential gene expression between C6 xCT KD cells 

and vector. (D) Heat mapping illustrates the level of gene expression in log10(FPKM+1) 

for genes that are differentially expressed between C6 xCT KD cells and vector. (E) 

Linear regression analysis of qPCR results compared with RNAseq results revealed high 

concordance between the two methods. 
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Figure 4.  

15 genes selected for representation of relative qPCR fold-changes and validation of 

differentially expressed genes (DEGs) identified by RNA-sequencing indicate differences 

between gene expression in C6 xCT knockdown cell and vector-only negative control 

cells.  
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xCT knockdown was confirmed by RNAseq and qPCR, and other DEGs identified by 

RNAseq representing a range of fold changes were validated by qPCR. These include 

genes of interest related to xCT expression and CIBP in cancer cells. For each group, data 

represents the mean of 3 independent biological replicates, each analyzed in duplicate, 

with error bars indicating the SEM calculated using the 2-[Δ][Δ]Ct method. Data of the 

C6 xCT knockdown (KD) clone is presented relative to vector (fold-change). Means were 

compared using t-tests (*P < 0.05, **P < 0.01). 
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Figure 5.  

xCT knockdown in implanted bone tumors delays the development of nociceptive 

behavior in mice including measures of limb use and mechanical withdrawal threshold.  

When implanted intrafemorally to induce a mouse model of CIBP, animals with C6 xCT 

knockdown (KD) cells displayed reduced or delayed behaviours indicative of nociception 

relative to vector-only MDA-MB-231 controls (vector) with normal xCT expression and 

system xC- function. (A) Weight bearing on the rear right ipsilateral limb as measured by 

DWB progressively declines in both groups as tumors grow in the bone. The onset of this 

decline is delayed in the C6 xCT KD group relative to vector; groups are significantly 

different on experimental days 19 and 22. (B) The temporal decline of ipsilateral limb use 

is also delayed in the C6 clone group relative to control, with a significant difference 

between groups on day 19. (C) Both C6 xCT KD and vector animal groups also 

demonstrate a decline in mechanical force (g) required to provoke ipsilateral paw 

withdrawal as measured by DPA automated von Frey. This decline is delayed in the C6 

xCT KD group. Groups are significantly different on experimental day 22. (D) 

Observational scoring of ipsilateral limb use (0-4 Scale) also shows a later onset of 

nociceptive behaviour in the C6 xCT KD group relative to vector, with groups 
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significantly differing on experimental day 22. In A-D, no measures show significant 

differences between groups at endpoint. (E) Osteolytic lesion size in the femur at 

endpoint was not different between groups. Data is reported from n = 5 C6 xCT KD cell 

mice and n = 7 vector cell mice; only animals with verified tumor development were 

included in results shown here. All behavioural data is presented as mean ± SEM 

analyzed across treatment groups with multiple unpaired t-tests (*P < 0.05). Osteolytic 

lesion scores were compared by Kruskal-Wallis test. 
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Human Gene Ref Primer sequence (5’ to 3’) PrimerBank 

SLC7A11 (xCT) 13,21 FOR: CCTCTATTCGGACCCATTTAGT  

REV: CTGGGTTTCTTGTCCCATATAA 

CCND2 22 FOR: ACCTTCCGCAGTGCTCCTA  

REV: CCCAGCCAAGAAACGGTCC 

CPT1A 23 FOR: CCTCCAGTTGGCTTATCGTG  

REV: TTCTTCGTCTGGCTGGACAT 

CSF1 22 FOR: AGACCTCGTGCCAAATTACATT  

REV: AGGTGTCTCATAGAAAGTTCGGA 

GSTM3 22 FOR: TACCTCTTATGAGGAGAAACGGT  

REV: AGGAAAGTCCAGGTCTAGCTTG 

IL1A  FOR: AGATGCCTGAGATACCCAAAACC 27894329c2 

REV: CCAAGCACACCCAGTAGTCT 

IL1B  FOR: ATGATGGCTTATTACAGTGGCAA 27894305c1 

REV: GTCGGAGATTCGTAGCTGGA 

IL1R  FOR: ATGAAATTGATGTTCGTCCCTGT 27894331c1 

REV: ACCACGCAATAGTAATGTCCTG 

IL1R1L  FOR: ATGGGGTTTTGGATCTTAGCAAT 27894327c1 

REV: CACGGTGTAACTAGGTTTTCCTT 

MYC 22 FOR: GTCAAGAGGCGAACACACAAC  

REV: TTGGACGGACAGGATGTATGC 

NGF  FOR: GGCAGACCCGCAACATTACT 70995318c1 

REV: CACCACCGACCTCGAAGTC 

NGFR  FOR: CCTACGGCTACTACCAGGATG 295842401c1 

REV: CACACGGTGTTCTGCTTGT 

SENP1  FOR: AGTGAACCACAACTCCGTATTC 45505133c1 

REV: AAAAGATCGGTCCAAATGTCCTT 

SLC1A3 22 FOR: AGCAGGGAGTCCGTAAACG  
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REV: AGCATTCCGAAACAGGTAACTTT 

SLC25A1 22 FOR: TTCCCCACCGAGTACGTGAA  

REV: GTAGAGCAGGGAGCTAAGGC 

β-Actin 13 FOR: GATGGGCGGCGGAAAATAG  

REV: GCGTGGATTCTGCATAATGGT 

RPII-1 23 FOR: GAAACGGTGGACGTGCTTAT  

REV: TCTCCATGCCATACTTGCAC 

 

Table 1.  

Primers used for relative qPCR to validate RNAseq results.  

The sequence of validated human primers and their corresponding housekeeping genes 

used in this study are listed, each with a melting temperature of 60 °C. Citations are 

provided for previously published primers. Those not published previously were selected 

using PrimerBank (www.pga.mgh.harvard.edu/primerbank) [37] with the ID listed. 

Efficiency-tested pairing of a specific target to housekeeper gene (β-Actin orRPII-1) is 

indicated. 
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Supplementary Table S1 

Supplemental material is available for this article online at: 

https://journals.sagepub.com/doi/suppl/10.1177/1744806918822185 
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Preface  

In this chapter, an author-generated version of the manuscript entitled “Response to 

pregabalin and progesterone differs in male and female rat models of neuropathic and 

cancer pain”, published in the Canadian Journal of Pain in 2020, is presented. The paper 

is reproduced with permission from Taylor & Francis Group, LLC., as stated on the 

copyright agreement: 

 © 2020 The Author(s). Published with license by Taylor & Francis Group, LLC. 

This is an Open Access article distributed under the terms of the Creative 

Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), 

which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited.  

For this manuscript, I cultured and isolated cells and performed surgery to induce the in 

vivo CIBP models, performed behavioural tests on both neuropathic and CIBP model 

rats, analyzed data and drafted and revised the manuscript. Yong Fang Zhu performed 

surgeries to induce all rat models of neuropathic pain and conducted all 

electrophysiological experiments and related data analysis. Sarah Yang assisted with all 

aspects of the in vivo CIBP studies including drug administration and behavioural testing. 

Peter Nakhla assisted with all aspects of the in vivo RNU -/- studies including drug 

administration and behavioural testing. Natalka Parzei assisted with surgeries, 

behavioural testing and tissue collection from all animals. Kan Lun Zhu assisted with 

behavioural testing on neuropathic model animals. Gurmit Singh supervised the overall 

project, edited the manuscript, and provided funding for the study. All authors read and 

approved the final manuscript. 

 

American English spelling is used throughout the manuscript, as required by the journal.  
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Context and Background Information  

In Chapter 2, I presented evidence demonstrating the role of targeting a metabolic 

feature of cancer cells as a strategy to reduce pain. That hypothesis relies on evidence that 

extracellular glutamate is able to alter cell signalling in the immediate tumour 

microenvironment, particularly by action at glutamate sensitive neurons which can result 

in excitotoxicity (Chung et al. 2005; Buckingham et al. 2011). 

Cancer pain, like other chronic pain states, can be maintained through the development of 

sensitization in peripheral and central sensory pathways. Evidence of physiological 

changes indicative of sensitization in animal models of cancer include central 

sensitization at the dorsal horn of the spinal cord (Urch et al. 2003; Donovan-Rodriguez 

et al. 2004; Khasabov et al. 2007), peripheral sensitization of local primary afferent 

nociceptors (Cain et al. 2001; Zhao et al. 2010; Zheng et al. 2012), and cellular and 

neurochemical changes in the DRG neurons and dorsal horn of the spinal cord (Donovan-

Rodriguez et al. 2004; Peters et al. 2005).  

One mechanism of attenuating sensitization of peripheral circuits is by eliminating the 

initial stimuli, as we attempted in the manuscript presented in Chapter 2. In the 

manuscript presented here in Chapter 3 we have adopted an approach from research into 

traumatic brain injury and ischemia, where progesterone treatment had shown beneficial 

effects on verbal and motor function, and mortality (Wright et al. 2007; Xiao et al. 2007; 

Xiao et al. 2008), and has been demonstrated to act in a neuroprotective manner through 

inhibiting excitotoxic neuronal cell death by direct inhibition of L-type voltage-gated 

calcium channels (VGCCs) (Chen et al. 1999; Gibson and Murphy 2004; Ozacmak and 

Sayan 2009; Wang et al. 2010; Luoma et al. 2011 Mar). 

As such, we applied progesterone and the approved analgesic pregabalin which also acts 

through antagonism of P/Q, N, and L-type VGCCs (Gong et al. 2001) to rat models of 

cancer and neuropathic pain to evaluate their effect on behaviours indicative of pain over 
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the course of each model, and their effects on the intrinsic membrane properties of 

individual DRG sensory neurons as evaluated by intracellular in vivo electrophysiology. 

Our results showed an unexpected divergence between both sex and model effects in the 

responses to treatment in both pain states. Pregabalin and progesterone induced robust 

recoveries in male models of neuropathic pain, while females showed a lesser response 

and models of CIBP largely did not demonstrate behavioural responses to treatment, 

despite clear electrophysiological changes in the DRG neurons of pregabilin-treated male 

models of CIBP. In addition, the use of an athymic RNU -/- rat model of neuropathic pain 

that we included to discern if the sex differences in response to treatment observed in our 

neuropathic model were due to T-cell dependent mechanisms did not demonstrate the 

hypothesized improvement in recovery, rather those animals displayed considerably more 

evidence of pain throughout the duration of the model. 

These results show a clear rationale for further study of progesterone as a neuroprotective 

intervention in conditions of neuropathic pain. Pregabalin is already an approved drug for 

diabetic neuropathy, and our results from behavioural testing in neuropathic pain models 

did not show any differences between the responses to the two drugs. The rationale for 

continued use in CIBP is less clear, although female rats displayed a delay in the time 

until onset of mechanical hypersensitivity.  
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ABSTRACT 

Background: Cancer pain involves nervous system damage and pathological 

neurogenesis. Neuropathic pain arises from damage to the nervous system and is driven 

by ectopic signaling. Both progesterone and pregabalin are neuroprotective in animal 

models and there is evidence that both drugs bind to and inhibit voltage-gated calcium 

channels.  

Aims: This study was designed to characterize the effects of progesterone and pregabalin 

in preclinical models of cancer and neuropathic pain in both sexes. 

Methods: We measured peripheral sensory signaling by intracellular in vivo 

electrophysiology, and behavioral indicators of pain in rat models of cancer-induced bone 

pain and neuropathic pain. 

Results: Female but not male models of cancer pain showed a behavioral response to 

treatment while pregabalin reduced excitability in C and A high-threshold but not low-

threshold sensory neurons of both sexes. Male models of neuropathic pain treated with 

pregabalin demonstrated higher signaling thresholds only in A high-threshold neurons, 

while behavioral data indicated a clear recovery to baseline mechanical withdrawal 

thresholds in all treatment groups. Female rat treatment groups did not show excitability 

changes in sensory neurons but all demonstrated higher mechanical withdrawal thresholds 

than vehicle-treated females, although not to baseline levels. Athymic female rat models 

of neuropathic pain showed no behavioral or electrophysiological responses to treatment.  

Conclusions: Both pregabalin and progesterone showed evidence of efficacy in male 

models of neuropathic pain. These results add to the evidence demonstrating differential 

effects of treatments for pain in male and female animals, and widely differing responses 

in models of cancer and neuropathic pain. 
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INTRODUCTION 

Neuropathic pain is a prevalent and often intractable state of pain arising from pathology 

of the peripheral or central nervous system, and driven by ectopic signaling from 

damaged or pathological neurons 1,2. Cancer pain is also often severe and intractable and 

can be induced by multiple stimuli. These include nociceptive mechanical and chemical 

stimuli that result from the cancer growth and metastasis to the bone, as well as damage 

and pathology of the nervous system itself. As a result, cancer pain is described as a 

unique pain state that includes aspects of nociceptive, neuropathic and inflammatory pain 

3,4.  

In models of neuropathic pain (NEP), treatment with progesterone (PRO) has produced 

beneficial results, including restoring myelination of damaged neurons and ameliorating 

mechanical and thermal withdrawal thresholds in animal models of nerve crush 5, spinal 

cord injury 6, and chemotherapy-induced NEP 7. In a rat model of sciatic cuff induced 

NEP, PRO treatment starting immediately after model induction and lasting for 10 days 

significantly limited the development of mechanical allodynia 8. Early clinical reporting 

describes treatment with PRO sharply reducing or abolishing pain in patients with late-

stage metastatic breast cancer including bone metastases 9. However, PRO has yet to be 

investigated in animal models of cancer pain. 

Calcium signaling plays a well-established role in neuronal inflammation, de-

myelination, and excitotoxic cell death 10, all of which are involved in the generation and 

maintenance of NEP and which progesterone treatment has been experimentally 

demonstrated to reduce. In cultured rat striatal neurons, supraphysiological doses of PRO 
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have been demonstrated to inhibit excitotoxic neuronal cell death by direct inhibition of 

L-type voltage-gated calcium channel (VGCC) action, without effect on glutamate-

mediated ion channels 11. 

Pregabalin (PRE) is well-established anticonvulsant and analgesic drug approved for the 

management of NEP associated with diabetic peripheral neuropathy and postherpetic 

neuralgia. PRE also demonstrates clinical utility across many other NEP conditions 

including chemotherapy-induced peripheral neuropathy, trigeminal neuralgia, 

fibromyalgia, and post-surgical pain 12. PRE is utilized to treat neuropathic cancer pain in 

the clinic. Some clinical studies demonstrate its utility in comparison to other drugs 13,14, 

while other studies find no beneficial effects 15. Despite these discrepancies, PRE has not 

been tested in animal models of cancer pain excluding chemotherapy-induced 

neuropathies. Similarly to PRO, PRE has been shown to act as a VGCC antagonist by 

binding at the α2-δ auxiliary subunits of P/Q, N, and L-type VGCCs 16. This VGCC 

inhibition and the resulting reduction of Ca2+-mediated excitatory glutamate release at 

neuronal synapses confers a neuroprotective benefit 17, and is thought to be responsible 

for the effectiveness of PRE in treating NEP 12. 

Due to the evidence of neuropathic involvement in cancer-induced bone pain (CIBP) and 

the widespread evidence of efficacy of the VGCC antagonists PRO and PRE in 

conditions of NEP, this investigation was designed to characterize the behavioral and 

electrophysiological effects of these drugs in a rat model of CIBP. Our findings are 

indicative of a limited and possibly sexually divergent response in CIBP and prompted 

further investigation in our well-established rat model of sciatic cuff induced neuropathy. 
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MATERIALS AND METHODS 

Cell Culture 

The mammary rat metastasis tumour (MRMT-1) rat mammary carcinoma cell line 

(provided by Dr. Philippe Sarret of the Université de Sherbrooke, Sherbrooke, QC) was 

used in all in vitro and in vivo work. Cells were maintained in a humidified incubator at 

37 °C with 5 % CO2 in growth medium supplemented with 10 % fetal bovine serum 

(FBS) and antibiotics (100 U ml-1 penicillin sodium and 1 % antibiotic/antimycotic 

(Thermo Fisher Scientific, Inc., Waltham, MA). MRMT-1 cells were grown in RPMI 

1640 (Thermo Fisher Scientific) and tested for mycoplasma contamination prior to 

experimental use. Cell numbers were quantified in 96-well plates using crystal violet 

staining, measuring absorbance at λ = 570 nm with an optical plate reader (BioTek, 

Winooski VT). Cells treated with PRE were plated with dialyzed FBS, and cells treated 

with PRO were plated with charcoal-stripped FBS (Thermo Fisher Scientific) for all 

measurements. All were plated at 8000 cells / well and measured 24 h post-treatment. 

Cell numbers are indicated relative to their respective vehicle-only control for each dose. 

Cell harvesting for in vivo implantation was performed on sub-confluent cultures; 

adherent cells were suspended and kept lightly agitated in sterile Hank’s Balanced Salt 

Solution (HBSS) on ice. 

Test Compounds 

Progesterone (PRO) (4-pregnene-3,20-dione) (Sigma-Aldrich, Oakville Canada) was 

administered in vivo at 30 mg/kg, suspended in sesame oil. Pregabalin (PRE) was 

administered at 4 mg/kg dissolved in 0.9 % saline. Earlier experimentation has 

demonstrated the doses included here to be relevant in animal models of pain and within 

published safe dosing ranges 8,12. Vehicle-treated controls (0.9 % saline) were tested in 

parallel with experimental animals. Drug solutions were freshly prepared and 

administered by daily intraperitoneal injection. 
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Animal Models 

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 18 and guidelines 

established by the Canadian Council on Animal Care with ethical approval from the 

McMaster University Animal Research Ethics Board. All experimental animals were 

housed in pairs with access to food and water ad libitum in a temperature-controlled room 

under a 12-hour light/dark cycle. 

Cancer Pain Models 

Male and female Sprague-Dawley (SD) rats (Charles River Inc. St. Constant, QC) 

weighing 170-200 g were utilized for all cancer models. Rats were randomly assigned to 

cancer or sham surgery groups. 3.0×104 MRMT-1 cells resuspended in 20 μL HBSS 

were implanted in the distal femur of each cancer pain model rat. Cells for sham surgical 

controls were suspended at the same concentration and inactivated by three heat/freeze 

cycles prior to implantation. 

Rats were anaesthetized with inhaled isoflurane (3-5 % in O2) and oriented in a supine 

position with their right hind limb fixed to a stationary convex support to maintain the 

limb in a flexed position. A small incision was made on the medial side to expose the 

quadriceps femoris and the vests lateralis was incised to expose the medial epicondyle of 

the femur. A small cavity was drilled between the medial epicondyle and the adductor 

tubercle with a 0.8 A stereotaxic drill equipped with a 1.75 mm burr. A 25 Ga needle was 

inserted into this cavity to penetrate the intramedullary canal. The needle was removed 

and replaced with a blunted 25 Ga needle attached to a Hamilton syringe containing the 

live MRMT-1 or heat/freeze-inactivated MRMT-1 (sham) cell suspension. The 

suspension was dispensed slowly into the canal and the syringe was left in place for 1 

minute to prevent leakage. The cavity was then sealed with dental amalgam and fixed 

using a curing light. The wound was flushed with sterile deionized water, and muscle, 
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fascia, and skin were sutured. Cancer cell implantation to the distal femur was performed 

as described in detail in previously published methods 19,20. 

Neuropathic Pain Models 

Male and female SD rats and female RNU -/- immunocompromised rats weighing 170-

200 g were used for all neuropathic pain (NEP) models. A peripheral neuropathy was 

induced by the “sciatic cuff model” according to methods first described by Mosconi and 

Kruger 21 and described in detail in previously published work 22. Animals were 

anesthetized with a mixture of ketamine (Narketan; 5 mg/100 g; Vetoquinol N.-A. Inc.; 

Lavaltrie, QC), xylazine (Rompun; 0.5 mg/100 g; Bayer Inc., Toronto, ON), and 

acepromazine (Atravet; 0.1 mg/100 g; Ayerst Veterinary Laboratories, Guelph, ON) 

given intraperitoneally, and the right sciatic nerve was exposed at the mid-thigh level. 

One cuff of 0.5 mm polyethylene (PE-90) tubing (Intramedic PE-90, Fisher Scientific 

Ltd., Whitby, ON) was slit longitudinally and fitted around the exposed nerve. The 

muscle and skin of the wound were then sutured separately.  

Behavioral Analyses 

Rats were exposed to handling and behavioral testing equipment for a 1-2 week 

acclimation period and assigned individual identification prior to model induction. All 

behavioral testing was repeatedly performed by the same operators, who were blinded to 

group assignment throughout the duration of the study. Behavioral testing was performed 

prior to model induction to obtain baseline data, and weekly beginning on day 7 

following model induction, continuing until endpoints, which were week 3 post-model 

induction for all CIBP models and week 6 post-model induction for all NEP models. With 

the exception of week 1 acute testing, all behavior measurements were performed prior to 

daily drug administration. 
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Dynamic Weight Bearing  

Weight, area, and time distribution between all points of pressure of freely moving 

animals were recorded with the Dynamic Weight Bearing test 2.0 (DWB) (BioSeb, 

Vitrolles, France). Each animal was recorded in the DWB apparatus for 5 minutes/test 

and recordings were manually validated with DWB software version 2.0.59 (BioSeb). 

Results were exported as mean weight and time for each point of pressure across the 

validated experiment time. DWB has been validated as a useful test for animal models of 

CIBP 20,23. Postural disequilibrium of the animal could indicate an allodynic response to 

normal ambulation, and so a reduction in weight borne by the tumor-afflicted limb of the 

animal was accepted as evidence of an inability or aversion to utilize that limb, providing 

indirect evidence of nociception. 

Limb Use Scale 

The open field observational limb use scale is an operator-derived numerical 

representation of the use of the animal’s ipsilateral limb, scored over a 5 minute period of 

free ambulation.  

(0: no use, 1: severe limp, 2: moderate limp, 3: slight limp, 4: normal use). This scale has 

been validated in mouse models of cancer-induced bone pain 24,25. 

Von Frey Mechanical Withdrawal  

To quantify mechanical sensitivity, brisk foot withdrawal in response to normally 

innocuous mechanical stimuli with von Frey filaments was measured. Rats are placed in a 

30 × 30 × 30 cm Plexiglas box designed for von Frey testing with a clear floor containing 

0.5 cm diameter holes spaced 1.5 cm apart for access to the paws 26. Rats habituate to the 

box for 15 minutes minimum until cage exploration and major grooming activities cease, 

prior to any stimulation. Von Frey filaments (Stoelting Co., Wood Dale, IL) were applied 

to the plantar surface of the ipsilateral hind paw to determine mechanical withdrawal 

thresholds using the up-down method of Dixon 27 as applied to rodents by Chaplan et al. 
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28. A von Frey filament was applied a maximum of 5 times for 3-4 sec each, at 3 sec 

intervals, to different spots on the plantar surface of the ipsilateral hind paw in ascending 

order of force until a clear withdrawal response was observed, starting with the 2 g 

filament. When a withdrawal occurred, the next lightest filament was re-applied, and the 

process continued until a 50 % withdrawal response threshold was derived. Brisk foot 

withdrawal in response to the mechanical stimulus was interpreted as a valid response. A 

reduction in 50 % mechanical withdrawal threshold by the tumour or cuff-afflicted limb 

was indicative of allodynia. 

Intracellular in vivo electrophysiology  

Details of  intracellular electrophysiological recording techniques have been reported 

previously in animal models of NEP 2,22,29 and cancer pain 30,31. Briefly, action potentials 

evoked by stimulation of the dorsal root and measured at the L4 DRG soma are used to 

compare the configuration parameters and conduction velocity of each neuron. Recorded 

neurons were classified as C-type high-threshold mechanosensitive fibres (CHTM), Aβ-

type high-threshold mechanosensitive fibres (AHTM), or Aβ-low-threshold 

mechanosensitive fibres (ALTM) based on their action potential configuration, 

conduction velocity, and their receptive field properties as determined by utilizing hand-

held mechanical stimulators 22,32,33. Other major factors, including the rate of adaptation 

and the tissue location of the receptive field, were used to further classify ALTM neurons 

as either (CUT) or muscle spindle neurons (MS). MS neurons were classified as slowly 

adapting neurons with deep subcutaneous receptive fields activated by deep tissue 

manipulation of the muscle belly but not by cutaneous stimulation.  

 

Soma excitability thresholds were measured by evoking action potentials in the somata of 

DRG neurons by direct injection of depolarizing current. To quantify soma excitability, 

current injections of 100 ms each were injected into the soma, at amplitudes between 0.5 

to 4 nA in increments of 0.5 nA. The thresholds of depolarizing current pulses were 
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determined with the “Protocol Editor” function in the pClamp 9.2 software program 

(Molecular Devices). All animals were tested at model endpoint. CIBP model rats were 

recorded following week 3 behavioral testing and all NEP model rats were recorded 

following week 6 behavioral testing. 

Statistical Analyses  

In vitro data represent the mean of n = 3 biological replicates ± SEM. Data are expressed 

as fold-change relative to dose-matched vehicle controls. Differences within treatment 

groups are compared to untreated control (0 µM) by one-way ANOVA with post hoc 

Dunnett’s multiple comparisons test. In vivo behavioral data represent the mean ± SEM 

from male SD CIBP rats: PRE n = 6, PRO n = 5, VEH n = 5, SHAM n = 5; and female 

SD CIBP rats: PRE n = 6, PRO n = 4, VEH n = 6, SHAM n = 7. Only animals with 

verified tumour development are included in results for CIBP-model animals. Data are 

collected from male SD NEP rats: PRE n = 4, PRO n = 4, PRE+PRO n = 4, VEH n = 4; 

female SD NEP rats: PRE n = 6, PRO n = 6, PRE+PRO n = 4, VEH n = 4 rats; female 

RNU -/- NEP rats: PRE n = 5, PRO n = 5, VEH n = 4, Naïve n = 3. All behavioral results 

are compared between and within groups across the duration of the experiment, and 

groups are compared independently at endpoint. Differences between treatment groups 

over time are compared to VEH control by RM two-way ANOVA with post hoc 

Dunnett’s multiple comparisons test. Differences within treatment groups relative to 

respective baseline measurements are compared by RM two-way ANOVA with post hoc 

Dunnett’s multiple comparisons test. Differences between treatment groups at endpoint 

are compared by one-way ANOVA with post hoc Tukey’s multiple comparisons test or 

Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test for non-parametric 

limb use scale data. Acute response differences within treatment groups are compared by 

multiple t-tests. Electrophysiological data represent the mean ± SEM from independently 

recorded neurons from n ≥ 3 rats of each group. Differences between treatment groups are 

compared by Kruskal-Wallis test with post hoc Dunn’s multiple comparison test. All 
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results were considered significant at P < 0.05. Analyses and charts were generated using 

GraphPad Prism 7 software (GraphPad Software, La Jolla, CA). 

 

RESULTS 

Pregabalin and progesterone treatment delays the onset of mechanical hypersensitivity 

relative to vehicle-treatment in female rat models of cancer-induced bone pain but have 

no effects in males. 

Prior to use in animal models, the growth of MRMT-1 cancer cells treated with PRE and 

PRO was investigated in vitro to determine if administration of these test compounds 

could affect cell growth and therefore tumour size and nociceptive outcomes in in vivo 

animal models. Cell number was measured in vitro in the presence of a range of PRE and 

PRO doses between 1 nM and 50 µM. Crystal violet staining showed no differences 

between vehicle treated MRMT-1 cells and PRE and PRO treated cells at any doses (Fig. 

1). Due to these findings, no differences were expected to occur in bone tumour size 

between treated and untreated rats due to direct effects of treatment compounds on cancer 

cells. 

Male CIBP-model rats do not show sustained differences indicative of reduced 

nociception by any behavioral measures in PRE or PRO-treated groups when compared to 

vehicle. There are no differences in 50 % mechanical paw withdrawal threshold in the 

ipsilateral limb between PRO, PRE, and vehicle treatment groups of male CIBP-model 

rats at any timepoint post-model induction as measured by testing with von Frey 

filaments (Fig. 2a). All male model groups show reduced thresholds relative to sham-

surgical control animals in weeks 2 and 3. Likewise, no treatment groups of male rats 

including vehicle-treatment show a sustained delay past week 1 until mechanical 

withdrawal threshold is reduced relative to the baseline measurements for each group 

respectively (Fig. 2b). At endpoint (Fig. 2c), all treatment groups including vehicle are 
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not different from each other and all show significantly decreased paw withdrawal 

thresholds relative to baseline and to sham-control thresholds. 

Female CIBP-model rats show evidence of a delay of onset of a reduced mechanical 

withdrawal threshold in both PRO and PRE treated groups relative to vehicle (Fig. 2d), 

where PRE-treated animals are significantly different from vehicle at week 2, and PRO-

treated animals show higher thresholds on both weeks 1 and 2. No groups are different at 

week 3. Consistently, PRE-treated animals do not respond at lower mechanical force from 

baseline measurements at week 2 (Fig. 2e), and PRO-treated animals do not react to lower 

stimuli from their respective baseline until week 3. Vehicle-treated animals react to less 

force than baseline on each week following tumour implantation, and sham animals do 

not differ from baseline measurements at any timepoint. At endpoint (Fig. 2f) there are no 

differences between treatment groups and all show significantly decreased paw 

withdrawal thresholds relative to baseline and to Sham control. 

There are no differences in ipsilateral limb use scoring (0-4 scale) as measured by 

observational scoring over a 5-minute period of free ambulation between PRO, PRE, and 

vehicle treatment groups of (Fig. 3a) male and (Fig. 3d) female CIBP-model rats at any 

timepoint post-model induction. All male and female groups show impaired limb use 

relative to Sham-surgical control animals by week 3. Likewise, no treatment groups 

including vehicle of (Fig. 3b) male and (Fig. 3e) female rats show sustained maintenance 

of normal limb use past week 2 relative to their respective baseline measurements. At 

week 3 all treatment groups of male rats show significantly decreased limb use scores 

relative to baseline and to Sham controls (Fig. 3c) and all treatment groups including 

vehicle are not different from each other. At endpoint, female PRE and vehicle-treated 

groups are significantly decreased from baseline and Sham, while PRO-treated rats show 

no differences from any groups (Mean ± SEM: PRE: 2.67 ± 0.33; VEH: 2.67 ± 0.42; 

PRO: 2.75 ± 0.75; SHAM: 4 ± 0) (Fig. 3f). 

There are no differences in ipsilateral limb weight bearing as a percentage of animal body 

weight as measured by dynamic weight bearing between PRO, PRE, and vehicle 
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treatment groups of (Fig. 4a) male and (Fig. 4d) female CIBP-model rats at any timepoint 

post-model induction. No treatment groups of male rats (Fig. 4b) show sustained 

maintenance of normal ipsilateral weight bearing past week 2 relative to baseline 

measurements of each group. PRE and PRO-treated female rats also show decreased 

weight bearing at week 3, however vehicle-treated rats are not different from their 

respective baseline measurements. At week 3 endpoint all treatment groups of male rats 

show significantly decreased ipsilateral limb weight bearing relative to baseline and to 

Sham controls (Fig. 4c), and PRE-treated male rats are significantly lower than PRO-

treated male rats. At endpoint, female PRE and PRO-treated groups are significantly 

decreased from baseline and Sham (Fig. 4f), however vehicle-treated rats are significantly 

decreased from grouped baseline measurements only, and not different from PRE or 

PRO. 

High but not low-threshold mechanosensitive fibres in CIBP-model animals treated with 

PRE have excitability thresholds that are higher than vehicle and equivalent to sham 

controls. 

Action potential responses to intracellular depolarizing current pulse injection were tested 

in vivo to determine the soma excitability thresholds in sensory neurons at the DRG of 

model animals. Representative recording images show the multiple injected current 

stimuli (Fig. 5a) of 100 ms each delivered between 500 to 4000 pA in increments of 500 

pA, and the characteristic evoked action potentials in the mechanoreceptor neuron types 

evaluated in this study including CHTM (Fig. 5b), AHTM (Fig. 5c), and both cutaneous 

(CUT) and muscle spindle (MS) ALTM neurons; ALTM-CUT (Fig. 5d), and ALTM-MS 

(Fig. 5e). All CIBP model animals were tested following the conclusion of behavioral 

data collection at week 3. 

Current activation thresholds measured in nA of CHTM neurons (Fig. 6a) were 

significantly decreased in vehicle-treated male CIBP rats relative to sham control rats. 

Treatment with PRE significantly increased activation thresholds of CHTM above both 

vehicle and sham groups, while PRO-treated animals showed no differences in CHTM 
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threshold from either vehicle or sham groups. Activation thresholds of AHTM neurons 

(Fig. 6b) were significantly decreased in vehicle-treated male CIBP rats relative to sham. 

Treatment with PRE significantly increased activation thresholds of AHTM above 

vehicle, while PRO-treated animals showed no differences from either vehicle or sham 

groups. There are no significant differences in activation threshold between any groups of 

ALTM-CUT neurons in males (Fig. 6c). The activation threshold of ALTM-MS neurons 

(Fig. 6d) in the vehicle-treated group was significantly decreased relative to sham, while 

both PRE- and PRO-treated ALTM-MS neurons were not significantly different from 

either vehicle-treated or sham male rats.  

In female CIBP model rats, the activation thresholds of CHTM neurons (Fig. 6e) in the 

vehicle-treated group were significantly decreased relative to sham. Similarly to males, 

PRE-treated females had significantly increased activation thresholds of CHTM from 

vehicle, but they did not significantly differ from PRO-treated or sham females. PRO-

treated female rats showed no significant differences from either vehicle or sham CHTM. 

The activation thresholds of AHTM neurons in female rats (Fig. 6f) were significantly 

decreased in vehicle-treated animals relative to sham. Activation thresholds of AHTM in 

PRE-treated female rats were higher than vehicle not different from sham, while PRO-

treated females showed no differences in AHTM threshold from either vehicle or sham 

groups. The changes in AHTM neurons showed equivalent patterns in both male and 

female rats. There was no evidence of treatment effects on the activation threshold of 

ALTM-CUT neurons in female rats (Fig. 6g). Both PRE- and vehicle-treated group 

showed reduced thresholds relative to sham control, and PRO-treated rats were not 

different from any group. The activation threshold of ALTM-MS neurons (Fig. 6h) in 

vehicle-treated females was significantly decreased relative to sham, and similarly to 

males, both PRE- and PRO-treated ALTM-MS neuron thresholds were not significantly 

different from either vehicle-treated or sham female rats. 

 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 94 

Two-week treatment with pregabalin, progesterone, and combination induces large and 

sustained recoveries to baseline in ipsilateral paw withdrawal threshold in male rat 

models of neuropathic pain, while treated female rat models show increases in 

withdrawal thresholds relative to vehicle-treated rats, but not to baseline thresholds.  

All treatment groups of male NEP-model rats (Fig. 7a) show an initial decrease in 50 % 

mechanical paw withdrawal threshold in the ipsilateral limb after model-induction 

followed by a robust recovery where all treatment groups are increased from vehicle-

treated rats at week 2 and all later timepoints. PRO and PRE treatment groups show 

sustained recoveries to withdrawal thresholds no different from their respective baseline 

measurements (Fig. 7b) by week 2. PRE+PRO combination-treated animals did not 

decline at any point to levels different from their baseline thresholds. In contrast, and 

characteristic of the sciatic-cuff model, withdrawal thresholds of vehicle-treated animals 

remain significantly decreased from baseline at every post-surgical timepoint with no 

evidence of recovery. At week 6 endpoint (Fig. 7c), paw withdrawal thresholds of all 

male treatment groups are not different from grouped baseline thresholds and all 

treatment groups show significantly increased thresholds relative to vehicle treatment. All 

groups of female NEP-model rats also show an initial decrease in 50 % mechanical paw 

withdrawal threshold in the ipsilateral limb after model-induction (Fig. 7d), however all 

treatment groups retain a consistently higher 50 % paw withdrawal threshold than 

vehicle-treated rats at all timepoints post-model induction. Unlike males, female 

treatment groups do not recover to withdrawal thresholds equivalent to their respective 

baseline measurements (Fig. 7e) at any point following treatment initiation. PRE and 

PRO-treatment groups remain lower than their respective baseline withdrawal thresholds 

at all post-surgical timepoints, and PRE+PRO combination treatment animals initially are 

no different from baseline, but become different at week 4 and later. At endpoint (Fig. 7f) 

there are no differences between treatment groups of female rats and all show 

significantly decreased paw withdrawal thresholds relative to baseline. PRE and 

PRE+PRO combination treated animals have higher withdrawal thresholds than vehicle, 

while PRO and vehicle are not different. 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 95 

 

Treatment with PRE prevents reduction in excitability threshold in AHTM and ALTM-MS 

fibres in male rats, while all other types of sensory fibres tested demonstrate no changes 

in excitability thresholds in both sexes. 

In male NEP model rats, there were no differences between any groups in the current 

activation thresholds of CHTM neurons (Fig.8a). Activation thresholds of AHTM 

neurons (Fig. 8b) were significantly decreased in vehicle-treated male NEP rats relative to 

both naïve and PRE-treated rats. There were also no differences in activation threshold 

between groups of ALTM-CUT (Fig. 8c), while the activation thresholds of ALTM-MS 

neurons (Fig. 8d) were significantly decreased in vehicle-treated male NEP rats relative to 

both naïve and PRE-treated rats, where had equivalent thresholds to each other. In female 

NEP model SD rats, there were no differences between any groups in the current 

activation thresholds of all types of neurons tested: CHTM (Fig. 8e), AHTM (Fig. 8f) 

ALTM-CUT (Fig. 8g), and ALTM-MS neurons (Fig. 8h). 

Female immunocompromised rat models of sciatic-cuff induced neuropathic pain treated 

with pregabalin and progesterone do not show sustained differences in ipsilateral 50 % 

paw withdrawal thresholds from vehicle-treated rats or recoveries to baseline threshold 

levels. 

There are no differences in 50 % mechanical paw withdrawal threshold in the ipsilateral 

limb between PRO, PRE, and vehicle-treatment groups of female RNU -/- sciatic-cuff 

induced neuropathic pain model rats at any timepoint post-model induction excluding 

week 3 as measured by testing with von Frey filaments (Fig. 9a). At week 3 PRE-treated 

rats show a significantly higher threshold than vehicle-treated rats, however this 

difference is not sustained in later weeks. 

All model groups show reduced thresholds relative to Naïve control animals in all post-

surgical weeks (not marked on chart). (Fig. 9b). In addition, all treatment groups 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 96 

including vehicle show significantly reduced withdrawal thresholds relative to baseline 

measurements at all post-surgical time points. Naïve control rats are not different from 

baseline at any week. (Fig. 9c). At endpoint there are no differences between treatment 

groups and all show significantly decreased paw withdrawal thresholds relative to 

baseline and to Naïve control. 

No thresholds in any fibre types show differences from naïve or vehicle in response to 

treatment with PRE. 

In athymic female RNU -/- models of NEP, the current activation threshold of CHTM 

neurons (Fig.10a) was decreased in the vehicle-treated group relative to naïve RNU -/- 

female rats. There were no significant differences in thresholds of CHTM neurons 

between both PRE- and PRO-treated groups and either vehicle or naïve rats. Activation 

thresholds of AHTM (Fig. 10b) and ALTM-MS (Fig. 10d) neurons showed no significant 

differences between any groups. Activation thresholds of ALTM-CUT neurons (Fig. 10c) 

were significantly decreased from naïve in both the vehicle-treated and PRO-treated 

groups of female RNU NEP model rats. PRE-treated rats showed no differences in 

threshold from both either vehicle-treated or naïve rats. 

Male but not female rat models of sciatic-cuff induced neuropathic pain show an acute 

increase in ipsilateral paw withdrawal thresholds 1-hour post-treatment with pregabalin, 

progesterone, or combination at post-surgical week 1. 

All NEP model animals were measured at week 1 pre- and 1-hour post-treatments. Male 

SD rat models of sciatic-cuff induced neuropathic pain show an acute response to 

treatment with PRE, PRO, and PRE+PRO combination as an increase in 50 % mechanical 

paw withdrawal threshold as measured by testing with von Frey filaments. Withdrawal 

thresholds of vehicle-treated animals do not change following treatment. No acute 

responses to treatment are seen in any groups of (Fig. 11b) female immunocompetent SD 

rats or (Fig. 11c) immunocompromised RNU -/- neuropathic pain model animals. 
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DISCUSSION 

This study was designed to assess the effects of PRE and PRO on the development of 

chronic hypersensitivity in CIBP and NEP animal models in both male and female 

groups. We present for the first time that these treatments, administered as repeated 

injections during the early phases of NEP and CIBP development, promoted the robust 

recovery of mechanical hypersensitivity in male NEP rats, partial recovery of female NEP 

and female CIBP rats, and no apparent effects on both male CIBP and female 

immunocompromised NEP models. These results add to the evidence indicative of 

differing mechanisms of pain generation in CIBP and NEP states, and to the evidence of 

sexual divergence in both the mechanisms of chronic pain itself, and in the response to 

pain therapeutics. 

The behavioral results of this study suggest that PRE and PRO have efficacy in treating 

male and female NEP rats, and electrophysiological data support this for PRE-treated 

animals, showing excitation thresholds in nociceptive neurons equivalent to naïve. 

However, CIBP model male animals show no behavioral response to PRE or PRO, and 

female CIBP rats show only limited evidence of a delay in the onset of hypersensitivity 

with both treatments. Our previous investigation of the intracellular electrophysiological 

characteristics of sensory neurons in this CIBP model indicated that there are both 

nociceptive and neuropathic components of the cancer-induced pain state. These include 

reduced signaling thresholds of ALTM-MS neurons in both vehicle treated NEP and 

CIBP model rats relative to control, and morphological changes at the spinal cord 

indicative of a possible role for ALTM fibres in the generation or maintenance of the 

neuropathic component of CIBP 34. In this study, both CHTM and AHTM nociceptive 

neurons and ALTM-CUT and ALTM-MS non-nociceptive neurons showed significant 

changes in CIBP models, and treatment with PRE induced the recovery of nociceptive 

neuron excitation thresholds to sham model levels in both sexes. There were no 

differences in treated ALTM neurons from vehicle control. In NEP male and female 
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model animals, we have observed that CHTM and ALTM-CUT neurons did not change in 

any groups relative to naïve, and that reductions in the thresholds of AHTM and ALTM-

MS neurons were prevented or reversed by treatment with PRE in male NEP animals and 

were not significantly changed in any groups of female NEP animals. Taken together, 

these results indicate that in contrast to the strong behavioral responses to treatment in 

NEP-model rats which showed normally non-nociceptive ALTM thresholds equivalent to 

naïve, the absent and muted behavioral response to treatment in in male and female CIBP 

rats, respectively, may be associated with decreased signaling thresholds in ALTM-CUT 

and ALTM-MS neurons. 

In this study, normally nociceptive CHTM and AHTM neurons in both pain models 

showed decreased excitability after treatment with PRE. Treatment with PRO produced 

partial reductions in neuronal excitability thresholds in CIBP animals, although none were 

significantly different from either vehicle or sham controls. There is pre-clinical and 

clinical evidence of the efficacy of both drugs for conditions involving neuronal damage 

and neuropathy, however the exact mechanisms of action are unclear. PRO has been 

shown to have neuroprotective properties including protection from excitotoxic cell 

death, de-myelination, and reduction of neuronal inflammation and edema, all of which 

can contribute to the generation of ectopic signaling 11,35, and has demonstrated some 

utility in treating chronic NEP in rat models in male rats 8. PRE has demonstrated 

effectiveness for NEP in animal models and in humans, leading to its use as a first-line 

clinical therapy for NEP, however its effectiveness is inconsistent 12,36. Both PRO and 

PRE inhibit VGCCs, and while the exact mechanisms of the PRO and L-type VGCC 

interaction have not yet been elucidated, PRE, like gabapentin, binds at the α2-δ subunits 

of P/Q, N, and L-type Ca2+ channels 11,16. T- and N-type VGCCs are expressed on sensory 

afferent neurons 37,38, and it has been reported that the α2δ-1 subunit is upregulated in 

DRG neurons in several animal models of pain, and this is causally related to the onset of 

pain behavior 39–41. It also has been reported that pregabalin reduces the depolarization-

induced calcium influx at nerve terminals, resulting in a reduction of the presynaptic 

release of excitatory neurotransmitters, including glutamate, substance P and CGRP 42,43. 
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VGCCs are also expressed on glial cells 44, however their expression and function is less 

well understood. 

A limitation of this study is that our animal models develop over different durations, 

where our endpoint electrophysiological data is recorded at week 6 in all NEP models and 

week 3 in all CIBP models. In addition, unlike the one-time nervous system damage of 

the cuff NEP model, our CIBP model reflects the progressive and often intractable nature 

of cancer pain in humans. CIBP is a conglomerate of multiple initiating factors, including 

a wide range of nociceptive and inflammatory stimuli including mechanical distortion and 

pressure on host tissues, secreted inflammatory and nociceptive mediators, and 

neuropathy from tumour-initiated destruction and damage of nervous tissue and 

pathological growth of new and dysregulated sensory neurons 45,46. Electrophysiological 

measurements from week 3 endpoint may not reflect either a delay in the onset of this 

pain state, or may not have allowed for an adequate and comparable duration of recovery.  

Female CIBP rats treated with PRE and PRO showed a delay to the onset of mechanical 

hypersensitivity as measured by von Frey fibres. This delay was not reflected by 

measures of either weight bearing or limb use. Male CIBP model rats did not show 

behavioral responses to treatment. In NEP model rats, males demonstrated a strong 

response to drug treatment where PRE, PRO and PRE+PRO treatment groups recovered 

to 50 % mechanical thresholds equivalent to their baseline measurements by week 2. 

Although all NEP-model female treatment groups remained at significantly higher 

withdrawal thresholds than vehicle-treated female controls throughout the experiment, no 

treatment groups recovered to baseline levels in contrast to male rats. These sexually 

divergent effects in response to treatment are suggestive of mechanistic differences 

between male and female CIBP and NEP models. Substantial evidence implicates that sex 

differences in the behavioral responses to peripheral neuropathy in animal models may 

involve distinct hormonal and immune system pathways. After peripheral nerve injury, 

microglial-neuronal signaling in the spinal cord appears to mediate hypersensitivity in 

male mice, while in females despite concurrent microglial proliferation, T cells infiltrate 

the spinal cord and maintain hypersensitive state 47–49. There is evidence in cancer pain 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 100 

states however, that microglia do play a role in the maintenance of pain in female rats 50. 

To investigate if the sex differences observed in our NEP models involved the T cell 

dependent signaling systems in the spinal cord, we applied the sciatic-cuff model to 

female RNU -/- athymic rats. Our hypothesis was that the lack of mature T cells would 

result in chronic pain-state with behavioral responses similar to immunocompetent male 

rats, as has been shown in other animal models of pain 47. It has also been demonstrated 

that T cell deficient nude rats develop significantly reduced mechanical allodynia 

following CCI compared with their heterozygous littermates 51. Our findings showed a 

behavioral difference between PRE- and vehicle-treated rats at only one timepoint, and 

that difference was not sustained. Female athymic NEP model rats in fact demonstrated 

more severe mechanical hyperalgesia in treatment groups than immunocompetent 

females, counter to our expectations, although this could reflect strain differences. 

Correspondingly, CHTM and ALTM-CUT neurons in vehicle-treated 

immunocompromised female NEP models showed increased excitability relative to naïve 

controls and were not recovered by treatment.  

Sex differences were also apparent in the acute behavioral response measurements 

performed at week 1 in all NEP model animals. Male NEP rats of all treatment groups 

responded with an increase in mechanical withdrawal threshold measured 1h after 

treatment. These increases were not apparent in vehicle-treated controls, and no groups 

were significantly different in female immunocompetent and immunocompromised 

animals. 

These discrepancies in the response to treatment with PRE and PRO between sexes and 

immunocompromised animals indicate that the cellular immune response in the spinal 

cord of animals models of chronic pain is not a simple answer in this case. Inflammatory 

responses to injury also have adaptive functions enabling nerve repair involving IL-1 and 

TNF-α expression 52 and complete ablation of macrophages can result in severely 

impaired axon regeneration 53. It is possible that a partially beneficial immune response to 

chronic injury and NEP, as is the case in the sciatic-cuff model could be limited by the 

absence of T cells, and by therapies that target them.  
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In conclusion, we show that the analgesic effects of PRE and PRO can promote recovery 

of tactile hypersensitivity in response to treatment initiated during the early phase of NEP 

development. These effects are sex-dependent, and strongest in male rat models of NEP. 

Female rat models of NEP show a limited response to PRE and PRO treatment. Female 

CIBP models also show a limited response to treatment, while males do not respond. 

These results indicate that sex may be an important consideration for the therapeutic 

utility of both PRE and PRO. 
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FIGURES 

 

Figure 1.  

MRMT-1 cell number is unaffected by treatment with pregabalin or progesterone.  

Crystal violet stain for cell number showed no differences between vehicle treated 

MRMT-1 cells and PRE and PRO treated cells at doses ranging between 1 nM and 50 

µM. This in vitro assay was to determine if the experimental drugs may affect tumour 

growth in our in vivo models of cancer pain. Each treatment dose is expressed as fold-

change relative to the respective vehicle at that same dose, PRO was suspended in sesame 

oil, PRE in saline. Data represent the mean of n = 3 biological replicates ± SEM. 

Differences within treatment groups were compared to untreated control (0 µM) by one-

way ANOVA with post hoc Dunnett’s test. 
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Figure 2.  
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Both pregabalin and progesterone-treated female rat models of cancer-induced bone pain 

show a delay until the onset of a reduced mechanical withdrawal threshold relative to 

vehicle-treated rats. Male rats show no differences between treatment groups. 

a. There are no differences in 50% mechanical paw withdrawal threshold in the ipsilateral 

limb between PRO, PRE, and VEH treatment groups of male CIBP-model rats at any 

timepoint post-model induction as measured by testing with von Frey filaments. All male 

model groups show reduced thresholds relative to Sham-surgical control animals in 

weeks 2 and 3 (not marked on chart). b. Likewise, no treatment groups of male rats show 

a sustained delay past week 1 until withdrawal threshold is reduced relative to baseline 

measurements, and c. all treatment groups are not different from each other and all show 

significantly decreased paw withdrawal thresholds relative to baseline and to Sham 

control thresholds at endpoint. d. Female CIBP-model rats show evidence of a delay of 

onset of a reduced mechanical withdrawal threshold in both PRO and PRE treated groups 

relative to vehicle, where PRE-treated animals are significantly different from vehicle at 

week 2, and PRO-treated animals show higher thresholds on both weeks 1 and 2. No 

groups are different at week 3. e. Similarly, PRE-treated animals are not different from 

their respective baseline measurements at week 2, and PRO-treated animals are not 

different from baseline until week 3. Vehicle-treated animals are different from baseline 

on each week following tumour implantation, and sham animals do not differ from 

baseline at any timepoint. f. At endpoint there are no differences between treatment 

groups and all show significantly decreased paw withdrawal thresholds relative to 

baseline and to Sham control. 

Data represent the mean ± SEM from male SD rats: PRE n = 6, PRO n = 5, Vehicle n = 5, 

SHAM n = 5; and female SD rats: PRE n = 6, PRO n = 4, Vehicle n = 6, SHAM n = 7. 

Only animals with verified tumour development were included in results shown. 

Differences between treatment groups over time (a., d.) are compared to vehicle control 

by RM two-way ANOVA with post hoc Dunnett’s test (#P < 0.05, PRE vs. Vehicle), (†P 

< 0.05, PRO vs. Vehicle). Differences within treatment groups relative to baseline 

measurements (b., e.) are compared by RM two-way ANOVA with post hoc Dunnett’s 
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test (*P < 0.05). Differences between treatment groups at endpoint (c., f.) are compared 

by one-way ANOVA with post hoc Tukey’s test, different letters (a, b) represent 

differences between groups (P < 0.05). 
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Figure 3.  

No female or male rat models of cancer-induced bone pain show differences in limb use 

between treatment groups or vehicle-treatment as measured by observational scoring. 

There are no differences in ipsilateral limb use scoring (0-4 scale) between PRO, PRE, 

and vehicle treatment groups of a. male and d. female CIBP-model rats at any timepoint 
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post-model induction as measured by observational scoring over a 5-minute period of free 

ambulation. All male and female groups show impaired limb use relative to Sham-

surgical control animals by week 3 (not indicated on charts). Likewise, no treatment 

groups including vehicle of b. male and e. female rats show sustained maintenance of 

normal limb use past week 2 relative to baseline measurements. At week 3 endpoint all 

treatment groups of c. male rats are not different from each other and all show 

significantly decreased limb use scores relative to baseline and to Sham controls. At 

endpoint, f. female PRE and VEH-treated groups are significantly decreased from 

baseline and Sham, while PRO-treated rats show no differences from any groups. 

Data represent the mean ± SEM from male SD rats: PRE n = 6, PRO n = 5, Vehicle n = 5, 

SHAM n = 5; and female SD rats: PRE n = 6, PRO n = 4, Vehicle n = 6, SHAM n = 7. 

Only animals with verified tumour development were included in results shown. 

Differences between treatment groups over time (a., d.) are compared to vehicle control 

by RM two-way ANOVA with post hoc Dunnett’s test (P < 0.05). Differences within 

treatment groups relative to baseline measurements (b., e.) are compared by RM two-way 

ANOVA with post hoc Dunnett’s test (*P < 0.05). Differences between treatment groups 

at endpoint (c., f.) are compared by Kruskal-Wallis test with post hoc Dunn’s test, 

different letters (a, b, c) represent differences between groups (P < 0.05). 

  



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 116 

 

Figure 4.  

No female or male rat models of cancer-induced bone pain show differences in ipsilateral 

limb weight bearing between treatment groups and vehicle-treatment. 

There are no differences in ipsilateral limb weight bearing as a percentage of animal body 

weight as measured by dynamic weight bearing between PRO, PRE, and vehicle 
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treatment groups of a. male and d. female CIBP-model rats at any timepoint post-model 

induction. b. No treatment groups of male rats show sustained maintenance of normal 

weight bearing past week 2 relative to baseline measurements. e. PRE and PRO-treated 

female rats also show decreased weight bearing at week 3, however vehicle-treated rats 

are not different from baseline measurements. 

At week 3 endpoint all treatment groups of c. male rats show significantly decreased 

ipsilateral limb weight bearing relative to baseline and to Sham controls, and PRE-treated 

rats are significantly lower than PRO-treated rats. At endpoint, f. female PRE and PRO-

treated groups are significantly decreased from baseline and Sham, however vehicle-

treated rats are significantly decreased from baseline measurements only. 

Data represent the mean ± SEM from male SD rats: PRE n = 6, PRO n = 5, Vehicle n = 5, 

SHAM n = 5; and female SD rats: PRE n = 6, PRO n = 4, Vehicle n = 6, SHAM n = 7. 

Only animals with verified tumour development were included in results shown. 

Differences between treatment groups over time (a., d.) are compared to vehicle control 

by RM two-way ANOVA with post hoc Dunnett’s test (#P < 0.05, PRE vs. Vehicle), (†P 

< 0.05, PRO vs. Vehicle). Differences within treatment groups relative to baseline 

measurements (b., e.) are compared by RM two-way ANOVA with post hoc Dunnett’s 

test (*P < 0.05). Differences between treatment groups at endpoint (c., f.) are compared 

by one-way ANOVA with post hoc Tukey’s test, different letters (a, b, c) represent 

differences between groups (P < 0.05). 
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Figure 5.  

Soma excitability thresholds of sensory DRG neurons were determined by evoked action 

potentials in the soma of sensory DRG neurons induced using stimulation by direct 

injection of depolarizing current. Representative recordings show the intracellular 

current injection pulses with threshold and repetitive charges of evoked action potentials 

in different types of mechanoreceptor neurons in CIBP sham male rats. 

To quantify soma excitability, the threshold of depolarizing current pulses injected into 

the soma was determined. This was achieved by applying current injections of 100 ms 

each (a.), delivered with an amplitude of 500 to 4000 pA with increments of 500 pA [X-

axis: Time (ms); Y-axis: current (pA)]. Representative raw recordings show the threshold 

and repetitive charges of APs evoked by intracellular current injection in the 

mechanoreceptor neurons evaluated in this study including (b.) C-type high-threshold 

mechanosensitive fibres (CHTM), (c.) Aβ-type high-threshold mechanosensitive fibres 

(AHTM), (d.) Aβ-low-threshold mechanosensitive fibres - cutaneous (ALTM- CUT), and 

(e.) Aβ-low-threshold mechanosensitive fibres – muscle spindle (ALTM-MS). Discharge 

was evoked by injecting a series of depolarizing current pulses into DRG soma through 
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the recording electrode [X-axis: Time (ms); Y-axis: Voltage (mV)]. All representative 

images here are from male CIBP-model sham negative control rats.   
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Figure 6.  

All types of sensory fibres tested demonstrate reduced excitability thresholds in vehicle-

treated male and female cancer models. In high-threshold mechanosensitive fibres, PRE-

treated animals have excitability thresholds equivalent to sham controls. Low-threshold 

mechanosensitive fibres are unaffected by treatment in both sexes. 

Current activation thresholds are recorded at endpoint (post-week 3) in response to 

intracellular current injection at the DRG soma. Activation thresholds of CHTM neurons 

in PRE-treated male (a.) and female (e.) rats were increased relative to vehicle. PRO-

treated rats are not different from either vehicle or sham. PRE-treatment also significantly 

increased activation thresholds of AHTM relative to vehicle in both male (b.) and female 

(f.) rats. PRO-treated rats are not different from vehicle or sham. There are no significant 

differences in activation threshold between any groups of ALTM-CUT neurons in males 

(c.), and no effects of treatment with PRE or PRO on ALTM-CUT thresholds in female 

rats (g.). In both males (d.) and females (h.), the activation thresholds of ALTM-MS 

neurons in PRE- and PRO-treated rats were not significantly different from either vehicle-

treated or sham groups.  

Data represent the mean ± SEM from male (upper panel) SD rat DRG neurons: (CHTM: 

PRE n = 13, PRO n = 11, Vehicle n = 15, Sham n = 10); (AHTM: PRE n = 10, PRO n = 

10, Vehicle n = 14, Sham n = 11); (ALTM-CUT: PRE n = 15, PRO n = 11, Vehicle: n = 
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9, Sham n = 11); (ALTM-MS: PRE n = 10, PRO n = 6, Vehicle: n = 7, Sham n = 9); and 

female (lower panel) SD rat DRG neurons: (CHTM: PRE n = 8, PRO n = 8, Vehicle n = 

15, Sham n = 9); (AHTM: PRE n = 9, PRO n = 9, Vehicle n = 14, Sham n = 12); (ALTM-

CUT: PRE n = 10, PRO n = 10, Vehicle: n = 9, Sham n = 9);  (ALTM-MS: PRE n = 10, 

PRO n = 10, Vehicle: n = 9, Sham n = 8). Differences between treatment groups are 

compared by Kruskal-Wallis test with post hoc Dunn’s multiple comparison test, different 

letters (a, b, c) represent differences between groups (P < 0.05). Abbreviations are as 

indicated in Fig. 5. 
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Figure 7. 

Male rat models of sciatic-cuff induced neuropathic pain treated with pregabalin, 

progesterone, or combination show large and sustained differences from vehicle-treated 

rats and recoveries to baseline ipsilateral paw withdrawal thresholds. Pregabalin, 

progesterone, and combination treated female rat models also show differences relative 

to vehicle-treated rats, but do not show recoveries to baseline behavior. 

Male and female models of sciatic-cuff induced NEP show increased 50 % mechanical 

paw withdrawal thresholds in response to treatment with pregabalin, progesterone, and 

combination. All treatment groups of male NEP-model rats a. show an initial decrease in 

50 % mechanical paw withdrawal threshold in the ipsilateral limb after model-induction, 
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followed by a robust recovery where all treatment groups are different from vehicle by 

week 2. PRO and PRE treatment groups show sustained recoveries to withdrawal 

thresholds no different from their respective baseline measurements b. by week 2. 

PRE+PRO combination-treated animals did not decline at any point to levels different 

from baseline. In contrast, withdrawal thresholds of vehicle-treated animals remain 

significantly decreased from baseline at every post-surgical timepoint. At endpoint c. paw 

withdrawal thresholds of all male treatment groups are not different from grouped 

baseline and are significantly increased relative to vehicle. All groups of female NEP-

model rats d. also show an initial decrease in withdrawal thresholds, however all 

treatment groups remain higher than vehicle at all timepoints post-model induction. 

Unlike males, female treatment groups do not recover to baseline levels e. at any point 

following treatment. PRO and PRE treatment groups remain lower than their respective 

baseline withdrawal thresholds at all post-surgical timepoints, and PRE+PRO 

combination treatment animals initially are no different from baseline, but become 

different at week 4 and later. f. At endpoint there are no differences between treatment 

groups and all show significantly decreased withdrawal thresholds relative to baseline. 

PRE and PRE+PRO combination treated animals have higher withdrawal thresholds than 

vehicle, while PRO and vehicle are not different. 

Data represent the mean ± SEM from n = 4 male SD rats / group, and female SD rats: 

PRE n = 6, PRO n = 6, PRE+PRO n = 4, VEH n = 4 rats. Differences between treatment 

groups over time (a., d.) are compared to VEH control by RM two-way ANOVA with 

post hoc Dunnett’s test (#P < 0.05, PRE vs. VEH), (†P < 0.05, PRO vs. VEH), (§P < 

0.05, PRE+PRO vs. VEH). Differences within treatment groups relative to baseline 

measurements (b., e.) are compared by RM two-way ANOVA with post hoc Dunnett’s 

test (*P < 0.05). Differences between treatment groups at endpoint (c., f.) are compared 

by one-way ANOVA with post hoc Tukey’s test, different letters (a, b, c) represent 

differences between groups (P < 0.05). 
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Figure 8.  

PRE-treated male NEP model SD rats show current excitability thresholds in AHTM and 

ALTM-MS fibres that are significantly higher than vehicle-treated controls and 

equivalent to naïve rats. There are no differences in excitability threshold in any other 

fibres in males and females. 

Current activation thresholds are recorded at endpoint (post-week 6) in response to 

intracellular current injection at the DRG soma. There are no differences between any 

groups in the activation thresholds of CHTM neurons in a. male and e. female NEP 

model SD rats. Activation thresholds of AHTM neurons in in PRE-treated male NEP rats 

b. were significantly higher that vehicle-treated neurons which were significantly 

decreased relative to naïve. There were no differences in activation threshold between 

groups in AHTM neurons of female NEP rats. There are no significant differences in 

activation threshold between any groups of ALTM-CUT neurons in both c. males and g. 

females. Activation thresholds of ALTM-MS neurons in PRE-treated d. male and h. 

female NEP rats are significantly increased relative to vehicle in both groups. 

Data represent the mean ± SEM from male (upper panel) SD rat DRG neurons: (CHTM: 

PRE n = 11, Vehicle: n = 15, Naïve n = 13); (AHTM: PRE n = 10, Vehicle: n = 16, Naïve 

n = 20); : (ALTM-CUT: PRE n = 10, Vehicle: n = 17, Naïve n = 17); (ALTM-MS: PRE n 

= 11, Vehicle: n = 16, Naïve n = 14); and female (lower panel) SD rat DRG neurons: 
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(CHTM: PRE n = 8, Vehicle: n = 13, Naïve n = 13); (AHTM: PRE n = 10, Vehicle: n = 

15, Naïve n = 19); (ALTM-CUT: PRE n = 8, Vehicle: n = 9, Naïve n = 11); (ALTM-MS: 

PRE n = 5, Vehicle: n = 9, Naïve n = 8). Differences between treatment groups are 

compared by Kruskal-Wallis test with post hoc Dunn’s multiple comparison test, different 

letters (a, b) represent differences between groups (P < 0.05). Abbreviations are as 

indicated in Fig. 5. 
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Figure 9. 

Female immunocompromised rat models of sciatic-cuff induced neuropathic pain treated 

with pregabalin and progesterone do not show sustained differences from vehicle-treated 

rats or recoveries to baseline ipsilateral paw withdrawal thresholds. 

a. There are no differences in 50% mechanical paw withdrawal threshold in the ipsilateral 

limb between PRO, PRE, and VEH treatment groups of female RNU -/- sciatic-cuff 

induced neuropathic pain model rats at any timepoint post-model induction excluding 

week 3 as measured by testing with von Frey filaments. At week 3 PRE-treated rats show 

a significantly higher threshold than vehicle-treated rats, however this difference is not 

sustained in later weeks. 

All model groups show reduced thresholds relative to Naïve control animals in all post-

surgical weeks (not marked on chart). b. In addition, all treatment groups including 

vehicle show significantly reduced withdrawal thresholds relative to baseline 

measurements at all post-surgical time points. Naïve control rats are not different from 

baseline at any week. c. At endpoint there are no differences between treatment groups 

and all show significantly decreased paw withdrawal thresholds relative to baseline and to 

Naïve control. 

Data represent the mean ± SEM from female RNU -/- rats: PRE n = 5, PRO n = 5, VEH n 

= 4, Naïve n = 3 rats. Differences between treatment groups over time (a.) are compared 

to VEH control by RM two-way ANOVA with post hoc Dunnett’s test (#P < 0.05, PRE 

vs. VEH). Differences within treatment groups relative to baseline measurements (b.) are 

compared by RM two-way ANOVA with post hoc Dunnett’s test (*P < 0.05). Differences 

between treatment groups at endpoint (c.) are compared by one-way ANOVA with post 

hoc Tukey’s test, different letters (a, b) represent differences between groups (P < 0.05). 
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Figure 10.  

Immunocompromised female rat models of NEP show decreases in the excitability 

thresholds of both CHTM and ALTM-CUT fibres.  PRE-treatment prevents this decrease 

relative to naïve animals, but these thresholds are not significantly different from vehicle. 

Current activation thresholds are recorded in athymic female RNU -/- models of NEP at 

endpoint (post-week 6) in response to intracellular current injection at the DRG soma. 

Activation thresholds of CHTM neurons a. are decreased in the vehicle-treated group 

relative to naïve, however there are no significant differences in the thresholds of CHTM 

neurons between both PRE- and PRO-treated groups and either vehicle or naïve rats. 

There are no significant differences in activation threshold between any groups of b. 

AHTM neurons. Activation thresholds of ALTM-CUT neurons c. were significantly 

decreased from naïve in both the vehicle-treated and PRO-treated groups. PRE-treated 

rats showed no differences in ALTM-CUT threshold from both vehicle-treated and naïve 

rats. Activation thresholds of d. ALTM-MS neurons not different between groups.  

Data represent the mean ± SEM from female RNU -/- rat DRG neurons: (CHTM: PRE n 

= 8, PRO n = 5, Vehicle n = 6, Naïve n = 7); (AHTM: PRE n = 7, PRO n = 6, Vehicle n = 

6, Naïve n = 4); (ALTM-CUT: PRE n = 9, PRO n = 7, Vehicle: n = 13, Naïve n=15); 

(ALTM-MS: PRE n = 6, PRO n = 5, Vehicle: n = 5, Naïve n = 7). Differences between 

treatment groups are compared by Kruskal-Wallis test with post hoc Dunn’s multiple 

comparison test, different letters (a, b) represent differences between groups (P < 0.05). 

Abbreviations are as indicated in Fig. 5. 
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Figure 11.  

Male rat models of sciatic-cuff induced neuropathic pain show an increase in ipsilateral 

paw withdrawal thresholds 1-hour post-treatment with pregabalin, progesterone, or 

combination at post-surgical week 1. This acute response to treatment is not seen in 

female immunocompetent or immunocompromised neuropathic pain model animals. 

All NEP model animals were measured at week 1 pre- and 1-hour post-treatments. a. 

Male SD rat models of sciatic-cuff induced neuropathic pain show an acute response to 

treatment with pregabalin, progesterone, and combination as an increase in 50% 
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mechanical paw withdrawal threshold as measured by testing with von Frey filaments. 

Withdrawal thresholds of vehicle-treated animals do not change following treatment. No 

acute responses to treatment are seen in any treatment groups of b. female 

immunocompetent SD rats or c. immunocompromised RNU -/- neuropathic pain model 

animals. 

Data represent the mean ± SEM from n = 4 male SD rats / group; female SD rats: PRE n 

= 6, PRO n = 6, PRE+PRO n = 4, VEH n = 4 rats; and female RNU -/- rats: PRE n = 5, 

PRO n = 5, VEH n = 4, Naïve n = 3 rats. Comparisons within treatment groups are by 

multiple t-tests (*P < 0.05). 
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CHAPTER 4: RNA‐sequencing of lumbar dorsal root ganglia in a rat 

model of cancer‐induced bone pain 
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Preface  

In this chapter, an author-generated version of the manuscript titled “RNA‐sequencing of 

lumbar dorsal root ganglia in a rat model of cancer‐induced bone pain”, prepared for 

submission to Molecular Pain in 2020, is presented. As this is an unpublished manuscript, 

no copyright license documentation is required. 

For this manuscript, I cultured and isolated cells, performed in vitro testing including 

RNA-isolation, and performed surgery to induce the in vivo CIBP models, performed all 

behavioural testing, analyzed data including all RNA-Sequencing data, generated plots 

and drafted the manuscript. RNA samples were measured and sequenced by the 

Farncombe Metagenomics Facility at McMaster University. Ayesha Shahid performed 

H&E histochemistry. Jennifer Fazzari undertook research and training to develop this 

animal model of CIBP and performed surgeries. Gurmit Singh supervised the overall 

project, edited the manuscript, and provided funding for the study. All authors have read 

and approved the final manuscript. 

Context and Background Information 

The work included in this dissertation has regularly referenced structural and molecular 

changes that occur in the peripheral and central nervous systems in conditions of ongoing 

pain. The studies supporting this are robust, and some have produced research and 

therapeutic innovations in pain medicine (Schwei et al. 1999; Bloom et al. 2011; Zhu et 

al. 2018). In the search for new mechanisms and therapeutic targets in the nervous system 

to treat painful conditions, investigators are increasingly using RNA-Sequencing (RNA-

Seq) to measure gene expression in dorsal root ganglia (DRGs) and the lumbar dorsal 

horn of the spinal cord (Perkins et al. 2014; Zhang et al. 2015; Hu et al. 2016; Wu et al. 

2016; Lopes et al. 2017; Ray et al. 2018; Stephens et al. 2018; Stephens et al. 2019). The 

studies included in this chapter are the first to evaluate DRG gene expression by RNA-

Seq in an animal model of CIBP. We compared gene expression in ipsilateral DRGs from 

our validated rat model of MRMT-1 CIBP to contralateral DRGs and to sham negative 
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controls rats and analysed for enriched biological terms and pathways associated with 

patterns of differential expression.  
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ABSTRACT 

Background: Cancer-induced bone pain (CIBP) is complex and often severe, involving 

multiple mechanisms contributing to the induction and maintenance of the pain state, 

including pathological reorganization in the peripheral nervous system. Current 

interventions for CIBP control are often inadequate and are limited by side-effects. 

Aims: To investigate the pathophysiology of CIBP we used a rat model of MRMT-1 

breast cancer bone metastasis to bone to investigate differentially expressed genes 

(DEGs) at the dorsal root ganglia (DRG), including different ontological and pathway 

enrichment. 

Methods: Three weeks after implantation of cancer cells in the femur of female rats or 

sham surgery, L3-6 DRGs were collected and gene expression was measured by mRNA 

selective RNA-Seq. Differential expression was compared between CIBP and sham 

control groups and between ipsilateral and contralateral DRGs of CIBP rats. Enrichment 

analysis using DAVID was performed to identify enriched Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathways and biological process gene ontologies (GO:BP) 

corresponding to DEGs.  

Results: We identified differential expression of 370 transcripts between CIBP and Sham 

groups and 178 transcripts between CIBP ipsilateral and contralateral comparisons. These 

genes corresponded to positive enrichment in terms and pathways associated with 

neuronal signaling and regulation, and reductions in pathways associated with immunity 

in CIBP models. Several target genes are consistent with other investigations of gene 

expression in pain, and others have not previously been identified or investigated in pain 

studies. 

Conclusions: These results are the first RNA-Seq data of DRGs from a model of CIBP. 

Identifying differential gene expression in the sensory nervous system of animal models 

of CIBP provides mechanistic insight into changes in the peripheral nervous system in 
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response to pain, and will provide functional targets for further investigation and 

translational relevance. 

 

INTRODUCTION 

Chronic pain states including cancer pain initiate gene expression changes in central and 

peripheral sensory circuits that can be adaptive or maladaptive and potentially targetable 

for treatment or indicative of mechanistic insight. Gene expression in dorsal root ganglia 

(DRGs) and the lumbar dorsal horn of the spinal cord from animal models of injury, 

neuropathic, and inflammatory pain have been evaluated by numerous microarray-studies 

[22] and by an increasing number of RNA-Sequencing (RNA-Seq) projects to establish 

transcriptomic changes in models or to pursue particular targets [24,31,32,39,40,48,50], 

including by single-cell sequencing [17]. 

The use of RNA-Seq to investigate neurobiological outcomes in these models has 

produced a great deal of data and a number of promising gene and pathway targets, as 

well as scientific tools for model validation and improvement of translational validity 

[32]. In addition, whole-tissue and single-cell transcriptome sequencing has been 

extensively utilized to investigate cancer and its effects on the body, however, the global 

gene expression profile of DRGs or the sensory neurons innervating a painful tumour 

environment have not yet been investigated. 

We have investigated the mRNA expression profile of whole lumbar DRGs containing 

the cell bodies of sensory afferent neurons that innervate the limb of a rat model of 

intrafemoral breast cancer-induced bone pain (CIBP). In addition to multiple 

subpopulations of specialized sensory neurons, DRG tissue includes other cell types that 

cross-talk with neurons and are closely associated with sensory signalling, including 

resident immune cells, and satellite glial cells which envelope the sensory neuron and 

have been demonstrated to contribute to nociceptive signaling [46]. L3-6 DRGs were 

isolated from female rat CIBP models and sham-surgery negative controls, and 
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differentially expressed genes (DEGs) between CIBP and sham models and between 

ipsilateral and contralateral DRGs were determined by mRNA-selective RNA-Seq.  

Tumours in the bone compromise patient functional status, quality of life, and survival, 

and can produce debilitating and intractable pain, which is frequently reported by late-

stage patients [36]. Current therapies for CIBP involve many approaches, described by 

the WHO cancer pain ladder as progression from non-opioid analgesics to strong opioids 

as is necessary to treat progressive pain [47]. Including targeting the tumour mass itself, 

adjuvant interventions intended for pain treatment are employed throughout including 

radiotherapy, bisphosphonates, biologics, and pharmacotherapies that are regularly 

employed for pain including anticonvulsants and antidepressants. These therapies induce 

a wide array of dose-limiting and undesirable side-effects that cause both patients and 

caregivers to limit treatment resulting in unmanaged cancer pain [29]. 

We chose to utilize a rat model of breast cancer bone metastasis as bone the most 

common site of distant breast cancer metastasis, and breast cancers makes up a plurality 

of cases of metastatic tumours in bone [8]. As such, we utilized only female rats in our 

investigation, although the MRMT-1 model of breast CIBP has been induced in male rats 

[12], and sex differences in DRG gene expression have been found in other animal 

models of painful nerve injury [24,40]. 

Studies of DRG and spinal cord gene expression in animal models of pain and nerve 

injury have identified important targets, some of which have shown functional relevance 

in follow-up study [23,33,50]. Our results show similarities and differences in particular 

transcripts and wider patterns of expression compared to published DRG gene expression 

profiles from animal studies. To our knowledge, this is the first investigation to utilize 

RNA-Seq on DRGs from an animal model of cancer pain. These results can generate new 

therapeutic and research targets and can be compared to expression profiles of healthy 

tissue and that of other pain states to more comprehensively distinguish the unique profile 

of CIBP. 
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MATERIALS AND METHODS 

Cell Culture  

The mammary rat metastasis tumour (MRMT-1) rat mammary carcinoma cell line 

(provided by Dr. Philippe Sarret of the Université de Sherbrooke, Sherbrooke, QC) was 

used in CIBP rat models. Cells were maintained in a humidified incubator at 37 °C with 5 

% CO2 in RPMI 1640 (Thermo Fisher Scientific, Inc., Waltham, MA) growth medium 

supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U ml-1 penicillin 

sodium and 1% antibiotic/antimycotic (Thermo Fisher Scientific). MRMT-1 cells were 

tested for mycoplasma contamination prior to experimental use. Cell harvesting for in 

vivo implantation was performed on sub-confluent cultures; adherent cells were 

suspended and kept lightly agitated in sterile Hank’s Balanced Salt Solution (HBSS) on 

ice. 

Cancer-Induced Bone Pain Model 

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 [53] and 

guidelines established by the Canadian Council on Animal Care with ethical approval 

from the McMaster University Animal Research Ethics Board. All experimental animals 

were housed in pairs with access to food and water ad libitum in a temperature-controlled 

room under a 12-hour light/dark cycle. Female Sprague-Dawley (SD) rats (Charles River 

Inc. St. Constant, QC) weighing 170-200 g were utilized for all models. Rats were 

randomly assigned to cancer or sham surgery groups. 

The details of cancer cell implantation to the distal femur for this model have been 

described in detail in previously published methods by the Sarret group [10,42] and ours 

[45]. Briefly, rats were anaesthetized and skin and muscle incised to expose the medial 

epicondyle of the right femur. A small cavity was drilled between the medial epicondyle 

and the adductor tubercle with a 0.8 A stereotaxic drill equipped with a 1.75 mm burr. 
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3.0×104 MRMT-1 cells resuspended in 20 μL HBSS were implanted in the distal femur of 

each cancer pain model rat. Cells for sham surgical controls were suspended at the same 

concentration and inactivated by three heat/freeze cycles prior to implantation. Live 

MRMT-1 or heat/freeze-inactivated MRMT-1 (sham) cell suspension were dispensed into 

the canal. The cavity was then sealed with dental amalgam, and muscle, fascia, and skin 

were sutured.  

Behavioural Analyses 

Rats were exposed to handling and behavioral testing equipment for a 2-week acclimation 

period and assigned individual identification prior to model induction. All behavioral 

testing was performed by the same operator who was blinded to group assignment 

throughout the duration of the study. Behavioral testing was performed prior to model 

induction to obtain baseline data, and weekly, beginning on day 7 post-induction 

continuing until day 21. Dynamic Weight Bearing (DWB) was performed only on day 21. 

All in-vivo data represent the mean ± SEM from n = 6 female SD rats / group. 

Differences between treatment groups over time are compared by multiple t-tests, 

differences between groups at a single timepoint are compared by unpaired t-test (*P < 

0.05). 

Limb Use Scale 

The open field observational limb use scale is an operator-derived numerical 

representation of the use of the animal’s ipsilateral limb, scored over a 5-minute period of 

free ambulation. (0: no use, 1: severe limp, 2: moderate limp, 3: slight limp, 4: normal 

use). This scale has been validated in mouse [27,43] and rat models of CIBP [45].  

Von Frey Mechanical Withdrawal  

To quantify mechanical sensitivity, brisk foot withdrawal in response to normally 

innocuous mechanical stimuli was measured. Von Frey filaments (Stoelting Co., Wood 
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Dale, IL) were applied to the plantar surface of the ipsilateral hind paw to determine 

mechanical withdrawal thresholds using the up-down method of Dixon [9] as applied to 

rodents by Chaplan et al [6]. Our methodology has been previously described in detail 

[45]. A reduction in 50 % mechanical withdrawal threshold by the tumour-bearing limb 

was indicative of allodynia. 

Dynamic Weight Bearing  

Weight, area, and time distribution between all points of pressure of freely moving 

animals were recorded with the Dynamic Weight Bearing test 2.0 (DWB) (BioSeb, 

Vitrolles, France). Each animal was recorded in the DWB apparatus for 5 minutes/test 

and recordings were manually validated with DWB software version 2.0.59 (BioSeb). 

Results were exported as mean weight and time for each point of pressure across the 

validated experiment time. DWB has been validated as a useful test for rat and mouse 

models of CIBP [42,44]. Lesser weight borne by the tumor-afflicted limb relative to 

bodyweight of the animal was accepted as evidence of an inability or aversion to utilize 

that limb, providing indirect evidence of nociception. 

Tissue Collection  

Following data collection on day 21, animals were anaesthetized and sacrificed by 

decapitation. Ipsilateral hindlimbs were dissected and fixed in formalin for 48 hours. X-

Ray scans of all dissected limbs were taken with a Faxitron X-ray system MX-20 

(Faxitron X-ray Co., Wheeling, IL) on Kodak MIN-R 2000 Mammography Film 

(Eastman Kodak, Rochester, NY, USA). Samples were then decalcified in an agitated 10 

% EDTA, 4 % Formalin buffered solution for 1-2 weeks, and embedded in paraffin 

blocks for sectioning. Following sacrifice, ipsilateral and contralateral lumbar L3, L4, L5, 

and L6 DRGs were immediately harvested by a modification of published methods [38], 

and placed into RNAlater RNA Stabilization Reagent (Ambion, Waltham, MA, USA), 

and stored at 4 °C overnight, and then -80 °C until use.  
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RNA Isolation 

L3-6 DRGs were pooled for each animal (n = 6 rats /group, ipsilateral and contralateral 

DRGs pooled independently, therefore n = 24 samples total). DRGs were manually 

homogenized in lysis buffer with a scalpel on an RNAse-free surface on ice, and total 

RNA was isolated and DNase-treated using NucleoSpin RNA XS (Macherey-Nagel, 

Düren, Germany). RNA purity was measured by spectrophotometric analysis. 

RNA Sequencing 

RNA samples were sequenced at the Farncombe Metagenomics Facility of McMaster 

University. RNA quality was assessed using the RNA 6000 Nano kit on a 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA libraries were prepared using 

the NEBNext Ultra Directional RNA Library Prep Kit for Illumina and poly-A mRNA 

was enriched using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New 

England Biolabs, Ipswich, MA). Depth of sequencing was estimated at 5X by the Lander-

Waterman equation (C = LN/G), where L= paired 50 bp, N = 150 million reads / lane, 

and G = 3042 Mbp. Libraries were sequenced on two lanes of the Illumina HiSeq 1500 

platform using the HiSeq Rapid V2 chemistry with onboard cluster generation and 50 bp 

paired-end reads (Illumina, San Diego, CA). To mitigate lane effects, each biological 

replicate was split between two lanes. 

RNA-Seq Data Analysis 

RNA-seq data FASTQ files were accessed at Illumina Basespace  

(https://basespace.illumina.com) and uploaded to the Galaxy web platform, and the public 

server at https://usegalaxy.org was used for all analyses [1]. Sequencing quality of the 

FASTQ files was evaluated using the FastQC tool (Galaxy Version 0.72) [3] and 

MultiQC (Galaxy Version 1.7) [11] was used to aggregate and visualize quality reports. 

Overrepresented and low quality read sequences including remaining Illumina adapter 

sequences were removed with Trimmomatic (Galaxy Version 0.38.0) [5], and re-assessed 
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for read quality after trimming with FastQC and MultiQC. Trimmed reads were mapped 

to the Rattus norvegicus reference genome version Rnor 6.0, from the NCBI RefSeq 

database with the HISAT2 alignment tool (Galaxy Version 2.1.0) [21] and assessed for 

mapping quality with MultiQC. Hits to exons on the Rnor 6.0 genome were counted using 

htseq-count (Galaxy version 0.9.1) [2]. 

Differential gene expression and normalized counts were modeled from count tables 

using DESeq2 (Galaxy version 2.11.40.6), which corrects for multiple comparisons by 

the Benjamini-Hochberg procedure [25]. All downstream analyses on RNA-seq data were 

performed on data generated by DESeq2. Plots were made using DESeq2, Volcano Plot 

(Galaxy version 0.0.3), and Microsoft Excel. The false discovery rate (FDR) adjusted p-

value was (padj < 0.05).  

Enrichment 

Gene ontology analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway enrichment analysis were performed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/) [18,19]. The 

list of DEGs (padj < 0.05) for both ipsilateral CIBP v. Sham and ipsilateral CIBP v. 

contralateral CIBP comparisons were imported into DAVID’s “functional annotation” 

tool and compared against the rattus norvegicus genome. Enriched KEGG pathways and 

Gene Ontology Biological Process (GO:BP) terms were identified with the Expression 

Analysis Systematic Explorer (EASE) tool (maximum EASE score/p-value = 0.1) to 

identify significant gene enrichment. Plots were made using Microsoft Excel. 

Histochemistry 

Hematoxylin and eosin (H&E) staining of hindlimb sections was performed to determine 

the presence of tumour cells and dysregulated bone morphology in MRMT-1 injected 

CIBP models.  Paraffin-embedded tissue samples were sliced at 4 µm and mounted on 

glass slides and baked at 70 °C for 20–30 minutes. Slides were deparaffinized and 
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rehydrated in multiple washes of xylene, ethanol and dH2O, and then stained in Gill #3 

Hematoxylin (Sigma-Aldrich) diluted 1:2 with dH2O for 3 minutes, followed by two 

dH2O rinses and ten seconds in alkaline lithium carbonate.  Slides were then stained for 

45 seconds in 1 % eosin diluted 1:3 in 80 % ethanol.  Following staining, slides were 

dehydrated in several washes each of ethanol and xylene and coverslipped with xylene 

miscible permount (Fisher Scientific) for imaging. 

 

RESULTS 

All rats utilized in gene expression analyses displayed tumour growth in the femur and 

behavioural evidence of cancer-induced bone pain, and no sham rats showed evidence of 

bone dysregulation or pain at week 3 endpoint. 

Body weight was evaluated to determine if MRMT-1 breast cancer cell induced rat 

models of cancer-induced bone pain (CIBP) demonstrated significant signs of illness 

relative to Sham negative controls. Groups did not differ in body weight (Fig 1a) 

throughout the 3 week course of the model. CIBP model rats showed behavioural 

evidence of nociception, including a significant decrease in limb use (Fig 1b) at week 3 

relative to sham control, and (Fig 1c) a significant reduction in 50 % mechanical 

withdrawal threshold at weeks 2 and 3 as measured by von Frey fibres, and a (Fig 1d) 

reduction in weight borne on the tumour-afflicted limb at week 3. Sham animals show an 

initial decrease in 50 % mechanical withdrawal threshold (Fig 1c) in the week 

immediately following surgery, but have recovered to baseline withdrawal thresholds by 

the time of tissue collection following final data collection on day 21. 

All CIBP model animals included expression studies also showed evidence of tumour 

growth in the bone, and sham animals did not. X-ray imaging (Fig 2a) of ipsilateral rat 

femurs from the MRMT-1-induced CIBP group show a loss of density in bone cortex and 

trabecula near the distal epiphysis site of cell implantation relative to Sham control, which 
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all show normal bone morphology at the implantation site. Hematoxylin and Eosin 

(H&E) staining (Fig 2b) of sections from the ipsilateral distal femur shows no tumour cell 

invasion and normal appearance of bone and growth plate in Sham control rats, whereas 

CIBP model animals (Fig 2c) show tumour-cell invasion and degradation of the growth 

plate and cortical and trabecular bone. 

Dorsal root ganglion gene expression analyzed by RNA-seq identified differential 

expression of 370 transcripts between CIBP and Sham groups and 178 transcripts 

between CIBP ipsilateral and contralateral comparisons. 

Patterns of differential expression and transcript abundance derived from RNA-

sequencing of ipsilateral pooled L3-6 dorsal root ganglia (DRGs) collected at week 3 

from CIBP model rats and Sham controls are displayed in Figure 3. 370 genes were 

significantly (padj < 0.05) differentially expressed, with 192 upregulated and 177 

downregulated targets in CIBP DRGs, as identified by DESeq2. Relative gene expression 

(logFC) and -log10(p-value) of each transcript comparison is plotted by volcano plot (Fig 

3a), with significantly upregulated genes indicated in red and significantly downregulated 

genes indicated in blue. The full list of DEGs for this comparison is available in 

Supplementary Table S1. The heatmap (Fig 3b) indicates overall gene expression count 

similarities between all samples included in this analysis, as analyzed by principal 

component analysis on normalized gene expression counts. An MA plot (Fig 3c) showing 

global gene expression across this comparison, with differential expression plotted along 

the y-axis and average expression strength along the x-axis. Genes passing the 

significance threshold (adjusted p-value < 0.05) are coloured in red.  

In the ipsilateral CIBP v. contralateral CIBP comparison of differential DRG gene 

expression, 178 genes were found to be differentially expressed, with 95 upregulated and 

82 downregulated targets in ipsilateral CIBP DRGs, as identified by DESeq2. Relative 

gene expression (logFC) and -log10(p-value) of each transcript comparison is plotted by 

volcano plot (Fig 4a), with significantly upregulated genes indicated in red and 

significantly downregulated genes indicated in blue. The full list of DEGs for this 
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comparison is available in Supplementary Table S2. Overall gene expression count 

similarities between all samples included in this analysis, is indicated by heatmap (Fig 4b) 

as analyzed by principal component analysis on normalized gene expression counts. 

Global gene expression across this comparison is indicated by MA plot (Fig 4c) showing 

differential expression plotted along the y-axis and average expression strength along the 

x-axis. Genes passing the significance threshold (adjusted p-value < 0.05) are coloured in 

red. 

A principal component analysis plot also shows variation among normalized gene counts 

of all samples in Supplementary Figure S1 for ipsilateral CIBP vs. Sham groups (Fig 

S1a), and ipsilateral vs contralateral CIBP (Fig S1b).  

Enriched Gene Ontology Biological Process terms are indicative of increased neuronal 

signalling and cellular reorganization in ipsilateral CIBP DRGs relative to both sham 

and contralateral comparators. 

Enriched Gene Ontology Biological Process (GO:BP) terms associated with upregulated 

DEGs (adjusted p-value < 0.05) in ipsilateral DRGs from CIBP model rats vs. ipsilateral 

DRGs from Sham controls (Fig 5) are displayed with bubble size representing the number 

of upregulated genes in each GO:BP term, and the top 10 terms and genes detailed. 

Downregulated GO:BP terms and their component genes are detailed in (Fig 6). Overall, 

in the ipsilateral CIBP vs. ipsilateral Sham comparison there are 84 upregulated GO:BP 

terms including GO:0007269 (neurotransmitter secretion), GO:0031175 (neuron 

projection development), and GO:0007017 (microtubule-based process). 188 

downregulated GO:BP terms including GO:0051897 (positive regulation of protein 

kinase B signaling), GO:0008285 (negative regulation of cell proliferation), and 

GO:0006955 (immune response). There are 33 upregulated KEGG pathways including 

rno04915 (Estrogen signaling pathway), rno04721 (Synaptic vesicle cycle), and rno04722 

(Neurotrophin signaling pathway). 33 downregulated KEGG pathways including 

rno04514 (Cell adhesion molecules (CAMs)), and rno04640 (Hematopoietic cell lineage). 
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In the ipsilateral CIBP vs. contralateral CIBP comparison there are fewer DEGs and 

fewer different enrichment terms and pathways. Upregulated GO:BP terms and their 

component genes are detailed in (Fig 7), and downregulated GO:BP terms and their 

component genes are detailed in (Fig 8).  These including 24 upregulated GO:BP terms 

including GO:0045666 (positive regulation of neuron differentiation), GO:0006886 

(intracellular protein transport), and GO:0007411 (axon guidance). 23 downregulated 

GO:BP terms including GO:0098609 (cell-cell adhesion), and GO:0006886 (intracellular 

protein transport). There is 1 upregulated KEGG pathway, rno04921 (Oxytocin signaling 

pathway) and 5 downregulated KEGG pathways including rno04141 (Protein processing 

in endoplasmic reticulum) and rno01100 (Metabolic pathways). 

 

DISCUSSION 

Conditions of persistent pain cause pathological reorganization in the peripheral nervous 

system both in the innervating sensory neurons at the site of injury or disease, and in the 

spinal cord [4,37,51]. Cancer pain in particular is a complex state involving features of 

inflammatory and neuropathic pain including dysregulated sensory neuron growth, and 

distinct neurochemical and cellular features in the spinal cord and DRG that are not 

shared with inflammatory or neuropathic pain states [16]. Bones are unevenly innervated 

with sympathetic and sensory nerve fibres including Aβ-, Aδ- and C-fibres in the 

periosteum, mineralized bone and bone marrow [20,26]. The densely innervated 

periosteum is highly sensitive to disruption, however many painful bone lesions have 

been found without periosteal involvement [36]. As such, the mechanisms responsible for 

the induction and maintenance of CIBP are heterogeneous and complex, involving the 

noxious substances released by tumour-associated cells, the inflammatory tumour 

response, bone tissue damage and remodelling, and direct neuronal damage and 

sprouting. Current therapies for CIBP are often inadequate and produce undesired side 

effects, and there is an immediate need for effective, non-opioid based therapies that 

extends beyond cancer-specific pain. 
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We used a well-established rat model of MRMT-1 breast cancer cell CIBP in this study 

that involves implantation and growth of a tumour in one femur over the course of three 

weeks, and a sham control that uses heat / freeze inactivated cancer cells implanted in the 

same manner. Using naïve rats as control would have eliminated any gene expression 

changes induced by surgery, but as the intervention in this model is extensive, we chose 

to utilize a sham to better control for CIBP-specific changes. Behavioural data indicates 

no evidence of pain in sham animals at the time of tissue collection for sequencing. 

Behavioural measurements throughout the course of the model and X-Ray and Histology 

imaging confirmed the validity of every animal model from which tissues were collected. 

To obtain a comprehensive sample of innervation of the femur and tumour-affected area 

in this model, we collected, pooled and extracted RNA for sequencing from the L3-6 

DRGs of each rat. L3-6 were chosen as they all contribute innervation to tissues involved 

with a tumour of the lower limb, through the sciatic and femoral nerves [41]. 

As opposed to cell-sorting or single-cell RNA-Seq which dissociates tissues and can 

identify transcriptomic variance in specific cell populations, we chose to examine 

transcripts in pooled whole DRG tissue. The DRG includes the cell bodies of sensory 

neurons that innervate the hindlimb, as well as resident macrophages, T- and B-

lymphocytes, fibroblasts, vascular smooth muscle and endothelial cells, as well as 

satellite glial cells [15]. Satellite glial cells are well-established to engage in 

microenvironment control and cross-talk with sensory neurons that can contribute to pain 

signaling [46]. In addition, the DRG does not have a functional blood-brain barrier, with 

fenestrated capillaries allowing blood-borne cells and molecules to infiltrate the DRG 

[15], including peripheral immune cells which have been demonstrated to infiltrate DRGs 

in a sex-dependent manner in a mouse model of nerve injury [24]. Our analysis therefore 

cannot ascribe differential expression of any target transcript to any particular cell type, 

however the involvement of multiple cell types in the generation and maintenance of 

chronic and cancer pain is well-established [49], and possible targets may emerge from 

any cell type in the DRG. 
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The inclusion of six biological replicates per group subjected to paired-end 50 bp reads 

allows this study to be well-powered, and the protocols utilized for data analysis 

including DESeq2 are well-validated to detect differential expression between groups. 

We included two pairwise comparisons to determine sensory effects when comparing 

between CIBP and Sham, and to control for potential systemic changes within CIBP 

models, a comparison between ipsilateral and contralateral gene expression in CIBP rats 

was included. 

We found a substantial number of DEGs in both comparisons, although there were 

approximately twice as many in the in the ipsilateral CIBP vs. ipsilateral Sham as in the 

ipsilateral CIBP vs. contralateral CIBP comparison. Overall, fold changes were relatively 

limited, but results were robustly significant as analyzed by DESeq2.  

Many upregulated DEGs in ipsilateral DRGs of the CIBP model in both comparisons are 

associated with the processes of neurotransmission and neuronal development. These 

include GO:BP terms for neurotransmitter secretion, neuron projection development, 

microtubule-based process, axon guidance, neuron differentiation and others. Upregulated 

KEGG pathways in both comparisons also reflect this trend with upregulated pathways 

for synaptic vesicle cycle, and neurotrophin signaling pathway significantly enhanced. 

Given the evidence of increased sensory signalling along DRG neurons in a models of 

cancer pain [52], as well as the well documented new sensory neuronal growth in bone in 

response to metastatic cancer [4], the upregulation of genes associated with these 

processes is expected. 

More unexpected were the multiple downregulated DEGs and the resulting enhanced 

GO:BP terms and KEGG pathways in ipsilateral DRGs of the CIBP model in both 

comparisons that are associated with inflammation and the immune system. These include 

GO:BP terms for immune response and response to oxidative stress, as well as KEGG 

pathways for hematopoietic cell lineage, antigen processing and presenting, and for 

multiple infections. Given the evidence of increased immune cell infiltration to the DRGs 

in cases of chronic pain [24] 
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Contrary to this however, it is notable that some of the most downregulated pathways and 

terms in ipsilateral DRGs of the CIBP model over both comparisons are related to cell 

adhesion - processes that regulate immune cell infiltration to the DRG. 

Our investigation did not detect many targets identified by other gene-expression work in 

DRGs from models of neuropathic [50] and cancer pain [34], including categories of ion 

channels, opioid receptors, cytokines, chemokines, and the MAPK1/ERK2 pathway [34] 

which was conversely downregulated in our CIBP model. Some of these reported targets 

from the literature have limited evidence for replicability, while others including P2X 

purinergic receptors [23] are well-validated in particular models, yet do not appear in our 

investigation.  

Several targets that are established markers of sensory DRG neurons and also known to 

be associated with pain signalling were upregulated in ipsilateral CIBP DRGs, including 

NTRK1 and MRGPRD, both of which have been demonstrated to be well-conserved 

between humans and mice [32]. In addition, the enriched GO:BP and KEGG terms 

associated with our DEGs were closely aligned with those from recent studies that 

utilized similar workflows to analyze gene expression of rat spinal cord and DRG after 

painful nerve injury [39,40], showing thematic consistency between these pain states. 

Several DEGs identified in this study present particularly interesting targets of interest 

despite their omission from gene expression studies of other pain states. These include 

upregulated Vgf, a neuropeptide precursor that is inducible by nerve growth factor (NGF) 

and that has been demonstrated to produce an acute hyperalgesic response when injected 

in rats, and has been investigated for a potential role in neuropathic pain [7]. Another 

target of interest is upregulated STXBP1 which is associated with neurotransmitter 

release and has been extensively investigated in epilepsy and several encephalopathies, 

where loss of function is associated with negative outcomes [28].  

Many DEGs identified in this study have not been reported to be associated with pain or 

have yet to be investigated in this context. These include top upregulated targets such as 

Fam150b, previously described only as an anaplastic lymphoma kinase activating ligand 
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[14]; and downregulated Dpt, a principal component of the extracellular matrix, which 

has recently been revealed to play a significant role in the central nervous system 

remodelling that is associated and potentially causative of chronic pain [30]. 

It is also important to note that a proportion of the DEGs identified in our study are likely 

to be unrelated to CIBP and are in fact a result of other effects of cancer or are artifacts. 

Transcriptional changes do not necessarily reflect changes in protein or function [13], and  

functional testing follow-up including knockout or direct targeting would be required to 

firmly establish a relationship between any of these DEG targets and CIBP following 

confirmation of differential expression by qPCR. 

The findings of this study are limited by our use of only one sex of model animal. While 

we used a model of breast cancer, it has been repeatedly demonstrated that sex 

differences are important to account for in pain research [35], although some RNA-seq 

studies have shown a limited effect of sex on findings [39]. 

To our knowledge, this is the first investigation to utilize RNA-Seq on DRGs from an 

animal model of cancer pain. Our findings showed some overlap with differential 

expression results from other studies of sensory neuron and DRG gene expression in 

conditions of pain, and a number of unique and interesting potential targets. These results 

should be a utilized as a resource for functional investigation of DEGs and pathways 

identified here, and for target validation from other hypothesis-driven investigations. 
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FIGURES 

 

Figure 1.  

MRMT-1 cell induced rat models of cancer-induced bone pain (CIBP) do not differ in 

body weight (a) from Sham control rats through the 3 week course of the model. CIBP 

model rats show behavioural evidence of nociception including a significant decrease in 

limb use (b) at week 3 relative to sham control, and (c) a significant reduction in 50% 

mechanical withdrawal threshold at weeks 2 and 3 as measured by von Frey fibres, and a 

(d) reduction in weight borne on the tumour-afflicted limb at week 3.  Data represent the 

mean ± SEM from n = 6 female SD rats / group. Differences between treatment groups 
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over time (a, b, c) are compared by multiple t-tests, differences between groups in DWB 

(d) are compared by unpaired t-test (*P < 0.05). 

 

 

Figure 2. 

Representative X-ray images (a) of ipsilateral rat femurs from the MRMT-1-induced 

cancer-induced bone pain (CIBP) group show a loss of density in bone cortex and 

trabecula near the distal epiphysis site of cell implantation relative to Sham control, which 

show normal bone morphology at the implantation site. (b) Hematoxylin and Eosin 

(H&E) staining of sections from the ipsilateral distal femur shows no tumour cell 

invasion and normal appearance of bone and growth plate in Sham control rats. (c) 

MRMT-1 CIBP model animals show tumour-cell invasion and degradation of the growth 

plate and cortical and trabecular bone. (Scale bars = 200 µM). 
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Figure 3. 

A visual summary of patterns of differentially expressed genes (DEGs) derived from 

RNA-sequencing of ipsilateral pooled L3-6 dorsal root ganglia (DRGs) collected at week 

3 from cancer-induced bone pain (CIBP) model rats and Sham controls, (n = 6) rats / 

group. 

A volcano plot (a) shows both up- (indicated in red) and down-regulated (indicated in 

blue) DEGs in CIBP ipsilateral DRGs relative to sham. The top 20 most significant DEGs 

(by adjusted p-value) are named. The heatmap (b) indicates overall gene expression count 

similarities between all samples included in this analysis, as analyzed by principal 

component analysis on normalized gene expression counts. An MA plot (c) showing 

global gene expression across this comparison, with differential expression plotted along 

the y-axis and average expression strength along the x-axis. Genes passing the 

significance threshold (adjusted p-value < 0.05) are coloured in red.  

 

 

 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 163 

 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 164 

Figure 4. 

A visual summary of patterns of differentially expressed genes (DEGs) derived from 

RNA-sequencing of ipsilateral and contralateral pooled L3-6 dorsal root ganglia (DRGs) 

collected at week 3 from cancer-induced bone pain (CIBP) model rats (n = 6). 

A volcano plot (a) shows both up- (indicated in red) and down-regulated (indicated in 

blue) DEGs in ipsilateral DRGs from CIBP animals. The heatmap (b) indicates overall 

gene expression count similarities between all samples included in this analysis, as 

analyzed by principal component analysis on normalized gene expression counts. An MA 

plot (c) showing global gene expression across this comparison, with differential 

expression plotted along the y-axis and average expression strength along the x-axis. 

Genes passing the significance threshold (adjusted p-value < 0.05) are coloured in red.  
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Figure 5. 

Gene Ontology Biological Process (GO:BP) pathways associated with upregulated 

Differentially Expressed Genes (DEGs) (adjusted p-value < 0.05), in ipsilateral dorsal 

root ganglia (DRGs) from cancer-induced bone pain (CIBP) model rats vs. DRGs from 

Sham controls, (n = 6) rats / group. The 10 most significant GO:BP terms are displayed 

with bubble size representing the number of upregulated genes / GO:BP term. The top 10 

terms and genes are detailed in the table. 
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Figure 6. 

Gene Ontology Biological Process (GO:BP) pathways associated with downregulated 

Differentially Expressed Genes (DEGs) (adjusted p-value < 0.05), in ipsilateral dorsal 

root ganglia (DRGs) from cancer-induced bone pain (CIBP) model rats vs. DRGs from 

Sham controls, (n = 6) rats / group. The 10 most significant GO:BP terms are displayed 

with bubble size representing the number of upregulated genes / GO:BP term. The top 10 

terms and genes are detailed in the table. 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 169 

 

 

 

GO:BP Term Genes

positive regulation of neuron 

differentiation EIF4G1, NCOA1, MMD, MAPK8IP3, TIMP2

intracellular protein transport COPG1, AP1B1, TBC1D9, RPH3A, NSF, TBC1D9B

axon guidance SEMA6A, NECTIN1, MAPK8IP3, ROBO2, GAP43

clathrin coat disassembly DNAJC6, GAK

regulation of macroautophagy ATP6V0A1, PRKAA2

vesicle-mediated transport COPG1, AP1B1, MAPK8IP3, NSF

actin cytoskeleton 

organization CORO2B, MTSS1, FLII, WDR1

social behavior NRXN2, MAPK8IP2, DLG4

organelle transport along 

microtubule COPG1, KIF3C

hematopoietic stem cell 

homeostasis ATP8B2, ADAR

Positive regulation of 
neuron differentiation

Intracellular protein 
transport

Axon guidance

Clathrin coat 
disassembly

Regulation of 
macroautophagy

Vesicle-mediated 
transport

Actin cytoskeleton 
organization

Social behavior

Hematopoietic stem 
cell homeostasis

Organelle transport 
along microtubule

-20

0

20

40

60

80

100

120

140

160

180

1 2 3 4

Fo
ld

 E
n

ri
ch

m
en

t

-log10 p value

CIBP R v. CIBP L - Upregulated GO:BP Terms



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 170 

Figure 7. 

Gene Ontology Biological Process (GO:BP) pathways associated with upregulated 

Differentially Expressed Genes (DEGs) (adjusted p-value < 0.05), in ipsilateral dorsal 

root ganglia (DRGs) from cancer-induced bone pain (CIBP) model rats vs. DRGs from 

contralateral rats of the same group (n = 6). The 10 most significant GO:BP terms are 

displayed with bubble size representing the number of upregulated genes / GO:BP term. 

The top 10 terms and genes are detailed in the table. 
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Figure 8. 

Gene Ontology Biological Process (GO:BP) pathways associated with downregulated 

Differentially Expressed Genes (DEGs) (adjusted p-value < 0.05), in ipsilateral dorsal 

root ganglia (DRGs) from cancer-induced bone pain (CIBP) model rats vs. DRGs from 

contralateral rats of the same group (n = 6). The 10 most significant GO:BP terms are 

displayed with bubble size representing the number of upregulated genes / GO:BP term. 

The top 10 terms and genes are detailed in the table. 
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Supplemental Figures and Tables 

 

Figure S1. 

Principal component analysis plot showing variation among normalized gene counts of all 

samples in (a) ipsilateral CIBP vs. Sham groups, and (b) Ipsilateral vs contralateral CIBP. 

Neither analysis shows batch effects. 
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Table S1.  

All Differentially Expressed Genes CIBP v Sham ipsilateral groups (adjusted p-value < 

0.05). 

 baseMean log2FC lfcSE stat pvalue padj 

Fam150b 19.45 0.46 0.06 7.23 5.01E-13 7.62E-09 

Rpl37a 328.19 -0.30 0.05 -6.56 5.45E-11 3.67E-07 

Vgf 110.02 0.41 0.06 6.52 7.24E-11 3.67E-07 

Jun 589.04 0.22 0.03 6.33 2.38E-10 9.03E-07 

Stxbp1 5914.86 0.12 0.02 6.11 1.03E-09 2.60E-06 

Tubb2b 1554.94 0.13 0.02 6.13 8.95E-10 2.60E-06 

Dpt 28.40 -0.37 0.06 -5.95 2.73E-09 5.94E-06 

F3 19.53 -0.41 0.07 -5.87 4.35E-09 8.28E-06 

Pappa 77.23 0.38 0.06 5.82 5.83E-09 9.85E-06 

Ncdn 5433.80 0.16 0.03 5.74 9.26E-09 1.41E-05 

Syt11 7970.47 0.08 0.01 5.71 1.10E-08 1.52E-05 

Prph 12929.36 0.17 0.03 5.70 1.23E-08 1.56E-05 

Nectin1 363.00 0.23 0.04 5.66 1.47E-08 1.72E-05 

Atp13a2 1588.93 0.11 0.02 5.64 1.70E-08 1.85E-05 

Vat1 1772.07 0.18 0.03 5.54 2.96E-08 3.01E-05 

LOC100912380 283.45 0.39 0.07 5.47 4.39E-08 4.17E-05 

Ptger3 38.84 0.38 0.07 5.46 4.88E-08 4.37E-05 

Pi16 72.18 -0.32 0.06 -5.26 1.47E-07 0.000123987 

Parp1 788.92 0.16 0.03 5.23 1.69E-07 0.000135057 

Iqce 103.82 0.32 0.06 5.21 1.92E-07 0.000146301 

Mrgprd 322.96 0.22 0.04 5.13 2.84E-07 0.000205932 

Pirt 4327.12 0.11 0.02 5.12 2.99E-07 0.0002061 

Scg3 2231.72 0.11 0.02 5.12 3.12E-07 0.0002061 

Brsk1 1492.38 0.11 0.02 5.04 4.77E-07 0.000290014 

RT1-A2 76.43 -0.33 0.07 -5.04 4.59E-07 0.000290014 

Dctn1 5104.66 0.14 0.03 4.99 6.06E-07 0.000344228 

P2rx3 3229.17 0.15 0.03 4.99 6.11E-07 0.000344228 

Ankrd52 884.31 0.14 0.03 4.93 8.23E-07 0.000421469 

LOC100910768 298.35 0.30 0.06 4.94 7.96E-07 0.000421469 

Mapt 3734.59 0.10 0.02 4.93 8.31E-07 0.000421469 

Ddr2 140.57 -0.34 0.07 -4.89 1.02E-06 0.000488559 

Igfbp5 325.99 -0.33 0.07 -4.88 1.08E-06 0.000488559 
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Sdc2 252.07 -0.26 0.05 -4.87 1.09E-06 0.000488559 

Shc2 772.66 0.15 0.03 4.87 1.09E-06 0.000488559 

Nt5dc3 355.99 0.22 0.04 4.85 1.22E-06 0.000530833 

Tes 325.22 0.21 0.04 4.84 1.30E-06 0.000548772 

Ret 4831.34 0.14 0.03 4.83 1.34E-06 0.000551851 

Eif3a 1237.55 0.11 0.02 4.81 1.50E-06 0.000598723 

RGD1564963 14.85 -0.33 0.07 -4.79 1.67E-06 0.000649707 

Usp20 1231.15 0.14 0.03 4.79 1.71E-06 0.000649707 

Esam 28.84 -0.34 0.07 -4.75 2.01E-06 0.0007456 

Eya1 3.48 -0.22 0.05 -4.74 2.16E-06 0.000783344 

Tuba1b 4096.75 0.15 0.03 4.73 2.28E-06 0.000808179 

Itm2b 2094.13 -0.12 0.03 -4.72 2.39E-06 0.000827689 

Gsn 1557.10 -0.33 0.07 -4.71 2.49E-06 0.000841058 

Gna14 611.99 0.24 0.05 4.70 2.57E-06 0.00084915 

Prdm12 760.01 0.16 0.03 4.69 2.75E-06 0.000891276 

Dpysl4 747.46 0.18 0.04 4.68 2.92E-06 0.000924936 

Gpx1 277.37 -0.23 0.05 -4.65 3.26E-06 0.000991375 

RT1-Db1 31.95 -0.31 0.07 -4.66 3.22E-06 0.000991375 

Zic1 18.20 -0.30 0.07 -4.65 3.39E-06 0.001010688 

Tgfb1i1 167.47 0.25 0.05 4.63 3.63E-06 0.001060688 

Spock2 8999.96 0.10 0.02 4.62 3.76E-06 0.0010784 

Actr1a 3037.86 0.11 0.02 4.62 3.86E-06 0.001087225 

Lingo1 615.42 0.16 0.03 4.60 4.22E-06 0.001166501 

Plaur 86.72 0.27 0.06 4.58 4.66E-06 0.001243343 

Rtfdc1 576.12 0.16 0.03 4.58 4.65E-06 0.001243343 

Dmtf1 265.93 0.21 0.05 4.55 5.27E-06 0.001382865 

Prelp 83.77 -0.32 0.07 -4.54 5.64E-06 0.001455109 

Celf3 31.73 0.32 0.07 4.53 5.91E-06 0.001497111 

Scara5 82.78 -0.32 0.07 -4.51 6.46E-06 0.001611079 

Esyt1 1998.44 0.14 0.03 4.49 7.03E-06 0.001698174 

Stac 521.06 0.18 0.04 4.49 7.03E-06 0.001698174 

Rps28 154.19 -0.28 0.06 -4.48 7.52E-06 0.001786206 

LOC100912041 59.18 -0.31 0.07 -4.46 8.18E-06 0.001914514 

Chrna6 168.78 0.30 0.07 4.45 8.41E-06 0.001938059 

Glis2 57.14 -0.30 0.07 -4.44 8.82E-06 0.001973446 

Slc45a4 762.37 0.13 0.03 4.44 8.81E-06 0.001973446 

Clec4a3 13.66 -0.29 0.07 -4.43 9.64E-06 0.002124103 

Ap1b1 929.39 0.13 0.03 4.41 1.05E-05 0.002274972 
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Jam2 299.39 -0.21 0.05 -4.40 1.06E-05 0.002278571 

Kcna6 788.90 0.14 0.03 4.39 1.12E-05 0.002360157 

Tbcd 1070.27 0.17 0.04 4.39 1.13E-05 0.002360848 

Emp1 91.00 -0.30 0.07 -4.38 1.20E-05 0.002369166 

Gnao1 2732.15 0.11 0.02 4.38 1.19E-05 0.002369166 

Mmd 157.63 0.21 0.05 4.38 1.17E-05 0.002369166 

Ntrk1 1688.31 0.15 0.03 4.39 1.15E-05 0.002369166 

Rpl12 199.17 -0.28 0.06 -4.37 1.23E-05 0.002369166 

Rps16 872.23 -0.18 0.04 -4.37 1.23E-05 0.002369166 

Gdpd5 307.95 0.19 0.04 4.36 1.29E-05 0.002399952 

Lum 259.18 -0.25 0.06 -4.36 1.29E-05 0.002399952 

Syt1 1359.72 0.12 0.03 4.36 1.28E-05 0.002399952 

Rgs3 1861.13 0.15 0.03 4.36 1.32E-05 0.002422418 

Iah1 89.43 -0.26 0.06 -4.35 1.35E-05 0.002436919 

Rfng 298.34 -0.18 0.04 -4.34 1.39E-05 0.002493023 

Fxyd1 268.65 -0.25 0.06 -4.34 1.45E-05 0.002573321 

Eepd1 704.75 0.13 0.03 4.33 1.47E-05 0.002575383 

Nploc4 788.51 0.16 0.04 4.32 1.58E-05 0.002709603 

Vsig10l 159.56 -0.30 0.07 -4.32 1.59E-05 0.002709603 

Ptgds 491.79 -0.25 0.06 -4.31 1.66E-05 0.002813317 

Cd4 68.71 -0.30 0.07 -4.28 1.84E-05 0.003003258 

Ppfia3 618.74 0.16 0.04 4.28 1.86E-05 0.003003258 

RGD1562618 400.03 0.17 0.04 4.28 1.86E-05 0.003003258 

Sema4f 518.36 0.18 0.04 4.28 1.88E-05 0.003003258 

Spire2 540.52 0.17 0.04 4.28 1.84E-05 0.003003258 

Nptxr 1194.41 0.13 0.03 4.27 1.94E-05 0.003081575 

Dagla 699.41 0.15 0.04 4.26 2.02E-05 0.003128453 

Mapk3 3613.35 0.07 0.02 4.26 2.01E-05 0.003128453 

Rab6b 7888.78 0.06 0.01 4.25 2.12E-05 0.003256719 

Ggt7 1194.75 0.13 0.03 4.24 2.28E-05 0.003435782 

Thop1 201.70 0.20 0.05 4.24 2.26E-05 0.003435782 

Rpl35 480.69 -0.18 0.04 -4.23 2.31E-05 0.003442659 

Cdipt 1325.95 0.10 0.02 4.23 2.37E-05 0.003468152 

Lsp1 30.23 -0.29 0.07 -4.23 2.37E-05 0.003468152 

Abi3bp 170.69 -0.27 0.06 -4.22 2.41E-05 0.003473422 

Cav1 303.48 -0.25 0.06 -4.22 2.42E-05 0.003473422 

Tmem255a 377.84 -0.15 0.04 -4.22 2.44E-05 0.003473422 

Add2 3117.19 0.08 0.02 4.21 2.54E-05 0.003582582 
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Id3 228.80 -0.25 0.06 -4.20 2.66E-05 0.003716273 

Oxct1 1040.22 0.16 0.04 4.17 3.05E-05 0.004216185 

Tlr8 11.42 -0.26 0.06 -4.15 3.38E-05 0.004628455 

Impdh1 1738.07 0.13 0.03 4.14 3.47E-05 0.00469769 

Rph3a 2662.49 0.12 0.03 4.14 3.49E-05 0.00469769 

Atp5i 230.67 -0.25 0.06 -4.10 4.22E-05 0.005596873 

Fam189b 3494.32 0.08 0.02 4.09 4.23E-05 0.005596873 

MAST1 1865.17 0.10 0.02 4.08 4.42E-05 0.00578979 

Klc2 3048.00 0.09 0.02 4.08 4.50E-05 0.005821451 

Txnip 449.32 -0.26 0.06 -4.08 4.52E-05 0.005821451 

Ngfr 4297.48 0.14 0.03 4.08 4.59E-05 0.005864699 

Igf2 50.28 -0.25 0.06 -4.05 5.05E-05 0.006402129 

Ccdc92 2771.65 0.13 0.03 4.03 5.59E-05 0.007026645 

Syn2 1282.09 0.11 0.03 4.03 5.69E-05 0.007094652 

Copg1 2182.50 0.09 0.02 4.02 5.85E-05 0.007229451 

Rpl27 323.16 -0.20 0.05 -4.02 5.91E-05 0.007243941 

Hsp90ab1 11443.53 0.09 0.02 4.01 6.12E-05 0.007445239 

RT1-Ba 21.15 -0.20 0.05 -4.00 6.20E-05 0.007487536 

Anxa5 4911.24 0.10 0.03 4.00 6.26E-05 0.007497009 

Fcer1g 26.94 -0.27 0.07 -4.00 6.38E-05 0.007523944 

Kif21a 4495.88 0.10 0.03 4.00 6.34E-05 0.007523944 

Adam19 1217.79 0.19 0.05 3.99 6.61E-05 0.007735963 

Chrna7 499.10 0.17 0.04 3.99 6.71E-05 0.007736176 

Rbfox3 616.20 0.12 0.03 3.99 6.66E-05 0.007736176 

Sfrp4 28.85 -0.27 0.07 -3.98 6.83E-05 0.007815434 

LOC108350833 27.69 -0.27 0.07 -3.98 6.97E-05 0.00791496 

Serpinf1 137.49 -0.26 0.07 -3.97 7.06E-05 0.007957738 

Rnf14 2042.28 -0.11 0.03 -3.96 7.48E-05 0.008368442 

LOC100360573 98.52 -0.26 0.07 -3.95 7.81E-05 0.008674993 

Angpt1 26.93 -0.28 0.07 -3.94 7.98E-05 0.008796293 

Syn1 1686.10 0.11 0.03 3.94 8.32E-05 0.009101581 

Rbp4 46.19 -0.28 0.07 -3.93 8.43E-05 0.009162543 

Igfbp4 423.48 -0.24 0.06 -3.93 8.57E-05 0.009246731 

C1qb 35.17 -0.26 0.07 -3.92 9.00E-05 0.009399321 

Clec3b 40.89 -0.27 0.07 -3.92 9.03E-05 0.009399321 

Clec7a 14.97 -0.26 0.07 -3.92 8.84E-05 0.009399321 

Mt3 812.04 -0.21 0.05 -3.91 9.08E-05 0.009399321 

Ptger4 59.16 0.26 0.07 3.92 8.92E-05 0.009399321 
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Siglec5 8.85 -0.23 0.06 -3.92 8.96E-05 0.009399321 

Atp9a 3181.68 0.08 0.02 3.91 9.29E-05 0.009485561 

Nub1 1030.17 0.12 0.03 3.91 9.24E-05 0.009485561 

Fam20c 307.36 -0.15 0.04 -3.90 9.45E-05 0.009572381 

Htr3b 942.68 0.15 0.04 3.90 9.56E-05 0.009572381 

Uba1 2699.44 0.12 0.03 3.90 9.57E-05 0.009572381 

Gas1 31.97 -0.27 0.07 -3.89 9.85E-05 0.009797264 

Pcdha4 1846.31 0.10 0.02 3.89 0.000100464 0.009923141 

Sh3gl2 632.80 0.15 0.04 3.89 0.000101667 0.009977128 

Hcls1 12.33 -0.24 0.06 -3.89 0.000102323 0.009977156 

Fmo3 10.56 -0.23 0.06 -3.88 0.000103647 0.01004183 

Timp2 2942.23 0.07 0.02 3.88 0.000105386 0.010145722 

Chmp1a 759.95 0.15 0.04 3.87 0.000109559 0.010419349 

Dcn 1855.98 -0.25 0.07 -3.87 0.000109924 0.010419349 

Pacsin1 640.96 0.14 0.04 3.87 0.000110968 0.010419349 

Reep3 231.99 -0.18 0.05 -3.87 0.000110391 0.010419349 

Ncoa5 158.16 0.19 0.05 3.84 0.000121416 0.011330379 

PCOLCE2 98.44 -0.23 0.06 -3.83 0.000129951 0.012052947 

Chrna5 67.30 0.25 0.06 3.82 0.000131312 0.012105356 

Adap1 959.27 0.13 0.03 3.82 0.000135221 0.012316473 

Igf1 124.28 -0.25 0.07 -3.82 0.000134785 0.012316473 

Fgfr3 5.92 -0.18 0.05 -3.81 0.000137973 0.012487957 

Gpr34 12.69 -0.24 0.06 -3.81 0.000138746 0.012487957 

Cacnb3 1924.72 0.08 0.02 3.81 0.000141292 0.012642348 

Ctsb 9712.71 0.09 0.02 3.80 0.000146187 0.013003818 

Dbnl 738.39 0.13 0.04 3.79 0.000149991 0.013081651 

Gpc3 81.01 -0.27 0.07 -3.79 0.000151362 0.013081651 

Hus1 129.94 0.27 0.07 3.79 0.000149627 0.013081651 

Itgbl1 77.19 -0.26 0.07 -3.79 0.000150687 0.013081651 

Tubb5 7343.34 0.10 0.03 3.79 0.000149527 0.013081651 

Dync1i1 1821.31 0.12 0.03 3.78 0.000157395 0.013526179 

Msi2 252.05 -0.19 0.05 -3.78 0.000159696 0.013627739 

Tuba1a 7445.58 0.10 0.03 3.77 0.000160368 0.013627739 

Ap3b2 1904.64 0.11 0.03 3.76 0.000172653 0.014590162 

LOC498555 47.38 -0.26 0.07 -3.75 0.000174162 0.014636381 

Btg1 167.72 -0.20 0.05 -3.75 0.000177679 0.014814773 

Dazap2 660.06 -0.11 0.03 -3.75 0.000179926 0.014814773 

Phf24 8550.95 0.13 0.03 3.75 0.000180181 0.014814773 
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Sgsh 16.84 -0.26 0.07 -3.75 0.000179233 0.014814773 

Gpm6a 164.36 -0.20 0.05 -3.73 0.000188468 0.015412854 

Pdgfra 117.43 -0.25 0.07 -3.73 0.000189484 0.015413019 

Ehd3 2631.19 0.10 0.03 3.71 0.000203845 0.016347446 

Mrvi1 35.64 -0.26 0.07 -3.71 0.000203315 0.016347446 

Rusc1 1336.70 0.10 0.03 3.71 0.000204195 0.016347446 

Sepp1 1194.71 -0.14 0.04 -3.71 0.000208449 0.016600588 

Cox17 107.30 -0.22 0.06 -3.70 0.000211684 0.016770451 

Wfs1 572.41 0.16 0.04 3.70 0.00021457 0.016911005 

Epb41l3 7512.10 0.09 0.02 3.70 0.00021666 0.01696115 

Gjb6 4.13 -0.13 0.04 -3.70 0.000217692 0.01696115 

Mefv 14.48 -0.25 0.07 -3.70 0.000218551 0.01696115 

Csrp1 807.87 -0.13 0.03 -3.68 0.000232155 0.017686342 

Eif3c 1217.68 0.19 0.05 3.68 0.000232069 0.017686342 

LOC102551963 9.03 -0.23 0.06 -3.68 0.000231393 0.017686342 

Ptprc 32.75 -0.25 0.07 -3.68 0.000232547 0.017686342 

Anpep 22.12 -0.24 0.06 -3.67 0.000238455 0.018045461 

Rap1gds1 2682.87 0.10 0.03 3.67 0.000239879 0.018063329 

Aif1l 96.66 -0.23 0.06 -3.67 0.000245697 0.018320072 

Thbd 92.37 -0.25 0.07 -3.67 0.000245175 0.018320072 

Thy1 9723.96 0.08 0.02 3.66 0.000250969 0.018621895 

Ccr5 12.34 -0.22 0.06 -3.66 0.000252658 0.018656235 

RT1-Da 88.58 -0.21 0.06 -3.66 0.000255579 0.018741362 

Slc6a20 11.77 -0.19 0.05 -3.66 0.000256275 0.018741362 

LOC102552895 35.69 -0.25 0.07 -3.65 0.000263952 0.019210368 

Tns3 1062.46 -0.12 0.03 -3.64 0.000270935 0.019624722 

Igfbp7 457.98 -0.22 0.06 -3.64 0.000276191 0.019910612 

LOC108350698 33.91 -0.26 0.07 -3.63 0.000282537 0.020179186 

Pcbp4 1639.42 0.08 0.02 3.63 0.00028257 0.020179186 

Cpne4 814.18 0.16 0.04 3.63 0.000285637 0.020302919 

Lhfp 150.45 -0.19 0.05 -3.62 0.000289712 0.020496812 

Tnfrsf14 3.38 -0.14 0.04 -3.62 0.00029917 0.021067964 

Kank2 158.16 -0.23 0.06 -3.61 0.000308462 0.021482727 

Kcnh2 1164.78 0.12 0.03 3.61 0.000309297 0.021482727 

Snurf 31.70 0.26 0.07 3.61 0.000307476 0.021482727 

Aldh1a1 77.78 -0.25 0.07 -3.61 0.000310963 0.021500258 

Cbx6 2025.98 0.08 0.02 3.60 0.000316119 0.021757872 

Gfra1 1380.66 0.12 0.03 3.59 0.000326232 0.02219384 
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Hip1 520.43 0.14 0.04 3.59 0.000326344 0.02219384 

Tubb2a 418.93 -0.20 0.06 -3.59 0.000326831 0.02219384 

Il7 18.78 0.25 0.07 3.59 0.000335588 0.022586822 

Wisp2 11.16 -0.22 0.06 -3.59 0.000335379 0.022586822 

Micb 6.27 -0.16 0.05 -3.58 0.000337466 0.022613228 

Maz 321.48 0.15 0.04 3.57 0.000354448 0.023458604 

Sod3 321.66 -0.20 0.06 -3.57 0.000353158 0.023458604 

Tnfsf13 21.26 -0.25 0.07 -3.57 0.000354709 0.023458604 

Kif5c 4274.06 0.09 0.03 3.56 0.0003642 0.023982014 

Bin2 8.94 -0.20 0.06 -3.56 0.000371793 0.02427612 

Cd74 335.76 -0.22 0.06 -3.56 0.000376646 0.02427612 

Dhcr24 1698.34 0.11 0.03 3.56 0.000374338 0.02427612 

Eef1a2 5146.55 0.13 0.04 3.56 0.000373952 0.02427612 

Zfand2a 359.31 0.15 0.04 3.56 0.000376551 0.02427612 

Fam198b 87.62 -0.23 0.06 -3.55 0.000384433 0.024610964 

Slc18a2 274.34 0.18 0.05 3.55 0.000385077 0.024610964 

Dok4 1702.65 0.11 0.03 3.55 0.000387462 0.024659739 

Ctnnal1 261.52 -0.19 0.05 -3.54 0.000395028 0.025012572 

Parm1 1064.36 0.11 0.03 3.54 0.000396294 0.025012572 

Hnrnpdl 433.89 -0.18 0.05 -3.54 0.000401094 0.025210891 

Pecam1 34.94 -0.25 0.07 -3.54 0.000404365 0.025311899 

Procr 9.52 -0.21 0.06 -3.54 0.00040694 0.025368715 

Efemp1 222.75 -0.16 0.05 -3.53 0.000417368 0.0259126 

Galnt18 417.09 0.16 0.05 3.53 0.0004219 0.026087456 

Tex261 371.85 0.14 0.04 3.52 0.000424317 0.026130693 

Aoc3 64.26 -0.24 0.07 -3.52 0.000431534 0.026467969 

Jph4 831.56 0.12 0.03 3.52 0.000434144 0.026521151 

Ap2a1 1653.37 0.11 0.03 3.52 0.000437732 0.026633339 

Btbd2 873.69 0.10 0.03 3.51 0.000447706 0.027131703 

Galnt14 372.29 0.15 0.04 3.51 0.000455238 0.027478668 

Plscr4 122.45 -0.19 0.05 -3.49 0.00047656 0.028651982 

Fads1 1127.51 -0.15 0.04 -3.49 0.000481853 0.028856175 

Pkd2 91.75 -0.23 0.07 -3.49 0.00048414 0.028879443 

Irf8 23.64 -0.24 0.07 -3.49 0.000487684 0.028963776 

Rap1gap2 1251.65 0.09 0.03 3.49 0.000489362 0.028963776 

C1s 116.38 -0.25 0.07 -3.48 0.000500974 0.029096289 

Grb2 418.63 0.14 0.04 3.48 0.000497353 0.029096289 

LOC108350419 8.61 0.18 0.05 3.48 0.000501165 0.029096289 
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Mrc2 54.97 -0.24 0.07 -3.48 0.000499151 0.029096289 

Rnf20 476.83 0.12 0.04 3.48 0.000499186 0.029096289 

Prdm6 11.55 -0.19 0.05 -3.47 0.000515774 0.02983059 

LOC100911951 14.98 0.19 0.06 3.47 0.000522664 0.030114548 

Itga4 22.43 -0.25 0.07 -3.46 0.000531056 0.030421252 

Sh3bp5 74.68 -0.23 0.07 -3.46 0.000531987 0.030421252 

Tpm2 40.74 -0.24 0.07 -3.46 0.000537161 0.030602093 

Pip5k1c 1769.08 0.08 0.02 3.46 0.000546231 0.031002693 

Tll1 118.83 -0.19 0.05 -3.45 0.000553761 0.031313224 

Ctsk 40.63 -0.24 0.07 -3.45 0.000569846 0.032103441 

LOC102553010 15.71 0.19 0.05 3.44 0.000578107 0.032448663 

Lix1l 109.29 -0.20 0.06 -3.44 0.000590337 0.033013281 

Bmp4 6.60 -0.16 0.05 -3.43 0.000596634 0.033243223 

Tusc5 3773.07 0.09 0.03 3.43 0.000603912 0.033525944 

Aebp1 151.42 -0.24 0.07 -3.43 0.00060619 0.03353003 

Plk3 90.75 0.20 0.06 3.43 0.000611798 0.033717611 

Arap3 173.20 -0.19 0.05 -3.42 0.000615587 0.03380397 

Cntnap1 2337.69 0.11 0.03 3.42 0.000618169 0.033823622 

Dync1li1 728.74 0.10 0.03 3.42 0.000624885 0.033826076 

Entpd4 1521.23 0.11 0.03 3.42 0.000622918 0.033826076 

Ndn 1334.53 0.09 0.03 3.42 0.000623759 0.033826076 

Apba2 598.22 0.11 0.03 3.42 0.000630446 0.034006064 

Mdk 58.52 -0.23 0.07 -3.41 0.000649342 0.034901544 

Csf1r 111.93 -0.24 0.07 -3.40 0.000668721 0.035591326 

Endod1 3760.70 0.06 0.02 3.40 0.000666978 0.035591326 

Npm3 13.89 -0.23 0.07 -3.40 0.000669195 0.035591326 

Adcyap1 354.47 0.18 0.05 3.40 0.000674485 0.035747713 

Abcg1 626.83 0.13 0.04 3.40 0.000685162 0.036155839 

Kcnab2 5760.23 0.09 0.03 3.39 0.00068694 0.036155839 

Serping1 187.43 -0.24 0.07 -3.39 0.000693934 0.036272932 

Sspn 74.64 -0.22 0.06 -3.39 0.000692966 0.036272932 

LOC102549756 11.70 -0.22 0.06 -3.39 0.000696366 0.036275438 

Ap2a2 2217.18 0.10 0.03 3.38 0.000714056 0.036475023 

Col8a1 44.26 -0.24 0.07 -3.39 0.000708554 0.036475023 

Golim4 580.36 -0.11 0.03 -3.39 0.000708068 0.036475023 

Msr1 15.99 -0.23 0.07 -3.38 0.000716983 0.036475023 

Ppef1 787.10 0.11 0.03 3.38 0.000715367 0.036475023 

Rps10l1 79.40 0.22 0.07 3.38 0.000714251 0.036475023 
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Stx1a 169.28 0.18 0.05 3.39 0.000709378 0.036475023 

Hspa12a 5167.49 0.08 0.02 3.38 0.00071967 0.036489681 

LOC102546824 30.39 -0.24 0.07 -3.38 0.00073479 0.037132502 

Il13ra2 8.68 -0.19 0.06 -3.37 0.000743638 0.037408465 

Ndufa12 40.12 -0.24 0.07 -3.37 0.000747439 0.037408465 

RT1-CE10 17.97 -0.24 0.07 -3.37 0.000747628 0.037408465 

Fbn1 258.50 -0.23 0.07 -3.37 0.000762609 0.037908664 

Vcp 3986.22 0.10 0.03 3.37 0.000760973 0.037908664 

Cd37 13.72 -0.23 0.07 -3.36 0.000771147 0.037921772 

Nrxn2 1601.13 0.10 0.03 3.36 0.000772845 0.037921772 

Tgfbr3 284.16 -0.20 0.06 -3.36 0.000768281 0.037921772 

Wars 1122.19 0.09 0.03 3.36 0.000768472 0.037921772 

Kif3c 1583.47 0.10 0.03 3.36 0.000779465 0.0381236 

Btbd3 714.18 0.10 0.03 3.36 0.000785483 0.038294807 

Serpine2 368.97 -0.16 0.05 -3.36 0.000792353 0.038506312 

Apba1 2044.17 0.12 0.04 3.35 0.000799126 0.03871179 

Rnf125 115.34 0.19 0.06 3.35 0.000805932 0.038726985 

Slc47a1 15.15 -0.19 0.06 -3.35 0.000806258 0.038726985 

Soga3 1994.33 0.08 0.02 3.35 0.000807077 0.038726985 

Ghdc 49.39 -0.21 0.06 -3.35 0.000812547 0.038854147 

Tgfb3 161.56 -0.16 0.05 -3.35 0.000814836 0.038854147 

Mmp2 128.66 -0.24 0.07 -3.35 0.000819962 0.038854962 

Tm4sf1 50.07 -0.23 0.07 -3.35 0.000818572 0.038854962 

Ndufab1 399.27 -0.13 0.04 -3.34 0.000835319 0.039459725 

Cybb 31.18 -0.23 0.07 -3.34 0.00084936 0.039998804 

Adam11 1787.04 0.12 0.04 3.33 0.000856418 0.040011372 

Cyth4 26.60 -0.24 0.07 -3.33 0.000854038 0.040011372 

Lyz2 687.31 -0.23 0.07 -3.33 0.000858949 0.040011372 

Sytl3 100.62 0.19 0.06 3.33 0.000860148 0.040011372 

Gm2a 206.52 -0.17 0.05 -3.33 0.000869243 0.04031116 

Rpl15 408.77 -0.14 0.04 -3.33 0.000874646 0.040438426 

Capn2 2128.08 0.09 0.03 3.33 0.000882778 0.04069073 

Atf6b 401.81 0.11 0.03 3.32 0.000887319 0.04069211 

Tmem164 418.73 0.13 0.04 3.32 0.000888159 0.04069211 

Nacad 2090.19 0.10 0.03 3.32 0.000896163 0.04093552 

Ebf2 38.66 -0.23 0.07 -3.32 0.000899613 0.04097011 

C1qc 54.64 -0.23 0.07 -3.32 0.000912529 0.041338225 

Caskin1 1520.99 0.09 0.03 3.32 0.000913132 0.041338225 
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LOC103693777 11.32 0.21 0.06 3.31 0.000926782 0.041831691 

Dock10 323.50 -0.14 0.04 -3.30 0.000970244 0.042964195 

Frmpd3 269.69 0.22 0.07 3.30 0.000969964 0.042964195 

Gstm2 123.87 -0.21 0.06 -3.30 0.000963119 0.042964195 

Shc1 651.21 0.11 0.03 3.30 0.000966656 0.042964195 

Syngr3 1255.60 0.08 0.02 3.30 0.00095476 0.042964195 

Uck2 227.20 0.17 0.05 3.30 0.000964586 0.042964195 

Vasp 493.40 0.11 0.03 3.30 0.000971644 0.042964195 

Robo2 1588.07 0.10 0.03 3.30 0.000977771 0.043109785 

Tspan33 24.49 -0.23 0.07 -3.29 0.000986974 0.043389775 

Drgx 566.22 0.10 0.03 3.29 0.001000957 0.043877688 

Tubb3 19445.29 0.10 0.03 3.28 0.001023168 0.044722426 

Cdkn1c 13.43 -0.20 0.06 -3.28 0.001028577 0.044830056 

Sema5a 571.20 -0.15 0.05 -3.28 0.001056021 0.045894675 

Egfr 47.50 -0.23 0.07 -3.27 0.001064706 0.046009218 

Vash1 857.54 0.10 0.03 3.27 0.001061955 0.046009218 

Slc15a2 68.46 -0.21 0.06 -3.27 0.001071871 0.046187628 

Kcnc4 631.12 0.13 0.04 3.27 0.001081522 0.046471848 

Prss23 30.65 -0.23 0.07 -3.27 0.001092028 0.046791085 

Tlx3 310.92 0.20 0.06 3.26 0.001098396 0.046931742 

Dnajc6 1233.34 0.08 0.03 3.26 0.001105699 0.047111456 

Fermt3 19.72 -0.22 0.07 -3.26 0.001122654 0.047700241 

Eef2 6659.86 0.07 0.02 3.26 0.001126204 0.04771778 

Snx5 251.95 -0.14 0.04 -3.26 0.00113327 0.04784038 

Vegfb 115.24 -0.20 0.06 -3.25 0.001135387 0.04784038 

Foxp1 74.54 -0.19 0.06 -3.25 0.00115723 0.048358864 

Gpm6b 2046.17 -0.10 0.03 -3.25 0.001152822 0.048358864 

Pycard 7.37 -0.19 0.06 -3.25 0.001154686 0.048358864 

Baiap2l1 284.59 0.16 0.05 3.25 0.001169296 0.048575089 

Elk4 151.15 -0.19 0.06 -3.25 0.001171985 0.048575089 

LOC108349640 76.04 -0.21 0.06 -3.25 0.001167315 0.048575089 

Lilra5 8.74 -0.18 0.06 -3.24 0.001178076 0.048694866 

Usp32 1386.40 0.08 0.02 3.24 0.001195532 0.049282497 
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Table S2.  

All Differentially Expressed Genes CIBP ipsilateral v CIBP contralateral groups (adjusted 

p-value < 0.05). 

 
baseMean log2FC lfcSE stat pvalue padj 

Jun 598.75 0.22 0.04 6.09 1.16E-09 7.07E-06 

Cct8 1463.93 -0.15 0.03 -5.27 1.35E-07 0.00041192 

Hadhb 1299.22 -0.18 0.04 -5.04 4.67E-07 0.000948477 

Cyb5a 280.47 -0.19 0.04 -4.82 1.41E-06 0.002155522 

Sema6a 177.26 0.23 0.05 4.70 2.60E-06 0.003162963 

Ncdn 5539.99 0.16 0.03 4.64 3.46E-06 0.003517996 

Atp8b2 753.54 0.15 0.03 4.57 4.92E-06 0.00393556 

Cog8 192.71 0.21 0.05 4.53 5.81E-06 0.00393556 

Gak 614.06 0.14 0.03 4.54 5.64E-06 0.00393556 

Syt3 446.15 0.16 0.03 4.49 6.97E-06 0.004250254 

Dnajc6 1245.80 0.11 0.02 4.45 8.40E-06 0.004653279 

Ankmy2 402.80 -0.16 0.04 -4.42 1.00E-05 0.00497701 

Uba1 2744.22 0.13 0.03 4.40 1.06E-05 0.00497701 

Bcap31 789.52 -0.14 0.03 -4.30 1.73E-05 0.007030491 

Slc25a5 775.31 -0.19 0.05 -4.30 1.73E-05 0.007030491 

Cdh19 699.14 -0.24 0.06 -4.26 2.02E-05 0.007708981 

Nectin1 375.81 0.17 0.04 4.24 2.23E-05 0.008010638 

Tmem176b 3867.91 -0.20 0.05 -4.20 2.70E-05 0.009143708 

Acadm 442.68 -0.16 0.04 -4.13 3.69E-05 0.009629119 

Clk1 298.78 -0.25 0.06 -4.12 3.79E-05 0.009629119 

Mgst1 209.23 -0.20 0.05 -4.16 3.23E-05 0.009629119 

Nrxn2 1623.09 0.12 0.03 4.12 3.75E-05 0.009629119 

Tmem41b 465.10 -0.15 0.04 -4.15 3.37E-05 0.009629119 

Tnpo2 1679.02 0.12 0.03 4.15 3.35E-05 0.009629119 

Ankrd52 899.08 0.14 0.03 4.11 4.02E-05 0.009790213 

Ap1b1 957.50 0.10 0.03 4.00 6.23E-05 0.01002875 

Apoe 16794.39 -0.18 0.04 -4.02 5.83E-05 0.01002875 

Btbd2 885.67 0.12 0.03 4.02 5.76E-05 0.01002875 

Cbln2 433.96 0.15 0.04 4.00 6.42E-05 0.01002875 

Copg1 2234.50 0.08 0.02 4.09 4.32E-05 0.01002875 

Flii 908.35 0.14 0.03 4.05 5.23E-05 0.01002875 

Galnt5 258.43 -0.18 0.04 -4.02 5.89E-05 0.01002875 
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Gfra1 1406.42 0.12 0.03 4.06 4.88E-05 0.01002875 

Kcna1 1062.22 0.13 0.03 4.00 6.28E-05 0.01002875 

Kif3c 1600.81 0.12 0.03 4.03 5.68E-05 0.01002875 

Pabpc1 1151.61 0.10 0.02 4.00 6.33E-05 0.01002875 

Sepp1 1235.94 -0.16 0.04 -4.07 4.61E-05 0.01002875 

Stt3a 511.19 -0.16 0.04 -4.07 4.73E-05 0.01002875 

Tbc1d9 957.39 0.13 0.03 4.05 5.23E-05 0.01002875 

Itm2a 214.59 -0.23 0.06 -3.99 6.64E-05 0.010110271 

Usp15 643.51 -0.14 0.04 -3.97 7.19E-05 0.010687727 

Abhd2 1113.59 0.16 0.04 3.93 8.62E-05 0.011911635 

Acer3 294.05 -0.16 0.04 -3.93 8.44E-05 0.011911635 

Clip2 1508.04 0.11 0.03 3.94 8.21E-05 0.011911635 

Copg2 854.09 -0.11 0.03 -3.92 8.80E-05 0.011911635 

Elp2 564.99 -0.14 0.04 -3.90 9.60E-05 0.01271256 

Oat 823.92 -0.18 0.05 -3.88 0.00010295 0.01334841 

Kcnh1 294.66 0.16 0.04 3.86 0.000113409 0.01439817 

Anapc4 377.71 -0.14 0.04 -3.85 0.00011841 0.014534585 

Clpb 222.33 0.17 0.04 3.85 0.000119253 0.014534585 

Dtymk 185.26 -0.18 0.05 -3.84 0.00012372 0.014677139 

Pdp1 224.27 -0.19 0.05 -3.83 0.000127648 0.014677139 

Tspan31 301.25 -0.18 0.05 -3.83 0.000127452 0.014677139 

Copb2 305.41 -0.15 0.04 -3.80 0.000143815 0.016229792 

LOC108348122 524.23 0.22 0.06 3.78 0.000156088 0.01729451 

Kcnip1 382.36 -0.17 0.05 -3.77 0.000162419 0.017674622 

Dync1i2 3358.77 -0.15 0.04 -3.75 0.000176403 0.017916657 

Gap43 1424.52 0.11 0.03 3.75 0.00017469 0.017916657 

Gba 808.50 0.12 0.03 3.76 0.00017153 0.017916657 

Prpsap2 223.90 -0.17 0.04 -3.76 0.000168051 0.017916657 

Pgm1 369.97 0.16 0.04 3.74 0.000183296 0.018111007 

Rtn4rl1 786.99 0.11 0.03 3.74 0.00018426 0.018111007 

Slc4a2 650.28 0.13 0.04 3.73 0.000191235 0.018498199 

Exosc9 208.39 -0.18 0.05 -3.71 0.000203851 0.01933893 

Fam65a 551.84 0.12 0.03 3.71 0.000209252 0.01933893 

Mtch2 671.94 -0.13 0.04 -3.70 0.000213004 0.01933893 

Rpl15 419.49 -0.15 0.04 -3.70 0.000215794 0.01933893 

Rpl32 262.01 -0.16 0.04 -3.70 0.000212862 0.01933893 

Enpp4 311.07 -0.14 0.04 -3.69 0.000221614 0.019572724 

Gtf2i 1347.39 0.10 0.03 3.69 0.00022521 0.019606168 
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Cct4 1108.56 -0.12 0.03 -3.68 0.000232189 0.019652199 

Pnmal2 367.11 0.15 0.04 3.68 0.000229698 0.019652199 

LOC100294508 579.14 0.12 0.03 3.67 0.000239145 0.019963657 

Antxr2 218.13 0.16 0.05 3.64 0.000270231 0.022253904 

Ggta1 306.82 -0.15 0.04 -3.64 0.000277647 0.022559784 

Mmd 163.50 0.16 0.05 3.61 0.000304849 0.024444069 

Dynlrb1 854.14 -0.17 0.05 -3.60 0.000312297 0.02471608 

Adgrb2 194.52 0.16 0.05 3.59 0.000326573 0.02496051 

Pcmt1 1996.08 -0.13 0.04 -3.59 0.000329061 0.02496051 

Rps4x 427.71 -0.16 0.04 -3.60 0.000321802 0.02496051 

Vars 450.63 0.16 0.04 3.59 0.000331769 0.02496051 

Prnp 4521.50 -0.09 0.03 -3.58 0.000343374 0.025518542 

Ncoa1 559.83 0.13 0.04 3.56 0.000367512 0.026775581 

Rufy3 3619.97 -0.07 0.02 -3.56 0.000369076 0.026775581 

Ppef1 891.24 -0.15 0.04 -3.56 0.000373842 0.026802249 

Bclaf1 735.82 -0.11 0.03 -3.54 0.000395773 0.027895035 

Fam162a 411.37 -0.16 0.05 -3.54 0.000402176 0.027895035 

Ube2o 2304.03 0.10 0.03 3.54 0.000402816 0.027895035 

Wdr7 1404.16 0.11 0.03 3.53 0.000421353 0.028850879 

Hace1 247.65 -0.15 0.04 -3.52 0.000436471 0.02955392 

Vamp1 7065.98 -0.10 0.03 -3.50 0.000458202 0.03068446 

Nploc4 812.17 0.13 0.04 3.50 0.000472246 0.031281168 

Gpc1 1140.69 0.12 0.04 3.48 0.000495336 0.032457844 

Timp2 2986.50 0.08 0.02 3.48 0.000504272 0.032691876 

Grik1 906.29 -0.10 0.03 -3.47 0.000520558 0.033392431 

Gnai3 500.25 -0.12 0.03 -3.46 0.000530957 0.033704693 

RGD1565002 182.13 -0.16 0.05 -3.46 0.00054359 0.034150926 

Inpp5j 333.84 0.14 0.04 3.45 0.000559888 0.034464187 

Sar1a 630.08 -0.11 0.03 -3.45 0.0005585 0.034464187 

Wdr1 1241.22 0.09 0.03 3.44 0.000581173 0.03514557 

Zcchc18 1225.27 -0.13 0.04 -3.44 0.000582491 0.03514557 

Rpl19 1196.31 -0.15 0.04 -3.43 0.000611093 0.036509802 

Asmtl 189.67 -0.18 0.05 -3.42 0.000622315 0.036819279 

Rtn1 4006.13 0.10 0.03 3.41 0.000648601 0.038005546 

Anxa2 5996.61 -0.10 0.03 -3.37 0.00074515 0.038204787 

Impact 589.47 -0.14 0.04 -3.39 0.000698063 0.038204787 

LOC100912380 319.56 0.21 0.06 3.37 0.000748788 0.038204787 

LOC361990 525.17 -0.11 0.03 -3.38 0.000726544 0.038204787 
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Man2a2 551.58 0.12 0.04 3.38 0.000712942 0.038204787 

Mapk8ip3 4270.16 0.10 0.03 3.38 0.000712654 0.038204787 

Mdh1 3257.29 -0.14 0.04 -3.39 0.000705942 0.038204787 

Mt3 809.73 -0.15 0.05 -3.37 0.000746622 0.038204787 

Ogfod1 184.93 0.15 0.04 3.37 0.000741749 0.038204787 

Oxr1 2381.37 -0.10 0.03 -3.41 0.000658334 0.038204787 

Rab11fip5 1206.56 0.10 0.03 3.39 0.000695025 0.038204787 

Rap1gds1 2719.60 0.11 0.03 3.37 0.00075231 0.038204787 

Rpl3 1592.63 -0.10 0.03 -3.39 0.000701919 0.038204787 

Skiv2l 359.79 0.15 0.04 3.37 0.000741863 0.038204787 

Smc6 261.42 -0.15 0.04 -3.38 0.000716497 0.038204787 

Tmem184b 836.14 0.12 0.04 3.40 0.000674252 0.038204787 

Dlg4 978.20 0.10 0.03 3.35 0.000803284 0.039477497 

Eef2 6698.72 0.11 0.03 3.36 0.000788685 0.039477497 

Gars 975.70 0.10 0.03 3.36 0.000791882 0.039477497 

Prep 416.23 0.14 0.04 3.35 0.000798686 0.039477497 

Pcsk2 652.29 0.12 0.04 3.35 0.000810903 0.039533139 

Chd3 709.64 0.10 0.03 3.34 0.000826996 0.039682793 

Eif4g1 603.05 0.14 0.04 3.34 0.000824397 0.039682793 

Snx5 257.69 -0.14 0.04 -3.33 0.000862683 0.040753392 

Ufsp2 259.88 -0.16 0.05 -3.33 0.000857507 0.040753392 

Large1 1616.45 0.11 0.03 3.32 0.000886396 0.041234325 

Mtss1 218.38 0.14 0.04 3.32 0.000885248 0.041234325 

Fam160b1 216.08 0.16 0.05 3.32 0.000914568 0.041809591 

Pcmtd2 188.82 -0.17 0.05 -3.31 0.000919344 0.041809591 

Sdcbp 3613.18 -0.11 0.03 -3.32 0.000907525 0.041809591 

Ctps2 378.91 -0.15 0.05 -3.30 0.000955001 0.042792475 

Prkaa2 399.95 0.13 0.04 3.31 0.000949469 0.042792475 

Dctn1 5260.16 0.11 0.03 3.30 0.000981981 0.043363695 

Ube2e1 290.61 -0.14 0.04 -3.30 0.00097835 0.043363695 

Atp6v0a1 1803.46 0.10 0.03 3.29 0.000992996 0.04353464 

Ogdh 573.81 0.13 0.04 3.29 0.001001656 0.043544711 

Polr2b 440.94 -0.15 0.05 -3.29 0.001008302 0.043544711 

Trim44 249.10 0.15 0.04 3.29 0.001014662 0.043544711 

Prkg1 162.35 0.16 0.05 3.28 0.001034484 0.04408494 

Arhgef11 1115.67 0.10 0.03 3.28 0.00104469 0.0442107 

Actb 6600.84 0.11 0.03 3.25 0.001144738 0.044731856 

Atp13a1 237.23 0.15 0.05 3.24 0.001175893 0.044731856 
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Cic 1250.48 0.09 0.03 3.26 0.001100929 0.044731856 

Coro2b 1300.66 0.09 0.03 3.25 0.001148686 0.044731856 

Dagla 723.18 0.11 0.03 3.25 0.001136191 0.044731856 

Eif3i 289.87 -0.14 0.04 -3.26 0.001110418 0.044731856 

Eny2 300.79 -0.15 0.04 -3.25 0.001153939 0.044731856 

Mapk8ip2 2259.16 0.11 0.03 3.25 0.001171815 0.044731856 

Nsf 3222.00 0.11 0.03 3.26 0.00111656 0.044731856 

RGD1305455 446.33 0.11 0.03 3.24 0.00118179 0.044731856 

Rph3a 2720.38 0.11 0.03 3.25 0.001172337 0.044731856 

Rpl7l1 300.55 -0.15 0.05 -3.26 0.001130887 0.044731856 

Serinc3 2003.54 -0.07 0.02 -3.24 0.001179647 0.044731856 

Sidt2 479.54 0.13 0.04 3.25 0.001168329 0.044731856 

Steap3 429.80 0.12 0.04 3.25 0.001145118 0.044731856 

Suclg1 798.11 -0.12 0.04 -3.25 0.001161184 0.044731856 

Tbce 406.42 -0.17 0.05 -3.25 0.0011524 0.044731856 

Atxn2 469.50 0.11 0.03 3.24 0.001205322 0.045340938 

Cyp51 1835.45 -0.09 0.03 -3.23 0.001219223 0.045582497 

Adar 532.54 0.12 0.04 3.22 0.00127751 0.046898462 

Clcn7 289.65 0.13 0.04 3.22 0.001277159 0.046898462 

Derl1 284.84 -0.14 0.04 -3.22 0.001272796 0.046898462 

Cmip 966.73 0.11 0.03 3.21 0.001312326 0.047459376 

Parm1 1082.69 0.11 0.03 3.22 0.001304393 0.047459376 

Sumo1 369.35 -0.17 0.05 -3.21 0.001316153 0.047459376 

Plcd4 476.72 -0.15 0.05 -3.21 0.001340239 0.048043614 

Bzw1 1097.77 -0.11 0.03 -3.20 0.001382667 0.048425122 

Nacad 2129.22 0.10 0.03 3.20 0.00136964 0.048425122 

Robo2 1630.02 0.08 0.02 3.20 0.001374809 0.048425122 

Slc24a2 4501.36 0.10 0.03 3.20 0.001375269 0.048425122 

Nrn1 1589.97 -0.11 0.03 -3.19 0.001412686 0.04919378 

Ddx3x 2794.94 -0.11 0.03 -3.19 0.001434334 0.04959624 

Tbc1d9b 1501.78 0.10 0.03 3.19 0.001440521 0.04959624 
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CHAPTER 5: Summary and Future Directions 
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Summary  

The work presented in this dissertation addresses important approaches to pain research 

and has made important contributions that allow a better understanding of cancer pain and 

more effective future therapies. The literature cited below contributed to the fundamental 

hypothesis that was investigated in this dissertation:  

Sharma MK, Seidlitz EP, Singh G. Cancer cells release glutamate via the 

cystine/glutamate antiporter. Biochem. Biophys. Res. Commun. 2010;391:91–5. 

Ungard RG, Seidlitz EP, Singh G. Inhibition of breast cancer-cell glutamate 

release with sulfasalazine limits cancer-induced bone pain. Pain 2014;155:28–36. 

Dableh LJ, Henry JL. Progesterone prevents development of neuropathic pain in a 

rat model: Timing and duration of treatment are critical. J. Pain Res. 2011;4:91–

101. 

Sorge RE, Mapplebeck JCS, Rosen S, Beggs S, Taves S, Alexander JK, Martin 

LJ, Austin J-S, Sotocinal SG, Chen D, Yang M, Shi XQ, Huang H, Pillon NJ, 

Bilan PJ, Tu Y, Klip A, Ji R-R, Zhang J, Salter MW, Mogil JS. Different immune 

cells mediate mechanical pain hypersensitivity in male and female mice. Nat. 

Neurosci. 2015;18:1081–3. 

Mantyh WG, Jimenez-Andrade JM, Stake JI, Bloom AP, Kaczmarska MJ, Taylor 

RN, Freeman KT, Ghilardi JR, Kuskowski MA, Mantyh PW. Blockade of nerve 

sprouting and neuroma formation markedly attenuates the development of late 

stage cancer pain. Neuroscience 2010;171:588–598. 

Nashed MG, Linher-Melville K, Frey BN, Singh G. RNA-sequencing profiles 

hippocampal gene expression in a validated model of cancer-induced depression. 

Genes, Brain Behav. 2016;15:711–721. 
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Therefore, I hypothesized: 

Cancer-induced bone pain is a unique pain state that shares features with but is 

distinct from neuropathic and inflammatory pain states, and that is generated and 

maintained by the direct effects of cancer cells on their metastatic 

microenvironment, including unique signalling properties and gene expression 

changes in sensory neurons and associated cells. 

 

This hypothesis was investigated through three distinct objectives, which will be 

discussed in the context of the papers presented in the previous chapters.  

Objective 1: Establish and investigate the impact of genetic knock-down of xCT in human 

cancer cells on cancer-induced bone pain. 

This work builds on the findings from our lab and others that pharmacological inhibition 

of system xC- in mouse models induces a reduction and delay to onset of cancer pain-

related behaviour (Ungard et al. 2014; Slosky et al. 2016; Fazzari et al. 2017). Targeting 

features of the cancer cell may spare the broad side effects of centrally-acting analgesics 

and have the added benefit of potentially compromising cancer cell growth and survival 

itself. In particular, we are targeting cancer cell-derived glutamate, which has been 

demonstrated to directly activate and sensitize primary afferent nociceptors in 

musculoskeletal tissues (Cairns et al. 2002). Glutamate is recognized as a critical 

intercellular signalling molecule in bone and is used extensively by osteoblasts, 

osteoclasts, and osteocyte cells for their normal functions (Takarada and Yoneda 2008; 

Seidlitz et al. 2010; Skerry). Disruption of glutamatergic signalling in bone cells has been 

shown to influence cell differentiation (Peet et al. 1999; Merle et al. 2003) and functions 

(Itzstein et al. 2000; Taylor 2002; Seidlitz et al. 2010), although a definitive model of 

these interactions has yet to be produced. Disrupted bone cell metabolism and signalling 

is a feature of bone metastases, often resulting in the development of pathological and 

painful alterations of bone resorption and apposition (Orr et al. 2000).  
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Creating and testing a model of xCT knockdown cancer cells allows this potentially 

therapeutic target to be evaluated in the context of CIBP with more precision than 

pharmacological approaches. To do so we developed two shRNA-mediated xCT 

(SLC7A11) knockdown cell lines in the human breast adenocarcinoma cell line MDA-

MB-231; a stable clone and an IPTG-inducible clone, and respective negative controls. 

The stable clone was validated in vitro and successfully implanted in our established 

intrafemoral mouse model of CIBP and evaluated for pain-related behaviour as described 

in the published study included in Chapter 2. Our findings demonstrated the validity of 

our cell line and that despite no discerned changes in tumour growth, the time to onset of 

pain-related behaviour was extended in mice implanted with the xCT knockdown cell line 

as opposed to vector-control mice. 

Our IPTG-inducible clone in MDA-MB-231 was similarly validated in vitro and 

subcutaneously in vivo, and then tested in the same intrafemoral mouse model of CIBP 

for pain-related behaviour relative to an uninduced control group, however insufficient 

numbers of mice successfully grew and retained tumours to draw conclusions from our 

data. The methodology and results of this investigation are presented in Appendix 3. 

 

Objective 2: Investigate the impact of the neuroprotective treatments progesterone and 

pregabalin on neuropathic pain and cancer-induced bone pain. 

It has been established that chronic pain states can become a pathology of the nervous 

system, even if their initiating insults are removed. Metastatic cancers can sensitize, 

invade, and destroy peripheral neuronal tissues, and neuropathic pain signaling develops 

in addition to the nociceptive pain of a tumour in bone. Thus, treatments that prevent 

pathological neuronal signaling and subsequent changes in nociceptive circuits may 

prevent the progression of cancer pain to an intractable state. 
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Both progesterone and pregabalin have demonstrated neuroprotective properties and 

utility in some models neurological disease states, through mechanisms associated with 

inhibition of voltage gated calcium channels (Luoma et al. 2011 Mar; Verma et al. 2014). 

Treatment with progesterone has been shown to reduce excitotoxic cell death, de-

myelination, and reduction of neuronal inflammation and edema, all which feature in the 

generation of ectopic signaling characteristic of neuropathic pain (Finnerup and Jensen 

2007; Verma et al. 2014). Pregabalin is used as a first-line clinical therapy for neuropathic 

pain, however its evidence of effectiveness is inconsistent (Gong et al. 2001; Ha et al. 

2008). The reported effects of PRO and PRE on cancer cell growth are also inconsistent. 

We investigated the utility of the experimental neuroprotective compounds progesterone 

and pregabalin to reduce or prevent the development of neuropathic pain and CIBP in 

animal models as described in the published study included in Chapter 3. As these 

treatments had not been tested in models of cancer pain or in female rats, we included 

groups of both sexes in models of each disease. We chose to utilize a rat model of 

MRMT-1 breast cancer-induced CIBP and a rat model of sciatic-cuff induced neuropathic 

pain in order to accommodate the use in intracellular in vivo electrophysiology to record 

the membrane properties of DRG neurons. Our results showed striking sex and model 

effects in the behavioural and electrophysiological responses to treatment in both pain 

states. Pregabalin and progesterone induced robust recoveries in male models of 

neuropathic pain, while females showed a lesser response and models of CIBP largely did 

not demonstrate behavioural responses to treatment, despite clear electrophysiological 

changes in pregabilin-treated male models of CIBP. Applying a T-cell deficient rat model 

of neuropathic pain did not indicate any clear reliance on microglia or T-cells that would 

explain the sex differences observed here.  

 

Objective 3: Investigate gene expression by mRNA selective RNA-Sequencing of dorsal 

root ganglia isolated from a model of cancer-induced bone pain. 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 194 

Chronic pain states including cancer pain initiate pathological changes in the peripheral 

nervous system that can contribute to the genesis and maintenance of those pain states. 

DRGs from animal models of neuropathic and inflammatory pain have been evaluated by 

RNA-Seq to evaluate changes in gene expression (Perkins et al. 2014; Zhang et al. 2015; 

Wu et al. 2016; Stephens et al. 2018; Stephens et al. 2019), however the global gene 

expression profile of DRGs innervating a painful tumour environment had not yet been 

investigated prior to our study.  

As described in the study included in Chapter 4, we have investigated the mRNA 

expression profile of DRGs containing satellite glial cells, immune cells and sensory 

afferent neurons that innervate the limb of a rat model of intrafemoral cancer-induced 

bone pain in by RNA-seq. Ipsilateral and contralateral L3-6 DRGs were isolated from rat 

CIBP models and Sham-surgery negative controls, and differentially-expressed genes 

were determined by mRNA-specific RNA-Seq. Our analysis revealed differentially 

expressed genes (DEGs) between two comparisons: ipsilateral CIBP vs. Sham groups, 

and ipsilateral vs contralateral CIBP. Some but not all DEGs from both comparisons had 

also been observed to be differentially expressed in gene expression studies of other 

painful conditions, suggesting that there may be gene targets in our sample that are 

unique to CIBP. However, some targets in this sample are certain to be unrelated to pain, 

and possibly a result of other effects of cancer. Functional testing is required to ascertain 

the role of any particular transcript in CIBP signalling. 

These results will be archived online and comparable to other gene expression profiles to 

elucidate distinctions between mRNA expression profiles of different pain states, and as a 

resource for target validation from other hypothesis-driven investigations. 
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Future Directions 

The role of the system xC- cystine/glutamate transporter in cancer pain has been clarified 

through the model developed and applied to CIBP in Chapter 2. This transporter is now 

clearly a therapeutic target of value in the search for novel, mechanism-based, non-opioid 

therapeutics in the treatment of cancer pain. In addition, system xC- and xCT are targets 

of interest in oncology, particularly in glioma (Robert et al. 2015), drug addiction (Kau et 

al. 2008), epilepsy and neurodegenerative disease (Massie et al. 2008). To date, the only 

two clinical studies that have evaluated targeting system xC- (ISRCTN45828668 and 

NCT01577966) which evaluated seizure relief in glioma patients, used sulfasalazine 

which the authors argue contributed to limited findings, side-effects, and early 

termination of the first study (Robe et al. 2009; Robert et al. 2015). As such, new methods 

of silencing xCT or inhibiting the function of system xC- cystine/glutamate transport are 

critical to furthering the development of this therapeutic target. Our lab has undertaken 

several efforts in this area, including a promising study targeting upstream glutaminase 

activity in cancer cells, thereby limiting glutamate release by system xC- (Fazzari and 

Singh 2019). In addition, we undertook efforts to identify new pharmacological inhibitors 

of glutamate release from breast cancer cells by high-throughput screen of a library of 

30,000 compounds (Fazzari et al. 2015). This led to the follow-up investigation on a 

candidate compound capsazepine, previously described as an inhibitor of TRPV1, which 

we established to also be an inhibitor of system xC- cystine/glutamate transport, and to 

show efficacy in reducing CIBP in a mouse model (Fazzari et al. 2017). 

Other groups have also undertaken efforts to identify or develop new inhibitors of system 

xC- (Shukla et al. 2011; Newell et al.) although it is not apparent that any candidates from 

these studies have been tested further in pre-clinical functional investigations. It is 

important that the investigation and development of novel inhibitors of system xC- 

continues. The therapeutic potential is clear, and further investigation is primarily limited 

by a lack of drug candidates. 
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Our study presented in Chapter 3 revealed evidence of a mechanistically unclear 

divergence of the electrophysiological and behavioural response to treatment with 

pregabalin and progesterone between rat models of CIBP and neuropathic pain. In 

addition, there was also a marked and unexplained sexual dimorphism in the responses of 

both models to treatment. The divergence between models of pain is further evidence of 

the uniqueness of CIBP as a pain state, and demonstrative of a need to evaluate potential 

pain therapies in specific and accurate pre-clinical models. 

Current research around sex differences in pain has largely focussed on differential 

actions of the female and male neuroimmune systems where microglia have been shown 

to perpetuate chronic neuropathic and inflammatory pain states in male rats and mice, but 

not in females. In female animals peripheral T-cells that have infiltrated the spinal cord 

have demonstrated a role in maintaining chronic pain (Sorge et al. 2015). Utilizing T-cell 

deficient animal models of pain has allowed some investigators to readily observe the 

important role that these immune cells play in chronic pain in females, however we did 

not observe that in our RNU -/- model.  Other mechanisms of sex differences are rapidly 

accumulating, although there is by no means a cohesive model of these effects.  

Future work from this project should focus on elucidating the mechanisms of model and 

sex differences observed here. The most productive avenue is to establish the mechanism 

of efficacy in male rat models of neuropathic pain, particularly whether the progesterone 

and pregabalin are acting as hypothesized, as an antagonist of P/Q, N, and L-type voltage 

gated calcium channels on sensory neurons to confer a neuroprotective action (Ha et al. 

2008; Luoma et al. 2011 Mar). To do so, both drugs should be tested for excitotoxicity in 

vitro in dissociated cultures of sensory DRG neurons exposed to a depolarizing 

environment. Including positive drug controls for voltage-gated calcium channel 

inhibition would allow determination if there is an effect on neuronal cell death in these 

neuron populations. In addition, dissociated neuron cultures incubated with fluorescent 

Ca2+ indicators and recorded under microscopy would indicate intracellular Ca2+ flux by, 

further elucidating the link between any neuroprotective effects of progesterone and 

pregabalin and Ca2+ channels in peripheral sensory neurons. 
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The differential gene expression in rat models of CIBP presented in Chapter 4 is already 

an important resource for reference and hypothesis generation. However the targets 

identified here require follow-up with functional interventional experimentation to 

determine their validity as true markers of CIBP and if they hold therapeutic potential. 

These investigations would begin with confirming by qPCR the differential expression 

seen here in DRG tissues from other CIBP models and measuring whether these 

transcript-level changes correspond with changes in protein level. Following those 

conformational steps, experimentation directly targeting a gene or protein can be 

undertaken. We have identified several promising targets from this data for further study 

including Fam150b, Vgf, and STXBP1. 

In addition, further hypothesis-generating investigation of gene expression by RNA-Seq 

is warranted in other animal models of cancer pain and CIBP. This should be undertaken 

in peripheral nervous tissues as was done here, and in the central nervous system and 

other tissues of interest including the immediate tumour microenvironment. Utilizing a 

greater sequencing depth than 50 bp as was done in our investigation would allow 

investigators to identify isoforms and gene-splicing events. In addition, more precise 

identification of cell-type could be advantageous to future sequencing projects. 

Depending on the intended application of data, these approaches would include single cell 

RNA-Seq on micro-dissected samples from tissue, and bulk sequencing on cell or tissue 

samples dissociated and sorted by flow-cytometry to identify specific cell-types based on 

markers.   

Finally, performing RNA-Seq in male rat models of CIBP is essential to the 

determination of whether the DEGs identified here represent sex-specific features, or if 

they are generalizable between sexes. These experiments can and should be undertaken 

with the same Sprague-Dawley rat model of MRMT-1 breast CIBP as was utilized here. 

 



Ph.D. Thesis - R. Ungard; McMaster University – Medical Sciences 

 

 

 198 

Conclusion 

The studies detailed in this dissertation utilize distinct and essential approaches to 

researching the pathology of cancer pain. This work supports the conceptualization of 

cancer-induced bone pain as a unique pain state with a multitude of contributing 

mechanisms including the direct effects of cancer cells on their host tissue, unique 

patterns of sensory neuronal signalling, and gene expression changes in sensory neurons 

and associated cells. The findings presented here make important contributions to better 

understanding and treating cancer pain. 
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Preface  

The experiments included in this Appendix chapter describe the methodology and results 

to develop and validate an inducible xCT knockdown cell line, and subsequent testing of 

that cell line in a mouse model of cancer-induced bone pain (CIBP).  

This work has not been published. 

For these experiments, I performed in vivo work and data analysis and assisted with in 

vitro work. Adam Merlo assisted with in vivo work and performed in vitro work with 

Hanxin Lin, Natalie Zacal, and Katja Linher-Melville. Dr. Singh provided conceptual 

input. 

The IPTG-inducible xCT (SLC7A11) knockdown cell lines in the human breast 

adenocarcinoma cell line MDA-MB-231 was validated at the transcript, protein and 

functional levels in vitro and subcutaneously in vivo, and then tested in our validated 

immunocompromised intrafemoral mouse model of CIBP for pain-related behaviour 

relative to an uninduced control group. Insufficient numbers of mice successfully grew 

and retained tumours to draw conclusions from our data. 
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Development and testing of an IPTG-inducible xCT knockdown cancer cell line in 

cancer-induced bone pain 

Methods 

Cell Culture 

Human breast adenocarcinoma MDA-MB-231, was used in all in vitro and in vivo work. 

Testing for mycoplasma contamination was performed regularly with the LookOut 

Mycoplasma PCR Detection Kit (Sigma), and contaminated cells were treated with 

Plasmocin (InvivoGen) for two weeks. All cells were maintained at sub-confluent 

densities in a humidified incubator with 5% CO2 in room air at 37°C using DMEM 

supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic. 

Following transfection and transduction, 1µg/mL Puromycin was added to media. 

Inducible xCT Knockdown Cell Generation 

MDA-MB-231 cells were infected with lentiviral particles containing different shRNA 

constructs. Three different solute carrier family 7 member 11 shRNA lentiviral 

transduction particles were used: SHCLNV—NM_012331 TRCN0000043123 (sh43123), 

SHCLNV—NM_012331 TRCN0000043125 (sh43125), SHCLNV—NM_012331 

TRCN0000043126 (sh43126) shRNA, and sh332 non-target shRNA as a control. The 

multiplicity of infection used was 5 titer units (TU)/cell. The viral titer used was 

calculated according to the titer units of lentivirus available for each shRNA construct. 

Following centrifugation and incubation with the virus, 1µg/mL puromycin-substituted 

DMEM (10% FBS, 1% A/A) was added to select successfully transduced cells. Cells 

were plated to form colonies, passaged regularly in puromycin-substituted DMEM. Five 

colonies for each strain were selected with Scienceware cloning discs and expanded prior 

to screening. 
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Puromycin & IPTG Dose Selection 

Puromycin and IPTG Kill curves were completed for uninfected MDA-MB-231 cells to 

determine the dose of puromycin required to select clones, and to determine if IPTG 

would have any effects on cell viability. Cell number was measured by crystal violet 

following 48h incubation. All doses were tested in triplicate. 

RNA Isolation 

Following 72h treatment, cell pellets were harvested and RNA isolated with the Qiagen 

RNEasy kit. Total RNA purity and quantity were measured by spectrophotometry. For 

tumour tissue RNA extraction, TRIzol (Invitrogen) was used to protect samples during 

homogenization, and chloroform (Sigma) was used to separate samples upon 

centrifugation. The top aqueous layer was combined with ethanol and RNA was extracted 

with the RNEasy kit. 

qPCR  

cDNA was isolated from treated cells with the cDNA synthesis kit, and quantitative real-

time PCR was carried out using primers: SLC7A11-FOR (5′-

CCTCTATTCGGACCCATTTAGT-3′) and SLCA11-REV (5′-

CTGGGTTTCTTGTCCCATATAA-3′) to amplify the human xCT gene. Actin or RNA 

Polymerase II were used as housekeepers for all samples tested in these experiments. The 

2(-∆∆Ct) method was used to calculate fold changes in mRNA compared to un-induced 

controls. To verify the product produced by the primers used in qPCR, samples were run 

on a 3 % agarose gel. 

Sample Lysates and Western Blots 

Cells were lysed in buffer with protease inhibitor cocktail tablets (Complete Mini) and 

sonicated on ice. Lysates were centrifuged and a Bradford Protein Assay (Bio-Rad) was 

performed to determine protein concentration in each sample. Tissue samples were passed 
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through a 20-guage needle for mechanical homogenization. 50 µg of protein from each 

lysate was added to a 10-lane 10 % Poly-Acrylamide gel (with stacking and separating 

gels). Gels were transferred onto an Immobilon PVDF membrane (Millipore), blocked in 

5 % skim milk/TBS-T overnight, and blotted with primary xCT anti-rabbit antibody 

(Novus) (1:1000), and secondary HRP IgG-Linked antibody (Cell Signaling Technology) 

(1:5000). Calnexin anti-rabbit primary antibody (Santa Cruz Biotechnology) was used as 

a loading control (1:2000). Three 10-minute washes in TBS-T were completed between 

antibody treatments. Blots were then treated with Amersham ECL Western Blotting 

Detection Reagents (Cedarlane), and exposed to Amersham Hyperfilm ECL High 

performance chemiluminescence film (GE Healthcare) for 5 seconds to 5 minutes.  Blots 

were stripped and re-probed as necessary if membranes were over-exposed. Films were 

scanned and analyzed for densitometry analysis using the ImageJ software. 

Animal Models 

4-6 week-old female Balb/c nu/nu immunocompromised mice were used for all 

experiments. Mice were exposed to handling and the behavioural testing equipment daily 

for a ~1 week acclimation period, and assigned individual identification. Three days prior 

to cell implantation, Balb/c nu/nu mice were anaesthetized by isoflurane inhalation and 

21 day-release pellets containing 0.25 mg of 17β-estradiol, were implanted in each animal 

subcutaneously. Although MDA-MB-231 are estrogen receptor negative, estrogen 

receptors are found throughout bone and play a role in the regulation of bone 

remodelling. In experiments done previously in this lab, it was found that 17β-estradiol 

pellets implanted prior to cancer cell inoculation improved the consistency of tumour 

growth in bone and subcutaneously.  

Cell harvesting was performed on sub-confluent cultures and adherent cells were 

suspended and kept lightly agitated in sterile PBS. Mice for subcutaneous tumour models 

(n = 5 / group) were injected at the rear right flank without anaesthesia. Subcutaneous 

tumor growth was monitored by measuring tumor dimensions with digital calipers and 

calculated according to the hemiellipsoid equation length×width×height×(π/6). 
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Mice for intra-femoral implantation (These groups were initiated at n = 9 each, however a 

total of 11/18 mice did not develop an observable lesion in bone, or display behavioural 

evidence of nociception, resulting in final group sizes of (IPTG: n = 2; and Vehicle n = 

5)). were anaesthetized by isoflurane inhalation and injected subcutaneously with 0.05 

mL 1:10 buprenorphine analgesic. Cancer cells were percutaneously injected into the 

right distal epiphysis of the femur. The contralateral hind limb of each animal served as a 

negative control specific to each animal. Animals were randomly selected for sham 

injections of 25 μL sterile PBS containing heat/freeze killed cells to mimic the disruption 

of the surgery but not the disruption of the tumour. To minimize necessary tissue damage 

and resulting pain from surgery, mice were laid supine while the ipsilateral knee is held 

bent at ~90, allowing clearance of the patella. A 26 ga. needle is then placed between the 

medial and lateral condyles of the distal epiphysis parallel to the length of the femur and 

rotated manually to penetrate the cortical bone and enter the epiphysis.  The cell solution 

is then slowly injected into the bone and the needle is gently removed. No plug is utilized 

as tumour invasion into the periosteum and beyond the confines of the bone more closely 

mimics a metastasis. This method of intrafemoral injection results in a small hole and 

little damage to the surrounding tissues. 

All animals were sacrificed at ethical endpoints. Tumours were collected from the mice 

and either snap frozen in tubes on dry ice, or were divided for freezing and fixation, based 

on tumour size. Brain, spinal cord, and dorsal root ganglia were isolated within 30 

minutes, and stored for genetic analysis in RNAlater solution. 

Radiographic scans of all mice in the prone position were taken. The ipsilateral and 

contralateral tibia, fibula, femur, and some surrounding tissue were then dissected and 

fixed in 10 % buffered formalin solution for 48 hours. Following fixation, bone samples 

were immersed in an agitated 10 % EDTA, 4 % Formalin buffered solution for 

decalcification. This process was completed over several weeks with weekly changes of 

the decalcification solution. All fixed and decalcified tissues were embedded in paraffin 

blocks to be sectioned for histological staining. 
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Behavioural Analysis 

Behavioural testing was performed a minimum of 3 times prior to model induction to 

obtain baseline data, and 2-3 days a week beginning on day 1 following model induction 

and continuing until endpoint. The tests performed include three tests for spontaneous 

pain behaviours: the Dynamic Weight Bearing system (DWB), Limb Use Scale, and 

Guarding Time, and one test for elicited pain behaviour, the Dynamic Plantar 

Aesthesiometer (DPA). 

Open field observational testing includes limb use over a 2-minute observation period. 

Limb use is an operator-derived numerical representation of the use of the animals 

ipsilateral limb (0: No use, 1: severe limp, 2: moderate limp, 3: slight limp, 4: Normal 

use). 

Radiograph Lesion Scoring 

The extent of osteolytic lesions in the ipsilateral femurs as imaged as a loss of bone 

density by post-mortem radiograph was scored using a custom four point (0-3) scale of 

bone destruction. The scale designations are as follows: (0) Normal bone, no visible 

lesion; (1) minor loss of bone density, minimal lesion; (2) Moderate to substantial loss of 

bone density, lesion limited to bone trabecula and cortex; (3) substantial loss of bone 

density, lesion includes clear periosteal involvement or fracture. 

Cell Growth 

Cell numbers in all experiments were quantified using the crystal violet assay. The extent 

of staining was read with a microplate spectrophotometer at λ=570 nm.   

Glutamate Release 

Glutamate levels in culture media were quantified using the AMPLEX Red glutamic acid 

assay kit and analyzed on a CytoFluor Series 4000 Fluorescence Multi-Well Plate Reader.  
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The AMPLEX Red glutamic acid assay kit quantifies l-glutamate in a sample through the 

indirect measurement of a fluorescent product, resorufin, linked 1:1 with glutamate in the 

test sample.   

Cystine Uptake 

Cells were seeded in 6-well plates at 150,000 cells/well and allowed to adhere overnight. 

IPTG treatment of 1mM was performed for 72 hours, changed daily. Media was collected 

for glutamate analysis (described above), and cells were rinsed with HBSS. Cells were 

incubated in 14C-L-Cystine (Sigma) for 20 minutes, and then washed three times with 

cold HBSS. Cells were lysed in cystine uptake lysis buffer for thirty minutes, and 100µL 

of lysate was placed into Scintillation tubes with 1mL of Ecoscint-H (National 

Diagnostics), where the samples were read on the scintillation counter for Carbon-14. 

Cells were normalized to amount of protein, determined from a Bradford assay (Bio-

Rad). 

Statistical Analysis 

All behavioural data is confirmed for normal distribution and analyzed across treatment 

groups with one-way repeated-measures ANOVA followed by Bonferonni post hoc test. 

All in vitro work was analyzed with one-way ANOVA followed by Bonferonni post hoc 

test where indicated. The significance level was set at P < 0.05. 

All data are presented as mean ± the standard error of the mean (SEM). 

A power analysis was performed based on DPA results as primary measurement with a 

type II error (β = 20 %), and a type I error (α = 5 %). 
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Results 

IPTG-inducible xCT knockdown in MDA-MB-231 is viable in-vitro. 

(i) xCT is reduced at the mRNA level 

Induced cells were treated with 1mM IPTG for 72 hours, changed daily, while uninduced 

cells were exposed to media without IPTG. The scramble shRNA vector (termed sh332) 

served as a negative control in all experiments. A knockdown of approximately 50% 

(p<0.05) was found in xCT mRNA as measured by qPCR in colonies selected from cells 

infected with the sh43126 construct compared to the scramble control and uninfected 

MDA-MB-231 cells, (Fig 3A). Clones infected with other constructs (sh43123 and 

sh43125) did not reveal a change in xCT expression compared to controls. 

To ensure that the primers used for the target and housekeeper genes produced the 

anticipated product, samples were separated on a 3% agarose gel to verify product size. 

Primer products were seen at 300bp for xCT and above 500bp for actin (Fig 3B). 

(ii) xCT is reduced at the protein level 

Western blots of in vitro samples showed changes in xCT expression in clones with the 

sh43126 construct. Different colonies were tested to determine changes in expression. In 

Fig 4A, colony #4 and colony #3 were plated with and without IPTG for 72 hours, media 

changed daily, and samples were lysed and separated on a 10% poly-acrylamide gel. A 

band to represent endogenous xCT existed around 37kDa, and the calnexin housekeeper 

at ~90kDa. A knockdown of xCT when the inducible system was activated with IPTG 

was seen in both samples, but a significant fold change in the densitometry for colony #4 

only was seen (p<0.05) (Fig 4B). Each blot was probed with calnexin as a loading 

control, and all densitometry results for xCT were normalized to the amount of calnexin 

using ImageJ. 

(iii) Inducible knockdown affects xCT functional activity 
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 To test for functional changes in system xC- activity, the cystine uptake assay was 

used Cells were plated and treated with IPTG (1mM) for 72 hours, changed daily, or no 

treatment. Cell lysates were used to determine the amount of radioactivity present in each 

sample based on the amount of intracellular 14C-L-Cystine, and all samples were 

normalized to protein. Three experimental repeats revealed approximately a 45% 

decrease (p<0.01) in cystine uptake in induced cells for colony #4, but not for colony #3 

(Fig 5A). 

Amplex Red glutamate assay was used to measure the amount of glutamate present in the 

extracellular environment. Media samples were taken from each cystine uptake 

experiment. Corresponding absorbance values were converted to glutamate 

concentrations from a standard curve, and all samples were normalized to protein. Fold 

changes were represented (Fig 5B), and a 50% increase in glutamate output (p<0.05) was 

seen in cell colonies containing the scrambled shRNA, and a statistically insignificant 

decrease in glutamate output was found in sh43126 #4 cell colony. 

Inducible Knockdown does not affect tumour growth in vivo 

 Colony #4 of sh43126 was utilized to investigate subcutaneous tumour growth. 

Fifteen animals were arranged into three groups of n=5 ea. Groups were treated with 

either IPTG (10mM) in drinking water (changed daily), intraperitoneal IPTG (10mg/kg), 

or no treatment. 

 Tumour measurements were performed three times per week beginning seven 

days post-injection, when tumours of a measurable size were present. At day 19, animals 

were rearranged to provide all groups with the same average tumour size on day 1 of 

IPTG treatment. No statistically significant difference in tumour progression was found 

between groups (Fig 6A). A preference or aversion to IPTG drinking water was also 

examined, where animal fluid intake was monitored daily for each cage. No statistically 

significant difference was seen in fluid intake between the three cages (Fig 6B). 
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Inducible Knockdown affects xCT mRNA in vivo  

 Tumours were isolated following sacrifice and RNA was isolated for cDNA 

synthesis. Primers were for human xCT as the target and RNA Polymerase II as the 

housekeeper. The results indicated a 50% knockdown of xCT mRNA (p<0.05) in animals 

that received a 10mg/kg daily IP injection of IPTG. Though a decrease in xCT mRNA 

was noted in animals that received IPTG in the drinking water, the results were not 

statistically significant (Fig 7).  

Despite changes in xCT mRNA, no notable differences in xCT protein levels as measured 

by western blotting were seen between groups (Fig 8). 
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Figures 

A       B 

       

Fig 1.  

Inducible Knockdown of xCT mRNA present in sh43126 colonies. A. Cells were plated 

at 7.5104 cells/mL in 60mm plates. IPTG was added to one plate, changed daily for 72 

hours. cDNA was synthesized, and qPCR reactions were performed in duplicate. CT 

values were obtained from the Real-Time machine and % xCT RNA was determined via 

the 2(-∆∆Ct) method.37 **p<0.01, *p<0.05. B. qPCR products were separated on 3% 

agarose gel to verify product sizes with a 1kb DNA ladder. Lanes 1 and 2 are for xCT 

primers, and lanes 3 and 4 for actin (housekeeper). 
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Fig 2.  

Inducible Knockdown of xCT Protein Present in 43126 colonies. A. Cells were plated at 

7.5104 cells/mL in 10cm plates. IPTG was added to one plate for each sample, changed 

daily for 72 hours. Cells were lysed and separated on 10% poly-acrylamide gel. Blot was 

cut and the top portion incubated with calnexin primary (1:2000) and the bottom with 

xCT primary (1:1000). HRP IgG-linked secondary antibody used (1:5000), and blots 

exposed for 1 minute to Hyperfilm. B. Densitometry analysis of all western blots using 

ImageJ to quantify protein expression. **p<0.01. 
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Fig 3.  

Inducible Knockdown of xCT affects functionality of system Xc-. A. Cells were plated at 

7.5104 cells/mL in 6-well plates. IPTG was added to 3 of the wells, changed daily for 72 

hours. Cells were incubated in radioactive cystine, washed and lysed. Lysates were used 

to normalize results to protein (Bradford Assay) and radioactivity was measured in each 

sample. B. Media was obtained from the plates used for cystine uptake assay, and tested 

in triplicate to obtain the [glutamate] in each sample. Fold changes on graphs relative to 

un-induced cells (no IPTG). **p<0.01, *p<0.05. 
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Fig 4. 

Inducible Knockdown does not affect tumour development, and IPTG drinking water 

does not affect fluid intake. A. Animal tumours were measured three times per week 

beginning 7 days post-injection. The height, length, and width of each tumour was 

measured to determine tumour volume (mm3), and average values and standard errors 

calculated in Microsoft Excel and reported in Prism. B. Animal fluid intake was 

calculated per mouse by weighting the drinking bottles in each cage daily and calculating 

the fluid consumed per mouse each day. Data presented as a daily average over the course 

of the study. 

 

Fig 5.  

Inducible Knockdown of xCT mRNA functional in nude mice. Animals were sacrificed 

upon humane endpoint, and RNA extracted from each tumour sample according to a 

TRIzol™ method with RNEasy purification. cDNA was synthesized, and qPCR reactions 

were performed in duplicate. CT values were obtained from the Real-Time machine and 

% xCT RNA was determined via the 2(-∆∆Ct) method, with RNA polymerase II as the 

housekeeping gene, optimized for xCT. **p<0.01.  
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A      B 

      

 

Fig 6.  

Inducible Knockdown of xCT Protein undetermined in nude mice. A. Animals were 

sacrificed upon humane endpoint, and a portion of each tumour sample was lysed and 

separated on 10% poly-acrylamide gel. Membrane was cut and the top portion incubated 

with calnexin primary (1:2000) and the bottom with xCT primary (1:1000). HRP IgG-

linked secondary antibody used (1:5000), and blots exposed for 1 minute to Hyperfilm. 

Light grey arrow indicated calnexin housekeeper (95kDa), and dark grey arrow represents 

xCT (~40kDa). B. Densitometry analysis of all bands shown as a fold change to the mean 

of untreated animals. ImageJ was used to quantify protein expression.  
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Fig 7.  

These in vivo results are compiled from group sizes: (IPTG n = 2) (Vehicle n = 5) and are 

therefore inconclusive and require repetition. In these figures, no differences are observed 

between groups of mice implanted intrafemorally with IPTG-inducible xCT knock-down 

MDA-MB-231 cells when treated with IPTG to induce genetic silencing of xCT or with 

vehicle as negative control. 
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