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Abstract 

 

Brain metastases (BM) are the most frequently diagnosed neoplasm to affect the adult 

central nervous system (CNS), occurring in 20-40% of all cancer patients throughout the 

course of the disease. The significant advancements to the treatment and control of primary 

cancers have unfortunately resulted in an increased incidence of BM, however, this 

complication of cancer progression continues to be met with a dismal outcome and limited 

therapeutic options. There remains a poor understanding of the several cellular hallmarks 

of BM, encompassing various molecular, genetic and epigenetic changes that underlay the 

stages of metastasis, which requires the development of clinically relevant models of 

metastasis. Our group has previously established the existence of a cancer stem cell/tumor 

initiating population with patient samples of BM, which established the foundation of this 

thesis. Thus, I postulate that there exists a subpopulation of cancer stem-like cells, termed 

brain metastasis initiating cells (BMICs), that is responsible for the initiation of BM and is 

identifiable by an exclusive subset of genes that regulate self-renewal and metastasis.   

 

To support this hypothesis, I established novel experimental models of BM by inoculation 

of BMICs derived from patient samples of lung-to-brain metastases into intracranial (ICr), 

intracardiac (ICa), and intrathoracic (IT) routes into NOD/SCID mice. ICr injections 

validated the presence of a tumor initiating cell (TIC) capacity of BMICs in the secondary 

environment (brain). From ICa injections I was able to recapitulate macro-metastatic 

growth, whereas with IT injections I was able to capture the complete metastatic process, 

from primary lung tumor formation to micro-metastasis growth. Utilizing these models, I 
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determined that the STAT3 pathway and genes SPOCK1 and TWIST2 all contribute to the 

regulation of BM development, where SPOCK1 may pose as a potential BMIC marker. 

Further interrogation of the metastatic process utilizing the IT model of BM led to the 

characterization of “pre-metastasis”, a stage where BMIC cells have crossed the blood-

brain barrier and employ mechanisms to invade and seed the neural environment, while 

simultaneously repressing mechanisms of proliferation and cell growth that would indicate 

tissue colonization.  

 

In summation, I propose a shift in the cancer research paradigm to target the metastatic 

process itself, to prevent the dissemination of primary tumor cells to the brain. I present 

models of clinically relevant models of human BM that have proved to be reliable as 

platforms to interrogate the process of BM, providing insight into the stage of pre-

metastasis as a novel therapeutic window into BM prevention and possible extension of 

patient survival.  
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Preface 

The body of work presented in this thesis was based on findings generated by Sara Nolte 

(Nolte 2014), and molded by the general limited state of knowledge within the field of 

brain metastasis (BM). This preliminary work was inspired by Dr. Sheila Singh’s doctoral 

thesis, identifying a brain tumor initiating cell (BTIC) population within the primary brain 

cancer glioblastoma (Singh 2004). Nolte et al. (2014) applied similar cancer stem cell 

(CSC) assays, determining that BM from lung cancer possess a subpopulation of cells that 

retain CSC-like properties of sphere formation and tumor initiation, but cannot be isolated 

by typical BTIC markers CD133 and CD15. Furthermore, transcriptomic analysis 

comparing samples of lung-derived BM, glioblastomas and primary lung tumors let to the 

generation of the list of potential brain metastasis initiating cell (BMIC) markers. This gene 

list sets the foundation for the beginning of my doctoral project. 

 

This thesis is preprared in the format of a “sandwich” thesis as outlined in the “guide for 

the preparation of Master’s and Doctoral Theses” (v2016). Chapter 1 provides a general 

introduction into the present field of brain metastasis, highlighting the currently available 

treatment options for patients suffering from brain metastases, the biological concepts of 

the metastatic process, characterization of the cells capable of undergoing metastatic 

progression, the availability of preclinical in vitro and in vivo  BM models, and lastly 

summarizing the hypothesis and overall aims of this thesis. This chapter contains excerpts 

from the following published reviews: 
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• Singh M, et al. Brain metastasis-initiating cells: survival of the fittest. Int J Mol Sci. 

2014;15(5):9117-33. doi: 10.3390/ijms15059117. © <2014>. This manuscript version 

is made available under the CC-BY 3.0 license 

https://creativecommons.org/licenses/by/3.0/ 

• Singh M, Bakhshinyan D, Venugopal C, Singh SK. Mechanisms and Therapy for 

Cancer Metastasis to the Central Nervous System. Front Oncol. 2017;19(7)220. doi: 

10.3389/fonc.2017.00220. © <2018>. This manuscript version is made available 

under the CC-BY 4.0 license https://creativecommons.org/licenses/by/4.0/ 

• Singh M, Yelle N, Venugopal C, Singh SK. EMT: mechanisms and therapeutic 

implications. (2017) Pharmacol Ther. 2017 Aug 20. pii: S0163-7258(17)30219-X. doi: 

10.1016/j.pharmthera.2017.08.009. © <2018>. This manuscript version is made 

available under the CC-BY-NC-ND 4.0 license 

http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Chapter 2 has been originally published as STAT3 pathway regulates lung-derived brain 

metastasis initiating cell capacity through miR-21 activation. Oncotarget 2015; 

6(29):27461-77. Chapter 3 has been originally published as RNAi screen identifies 

essential regulators of human brain metastasis initiating cells. Acta Neuropathol. 2017 

Dec;134(6):923-940. doi: 10.1007/s00401-017-1757-z. Chapter 4 is a manuscript 

submitted for publication at the time of this thesis submission, titled Therapeutic targeting 

of the pre-metastatic stage in human brain metastasis. Chapter 5 consists of the final 

discussion, summarized conclusion and overall future and implications of this thesis, 

containing excerpts from the reviews previously listed in Chapter 1, as well as unpublished 
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data (Figure 7, Figure 8) that will be included in a manuscript currently in preparation, and 

summarizes .  
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Chapter 1: Introduction 

1.1 Brain metastasis  

1.1.1 Epidemiology  

Brain metastases (BM) are the most common neoplasm to affect the adult central nervous 

system, occurring 10 times more frequently than primary brain tumors (Patchell, 2003). 

~90% of cancer-related deaths are associated directly or indirectly with metastatic 

progression, and 20-40% of patients diagnosed with cancer will develop BM throughout 

the course of the disease, dependent on the type of primary tumo (Gavrilovic & Posner, 

2005; Patchell, 2003). The prevalence of BM has increased in recent years due to several 

factors: a) improved treatment of primary cancers, which in turn increases patient survival 

and subsequently prolongs the amount of time BM can develop, b) improved technologies 

to diagnose BM, and c) the inadequate efficacy of current treatment options for BM (Lu-

Emerson & Eichler, 2012).  

 

On average, BM are detected at 8.5 months after the initial diagnosis of the primary cancer. 

However, this range is dependent on the type of primary cancer, with detections as early 

as 3 months with lung carcinomas and as late as 37 months with melanomas (Lagerwaard 

et al., 1999; Lu-Emerson & Eichler, 2012). Clinically, BMs may manifest in three distinct 

manners: metachronous, synchronous, and anachronous. The majority of patients are 

diagnosed with a BM following a known primary malignancy (metachronous presentation). 

Less commonly, patients are diagnosed simultaneously with the primary tumor and BM 
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(synchronous presentation), and rarely patients will be diagnosed with a BM prior to the 

detection of the primary cancer (anachronous presentation) (Soffietti et al., 2002).  

 

A significant controversy in metastasis research surrounds the timeline of metastatic 

spread; do metastases develop in a linear fashion after primary tumor formation, or in 

parallel to the primary tumor? The linear model of dissemination is intimated in cancers 

where there are close genetic similarities between the primary and secondary tumors, 

whereas the parallel model is suggested in cases of genetic diversity.  A third theory 

suggests metastasis-to-metastasis seeding (Naxerova & Jain, 2015). Although the general 

consensus gathered from  several studies leans towards parallel progression of metastatic 

dissemination, recent phylogenetic studies have shown multiple modes of dissemination 

(D. Brown et al., 2017; Budczies et al., 2015; Klein, 2009; Kroigard et al., 2017; Sanborn 

et al., 2015). 

 

1.1.2 Clinical presentation and prognosis 

Any cancer type can disseminate to the brain, however lung, breast and melanoma cancers 

account for the majority of BM cases (Figure 1). The type of primary tumor can also dictate 

the distribution and number of metastases within the brain.  

 

Lung cancers account for the majority of BM cases. 10-25% of lung cancer patients are 

concurrently diagnosed with the primary cancer and BM, and approximately 40-50% of 

lung cancer patients will eventually develop BM (Langley & Fidler, 2011). Within the 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

20  

histological divisions of lung cancer, non-small cell lung cancer (NSCLC) accounts for 20-

40% of BM, arising primarily from the adenocarcinoma subtype, whereas the more 

aggressive small cell lung cancer (SCLC) accounts for ~20% of BM cases (Nayak et al., 

2012). In general, lung cancers typically result in multiple lesions within the occipital lobe 

and cerebellum (Barnholtz-Sloan et al., 2004; D. Palmieri, 2012). 

 

Breast cancer accounts for 15-25% of BM cases, resulting in single lesions within the brain 

parenchyma, leptomeninges, cerebellum, and brain stem (Barnholtz-Sloan et al., 2004; D. 

Palmieri, 2012). BM development has been reported to be much higher in human epidermal 

growth factor receptor-2 (HER2) positive and triple negative breast cancer subtypes, 

accounting for ~35% of BM cases.  

 

Melanomas have the highest propensity of all primary cancers to metastasize to the brain, 

likely due to the similar embryonic origin of neural tissues and melanocytes (Herlyn et al., 

1985; D. Palmieri, 2012). However, melanomas are only the third highest origin of BM, 

accounting for 6-11% of cases. Melanoma derived BM typically form within the cortex as 

opposed to the grey-white junctions as seen with other primary origins (Nayak et al., 2012).  

 

Renal cell, gastrointestinal and colorectal cancer have the lowest propensity to develop BM 

within the progression of the disease, and approximately 2-14% of BM cases present with 

no definable primary origin (Nayak et al., 2012). 
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For most primary cancers, the size of the tumor correlates with prognosis and metastatic 

progression, i.e. the larger the primary tumor the higher likelihood that the patient will 

develop and succumb to metastases (Klein & Holzel, 2006). Mortality is then dependent 

on both the metastases and systemic disease. BM are associated with poor survival and 

high morbidity, but again prognosis varies with the primary cancer origin and 

number/size/location of metastatic lesions. The prognosis worsens as the number of lesions 

increases, or if the lesions are located in areas less accessible to surgery. Without treatment, 

the median life expectancy of patients from presentation of one lesion is 5 months, and 3 

months for patients with multifocal disease. Treatment of single lesions are favorable for 

extended survival, whereas multifocal spread has no significant response to current 

treatment (Nussbaum et al., 1996).  

 

1.1.3 Treatment Strategies for BM 

The typical treatment strategy for BM is palliative care or no treatment at all for poor risk 

patients, as treatment options offering any significant extension of survival are presently 

not available (Hardesty & Nakaji, 2016). Poor risk patients may receive radiation therapy, 

analgesics and corticosteroids for persistent pain and headaches, anti-depressants, anti-

nauseants and anti-convulsants (DeAngelis & Boutros, 2005). Patients that have low 

systemic burden and good medical standing are considered good risk patients, and can 

receive aggressive treatments tailored to control the tumor. This includes surgical resection, 

stereotactic radiosurgery (Gamma Knife or CyberKnife), whole-brain radiotherapy, 

focused external beam radiotherapy, and systemic treatments (Ahluwalia et al., 2014; 
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Hardesty & Nakaji, 2016). Systemic therapies include chemotherapies, small molecules 

and immunotherapies, and can be administered depending on various patient factors, such 

as tumor histology and the patient’s prior treatment history to theoretically target both the 

active systemic disease as well as the BM (Groves, 2010).  

1. Chemotherapy: A variety of chemotherapeutic agents have been employed to treat 

BM, often used in a combination of 2-3 along with whole-brain radiotherapy. For BM, 

standard chemotherapies are administered based on the primary cancer. Cisplatin, 

cyclophosphamide, etopside, prednisone and irinotecan have all been administered for 

BM of lung, breast and melanoma cancers (Ahluwalia 2014). Several other cytotoxic 

agents used in treating BM include capecitabine (Ekenel et al., 2007) and 

temozolomide (Agarwala et al., 2004; Antonadou et al., 2002). 

2. Small molecules: The mutational status of the primary tumor can determine the type 

of small molecule administered to BM. Tyrosine kinase inhibitors such as Gefitinib, 

Osimertinib and Erlotinib target EGFR mutations found in lung cancers, Lapatinib 

targets HER2 mutations of breast cancer, and Vemurafenib and Dabrafenib target 

BRAF mutations in melanoma, and Crizotinib, Ceritinib and Alectinib target ALK 

fusions in lung cancers (Ahluwalia et al., 2014; Groves, 2010).  

3. Immunotherapies: Recent studies have shown promising results with the 

administration of monoclonal antibodies and immune-modulating therapies, activating 

T-cell responses to target BM in a non-cytotoxic manner. Bevacizumab and 

Ranibizumab are monoclonal antibodies that target VEGF, a key factor implicated in  

angiogenesis (Ferrara & Kerbel, 2005). Checkpoint proteins in T-cells such as PD-



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

23  

1/PD-L1 and CTLA-4 act as “off switches” that prevent self attacks and keep the 

immune system under control. Pembrolizumab, Atezolizumab, and Ipilimumab are a 

new class of checkpoint inhbitors that target these proteins, and currently show 

significant promise in clinical trials to boost the immune response against cancer cells 

(Leal et al., 2011).  A more extensive coverage of the ongoing research on 

immunotherapies directed at BM is comprehensively discussed in the review by Farber 

et al. (Farber et al., 2016). 

 

Unfortunately, few substantial advancements have been made in the therapeutic treatment 

of BM, and this lack of progress has added very little to the improvement upon the dismal 

survival rates for patients. Several methods have been employed when designing drugs and 

delivery systems to increase drug efficacy in crossing the blood-brain barrier (BBB) and 

blood-cerebrospinal fluid barrier (BCSFB) to target BM, either directly modulating the 

barriers, modifying the drug compositions, or bypassing the barriers entirely. Osmotic and 

chemical solutions, such as mannitol, alkylating agents, cytokines, and even high doses of 

ethanol or DMSO, can be administered to enhance drug delivery by shrinking capillary 

endothelial cells and forcing openings within the tight junctions. However, these methods 

are highly invasive, requiring intra-arterial catherization and general anaesthesia, and can 

cause seizures, bradycardia, and hypotension (Meairs, 2015; Pardridge, 2005). The 

evidence of exosome based communication in neural cells opened up a possibility of 

potentially developing therapies that deliver short interfering RNA (siRNA) against 

specific targets to the brain (Faure et al., 2006). The introduction of microbubbles into the 
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blood stream and subsequent application of focused ultrasound can transiently open the 

BBB without significant neuronal damage (Hynynen et al., 2001). The latter two methods 

are still in preclinical testing but show significant promise (Banks, 2009; Meairs, 2015). 

 

Various methods can modify drug compositions to promote their entry into the brain, 

however the process can be expensive and result in delivery to the entire brain. Lipid groups 

can be added to water-soluble molecules to promote passive diffusion through the BBB, 

unfortunately once across the BBB the drug must then enter the surrounding aqueous 

interstitial fluid of the brain to be effective, resulting in drugs that are too lipid soluble 

being sequestered to the capillary bed and unable to reach areas beyond the BBB  

(Oldendorf, 1974). The addition of solute carrier proteins (SLC) to the endothelial surface 

can aid transcellular transport of polar and charged molecules. Coupling of drugs to a 

“trojan horse”, a ligand that recognized by the BBB to promote endocytosis of the entire 

compound, which can improve the peripheral pharmacokinetics, yet results in a hybrid 

compound that may not be recognized by the transporter or is destroyed as a foreign body 

(Banks, 2009). 

 

The BBB and BCSFB can be avoided altogether by changing the method of delivery. Drugs 

can be administered locally through a needle or catheter directly into the targeted site, but 

requires invasive surgery, is difficult to control drug distribution and carries risks of brain 

damage, bleeding and infection (Meairs, 2015). Intrathecal administration (direct injection 

into the spinal canal) of anticancer agents guarantees the treatment will enter the CSF and 
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distribute into the brain parenchyma via diffusion, however this route can have limited 

efficacy. An alternative intraventricular administration shows improved CSF drug levels, 

especially in bulky tumors, and less variability between patients (Groves, 2010). 

Transnasal delivery can reach the olfactory CSF through the submucus space, however this 

non-invasive method can allow delivery of only small amounts of drug and have significant 

inter-patient variability (Pires et al., 2009). 

 

Despite the advances in cancer research throughout the years, there still remains significant 

challenges in the treatment of cancer. Chemotherapy is a standard treatment that can be 

used alone as a monotherapy or in combination with surgery and/or radiotherapy (J. Wang, 

et al., 2016). The past decade has led to major advancements in targeted cancer therapies, 

as seen with monoclonal antibodies and small molecules, and over a hundred targeted 

therapies have been approved for usage with hundreds more under clinical investigation 

(Joosse & Pantel, 2013). Unfortunately, resistance developed from long-term usage has 

arisen in many patients, making drug resistance a major factor in drug discovery (Joosse & 

Pantel, 2013). A well known example of acquired resistence is with EGFR, a tyrosine 

kinase receptor commonly mutated in lung cancers. Erlotinib and Afatinib are first- and 

second-generation tyrosine kinase inhibitors (TKI) and are typically used as front-line 

treatments, however the gain of a secondary mutation at exon 20 of EGFR (T790M) results 

in patients becoming refractory these treatments and requires the additional used of third-

generation TKIs such as Osimertinib (Nan et al., 2017). 
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1.2 Basic Process of Metastasis  

Metastatic progression requires a primary tumor cell to first escape from the primary tumor 

bulk into the circulation, travel throughout the body, arrest at a secondary location and 

subsequently colonize this new tissue (M. Singh et al., 2014). In order to successfully 

complete this intricate process, the metastatic cell must undergo multiple genetic and 

molecular changes, shifting through several mechanisms to achieve each metastatic phase.  

 

1.2.1 Steps of the metastatic cycle 

Intravasation 

The process of metastasis briefly requires a cell to undergo 1) loss of cell-cell adhesion, 2) 

acquisition of motility, 3) ability to digest through surrounding tissues to enter/exit the 

circulation. This process is termed intravasation, where the loss of intercellular junctions 

allows the cell to detach from the tumor bulk and invade the surrounding stroma.  Cells can 

migrate as single entities or collectively (Friedl & Alexander, 2011). Single cells can adopt 

two main morphological types to promote their motility, amoeboid and mesenchymal 

(Figure 2). The amoeboid phenotype is achieved through activation of the Rho/ROCK 

pathway, causing the cell to adopt a rounded or abnormal shape, and produce “bleb”-like 

protrusions to aid movement (Rodriguez-Hernandez et al., 2016). The mesenchymal 

phenotype is achieved by activation of RTK and Src pathways, resulting in an elongated, 

spindle-like cell body and production of plasma membrane protrusions like lamellipodia, 

filopodia, invadopodia, and podosomes that promote forward “crawling” (Voulgari & 

Pintzas, 2009). Cells can also migrate collectively as cohesive units with intact cell-cell 
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contacts, where either a single cell or multiple cells will serve as a leader to a line or sheet 

of follower cells. Collectively migrating cells can be of either epithelial or mesenchymal 

phenotypes, which may differ between the leader and follower cells (Clark & Vignjevic, 

2015).  

 

Invasion into the circulation and dissemination 

These invasive cells can either secrete various matrix metalloproteinases (MMPs) and 

enzymes to remodel surrounding tissue or, in the case of amoeboid cells activate contractile 

actin:myosin core networks to squeeze between intercellular spaces, allowing them to 

intravasation into the surrounding tissue, and invading adjacent blood or lymphatic vessels 

(Friedl & Wolf, 2003). Once in the circulation, the majority of invasive cells, termed 

circulating tumor cells (CTC), will succumb to a myriad of lethal barriers. Shearing stress 

(aka fluid-shearing forces) encountered during circulation damage the majority of CTCs. 

In addition, the host’s own immune response, via natural killer cells, further sequester and 

destroy CTCs (Luzzi et al., 1998; Nieswandt et al., 1999).  

 

Extravasation and colonization 

As the cell arrests at the new site, both through homing mechanisms as well as physical 

restraints (Ramakrishna & Rostomily, 2013), the cell will extravasate into the tissue. 

Depending on the received environmental cues the cell will either remain in a dormant state 

or colonize the tissue, where initial seeding of the brain will form micrometastases and 

subsequent development of tumor-associated vasculature (neoangiogenesis) will give rise 
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to macrometastases (M. Singh et al., 2014). It is thought that the properties required to exit 

the circulation are the rate-limiting barrier; though millions of tumor cells can be shed into 

the circulation, only a very small percentage are able to survive and colonize the secondary 

environment (Luzzi et al., 1998; Vanharanta & Massague, 2013), making this complex 

process very inefficient.  

 

1.2.2 Theories of Organotrophic Mechanisms 

Stephan Paget’s “seed and soil hypothesis” aimed to explain the mechanisms that drive 

metastatic cells to their ultimate location. Briefly, metastases are not formed randomly (or 

stochastically) but may in fact be a consequence of the secondary nature of certain tumor 

cells—”seed”—that have a propensity for a specific secondary environment (Rahmathulla 

2012, Ramakrishna 2013, fiddler 2003). Paget’s theory comprised three main principles: 

(1) a tumor is composed of a heterogeneous population of cells with different 

characteristics; (2) only certain cells possess the specific traits that allow them to 

metastasize; (3) formation of a secondary neoplasm depends on the interactions between 

the tumor cell “seed” and secondary site microenvironment “soil”. It is quite remarkable 

that even in the late 19th century, Paget was able to describe a model that attributes 

metastasis to a hierarchical cluster of cells with the metastatic-initiating cell at the apex of 

the hierarchy—the basis of the cancer stem cell (CSC) hypothesis (K. Chen et al., 2013).  

 

James Ewing’s “mechanical hypothesis” was proposed in 1928, four decades following 

Paget’s description of the seed and soil hypothesis (Ewing, 1928). The mechanical 
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hypothesis attributes the circulatory system for the homing capacity of metastatic cells to 

their secondary site. Due to the larger size of cancer cells (approximately 20 μm) compared 

to the lumen of an average vessel (3–5 μm) (Gavrilovic & Posner, 2005), CTCs would be 

restricted to arresting in the first capillary bed of the initial organ they encounter (Ewing, 

1928; Fidler, 2003; Rahmathulla et al., 2012). Although the circulatory pattern is adequate 

to explain the location of certain metastases, this is not enough to corroborate the incidence 

of metastases to most secondary sites (Fidler, 2003). A review of clinical data on metastatic 

site predilections established that mechanical factors could account for metastases to 

secondary sites within the vicinity of the primary malignancy. However, this finding could 

not be reproduced in metastases to distant organs, which were subsequently determined to 

be driven by site-specific factors as opposed to mechanical/circulatory factors (Sugarbaker, 

1979; Weiss, 2000). Furthermore, despite comparable blood flow, the liver is a much more 

common site of metastasis compared to the spleen. Abdominal and pelvic primary cancers 

tend to form BMs that far exceed the proportion as estimated from the blood supply 

(Soffietti et al., 2002). As such, the circulation can only explain approximately 66% of 

metastatic cases (Weiss, 1992), establishing a precedent for additional mechanisms of 

tumor seeding.  

 

To date, research appears to confirm the seed-soil hypothesis (Hart & Fidler, 1980), where 

a primary tumor has even been shown to prime the predetermined secondary 

microenvironment to be more conducive for metastatic growth (Kaplan et al., 2005). 

Briefly, a pre-metastatic niche (PMN) is initiated by tumor-shed extracellular vesicles and 
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factors  (growth factors, chemokines/cytokines, proteases, etc.) secreted by primary tumor 

cells, myeloid cells and stromal cells, which collectively act to lure tumor-associated cells 

such as macrophages and bone marrow derived cells to the secondary site to alter the tissue 

and local milieu to be susceptible to invasion and engraftment (Psaila & Lyden, 2009). In 

turn, this PMN can generate “homing signals” to recruit metastatic cells. To date, six 

characteristics of the PMN have been suggested that determine the activity or dormancy of 

arriving metastatic cells: immunosuppression, inflammation, angiogenesis/vascular 

permeability, lymphangiogenesis, organotropism and reprogramming, and each stage 

heralded by specific factors (Y. Liu & Cao, 2016). The PMN represents abnormal, tumor-

independent manipulation of secondary organs that could be perceived as preemptive 

indicators for metastasis initiation.  

 

1.2.3 The Brain Microenvironment 

Of all organs, the brain presents a distinctly unique environment for neoplastic 

development. The brain parenchyma is composed of neurons and subgroups of glial cells 

(astrocytes, oligodendrocytes, microglia, ependymal cells), that form separate regions of 

the brain to regulate specific processes and functions. The brain is the most vascularized 

organ of the human body, possessing a dense network of capillaries, different from the 

capillaries that reside throughout the body, to ensure every neuron is perfused in blood (D. 

Palmieri, 2012). Lastly, the brain is protected by the BBB and BCSFB. The BBB is a barrier 

formed by the endothelial cells of the brain capillaries, closely associated with pericytes, 

perivascular astrocytes, and microglia, and separates the circulating blood from the brain 
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interstitial fluid (Redzic, 2011). The BCSFB is composed of modified cuboidal epithelium 

of the choroid plexus, serving to secrete and separate CSF from circulating blood (Redzic, 

2011). Both barriers express transporters, multi-specific carriers, receptors and enzymes 

that help to regulate diffusion and transport of polar molecules, essential nutrients, and 

wastes, and restrain the passage of anticancer compounds into the brain (Redzic, 2011). 

The brain microenvironment combined with the protective barriers of the leptomeninges 

and BBB collectively make the brain a welcome sanctuary for metastatic cells that can 

penetrate into the brain (Groves, 2010).  

 

The flow of arterial blood largely determines the deposition of metastatic cells throughout 

the brain parenchyma, arresting at grey-white junctions and “watershed” areas where the 

vasculature narrows and has slower capillary flow (Lu-Emerson & Eichler, 2012; 

Pekmezci & Perry, 2013). Approximately 85% of BM arise within the cerebrum, 5-10% 

within the cerebellum, and 3-5% within the brainstem (Patchell, 2003).  

 

1.3 Brain metastasis initiating cells 

1.3.1 Theories of metastatic origin 

Early theories of metastasis concerned a stochastic or clonal selection-based model of 

evolution, where metastasis was the culmination of accumulated genetic aberrations in any 

one cell (Liotta et al., 1976a). Another proposition postulated that metastatic properties can 

be gained by horizontal transfer of circulating oncogenes or uptake of oncogenic DNA 

from apoptotic bodies (Garcia-Olmo et al., 1999). Increasing evidence is suggestive of a 
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hierarchal model of metastasis, with CSCs as the initiating population (Fodde & 

Tomlinson, 2010). In general CSCs are immortal tumor-initiating cells (TICs), distinctly 

different from the general tumor bulk. They exhibit self-renewal and proliferative 

properties enabling initiation and maintenance of tumor growth, and can undergo 

asymmetric division and differentiation to give rise to all the other cell phenotypes within 

the heterogenous tumor (Lobo, Shimono, Qian, & Clarke, 2007). CSCs can be identified, 

isolated, and most recently targeted, by specific biomarkers in most human cancers (Chen, 

Huang, & Chen, 2013). Despite the current lack of prospective identification of metastatic 

initiating cells (MICs), evidence suggests that this population is related to or comes from 

CSCs. The first indicator of this theory is the tumor initiating capacity (TIC) seen with both 

populations. The increased exhibition of metastasis-associated mechanisms found at the 

leading edge of primary or metastatic tumors suggests the existence of at least two different 

forms of CSCs within the primary tumor, an inner progression-stationary subset and an 

outer motile subset (Liao, et al., 2014). The stationary CSCs are active throughout primary 

tumor progression but are unable to escape the primary tumor borders. The metastasis-

initiating CSCs, or MICs, are selected and primed for dissemination by receiving signals 

from the stroma resembling the environment of a distant organ (Baccelli & Trumpp, 2012; 

T. Brabletz, et al., 2005; Oskarsson, Batlle, & Massague, 2014). Induction of certain 

metastatic traits appears to result in cells acquiring both mesenchymal and stem-like 

properties (Mani et al., 2008). Lastly, certain CSC populations and subpopulations were 

found to have enhanced metastatic tendencies (Al-Hajj et al., 2003; Hermann et al., 2007; 

Lawson et al., 2015; H. Liu et al., 2010; Pang et al., 2010). 
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1.3.2 Properties of MICs 

MICs have adapted several mechanisms that support their survival throughout the 

metastatic cascade as well as ability to serve as the TIC pool in a distinctly different 

secondary organ environment (Celia-Terrassa & Kang, 2016).  

 

The plasticity of MICs enables them to adapt different migratory phenotypes, allowing 

cells to be motile even when one form is pharmacologically inhibited (Wolf et al., 2003). 

A widely accepted mechanism to achieve a mesenchymal phenotype is through the 

epithelial-mesenchymal transition (EMT), a process initiated by external and internal 

factors (environmental cues, transcription factors, etc.) (Heerboth et al., 2015; Thiery et 

al., 2009). Conversely, recent studies have addressed the necessity of EMT in metastasis 

where, due to the transient, nonlinear nature of the process, tumor cells may not require 

full completion of EMT to become metastatic. Studies have shown that forced induction of 

EMT through overexpression of EMT-regulating transcription factors causes a loss of 

tumor-initiating properties in the mesenchymal tumor cell (Celia-Terrassa et al., 2012; 

Ocana et al., 2012; Tsai et al., 2012). As such, EMT has been proposed to be more of a 

spectrum of phenotypes, where a tumor cell will undergo partial phase shifts to promote 

migration as well as maintain their tumor-initiation capacity (Lambert et al., 2017). In some 

cases, such as collective cell migration, EMT may not be required at all to achieve 

migration (Fischer et al., 2015; X. Zheng et al., 2015). 
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A characteristic feature of tumor cells is their anchorage-dependent growth; cell release 

from a substratum often results in anoikis, a detachment-induced apoptosis. This feature 

has been hypothesized to be a major contributor to metastatic inefficiency of tumor cells 

within the circulatory system, and successful MICs are capable of resisting anoikis by 

expressing multiple RTKs, invasion signaling components, and anti-apoptotic molecules 

(Grossmann, 2002; Steeg, 2006). Another feature of MICs that promote their survival is 

their aggregation with other cellular elements such as fibrinogen, fibrin, and thrombin 

(Langley & Fidler, 2013; Steeg, 2006).  

 

MICs have adopted successful defensive strategies to survive within the circulation. One 

such method employed by single MICs involves tumor cell-induced platelet aggregation 

(TCIPA), where the MIC will express thrombin to collect platelets and form protective 

layer from immune-surveillance and hemodynamic shearing forces (Palumbo et al., 2007). 

This MIC-platelet association in turn stimulates the platelets to produce α-granules 

containing TGF-β and PDGF, which in turn stimulates the SMAD and NOTCH pathway, 

respectively, in the MIC to ultimately help maintain their mesenchymal/stem properties 

(M. Singh et al., 2018). Rarely metastasizing cells that have invaded the circulation as 

collective groups can form clusters of MICs or microemboli, arising from oligoclonal 

tumor cells, and appear to have a higher metastatic potential than single MICs (Aceto et 

al., 2014). These clusters provide protection similar to platelet shields but also an added 

benefit of avoiding anchorage-dependent apoptosis (Liotta et al., 1976b). 
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As previously stated, the largest barrier to metastatic development is extravasation, where 

most cells succumb to apoptosis within the first 24 hours (Sahai, 2007).  

At this secondary site, the surviving MICs will either enter a dormant state to delay 

colonization until a more favorable time/condition or eventually die, or they immediately 

initiate colonization. Dormancy can occur if the MIC does not receive favourable growth 

signals from the new microenviroment. For instance, transient adhesion of the MIC to the 

microenvironment can induce stress response signalling, such as activation of urokinase-

type plasminogen activator receptor (uPAR) deactivation. Low or downregulated uPAR 

signalling can prevent MIC adherence through β1integrins and reduce MIC proliferation 

(Aguirre Ghiso et al., 1999). The ratio of ERK vs p38 activity can dictate MIC entrance 

into a proliferative or dormant state, respectively, and in tumor cells can be predictive of 

early or late reocurrence. Activation of the MAPK pathway results in increased levels of 

p38 and in turn activates p53 and p16, causing subsequent arrest of the tumor cell in the G0 

cell cycle phase. Activation of the WNT and ERK signalling pathways can inhibit p38 and 

promote progression into MIC invasion and proliferation (Gomis & Gawrzak, 2016).  

 

Brain-specific MICs (BMICs) retain particular features that allow them to circumvent 

apoptosis as well as self-protective strategies of the brain to colonize the tissue. Astrocytes, 

the first cells encountered by extravasating BMICs, can play both a BM-suppressive and 

BM-promotion role. They initially secrete plasminogen activators, where plasmin will 

prevent BM by 1) inducing a paracrine death signal for BMICs through conversion of FasL, 

and 2) inactivating L1CAM, a pathfinding molecule utilized by BMICs to spread along 
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capillaries. To circumvent this defense, BMICs secrete plasminogen activator inhibitory 

serpins, such as neuroserpins and serpin B2 (Valiente et al., 2014). BMICs express PCDH7, 

a protocadherin that promotes BMIC-astrocyte gap junction formation through connexin 

43 (CX43). This gives BMICs access to transfer the secondary messenger cGAMP to 

astrocytes, activating paracrine signals for the release of cytokines that promote BM growth 

(Q. Chen et al., 2017). The high glucose and oxygen content within the neural tissue 

promotes successful colonization of BMICs that utilize aerobic glycolysis (DeBerardinis 

et al., 2008). BMICs possess an adaptive metabolic mechanism that utilizes the citric acid 

cycle to co-oxidize acetate and glucose into fuel sources to support the high demand of 

proliferating cells (Mashimo et al., 2014). Expression of αVβ3 integrin can mediate 

upregulation of VEGF to promote vascular recruitment and promote tumor growth, an 

effect seen only within the neural microenvironment (Lorger et al., 2009).  

 

Chemoresistance is another major survival tactic bestowed upon MICs, enabling them to 

evade therapy and contribute to recurrent tumor growth post-treatment (Hay, 2005). Drug 

resistance can be either intrinsic, such as the expression of ATP-binding cassette (ABC) 

transport proteins that regulate drug efflux, and extrinsic, as seen by the gain of resistance 

to apoptosis-inducing agents. Several EMT regulating transcription factors (TFs) (ex. 

SNAIL1, SNAIL2, TWIST, FOXC2) have been shown to induce these mechanisms in 

metastatic cells (Abdullah & Chow, 2013; Gottesman et al., 2002). 

 

1.3.3 BMIC genes and signatures 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

37  

Several studies have undertaken the effort to identify genes and metastastic gene signatures 

essential to BMICs, where neurotrophism-predicting factors would help develop 

treatments to prevent BM development. Genomic profiling has led to the identification of 

different metastatic gene sets predictive of BM. Ramaswamy et al. compared metastatic 

adenocarcinomas to non-metastatic cancers of the same type to yield the best descriptor set 

of 128 metastasis-associated genes (64 overexpressed and 64 underexpressed) and derived 

a core gene signature of 17 metastasis markers, but didn’t provide an obvious set of genes 

with related function (Ramaswamy et al., 2003). Kikuchi et al. compared lung 

adenocarcinomas with their matched BM, identifying 244 genes to be overexpressed in 

BM (Kikuchi et al., 2006). Similar work conducted by Zohrabian et al. identified 1561 

genes dysregulated in lung-derived BM (Zohrabian et al., 2007). Nolte et al. identified 30 

candidate genes as being significantly over-expressed in a stem cell population for BM, 

primary brain and lung tumors, 11 of which were found to be significant predictors of 

patient outcome (Nolte et al., 2013). 

 

Other studies have functionally validated genes that mediate metastasis to the brain. Bos et 

al. utilized genomic sequencing to determine α-2,6-sialyltransferase (ST6GALNAC5) 

mediates breast cancer metastasis to the brain by enhancing tumor cell adhesion to neural 

endothelial cell walls, and inhibition of COX2 and EGFR prevented breast tumor cells from 

crossing the BBB in vitro(Bos et al., 2009). Okuda et al. identified high expression of 

Kruppel-like factor 4 (KLF4) in CSCs of breast cancer, and upregulation of miR-7 was 

able to attenuate brain metastases (Okuda et al., 2013). Wu et al. showed a COX2-MMP1-
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CCL7 axis to promote BM from breast cancer, whereby upregulated expression of COX2 

in BMICs induced prostaglandins, which in turn promoted both MMP1 expression and 

subsequent modification the BBB as well as upregulation of CCL7 in astrocytes to promote 

BM initiation (K. Wu et al., 2015). Valiente et al. determined breast- and lung-derived 

BMICs secrete serpins, inhibitors of plasminogen activators secreted by the reactive brain 

stroma in response to invasion, which protects BMICs from death signals and promotes 

vascular co-option to initiate BM (Valiente et al., 2014). Massague et al. found breast- and 

lung-derived BMICs express PCDH7, which aids recruitment of connexin 43 and promotes 

tumor-astrocyte gap junction formation and subsequent invasion into the brain parenchyma 

(Q. Chen et al., 2017). 

 

1.4 Modelling Brain Metastasis  

1.4.1 In vitro methods 

Several 2D in vitro models have been generated to quickly assess fundamental properties 

of metastatic cells. Basic cell migration, an integral component of metastatic cells, can be 

assessed with variations of scratch/wound or zone exclusion assays, where cells are first 

seeded in an adherent monolayer and then a “cell-free” zone is created either by making a 

scratch or removing a barrier, and monitoring the cells moving into the empty space. These 

assays are very common as they are simple, economical, offer real-time observation and 

can be high throughput. Microfluid devices assess migration of cells along channels 

following a chemoattractant, however these assays are currently expensive and time 

consuming (Katt et al., 2016). Transwells and Boyden chambers offer the most flexibility 
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when assessing cell migration, where cells are plated in an upper well and migrate through 

a porous membrane to a lower well following a chemoattractant. The addition of a 

basement membrane extract layer (Matrigel, collagen) over the porous membrane can then 

model cellular invasion (Kramer et al., 2013). Transwells can be further modified to mimic 

cell passage through the blood-brain barrier (BBB) by plating pericytes, astrocytes, and 

endothelial cells (commonly derived from cells of the human umbilical cord) in layers 

across the membrane to mimic those that comprise the BBB. Unfortunately, transwells are 

time consuming and cells cannot be viewed in real time (Kramer et al., 2013).  

 

Technological advances into the development of 3D assay systems that better represent the 

microenvironment, allow to interrogation of cellular architecture and cellular interactions 

more similar to what is experienced in vivo. Tumor cells cultured as spheroids are 

considered to represent avascular tumor nodules or micro-metastases, and despite expense 

and time-consuming preparation, they allow investigation of several metastatic properties 

including invasion, matrix remodelling, and immune cell interactions (Friedrich et al., 

2009; Katt et al., 2016). Co-culturing systems are used to investigate the synergism 

between tumor and stromal cells (Sasser et al., 2007; Sieh et al., 2010). Angiogenesis or 

neovascularization, the process of forming new blood vessels branching from existing 

vasculature, can be recognised through a tube formation assay, where cells plated on an 

extracellular matrix layer that mimics the in vivo environment and will form tubule-like 

structures that resemble vessels (DeCicco-Skinner et al., 2014).  
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These in vitro assays have been invaluable as tools to not only delineate the mechanistic 

regulation of metastasis but also serve as screening platforms for therapeutic targets, 

unfortunately they also face several limitations in that they cannot reproduce the entire 

metastatic cycle and they lack proper live host interactions.  

 

1.4.2 In vivo methods 

Animal models represent a vital tool in a scientist’s repertoire for translational research, 

allowing examination of anatomical barriers (BBB and BCSFB), stromal/environmental 

determinants, immune signalling and response, and cytokines/growth factors (Huszthy, et 

al., 2012). A clinically relevant in vivo model can enable researchers to identify the genetic 

events that contribute to metastatic development within the CNS, and provide a platform 

to identify and screen novel therapeutics (Huszthy, et al., 2012).  

 

Although, the genetic mouse models have become an important tool in studying the 

functional significance of a defined mutations in the development of BM, such models lack 

the ability to recapitulate the genetic heterogeneity of primary human tumors. Furthermore, 

the genetically engineered mouse models (GEMMs) are limited by complex breeding 

schemes, incomplete tumor penetrance and variable tumor onset (Sanden et al., 2017). In 

contrast, patient-derived xenograft (PDX) models for many cancer subtypes (Joo et al., 

2013; Q. Shu et al., 2008; S. K. Singh et al., 2004; Wakimoto et al., 2012; L. Yu et al., 

2010; Zhao et al., 2012) have been generated through injection of patient tumor cells into 

an appropriate microenvironment. Tumors generated through PDX models have been 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

41  

shown to retain the molecular identity and recapitulate the complex heterogeneity of the 

original patient tumor. In addition, PDX models allow for a more accurate evaluation of 

tumor growth patterns, metastatic properties and their changes in response to therapeutic 

intervention (Hoffman, 2015; Talmadge et al., 2007). Currently a variety of xenograft 

models have been developed that are capable of reproducing specific individual stages of 

metastasis, providing a more detailed understanding of the intricacies involved in the 

process. For instance, the avian embryo provides a unique model support system for many 

metastatic features, including growth, invasion, and angiogenesis. The chorioallantoic 

membrane (CAM), a vascularized embryonic tissue, shows easy engraftment of human 

cells, and the embryo itself provides an immunodeficient environment (Lokman et al., 

2012; Palmer et al., 2011; Wilson & Chambers, 2004). The use of zebrafish xenograft 

models has also risen over the last few years, providing a novel high throughput and 

inexpensive platform for drug discovery and in vivo imaging (H. K. Brown et al., 2017; C. 

F. Liu et al., 2017). Despite the novelty of these unique models, the use of mice and rats 

(murine) have remained a standby host species in modelling metastasis, providing high 

reproducibility in disease development and easy to manipulate/inject due to size (Schabet 

& Herrlinger, 1998). The advent of transgenic and immunodeficient strains significantly 

increased the success rate of tumor transplantation and human-mouse xenograft model 

development (Shultz et al., 2007). 

 

When developing an appropriate in vivo model for LM and BM, several biological and 

technical factors must be considered.  



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

42  

1. The number of cells delivered: a property easily controlled by the researcher, can 

also play a large role in the time it takes for engraftment.  A larger cell number 

injected may permit for a shorter incubation period, however this may not 

accurately represent the slower growth observed with the clinical presentation of 

metastatic progression. Conversely, a low cell number may not be engrafted easily, 

reducing the success rate of engraftment or cell collection (Francia et al., 2011).  

2. Host selection: The choice of host when establishing a metastasis model can be key 

to successful engraftment rates. Murine models can be divided into 2 broad 

categories: 1) syngeneic and 2) xenogeneic. Syngeneic models utilize cancer cell 

lines of the same genetic background as the host, and are typically generated 

through chemical or experimental induction. These models offer researchers the 

ability to study oncogenesis and metastatic progression in the presence of a 

functioning immune response and potential to identify therapeutics that can target 

the immune system. Unfortunately, this model is solely mouse-related, which can 

have difficulties with correlations to human disease. On the contrary, xenograft 

models are developed from the administration of human cancer cells into an 

immunocompromised host. The lack of an immune response, which would 

otherwise attack the foreign cells injected and limit engraftment, permits a high rate 

of human tumor transplantation and study of human cancer cell behaviour in a live 

host but lacks information on the interaction between the immune system and tumor 

cells.  However, this drawback can be somewhat circumvented through the use of 

humanized mouse models. 
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3. The route of injection (Figure 4): The location of cell delivery and subsequent tumor 

engraftment and metastatic progression is another decision critical to model 

development. Due to circulation patterns, some locations for metastatic spread are 

more likely to select for metastatic growth over others, such as tail vein injections 

resulting in primary lung metastases (Francia et al., 2011). Certain hosts do not 

possess the proper/compatible physiology to represent clinical disease progression, 

whereas injections in some areas may not even be feasible for a particular host due 

to anatomical differences. Another criteria is host size, where a larger animal may 

allow for easy and safe repeated access to the injection route (Schabet & Herrlinger, 

1998). 

 

When modelling metastasis, the best route of inoculation would replicate tumor formation 

at the primary site first and subsequent metastatic development. Several such models have 

been established with commercial mouse and human cell lines, unfortunately this method 

can be laden with difficulties in capturing the metastatic cells at the desired secondary site. 

To overcome this, successive rounds of in vivo selection are performed with cells harvested 

from the secondary site and re-injected, selecting for cells that are aggressively metastatic 

with each round (Bos et al., 2009; Fidler, 1970). 

1. Intracardiac/intracarotid: A common method for BM development is direct 

injection of tumor cells into the circulation. This method is more of an assessment 

of brain colonization and not full metastasis, as it selectively ignores the ability of 

cells to undergo EMT and intravasate into the circulation, and often times several 
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folds higher numbers of cells are injected into the circulation than the number of 

cells that would typically escape from the primary tumor. Nonetheless, this method 

allows for selection of highly metastatic populations that are able to cross the BBB 

and BCSF to engraft into the brain. Intracardiac injections (via the left ventricle), 

allows cells to freely enter the circulation and have indiscriminate access to all 

organs of the body, allowing cells to seed metastases in different areas (Song et al., 

2009). Injection of cells into the intracarotid artery allows cells to travel directly to 

the brain, and primarily produces BM and LM (Daphu et al., 2013; Kircher et al., 

2016; Martinez-Aranda et al., 2013; Z. Zhang et al., 2008).  

2. Orthotopic: Orthotopic injections places cells directly into the originating 

environment of the primary tumor. For BM development, the most common route 

of inoculation of tumor cells derived from a BM or primary brain tumor is directly 

into the brain parenchyma (intracranial). This surpasses all barriers encountered in 

the initial and mid stages of metastasis, allowing the cells to begin colonization, but 

creating a significant selection bias by giving cells that may not be capable of 

surviving the metastatic cascade an opportunity to engraft. When utilizing tumor 

cells from other primary cancers, the injection site will follow accordingly to best 

represent the metastatic cascade. For instance, melanoma cells can be injected 

subcutaneously, lung cancer cells injected intrathoracically, and breast cancer cells 

injected into the 4th fatpad (Cruz-Munoz et al., 2008; Marsden et al., 2012; 

Sakamoto et al., 2015). 
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Tumor models provide platforms to interrogate intricacies of molecular interactions, 

allowing researchers to gain much insight into cancer progression as well as develop and 

screen novel treatments. Despite technological advancements (tumor cell biology, tissue 

engineering, biomaterials, microfluidics, etc.), the complexities of the metastatic cascade 

limit the degree to which current models can represent progression of the disease as seen 

in patients.  

 

 
Figure 1. Primary sources of brain metastasis.  

Brain metastases can arise from various primary sources. 1. Lung cancers are the primary 

source of 40-60% brain metastasis, followed by 2. Breast cancer with 15-25% of cases, 3. 

Melanoma with 6-11% of cases, and 4. Renal, colorectal and gastrointestinal cancers with 

2-14% cases.  
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Figure 2. Cellular structures that aid cell migration and invasion (M. Singh et al., 

2018).  

Actin filaments are a primary component of the cytoskeleton, residing under the plasma 

membrane to provide structural support and maintain tissue integrity. (A) Tumor cell 

invasion is assisted by several protrusive structures such as lamellopodia, filopodia, 

invadopodia or membrane blebs, which are formed through the nucleation, rapid assembly 

and disassembly of these actin filaments. (B) During active migration, cells will undergo 

mesenchymal-type movement, where the cell will first polarize and establish points of focal 

adhesion with the ECM fibres, then the cell will translocate through contractions of the cell 

body, leaving behind the remodeled EMC. For this process, CDC42 is activated and binds 

to the N-WASP and IRSp53, which will bind the actin-nucleating ARP2/3 complex to 

promote actin polymerization and formation of the leading edge and wave-like 

lamellopodia. CDC42 binding to mDIA2 also activates nucleation of unbranched actin. 

CDC42 activation of PAK will activate LIMK to inhibit cofilin and increase actin turnover, 

inducing the formation of sensory filopodia. Activation of Rac induces actin 

polymerization and the formation of lamellopodia similarly to CDC42 but operates through 

the WAVE complex. The Src pathway inhibits ROCK and N-WASP to promote 

invadopodia and podosome formation, which are actin-rich protrusions tailored for ECM 

degradation (Friedl & Wolf, 2003; Heasman & Ridley, 2008). Non-apoptotic blebs are 

structures utilized in amoeboid movement in passive migration. Blebs are formed by 

intracellular hydrostatic pressure resulting compression of the cytoskeletal network as it 

separates from the plasma membrane, which pushes out on areas of weak cortical actin in 

the plasma membrane. This protrusion is initially devoid of actin as it expands, and is 

reformed as the bleb retracts. As blebs are formed they polarize, and hydrostatic pressure 

will deform the nucleus and force the cell to move forward through these blebs (Friedl & 

Wolf, 2003; Nurnberg et al., 2011). This process is initiated by GEF activation of RHO, 

which works through ROCK and MLC to produce actomyosin contractions (de Lucas et 

al., 2016; Morley et al., 2014). N-WASP, Wiscott-Aldrich syndrome protein; IRSp53, 

insulin receptor substrate p53; mDIA2, mammalian diaphanous 2; WAVE, WASP-family 

verprolin-homologous protein; RHO, Ras homolog gene family member; ROCK, Rho-

associated protein kinases; GEF, guanine nucleotide exchange factors; MLC, myosin light 

chain. 
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Figure 3. Stages of the metastatic cascade (M. Singh et al., 2018).  

MICs will initiate the metastatic cascade. 1) The MIC will lose adhesion to neighbouring 

cells and the ECM, allowing them to break away from the tumor bulk and 2) invade the 

surrounding tissue. 3) To intravasate into adjacent blood or lymphatic vessels, metastatic 

cells initiate local neoangiogenesis, allowing the formation of vessels possessing weak 

endothelial cell junctions that the cells can easily pass through as they undergo TEM. 4) 

Upon entering the circulation, metastatic cells will circumvent lethal barriers such as 

shearing forces and host immune responses before arresting at a new secondary site. 5) The 

metastatic cells will undergo TEM again to extravasate and invade the BM surrounding the 

vessel, where they will undergo 6) MET and enter either a dormancy state or initiate 

colonize the tissue (Cavallaro, 2013; Reymond et al., 2013; M. Singh et al., 2014). EMT, 

epithelial mesenchymal transition, MCSC, metastatic cancer stem cell; ECM, extracellular 

matrix; TEM, transendothelial migration; BM, basement membrane; MET, mesenchymal 

epithelial transition.  



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

49  

 
Figure 4. Routes of injection to develop brain metastasis in vivo.  

Common injection routes used in murine models to develop BM, typically involving 

injection of cells of directly into the circulation or CSF to bypass the initial stages of 

metastasis. ICA, intracarotid artery; CCA, common carotid artery.  
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1.5 Summary of Intent 

Metastases arise from the dissemination of cancer cells from a primary tumor, and 90% of 

all cancer-related deaths are due to metastases (Sleeman & Steeg, 2010). Metastasis to the 

brain (BM) are the most frequently diagnosed of all adult brain tumors, arising in 20-40% 

of cancer patients throughout the course of the disease (Gavrilovic & Posner, 2005). The 

invasive nature of BM and their ability to escape aggressive treatments predicts uniformly 

poor patient outcome, with a median survival time of only months (Stelzer, 2013). 

Advances in screening, detection and therapeutics for systemic cancers have led to an 

increase in cancer patient survival, yet leave cancer survivors vulnerable to an increased 

prevalence of BM (Langley & Fidler, 2013). A lack of new therapeutic options for BM and 

the inefficiency of current therapies implies a severely limited knowledge of this process 

and proper translation into novel therapeutic avenues. In fact, on average, as little as 5% of 

total cancer research funding is typically assigned to the study of metastasis (Steeg et al., 

2009). Effective studying of BM is hindered by the inability to properly represent the 

metastatic intricacies as experienced by the patient. As such, there still remains a dearth of 

models that are able to capture every molecular, genetic and epigenetic change a tumor cell 

undergoes to achieve BM. Thus, I hypothesize that there exists a rare subfraction of 

BM cells termed BMICs will survive the metastatic process as well as initiate a tumor 

in a secondary neural niche. These cells can be identified, enriched and characterized 

through a clinically relevant human-mouse xenograft model, and will provide novel 

therapeutic avenues into the prevention of BM. The goals of this thesis were to: 
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i. Development of a patient-derived xenograft (PDX) model of BM that properly 

represents the metastatic stages. 

ii. Identification and functional characterization of BMIC regulatory genes. 

iii. Identification and preclinical validation of BM-targeting therapeutics. 

The ability to isolate the cells that have already undergone all stages required to form BM 

provides us with a better opportunity to characterize the mechanisms involved. To address 

these aims, I first generated cell lines enriched in BMICs from primary patient samples of 

lung-derived BM. I then optimized 3 xenograft models that could properly recapitulate the 

various stages of metastasis. Briefly, I injected BMICs in NOD/SCID mice through the 

following routes (Figure 5): 

a) Intracranial (ICr): to assess for reformation of tumors within the secondary neural 

environment 

b) Intracardiac (ICa): to assess for a homing capacity of BMICs for either the 

originating tissue (lung) or the secondary tissue (brain) 

c) Intrathoracic (IT): To recapitulate the entire metastatic process, from primary (lung) 

tumor formation progressing to BM formation.  

A limiting dilution assay was initially performed to determine the optimal and lowest 

number of BMICs that were required to be injected to result in tumor or BM formation in 

an appropriate span of time. From this work I was able to model clinically different stages 

within metastasis. BMICs injected into the ICa model were able to generate macro-

metastasis, whereas the BMICs injected into the IT model managed only initial seeding of 

the brain before mice succumbed to gross lung tumor burden (Chapter 3).  
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Utilizing these models, I screened potential BMIC regulatory and metastatic genes, 

identifying STAT3 (Chapter 2), SPOCK1 and TWIST2 (Chapter 3) genes to be essential 

regulators of BM. Further characterization of the seeding stage using my IT model was 

performed by transgenomic analysis, showing several mechanisms employed in BMICs 

undergoing this state that promote their invasion and adaption to the neural tissue and 

concurrently prevent their proliferation and colonization. With this data I determined that 

the IT model captured BMICs undergoing “pre-metastasis”, a stage impossible to capture 

in human patients due to the current limitations of diagnostic technology. In silico 

interrogation of the BMIT genes and in vivo validation identified Apomorphine, a 

repurposed Parkinson’s drug, to prevent BM development by targeting premetastatic genes 

KIF16B, SEPW1, and TESK2. Lastly, low expression of these 3 genes was associated with 

poor patient survival in a cohort of lung adenocarcinoma patients, suggesting that these 

particular genes have the potential to predict patient response to therapeutic intervention 

and prevention of BM (Chapter 4).  

 

Collectively, the work of this thesis gives much needed insight into the progression of BM. 

Our clinically relevant models question the usage of macro-metastases in current in vivo 

models for therapeutic development, and identify a novel therapeutic window in the pre-

metastatic stage in the prevention of BM and ultimately to extend patient survival.   
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Figure 5. Schematic representation of BM modelling routes. 

Planned routes of injection to interrogate the tumor/metastasis initiating capacity of 

BMICs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2: STAT3 pathway regulates lung-derived brain metastasis initiating cell 

capacity through miR-21 activation 
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Preamble 

This chapter is an original published article presented in its published format in Oncotarget, 

available online at https://doi.org/10.18632/oncotarget.4742. 

 

Singh M, Garg N, Venugopal C, Hallett R, Tokar T, McFarlane N, Mahendram S, 

Bakhshinyan D, Manoranjan B, Vora P, Qazi M, Arpin CC, Page B, Haftchenary S, Rosa 

DA, Lai PS, Gómez-Biagi RF, Ali AM, Lewis A, Geletu M, Murty NK, Hassell JA, Jurisica 

I, Gunning PT, Singh SK. STAT3 pathway regulates lung-derived brain metastasis 

initiating cell capacity through miR-21 activation. Oncotarget. 2015 Sep 29;6(29):27461-

77. doi: 10.18632/oncotarget.4742. 

 

Experimental concept and study design were developed by myself C. Venugopal, N. Garg 

and S. Singh. Intellectual guidance was provided by S. Singh and C. Venugopal, and 

supervision by S. Singh. BM samples were provided by N. Murty. The putative BMIC 

regulatory gene list was generated in previous work by S. Nolte (Nolte et al., 2013). I 

performed all in vitro BMIC line generation, maintenance and characterization. I 

performed all STAT3 knockdown experiments with the exception of western blots, which 

were generated with the aid of S. Mahendram. Flow cytometric analyses were performed 

by N. McFarlane. All In vivo experiments were led and performed by myself, with aid from 

D. Bakhshinyan and M. Qazi. Generation of the STAT3 compound library was achieved 

by C.C. Arpin, B. Page, S. Haftchenary, D.A. Rosa, P.S. Lai, R.F. Gómez-Biagi, A.M. Ali, 

A. Lewis and M. Geletu under the supervision of P.T. Gunning. In vitro screening of the 
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STAT3 library was performed by myself. In vitro miRNA-21 experiments were conducted 

by N. Garg with assistance from myself. In silico analyses (protein connectivity mapping 

and network mapping) were performed by R. Hallett under the supervision of J.A. Hassell 

and by T. Tokar under the supervision of I. Jurisica. The manuscript was prepared myself, 

N.Garg, C. Venugopal and S. Singh, with input and edits provided by P. Vora, B. 

Manoranjan, I. Jurisica, and P.T. Gunning. 

 

The main goal of this body of work was to validate the list of potential BMIC regulators 

previously generated by Nolte. et al. (Nolte et al., 2013). Annotation of this list led to 

STAT3 as a novel protein interactor. I found that inhibition of STAT3 through shRNA 

knockdown and drug interference reduced BMIC sphere formation, proliferation and 

migration in vitro, and decreased tumor growth in vivo. Previous literature implied a 

possible relationship between miR-21 and STAT3, so I further elucidated this relationship 

to find miR-21 was a downstream target of STAT3.  
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Abstract 

Brain metastases (BM) represent the most common tumor to affect the adult central 

nervous system. Despite the increasing incidence of BM, likely due to consistently 

improving treatment of primary cancers, BM remain severely understudied. In this study, 

we utilized patient-derived stem cell lines from lung-to-brain metastases to examine the 

regulatory role of STAT3 in brain metastasis initiating cells (BMICs). Annotation of our 

previously described BMIC regulatory genes with protein-protein interaction network 

mapping identified STAT3 as a novel protein interactor. STAT3 knockdown showed a 

reduction in BMIC self-renewal and migration, and decreased tumor size in vivo. Screening 

of BMIC lines with a library of STAT3 inhibitors identified one inhibitor to significantly 

reduce tumor formation. Meta-analysis identified the oncomir microRNA-21 (miR-21) as 

a target of STAT3 activity. Inhibition of miR-21 displayed similar reductions in BMIC 

self-renewal and migration as STAT3 knockdown. Knockdown of STAT3 also reduced 

expression of known downstream targets of miR-21. Our studies have thus identified 

STAT3 and miR-21 as cooperative regulators of stemness, migration and tumor initiation 

in lung-derived BM.  Therefore, STAT3 represents a potential therapeutic target in the 

treatment of lung-to-brain metastases. 

 

Keywords: brain metastases, brain metastasis initiating cell; STAT3; miR-21 
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Introduction 

Metastases are the most common neoplasm to affect the adult central nervous system, 

occurring at a rate ten times greater than that of primary neural cancers(Lu-Emerson & 

Eichler, 2012). Brain metastases (BM) occur late in the progression of the primary cancer, 

and are typically associated with poor patient prognosis and survival; even with multimodal 

treatment, survival is only 4-12 months(Eichler & Loeffler, 2007; Soffietti et al., 2002). 

Lung cancer is the primary source for BM and accounts for 40-50% of cases, followed by 

breast cancer with 15-25% of cases, and melanoma with 5-20% of cases(Wilhelm et al., 

2014). An increase in the incidence of BM has been recently noted, the reasons for which 

remain unclear but may be associated with the constantly improving treatment of the 

primary cancer that allows resistant cells to escape to the brain as a sanctuary site(C. 

Palmieri et al., 2012). The role of a subpopulation of cells capable of tumor formation, also 

known as tumor initiating cells or TICs, has been extensively studied and reported in 

several solid primary cancers including those of the brain(S. K. Singh et al., 2004), 

breast(Al-Hajj et al., 2003), colon(O'Brien et al., 2007), and prostate(Collins et al., 2005; 

Patrawala et al., 2006). Our previous work(Nolte et al., 2013) established the identification 

of TICs specifically in BM through intracranial xenotransplantation of BM from lung 

primary cancers. These cells exhibited properties similar to BTICs, and are indicative of a 

brain metastasis initiating cell (BMIC) population. 

The metastatic progression of cancer involves several extremely complex but poorly 

understood stages. Identification and characterization of the pathways and molecules that 

regulate this process will thus be crucial to our understanding and subsequent treatment of 
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BM. Several genes have been implicated in the regulation of metastases. We have 

identified a list of candidate genes as being significantly overexpressed in BM, as compared 

to primary brain and lung tumors(Nolte et al., 2013).  A protein interaction network 

mapping of metastasis regulatory genes identified Signal Transducers and Activators of 

Transcription 3 (STAT3) as one of the key interactors of BM candidate genes.  

The STAT family of transcription factors mediates cell communication and prompts a wide 

range of biological responses. Persistent activation of STAT3 has been observed in 

approximately 70% of cancers(Hodge et al., 2005; Resemann et al., 2014; H. Yu et al., 

2007) and is believed to regulate TIC activity(Sherry et al., 2009). Inhibition of STAT3 

has been validated in vitro and in vivo as a promising therapeutic avenue for cancer 

treatment, and several molecules have been identified to block STAT3 

activation(Haftchenary et al., 2013; Kamran et al., 2013). Recent studies have implicated 

STAT3 as a vital regulator of microRNA (miRNA) expression, and subsequently the 

STAT3 signaling pathway is controlled by several specific miRNAs(Iliopoulos et al., 2010; 

Loffler et al., 2007; Rozovski et al., 2013). miRNAs are a class of evolutionarily conserved 

non-coding RNA molecules(Bartel, 2004). miRNAs bind to the 3’ UTR regions of target 

genes and suppress their expression at a post-transcriptional level, ultimately resulting in 

mRNA degradation or translational inhibition(Bartel, 2009). Iliopoulos et al.(Iliopoulos et 

al., 2010) identified transcription of miR-21 and miR-181b to be activated by STAT3, 

which subsequently led to the induction of a stable transformed state in cancer cell lines. 

Rozovski et al. (Rozovski et al., 2013) found the gene expression of several miRNAs, 

including miR-21, to be regulated by STAT3 in chronic lymphocytic leukemia cells. It was 
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Loffler and colleagues (Loffler et al., 2007) who discovered two phylogenetically 

conserved STAT3 binding sites in miR-21 that regulate its oncogenic activity.  

Though lung cancer is the most common source of BM, there is very little data supporting 

the role of STAT3 and miR-21 in BM progression. In this study we identify STAT3 as a 

key regulator of lung-to-brain metastases through interaction with miR-21. We 

demonstrate that STAT3 knockdown can reduce self-renewal, migration, and tumor 

formation of a TIC population in BM. Further studies reveal that STAT3 potentially exerts 

its activity through miR-21, possibly through regulation of downstream tumor suppressor 

genes. Our studies confirm the role of STAT3 in BM development, and suggest that STAT3 

may be a therapeutic target in the treatment of the lung-to-brain metastatic process.  
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Results 

BMIC lines exhibit stem cell properties 

Brain metastasis initiating cells (BMICs) isolated from human primary lung-derived brain 

metastasis samples BT478 and BT530 were propagated as tumorspheres in tumor sphere 

medium (TSM).  Both the cell lines were shown to possess self-renewal capacity and 

migratory potential as assessed by secondary sphere formation (Figure 1A) and zone 

exclusion assays, respectively.  Both BMIC lines showed differential expression of surface 

markers such as CD133 and EpCAM, as analyzed by flow cytometry (Figure 1B). CD133 

has been used to prospectively identify brain tumor initiating cells (BTICs)(S. K. Singh et 

al., 2004) as well as cancer stem cell populations in other primary tumors(Tirino et al., 

2009; K. Zhang & Waxman, 2010). EpCAM is an epithelial cell marker overexpressed in 

carcinomas of various origins(Went et al., 2004). The tumor-initiating capacity of both 

BMIC lines used in this study was assessed through intracranial injections into NOD-SCID 

mice (Figure 1C), where both BMIC lines were capable of tumor formation. Together these 

data confirm the presence of a TIC population in both BMIC lines tested. 

STAT3 is a putative BMIC regulatory gene 

BMIC regulatory genes identified from our previous work(Nolte et al., 2013) were 

annotated with known and predicted physical protein interactions using I2D V2.3(Brown 

& Jurisica, 2007) and FpClass V1.0(Kotlyar et al., 2014). We found that Activators of 

Transcription 3 (STAT3) was a novel and direct interactor in the BMIC regulatory network 

(Figure 2). STAT3 has already been shown to be persistently activated in a variety of 
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cancers, and is believed to regulate multiple cancer stem cell populations including those 

that may drive primary brain tumors such as glioblastoma.  STAT3 is required for 

proliferation and maintenance of multi-potency in glioblastoma stem cells(Sherry et al., 

2009). 

STAT3 functions to regulate self-renewal and tumorigenicity of BMICs 

To interrogate the functional significance of STAT3 in lung-derived brain metastasis, we 

performed lentiviral-mediated shRNA vector knockdown (KD) of STAT3 in BMIC lines. 

Scrambled shRNA (shControl) served as a control. The efficiency of STAT3 KD was 

validated at transcript (Figure 3A) and protein levels including the active phosphoform 

(Figure 3B) by RT-PCR and Western blotting respectively. shSTAT3-1 showed the most 

efficient KD and was chosen for further study. Knockdown of STAT3 corresponded with 

a reduction of BMIC self-renewal and migration, as seen with a decrease in sphere 

formation capacity (Figure 3C) and zone closure (Figure 3D). Furthermore, we also 

implemented in vivo studies in order to investigate the tumorigenic potential of STAT3 KD 

BMICs. We performed intracranial injections of BT478 into NODSCID mice brains and 

found that STAT3 KD formed tumors approximately 60% smaller than control tumors , 

which generated much larger and infiltrative tumors (Figure 4). Our data thus implicates 

STAT3 as an important regulator of self-renewal, migration and tumorigenicity in BMIC 

populations. 

STAT3 inhibitors impede tumor formation in NOD-SCID xenograft model 
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BMIC line BT478 showed varied sensitivity to the STAT3 inhibitor library (Figure 5A), 

amongst which PG-S3-002 showed enhanced potency. To assess the clinical utility of 

STAT3 inhibitor PG-S3-002, BT478 was treated with PG-S3-002 at IC90 or DMSO after 

which 1x105 viable cells, representing treatment-refractory BMICs, were injected 

intracranially into NOD-SCID mice. After 4 weeks, mice were sacrificed. PG-S3-002- 

treated cells reduced tumor formation by approximately 60% as compared to control 

tumors, which is similar to tumors formed by STAT3 KD (Figure 5B). 

miR-21 as the target of STAT3 

As previously described, miR 21 promoter has two putative STAT3 binding sites(Loffler 

et al., 2007). Additionally, it has also been demonstrated that STAT3 directly binds to the 

miR21 promoter and modulates its expression(Iliopoulos et al., 2010). Hence we wanted 

to explore the STAT3 and hsa-mir-21 regulatory network and identify its potential targets 

by collating data from four different TF databases and miRDip as described in the methods. 

We found that both molecules are strongly interrelated (Figure 6). The regulatory potential 

of both molecules exists through transcriptional regulatory relationships between their 

targets.  

Inhibition of miR -21 reduces BMIC self-renewal and proliferation  

To evaluate the functional significance of miR-21 in BMIC populations, cells were 

transfected with a miR-21 inhibitor (LNA miR-21) and scrambled LNA control. 

Knockdown of miR-21 as confirmed by RT-PCR (Figure 7A) resulted in reduced BMIC 

proliferation (Figure 7B), self-renewal (Figure 7C) and cell migration (Figure 7D).  
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miR-21 is overexpressed in lung cancer patients and predicts poor survival  

Our observations suggesting that miR-21 regulated key biological characteristics of 

aggressive lung cancer samples prompted us to examine the expression of miR-21 in a 

large cohort of lung cancer patients. Briefly, we obtained gene expression profiling from 

420-lung adenocarcinoma, and 18 normal lung samples, from the caner genome atlas 

(TCGA) lung project. Relative to normal lung, miR-21 was dramatically upregulated in 

lung adenocarcinoma (Figure 8A, *p<0.0001). Given that 214 of the tumor samples had 

clinically annotated outcome data, we also examined whether miR-21 expression was 

associated with patient survival.  Using the mean expression level of miR-21 to stratify 

patients into miR-21 high and low expression groups, we observed that patients whose 

tumors had high miR-21 expression experienced substantially poorer overall survival than 

those whose tumors expressed low levels of miR-21 (Figure 8B, HR: 1.8, *p=0.02).  

Although the 5-year survival of the low expression group was 55%, the 5-year survival of 

the mir-21 high expression group was a dismal 25%. Additionally, we also validated the 

upregulation of mir-21 in lung cancer with 12 other miRNA profiling studies 

(Supplementary Table 5) and found that it is significantly upregulated compared to normal 

tissue. Overall, these data support our observations that miR-21 expression is associated 

with hyper-aggressive lung tumors, likely due to enhanced metastatic propensity. 

STAT3 exerts its activity via miR-21 in BMIC cells  

We observed that miR-21 transcript levels were downregulated in BMICs when STAT3 

was knocked down (Figure 7E and F). Using results of meta-analysis of gene expression 
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profiles in NSCLC, we examined the expression status of STAT3/hsa-mir-21 targets. We 

found that the majority (232 out of 451) of transcriptional targets of STAT3 are consistently 

downregulated, despite expression of STAT3 itself remaining stable. At the same time, 

only 37 out of 289 targets of hsa-mir-21 are downregulated, despite the fact that hsa-mir-

21 itself is consistently reported as highly upregulated in NSCLC (Supplementary Table 

5). This allows us to hypothesize that elevated expression of hsa-mir-21, rather than 

causing detectable expression changes of its direct targets, decreases expression of certain 

transcription factors by disrupting their translation.  

Therefore, to better understand the role of the STAT3-miR-21 network, we tested the 

potential downstream targets of miR-21 using a list of published genes in the literature 

(Supplementary Table 6) for various malignancies. We evaluated their transcript 

expression levels in shSTAT3 or shControl BMIC lines (Figure 8C and D). Genes 

significantly upregulated upon STAT3 knockdown were SPRY2, TIMP3, PTEN and 

CDKN1A. Intriguingly, we also found an inverse correlation of miR-21 with SPRY2 and 

TIMP3 (Figure 8E) in gene expression profiles of lung adenocarcinoma samples from 

TCGA, emphasizing the importance of studying STAT3-miR-21 interactions in BM.  
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Discussion 

Metastases are the cause of 90% of all deaths from cancer(Yilmaz et al., 2007), with 

metastasis to the brain occurring in approximately 20-40% of patients with systemic 

cancer(Nathoo et al., 2005; Schouten et al., 2002). Despite the known complexity of the 

metastatic process, there remains a lack of knowledge concerning the molecular 

mechanisms that govern BM formation. In the present study, we have implicated a 

regulatory pathway involving STAT3 control of miR-21 in the development of lung-to-

brain metastasis (Figure 9).  Several members of the family of STAT transcription factors 

regulate the expression of oncogenes and subsequently are key factors in the progression 

of many cancers(Klampfer, 2006). 

Previous work in our lab has identified a TIC population in lung-to-brain metastases(Nolte 

et al., 2013) and suggests the presence of a subgroup of cells capable of BM formation, 

termed BMICs. In this study we show that the STAT3 pathway is upregulated in these 

BMICs. To the best of our knowledge this is the first reported study that discovered the 

role of STAT3 in lung-to-brain metastasis using patient-derived BMICs and both in vitro 

and in vivo experimental approaches. 

STAT3 regulates transcriptional activity in inflammation, cell proliferation, and stem cell 

maintenance(Darnell, 1997; Resemann et al., 2014). Binding of cytokines to cell surface 

receptors initiates the activation of the Janus Kinase (JAK) pathway, which results in the 

downstream recruitment, phosphorylation, dimerization and translocation of STAT3 into 

the nucleus, whereupon STAT3 will go on to regulate the transcription of target protein-

coding genes(Resemann et al., 2014). STAT3 has been implicated in each step of the 
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metastatic process(Kamran et al., 2013), in particular BM progression in melanoma(Xie et 

al., 2006) and breast cancers(Chiu et al., 2011).  

The oncogenic potential of miR-21 has also been extensively studied in a variety of 

hematological malignancies and primary solid tumors (!!! INVALID CITATION !!!; Yan 

et al., 2008) and it may represent a promising therapeutic target for patients with advanced-

stage cancers. Although some studies show that miR-21 regulates metastasis in breast 

cancer (Schramedei et al., 2011; Yan et al., 2008), prostate cancer (Schramedei et al., 

2011), colorectal cancer(Asangani et al., 2008) and melanoma(Yang et al., 2011), the role 

of miR-21 in lung metastasis is still unclear. STAT3 directly activates transcription of miR-

21, as previously shown in breast cancer studies(Iliopoulos et al., 2010), and newly shown 

in BM in the current study.  

Therapies affecting both self-renewal and migration would likely succeed in blocking the 

metastatic process. Knocking down miR-21 leads to decreased migration potential of 

BMICs (Figure 7), suggesting that miR21 promotes brain metastatic potential. 

Additionally, we propose that miR-21 protects BMICs from apoptosis, regulates invasion 

by controlling matrix metalloproteinase inhibition and promotes cell proliferation by 

regulating genes such as SPRY2, TIMP3, CDKN1A, SERPINB5 and PTEN. These, together 

with other analyzed genes, have already been demonstrated as targets of miR-21 in a 

variety of cancers(Asangani et al., 2008; Buscaglia & Li, 2011; Orvis et al., 2014; 

Schramedei et al., 2011; Yan et al., 2008; Zhu et al., 2008). Although HNRPK, SPRY1, 

RHOB, RECK and BTG2 are reported to be regulated by miR-21, we did not observe any 

significant effect on these genes in BMICs. These findings are suggestive of many 
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additional molecular mechanisms downstream of miR-21 and STAT3 that operate at 

different stages of the metastatic process, in keeping with the nature of miRNAs to target 

over 100 genes in different cellular systems(Brennecke et al., 2005). These mechanisms 

support miR-21 targeting as a potentially effective strategy to block tumor metastasis.  

As shown in Figure 6, STAT3 was found to be a direct target of hsa-mir-21. At the same 

time, the hsa-mir-21 precursor gene is targeted by TFAP2C, which is a target of 

transcriptional control of STAT3. TFAP2C also targets the closely related gene VMP1, 

downstream of which this precursor gene is located(Ribas et al., 2012). Although targets 

of STAT3-mediated transcriptional control overlap only slightly with those of hsa-mir-21, 

STAT3 and hsa-mir-21 form an interesting negative feedback loop. In addition, PG-S3-

002 appears to be a most effective STAT3 inhibitor, likely due to greater cell penetrating 

properties, metabolic resistance, and resultant availability to interact with the target.  

Conclusion 

Our study suggests that STAT3 and miR-21 coordinately regulate the metastatic behavior 

of BMICs by promoting migration and self-renewal of tumor stem cell populations, tumor 

cell proliferation, survival and migration. Blocking the STAT3-miR-21 pathway could 

form a strong rationale for a novel therapeutic approach in patients with lung-to-brain 

metastasis.  
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Materials and Methods 

Primary Tumorsphere Culture  

Lung derived brain metastasis samples were obtained from consenting patients, as 

approved by the Research Ethics Board at Hamilton Health Sciences. Tumors were washed, 

acutely dissociated in artificial cerebrospinal fluid and subject to enzymatic dissociation as 

described previously(Venugopal et al., 2012). BMICs were then resuspended TSM 

consisting of DMEM F-12 (Life Technologies), human recombinant EGF (20 ng/mL; 

Sigma), bFGF (20 ng/ml; Upstate), leukemia inhibitor factor (10 ng/mL; Chemicon), 

Neuronal Survival Factor (NSF) (1x; Clonetics), N-acetylcysteine (60 µg/mL; Sigma; and 

antibiotic antimycotic solution (Wisent). BMICs were maintained in TSM at 37 °C with a 

humidified atmosphere of 5% CO2. Of the two BMIC lines developed only BT478 was 

used to continue in depth in vivo experiments due to its high rate of engraftment. 

Flow Cytometric Analysis 

BMICs were dissociated to single cell suspension and adjusted to 1 million single cells/mL 

in PBS+2mM EDTA, labelled with anti-CD133, EpCAM, or a matched isotype control, 

and incubated for 30 min on ice (see Supplementary Table 1). Samples were analyzed using 

a MoFlo XDP Cell Sorter and Kaluza software (Beckman Coulter). Dead cells were 

excluded with 7-AAD viability dye. Compensation was performed by using mouse IgG 

CompBeads   

Protein-protein interaction network  
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BMIC regulatory genes were mapped to proteins and their direct physical interactions were 

identified using I2D V2.3(Brown & Jurisica, 2005, 2007) and FpClass V1.0 

(http://ophid.utoronto.ca/fpclass; (Kotlyar et al., 2014). Protein-protein interaction network 

was visualized using NAViGaTOR version 2.3.1(Brown et al., 2009; Pastrello et al., 2013). 

Lentivirus preparation and Transduction 

shSTAT3 lentiviral vectors shSTAT3-1 and shSTAT3-2 with mature antisense sequence 

TGCATGTCTCCTTGACTCT and TACCTAAGGCCATGAACTT respectively, and a 

control scrambled  shRNA  vector were purchased from Thermo Scientific.  Replication-

incompetent lentivirus was produced by cotransfection of the expression vector and 

virapower packaging mix (Invitrogen) in HEK 293FT cells. Viral supernatant was 

harvested 48 hours post-transfection and filtered through a 0.45 µm cellulose acetate filter 

and precipitated by PEGit as recommended by the manufacturer (System Biosciences). The 

viral pellet was resuspended in 1.0 mL of DMEM F-12 media (Life Technologies) and 

stored at -80°C. BMIC lines were transduced with lentiviral vectors and treated with 

puromycin after 48 hours of transduction to develop stable shSTAT-3 lines.  

Reverse transcription and quantitative PCR of mRNA and mature miRNA  

For both mRNA and miRNA quantification, total RNA was isolated using Norgen RNA 

extraction kit (Norgen Biotek). For mRNA analysis, total RNA was reverse transcribed 

using qScript cDNA Super Mix (Quanta Biosciences) and a C1000 Thermo Cycler (Bio-

Rad). qRT-PCR was performed using the Cfx96 (Bio-Rad) with SsoAdvanced SYBR 
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Green (Bio-Rad) using gene specific primers (Supplementary Table 2). Data is presented 

as the ratio of the gene of interest to GAPDH as control.  

For miRNA analysis, total RNA was reverse transcribed using Taqman MicroRNA 

Reverse Transcription kit (Applied Biosytems) as described previously(Garg et al., 2013). 

qRT–PCR analysis was performed using TaqMan probes of miR-21-5p (Assay 

ID:000397), U6snRNA (Assay ID:001973) and Taqman Universal Master Mix II, (Catalog 

No. 4440040) according to manufacturer’s instructions (Applied Biosystems/LifeTech). 

miRNA quantification was expressed, in arbitrary units, as the ratio of the sample quantity 

to the calibrator. U6snRNA was used as an internal control. 

Western Immunoblotting 

30μg of denatured protein per sample was loaded and resolved on SDS polyacrylamide gel, 

followed by electrotransfer onto PVDF membrane. Membranes were blocked with 3% 

BSA in 1xTBS (for phosphorylated proteins) and 3% non-fat dry milk in 1xTBS (for 

normal proteins), incubated with primary antibody at 4oC overnight, then washed and 

hybridized with peroxidase-conjugated secondary antibodies for 1 hour at room 

temperature. Protein was detected using Chemidoc. Primary antibodies used were as 

follows: anti-STAT3 (1:1000; mouse IgG2a; Cell Signaling#9139), anti-phosphorylated 

STAT3 (mouse IgG1; 1:1000; Cell Signaling#4113), anti-GAPDH (mouse; 1:40,000; 

Abcam#ab8245). The secondary antibodies were horseradish peroxidase-conjugated goat 

anti-mouse IgG (Bio-Rad) or goat anti-rabbit IgG (Sigma). 

Secondary Sphere formation Assay 
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After primary sphere formation was noted, spheres were dissociated to single cells and 

replated in TSM as previously described(S. K. Singh et al., 2003). Stem cell frequency was 

quantified by calculating the rate of secondary sphere formation from 200 dissociated 

single cells. 

Zone Exclusion Migration Assay 

BMIC spheres were dissociated to single cells and replated at a density of 30,000 cells per 

well in a 96 well plate TSM containing 1% FBS and a 1% agar drop in the center of the 

well. After 24 hours to allow cell adherence, the agar drop was removed, the wells washed 

gently with PBS to remove floating cells, and media replaced with TSM. Migration into 

the empty zone was monitored over 3 days, with time points taken at day 0 and day 3. 

Cell proliferation assay 

Single cells were plated in a 96-well plate at a density of 1,000 cells/200 µL per well in 

quadruplicate and incubated for five days. 20 µL of Presto Blue (Invitrogen), a fluorescent 

cell metabolism indicator, was added to each well approximately 4h prior to the readout 

time point. Fluorescence was measured using a FLUOstar Omega Fluorescence 556 

Microplate reader (BMG LABTECH) at excitation and emission wavelengths of 535 nm 

and 600 nm respectively. Readings were analyzed using Omega analysis software. 

In vivo BMIC intracranial injections and H&E staining of xenograft tumors 

All experimental procedures involving animals were reviewed and approved by the Animal 

Research Ethics Board (AREB). Intracranial injections were performed as previously 
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described(S. K. Singh et al., 2004). Briefly, 10μL of cell suspension was injected into the 

right frontal lobe of 8-10 week old NOD/SCID mice (n=3). Mice were monitored weekly 

for signs of illness, and upon reaching endpoint, brains were harvested and embedded in 

paraffin for hematoxylin and eosin (H&E) staining. Images were scanned using an Aperio 

Slide Scanner and analyzed by ImageScope v11.1.2.760 software (Aperio).  

Screening and Ex Vivo treatment of BMICs with STAT3 inhibitors 

A library of known direct-binding STAT3 inhibitors (BP-1-102(Page et al., 2011), BP-5-

087(Eiring et al., 2014), PG-S3-002, and PG-S3-004; Supplementary Figure 1) was 

provided by Dr. Patrick Gunning (University of Toronto, Mississauga campus). BMIC line 

BT478 was treated with log dilutions of the inhibitors and IC50 values determined by 

assessing cell proliferation. Compounds with IC50 values of <2μM, specifically PG-S3-002 

were further assessed for inhibition of BT478 tumor formation. BMIC cells were 

dissociated to singles cells and 1,000,000 cells replated in TSM. Cells were treated with 

either PG-S3-002 IC90 or DMSO for 4 days, harvested, and injected intracranially into 

NOD/SCID mice (n=3). Mice were sacrificed at 4 weeks and the brains harvested and 

embedded in paraffin for H&E staining. 

Meta-analysis of gene-expression profiles in NSCLC 

We analyzed 12 publicly available NSCLC gene expression datasets (Supplementary Table 

3), originally from studies on tissue samples obtained from surgically resected human lung 

tumors and containing at least one sample of noncancerous normal tissue for comparison. 

To enable uniform processing and analysis of all the datasets and thus to improve 
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comparability of results, we chose only datasets that were produced by using Affymetrix 

platforms. Each of the datasets was first separately normalized and summarized using 

Bioconductor project’s package gcrma (GeneChip Robust Multiarray Averaging)(Z. Wu 

& Irizarry, 2004). For the each individual dataset, we then evaluated differential expression 

of the genes using Bioconductor’s limma package(GK, 2005). Based on expression fold 

change, genes were classified as either up- or downregulated, and then ranked according 

to statistical significance, which was evaluated by q-value (adjusted p-value). Analyzing 

12 datasets we thus obtained 22 different rankings, 11 rankings for upregulated genes and 

11 for downregulated ones. To identify consistently deregulated genes obtained rankings 

were subjected to robust rank aggregation analysis implemented as an R package 

RobustRankAggreg(Kolde et al., 2012). This analysis detects genes which are ranked 

consistently better than expected under a null hypothesis of uncorrelated inputs and assigns 

a p-value as a significance score for each gene. The stability of resulting significance scores 

was then assessed by the leave-one-out validation, in which the same analysis was repeated 

11 times, each time excluding one of the rankings. Acquired p-values from each round 

were finally averaged into corrected p-value. Genes whose significance score was greater 

than chosen threshold (p < 0.05) were further considered as consistently deregulated genes. 

Assembly of the STAT3- hsa-mir-21 regulatory network 

Both STAT3 and hsa-mir-21 are very potent regulators of expression targeting wide range 

of genes. To identify their targets and relationships among them, we collated data from 

multiple independent sources. Knowledge of human transcription factors (TF) and their 

respective targets was obtained from four different databases, namely: ChEA (ChIP 
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Enrichment Analysis) database(Lachmann et al., 2010), ITFP(G. Zheng et al., 2008) 

(Integrated Transcription Factor Platform), PAZAR (Portales-Casamar et al., 2009), 

TRED(Jiang et al., 2007) (Transcriptional Regulatory Element Database). These data were 

either downloaded as a flat file (ITFP, PAZAR), manually collected (ITFP), or acquired 

from the web-based interactive application (ChEA). Additional data were obtained from 

lists of TF:target pairs from human fetal lung provided by Neph et al. (Neph et al., 2012). 

Names of TFs and their respective targets as obtained from these databases were first 

standardized according to HGNC symbol checker [http://www.genenames.org/cgi-

bin/symbol_checker] and then concatenated into the single list comprising all the unique 

TF:target pairs. We used mirDIP(Shirdel et al., 2011) (microRNA Data Integration Portal, 

version 2.0) to acquire a list of targets of hsa-mir-21. In our search we considered only 

miRNA–target relationships which fall among the top third of the most plausible 

predictions from at least three different databases. HGNC symbol checker then 

standardized names of the targeted genes. As a result we obtained a network comprising 

STAT3- hsa-mir-21 and their targets represented by nodes, and regulatory relationships 

between these as edges. 

In silico analysis of miR 21 in lung adenocarcinoma  

Patients and Samples: All TCGA data was obtained through the TCGA data portal 

(https://tcga-data.nci.nih.gov/tcga/) on September 15th 2014.  Level 3 gene or miRNA 

expression data, as well as de-identified patient clinical data, was used for our analysis. 
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miR-21 co-expression data: We calculated Pearson distance between miR-21 and all the 

Genes/miRNAs to identify features that were inversely co-expressed with miRNA-21 in 

lung adenocarcinoma samples. The top 250 inversely co-expressed genes/miRNAs are 

included as Supplementary table 4.  

Survival analysis: Survival analysis was completed in R and survival curves were graphed 

using Graphpad Prism 5.   

miR-21 knockdown 

Antagomir mediated miRNA knockdown was carried out using LNA oligonucleotides 

(Life technologies, Applied Biosytems) as described previously(Garg et al., 2013). Hsa-

miR-21-5p (Assay ID: MH10206) or scrambled miRVana miRNA inhibitor negative 

control #1 (Catalog# 4464076) was transfected into BMIC line BT478 at a final 

concentration of 50nM using Lipofectamine 2000. After 48 hours, miR-21 expression 

levels were determined by qRT-PCR, relative to a U6 internal control.  

Statistical analysis 

Replicates from at least three samples were compiled for each experiment, unless otherwise 

specified in figure legends. Respective data represent mean±SD with n values listed in 

figure legends. Student’s t-test analyses and 2-way ANOVA analysis were performed using 

GraphPad Prism 5. P<0.05 was considered significant.  
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Figure 1.  Brain metastases (BM) from the lung possess a cancer stem cell (CSC) 

population in vitro and possess tumor-initiating cell (TIC) populations in vivo. Patient-

derived BM samples were grown as tumorspheres in tumor sphere media (TSM). A) Self-

renewal, a hallmark of CSCs, was determined though assessment of secondary sphere-

forming capacity. Each dot represents a single patient sample, coloured dots indicate 

samples which have developed into sustainable patient-derived cell lines (red, BT478; blue, 

BT530); bar indicates mean; insets are representative bright field images of spheres of 

BT478 and BT530. B) CSC marker CD133 and epithelial marker EpCAM expression was 

assessed by flow cytometry. C) NOD-SCID mice were used in all experiments; injected 
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cells were cultured as tumorspheres. TIC capacity is demonstrated through tumor growth 

in the brain, when injected intracranially (100,000 cells, n=5 for BT478, n=4 for BT530). 

 

 

  

Figure 2. Protein connectivity mapping implicates STAT3 as a putative BMIC 

regulatory gene. Protein-protein interaction network of putative BMIC regulatory genes. 

Black lines represent known interactions; green lines signify predicted, and thus novel 
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interactions. Direct interactions among BMIC genes is highlighted by thicker edges. Gene 

Ontology (GO) biological function is represented by node color, as per legend.  

 

 
Figure 3. Knockdown of STAT3 demonstrates potential regulatory role in self-

renewal and metastasis. Tumorspheres were transduced with short-hairpin lentiviral 

vectors against candidate BMIC regulatory gene STAT3. A) STAT3 transcript levels by 

qRT-PCR reveal significant knockdown in brain metastases achieved by two different 

shSTAT3 vectors as compared to the shControl. B) Protein levels of STAT3 and 

phosphorylated STAT3 in control and knockdown samples by Western blot, relative to a 

GAPDH control. C) Self-renewal was assessed through sphere formation per 2000 cells; 

knockdown of STAT3 corresponded with decreased sphere formation. D) Zone-exclusion 

assays showed decreased migratory capability with STAT3 knockdown. ns non-

significant; *p<0.05; **p<0.01; ***p<0.001 (1-way ANOVA).  
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Figure 4. Knockdown of STAT3 demonstrates potential regulatory role in self-

renewal and tumor formation.  A) 100,000 cells of shSTAT3-1 or shControl were 

injected into the frontal lobes of NOD-SCID mice (n=3 in each group). Mice were 

sacrificed upon reaching endpoint. H&E sections of the brains are shown. shSTAT3 cells 

formed smaller tumors than shControls (arrows indicat tumors). B) shSTAT3-1 cells 

formed tumors approximately 60% smaller as compared to shControl mice. *p<0.05 (t 

test).  
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Figure 5. STAT3 inhibitors as candidate drugs for targeting tumor formation in brain 

metastases. A) IC50 curves of several STAT3 inhibitors, with associated structures, were 

generated using BT478 tumorsphere cells. B) BT478 tumorspheres were treated ex vivo 

with 6μM (IC90) PG-S3-002 or DMSO control for 4 days. 100,000 cells were injected into 

the frontal lobes of NOD-SCID mice (n=3 in each group). After 4 weeks, mice were 

sacrificed. H&E sections of the brains are shown PG-S3-002 treated cells formed smaller 

tumors than controls. C) Cells treated with PG-S3-002 showed approximately 60% 

reduction in tumor size as compared to tumors from DMSO treated cells *p<0.05 (t test).  
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Figure 6. Network of STAT3 and hsa-mir-21 regulatory targets. STAT3, hsa-mir-21 

and their regulatory targets are represented by nodes, while regulatory relationships 

among these are represented by edges. hsa-mir-21 is represented by white diamond. Genes 

are coloured according to their biological function. Green edges link hsa-mir-21 to its 

precursor mIR21 and related gene VMP1. Grey edges represent TF: target relationships, 

magenta edges represent hsa-mir-21:target relationships. Shape of the nodes denotes 

expression status of genes as comes from the meta-analysis of gene expression profiles in 

NSCLC. Downward oriented triangles denote downregulation, while those pointing up 

denote upregulation. Cycles denote no significant differential expression. Size of the 

nodes corresponds to its centrality, measured by network betweenness. 
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Figure 7. Knockdown of miR-21 produces similar reduction in self-renewal and 

migration in vitro.  miR-21 was knocked down using a locked nucleic acid (LNA) 

oligonucleotide in the BMIC line BT478. A) miR-21 transcript levels by qRT-PCR were 

moderately reduced, relative to the U6snRNA control. B) Self-renewal was assessed 

through sphere formation per 2000 cells; miR-21 knockdown corresponded with decreased 

sphere formation. C) miR-21 knockdown resulted in decreased proliferation (PrestoBlue 

assay). D) Zone-exclusion assays showed decreased migratory capability with inhibited 

miR-21. E) miR-21 transcript levels in STAT3 knockdown cells were assessed by qRT-

PCR, where miR-21 transcript levels relative to the U6snRNA control were significantly 

lower in shSTAT3 cells as compared to the shControl. *p<0.05. 
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Figure 8. miR-21 expression in lung adenocarcinoma patients and its association with 

STAT3. A) Examination of gene expression profiling obtained from TCGA identified a 

significant upregulation of miR-21 in lung adenocarcinoma samples as compared to normal 

lung. (p<0.0001). B) Patients with high miR-21 expressing tumors had poorer overall 

survival. (p=0.02). qRT-PCR analysis of target genes downstream of miR-21 in STAT3 

KD in BMIC lines C) BT478 and D) BT530. E) The calculated Pearson distance between 

miR-21 and genes identified those that were inversely co-expressed with miRNA-21 by 

gene expression analysis in lung adenocarcinoma samples (TCGA). These genes showed 

significant upregulation in the STAT3 KD as compared to the control. ns non significant; 

*p<0.05; **p<0.01; ***p<0.001 (multiple T tests).  
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Figure 9. Representative schematic of STAT3 activation of miR-21. Binding of 

appropriate cytokines or interferons to the cell surface receptor triggers activation of Janus 

Kinases (JAKs), which in turn phosphorylates the tyrosine residue of bound STAT3 

proteins. The phosphotyrosines mediate the dimerization of STAT3, where activated 

dimers will translocate to the nucleus to activate transcription of pri-miR-21.  Cleavage of 

pri-miR-21 by Drosha will generate a precursor miR-21, or pre-miR-21, which is 

translocated to the cytoplasm and further processed by a Dicer complex to produce mature 

miR-21. miR-21 will be integrated into the RNA-induced silencing complex (RISC) and 

interact with target mRNA to reduce expression of tumor suppression genes such as PTEN 

and CYLD. 
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Supplementary Figure 1. CSC marker CD133 and epithelial marker EpCAM 

expressionfor BT478 and BT530 was assessed by flow cytometry. 

 

Supplementary Figure 2. Representative phase contrast images of zone exclusion assay. 

Red line is outline of cell border at day 0, yellow line is cell border at day 3.  
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Supplementary Figure 3. Determination of inhibitory constants for lead molecules using 

Fluorescence Polarization (FP) assay. Competitive binding FP assays were carried out for 

PG-S3-002 and PG-S3-004 (BP-5-087 FP previously determined by Gunning et al.)74,75 

employing STAT3 and fluoresceinated-phosphopeptide 5-FAM-GpYLPQTV. Respective 

Ki’s and IC50 values were derived from the appended competitive displacement curves 

and consolidated in the inset table. The assay results indicate that this family of molecules 

exhibits high affinity for the STAT3 protein. 

 

Antibody or Dye Company 
Amt/test 

(μL) 
Isotype Control 

Ex. 

(nm) 

Em. 

(nm) 

7-AAD Viability Dye Beckman Coulter 10 N/A 546 647 

Human CD133/2 APC  Miltenyi Biotec 10 IgG2b APC 650 660 

EpCAM FITC Miltenyi Biotec 10 IgG2a FITC 480 578 

Mouse IgG2a FITC  R&D Systems 10 N/A 495 519 

Mouse IgG2b APC Miltenyi Biotec 10 N/A 650 660 
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Supplementary Table 1.  List of antibodies and dyes used for flow cytometry and 

sorting. Ex = excitation wavelength; Em = emission wavelength.  

 

Gene Forward Primer Reverse Primer 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

Stat3 AGGGTACATCATGGGCTTTATC CTCCTTCTTTGCTGCTTTCAC 

BTG2 CGTGAGCGAGCAGAGGCT TAAG TGGACGGCTTTTCGGGAA 

CDKN1A GGCAGACCAGCATGACAGATT TC CGGATTAGGGCTTCCTCTTGG 

SMARCA4 GGGTAGCAGCAGATGTAGTTT C CCAGTCACAAACAGTCCTACA 

G 

ANP32A TCCCTGTAAATGCGATAGCTA AG GGGAAATACCAGGAAACGTAA 

GA 

RECK GCTCGGTTTGTTGCAGTTATG ATCTGAGATGGACCAGGAGAA 

PDCD4 GAGTACCAGTGTTGGCAGTATC GTCCCACAAAGGTCAGAAAGA 

RHOB GGAGCTTGATATCCCTTGTCTG CACCCATCACCACCCTTAAATA 

TIMP3 TTTGCCCTTCTCCTCCAATAC TCTTTCACACACCTTGAGTCT 

ATC 

HNRPK GGTGATCTTGGTGGACCTATTATT TAATCCGCTGACCACCTTTG 

SPRY2 TGTGGCAAGTGCAAATGTAAG CAGCATACACAAGTCCCATAGT 

SPRY1 GCCATCCACTTGAGGGTATT GTAGTCTGGATGTGGGTGTATG 

Supplementary Table 2.List of qRT-PCR primers and their corresponding reverse and 

forward sequences    

 

Fold 

Change P-value Histology 

No. of samples 

(total/normal) Author Year Ref. 

2.9 < 0.001 SCC, ADC 52/24 Boeri et al. 2011 

Boeri, Mattia, et al. "MicroRNA 

signatures in tissues and plasma predict 

development and prognosis of computed 

tomography detected lung cancer." 

Proceedings of the National Academy of 

Sciences 108.9 (2011): 3713-3718. 

4.7 

1.08E-

005 ADC 20/10 Cho et al. 2009 

Cho, William, Andrew SC Chow, and 

Joseph SK Au. "Restoration of tumor 

suppressor hsa-miR-145 inhibits cancer 

cell growth in lung adenocarcinoma 
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patients with epidermal growth factor 

receptor mutation." European Journal of 

Cancer 45.12 (2009): 2197-2206. 

3.5 

6.13E-

005 ADC 20/8 

Crawford et 

al. 2009 

Crawford, Melissa, et al. "MicroRNA 

133B targets pro-survival molecules 

MCL-1 and BCL2L2 in lung cancer." 

Biochemical and biophysical research 

communications 388.3 (2009): 483-489. 

3.2 

2.00E-

004 SCC, ADC 12/6 Gao et al. 2010 

Gao, Wen, et al. "Deregulated expression 

of miR-21, miR-143 and miR-181a in non 

small cell lung cancer is related to 

clinicopathologic characteristics or 

patient prognosis." Biomedicine & 

Pharmacotherapy 64.6 (2010): 399-408. 

2.4 

2.30E-

009 ADC 112/56 Jang et al. 2012 

Jang, Jin Sung, et al. "Increased miR-708 

expression in NSCLC and its association 

with poor survival in lung 

adenocarcinoma from never smokers." 

Clinical Cancer Research 18.13 (2012): 

3658-3667. 

- <0.01 SCC, ADC 40/20 

Puissegur et 

al. 2011 

Puissegur, M. P., et al. "miR-210 is 

overexpressed in late stages of lung cancer 

and mediates mitochondrial alterations 

associated with modulation of HIF-1 

activity." Cell Death & Differentiation 

18.3 (2010): 465-478. 

2.4 

3.00E-

004 SCC, ADC 56/28 Seike et al. 2009 

Seike, Masahiro, et al. "MiR-21 is an 

EGFR-regulated anti-apoptotic factor in 

lung cancer in never-smokers." 

Proceedings of the National Academy of 

Sciences 106.29 (2009): 12085-12090. 

2.3 

4.11E-

003 SCC, ADC 65/27 Vosa et al. 2011 

Võsa, Urmo, et al. "Identification of miR‐

374a as a prognostic marker for survival 

in patients with early‐stage nonsmall cell 

lung cancer." Genes, Chromosomes and 

Cancer 50.10 (2011): 812-822. 

2.6 <0.01 SCC, ADC 46/23 Wang et al. 2011 

Wang, R., et al. "MicroRNA-451 

functions as a tumor suppressor in human 

non-small cell lung cancer by targeting 

ras-related protein 14 (RAB14)." 

Oncogene 30.23 (2011): 2644-2658. 

1.7 <0.01 SCC, ADC 30/15 Xing et al. 2010 Xing, Lingxiao, et al. "Early detection of 

squamous cell lung cancer in sputum by a 
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panel of microRNA markers." Modern 

Pathology 23.8 (2010): 1157-1164. 

- 

1.00E-

007 SCC, ADC 208/104 

Yanaihara 

et al. 2006 

Yanaihara, Nozomu, et al. "Unique 

microRNA molecular profiles in lung 

cancer diagnosis and prognosis." Cancer 

cell 9.3 (2006): 189-198. 

2.6 <0.01 ADC 40/20 Yu et al. 2010 

Yu, Lei, et al. "Early detection of lung 

adenocarcinoma in sputum by a panel of 

microRNA markers." International 

Journal of Cancer 127.12 (2010): 2870-

2878. 

Supplementary Table 3: gene expression datasets. Summary of gene expression datasets 

which were subjected to gene-expression meta-analysis described in material & methods 

gene expression meta-analysis.  
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Supplementary Table 4. Top 250 inversely co-expressed genes/miRNAs in lung 

adenocarcinoma samples  

 

 

 

Fold 

Change 

P-

value 

Cancer 

Type 

No. of 

samples 

(total/normal) Author Year Ref. 

2.9 

< 

0.001 

SCC, 

ADC 52/24 

Boeri et 

al. 2011 

Boeri, Mattia, et al. "MicroRNA signatures in tissues 

and plasma predict development and prognosis of 

computed tomography detected lung cancer." 
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Proceedings of the National Academy of Sciences 

108.9 (2011): 3713-3718. 

4.7 

1.08E-

005 ADC 20/10 Cho et al. 2009 

Cho, William, Andrew SC Chow, and Joseph SK Au. 

"Restoration of tumor suppressor hsa-miR-145 inhibits 

cancer cell growth in lung adenocarcinoma patients 

with epidermal growth factor receptor mutation." 

European Journal of Cancer 45.12 (2009): 2197-2206. 
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6.13E-

005 ADC 20/8 

Crawford 

et al. 2009 

Crawford, Melissa, et al. "MicroRNA 133B targets 

pro-survival molecules MCL-1 and BCL2L2 in lung 

cancer." Biochemical and biophysical research 

communications 388.3 (2009): 483-489. 

3.2 

2.00E-

004 

SCC, 

ADC 12/6 Gao et al. 2010 

Gao, Wen, et al. "Deregulated expression of miR-21, 

miR-143 and miR-181a in non small cell lung cancer 

is related to clinicopathologic characteristics or patient 

prognosis." Biomedicine & Pharmacotherapy 64.6 

(2010): 399-408. 

2.4 

2.30E-

009 ADC 112/56 Jang et al. 2012 

Jang, Jin Sung, et al. "Increased miR-708 expression in 

NSCLC and its association with poor survival in lung 

adenocarcinoma from never smokers." Clinical Cancer 

Research 18.13 (2012): 3658-3667. 

- <0.01 

SCC, 

ADC 40/20 

Puissegur 

et al. 2011 

Puissegur, M. P., et al. "miR-210 is overexpressed in 

late stages of lung cancer and mediates mitochondrial 

alterations associated with modulation of HIF-1 

activity." Cell Death & Differentiation 18.3 (2010): 

465-478. 

2.4 

3.00E-

004 

SCC, 

ADC 56/28 

Seike et 

al. 2009 

Seike, Masahiro, et al. "MiR-21 is an EGFR-regulated 

anti-apoptotic factor in lung cancer in never-smokers." 

Proceedings of the National Academy of Sciences 

106.29 (2009): 12085-12090. 

2.3 

4.11E-

003 

SCC, 

ADC 65/27 

Vosa et 

al. 2011 

Võsa, Urmo, et al. "Identification of miR‐374a as a 

prognostic marker for survival in patients with early‐

stage nonsmall cell lung cancer." Genes, 

Chromosomes and Cancer 50.10 (2011): 812-822. 

2.6 <0.01 

SCC, 

ADC 46/23 

Wang et 

al. 2011 

Wang, R., et al. "MicroRNA-451 functions as a tumor 

suppressor in human non-small cell lung cancer by 

targeting ras-related protein 14 (RAB14)." Oncogene 

30.23 (2011): 2644-2658. 

1.7 <0.01 

SCC, 

ADC 30/15 Xing et al. 2010 

Xing, Lingxiao, et al. "Early detection of squamous 

cell lung cancer in sputum by a panel of microRNA 

markers." Modern Pathology 23.8 (2010): 1157-1164. 

- 

1.00E-

007 

SCC, 

ADC 208/104 

Yanaihara 

et al. 2006 

Yanaihara, Nozomu, et al. "Unique microRNA 

molecular profiles in lung cancer diagnosis and 

prognosis." Cancer cell 9.3 (2006): 189-198. 

2.6 <0.01 ADC 40/20 Yu et al. 2010 

Yu, Lei, et al. "Early detection of lung adenocarcinoma 

in sputum by a panel of microRNA markers." 

International Journal of Cancer 127.12 (2010): 2870-

2878. 
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Supplementary Table 5. mir-21 upregulation across various miRNA profiling studies . 

Expression of mir-21 in tumors has been found significantly upregulated compared to 

normal tissue by 12 miRNA profiling studies. Table summarizes reported fold-change (if 

available) of mir-21 expression, together with its level of significance, as well as 

histology and number of samples that have been used.  

 

 

Genes Functional Role Reference 

TPM1 Tumor suppressor gene 

Zhu S, Si ML, Wu H, Mo YY. MicroRNA-21 targets the tumor 

suppressor gene tropomyosin 1 (TPM1). The Journal of biological 

chemistry 2007; 282: 14328-14336 

PDCD4 

Reduce invasion and 

metastasis 

Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn 

NH, Post S et al. MicroRNA-21 (miR-21) post-transcriptionally 

downregulates tumor suppressor Pdcd4 and stimulates invasion, 

intravasation and metastasis in colorectal cancer. Oncogene 2008; 

27: 2128-2136. 

Lu Z, Liu M, Stribinskis V, Klinge CM, Ramos KS, Colburn NH 

et al. MicroRNA-21 promotes cell transformation by targeting the 

programmed cell death 4 gene. Oncogene 2008; 27: 4373-4379. 

PTEN 

Reduces Growth and 

Invasion 

Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel 

T. MicroRNA-21 regulates expression of the PTEN tumor 

suppressor gene in human hepatocellular cancer. 

Gastroenterology 2007; 133: 647-658 

RHOB Tumor suppressor gene 

Liu M, Tang Q, Qiu M, Lang N, Li M, Zheng Y et al. miR-21 

targets the tumor suppressor RhoB and regulates proliferation, 

invasion and apoptosis in colorectal cancer cells. FEBS letters 

2011; 585: 2998-3005. 

Luis-Ravelo D, Anton I, Zandueta C, Valencia K, Pajares MJ, 

Agorreta J et al. RHOB influences lung adenocarcinoma 

metastasis and resistance in a host-sensitive manner. Molecular 

oncology 2014; 8: 196-206. 

TIMP-3 

Matrix metalloproteinase 

inhibitor 

Gabriely G, Wurdinger T, Kesari S, Esau CC, Burchard J, Linsley 

PS et al. MicroRNA 21 promotes glioma invasion by targeting 

matrix metalloproteinase regulators. Molecular and cellular 

biology 2008; 28: 5369-5380. 

RECK 

Matrix metalloproteinase 

inhibitor 

Gabriely G, Wurdinger T, Kesari S, Esau CC, Burchard J, Linsley 

PS et al. MicroRNA 21 promotes glioma invasion by targeting 

matrix metalloproteinase regulators. Molecular and cellular 

biology 2008; 28: 5369-5380. 

HNRPK 

Player in p53/TP53 

response 

Papagiannakopoulos T, Shapiro A, Kosik KS. MicroRNA-21 

targets a network of key tumor-suppressive pathways in 

glioblastoma cells. Cancer research 2008; 68: 8164-8172. 

SPRY1 

Inhibit DNA damage 

response pathways 

Gastwirt RF, Slavin DA, McAndrew CW, Donoghue DJ. Spy1 

expression prevents normal cellular responses to DNA damage: 

inhibition of apoptosis and checkpoint activation. The Journal of 

biological chemistry 2006; 281: 35425-35435. 

McAndrew CW, Gastwirt RF, Meyer AN, Porter LA, Donoghue 

DJ. Spy1 enhances phosphorylation and degradation of the cell 

cycle inhibitor p27. Cell cycle 2007; 6: 1937-1945. 
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SPRY2 Inhibits cell migration 

Sayed D, Rane S, Lypowy J, He M, Chen IY, Vashistha H et al. 

MicroRNA-21 targets Sprouty2 and promotes cellular 

outgrowths. Molecular biology of the cell 2008; 19: 3272-3282. 

CDKN1A Cell cycle regulator 

de Oliveira PE, Zhang L, Wang Z, Lazo JS. Hypoxia-mediated 

regulation of Cdc25A phosphatase by p21 and miR-21. Cell cycle 

2009; 8: 3157-3164. 

ANP32A Modulator of Apoptosis  

Schramedei K, Morbt N, Pfeifer G, Lauter J, Rosolowski M, 

Tomm JM et al. MicroRNA-21 targets tumor suppressor genes 

ANP32A and SMARCA4. Oncogene 2011; 30: 2975-2985. 

SMARCA4  Tumor suppressor  

Schramedei K, Morbt N, Pfeifer G, Lauter J, Rosolowski M, 

Tomm JM et al. MicroRNA-21 targets tumor suppressor genes 

ANP32A and SMARCA4. Oncogene 2011; 30: 2975-2985. 

Watanabe T, Semba S, Yokozaki H. Regulation of PTEN 

expression by the SWI/SNF chromatin-remodelling protein BRG1 

in human colorectal carcinoma cells. British journal of cancer 

2011; 104: 146-154. 

BTG2 Anti-proliferative 

Liu M, Wu H, Liu T, Li Y, Wang F, Wan H et al. Regulation of 

the cell cycle gene, BTG2, by miR-21 in human laryngeal 

carcinoma. Cell research 2009; 19: 828-837. 

Supplementary Table 6. downstream targets of miR-21 
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Chapter 3: RNAi screen identifies essential regulators of human brain metastasis-

initiating cells. 

Preamble 

This chapter is an original published article presented in its published format in Acta 

Neuropathologica available at http://rdcu.be/FYNi. 

 

Singh M, Venugopal C, Tokar T, Brown KR, McFarlane N, Bakhshinyan D, Vijayakumar 

T, Manoranjan B, Mahendram S, Vora P, Qazi M, Dhillon M, Tong A, Durrer K, Murty 

N, Hallet R, Hassell JA, Kaplan DR, Cutz JC, Jurisica I, Moffat J, Singh SK. RNAi screen 

identifies essential regulators of human brain metastasis-initiating cells. Acta 

Neuropathol. 2017 Dec;134(6):923-940. doi: 10.1007/s00401-017-1757-z.  

 

Experimental concept and study design was developed by myself C. Venugopal, R. Hallett 

and S.K. Singh, and the work was supervised by S.K. Singh. BM samples were provided 

by N. Murty. I performed all in vitro BMIC line generation, maintenance and 

characterization. All flow cytometric analyses were performed by N. McFarlane. 

Generation of the in vivo models was conducted by myself, with surgical assistance 

(suturing) by D. Bakhshinyan, M. Qazi, T. Vijayakumar and M. Dhillon. The shRNA 

lentiviral library was generated by C. Venugopal, and the in vitro and in vivo screens and 

sample collection performed by myself. Compiling of the shRNA library and sample 

preparation was performed by A. Tong and K. Durrer under the supervision of J, Moffit. 

Analysis of the shRNA screen results was performed by K.R Brown under the supervision 
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of J. Moffit. In vitro validation of SPOCK1 and TWIST2 was performed by myself, with 

assistance from M. Dhillon. In vivo validation of SPOCK1 and TWIST2 was performed by 

myself, with assistance from D. Bakhshinyan, M. Qazi and M. Dhillon, and sample 

collection was performed by myself. Patient biopsy samples of lung adenocarcinoma and 

brain metastases were compiled by J.C. Cutz. In silico analyses (COX modelling, protein-

protein mapping, etc.)  were performed by R. Hallett under the supervision of J.A. Hassell 

and by T. Tokar under the supervision of I. Jurisica. The manuscript was prepared myself, 

with input and edits provided by S.K. Singh, C. Venugopal, P. Vora, B. Manoranjan, S. 

Mahendram, I. Jurisica, D.R. Kaplan, J.C. Cutz and J.A. Hassell.  

 

This study was originally designed to develop clinically relevant models of BM. The route 

of injection was vital to our models, as different routes would garner information about 

different aspects of the metastatic cycle. I chose an intracranial route to validate the TIC 

capacity of BMICs within the brain, intracardiac route as this route is commonly used in 

metastatic studies and I wanted to determine if the BMICs had any homing capacity for 

either the lung or the brain, and I chose the intrathoracic route as this would theoretically 

provide us with the best replication of the metastatic cycle. Having successfully 

accomplished all three models, I then set out to validate their usefulness as platforms to 

screen novel BMIC regulators. For this I initially performed a RNA interference screen, 

providing us with a list of potential BMIC regulators. Further in vitro and in vivo validation 

determined SPOCK1 and TWIST2 to be essential BMIC regulators.  
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Abstract 

 

Brain metastases (BM) are the most common brain tumor in adults and are a leading 

cause of cancer mortality. Metastatic lesions contain subclones derived from their primary 

lesion, yet their functional characterization is limited by a paucity of preclinical models 

accurately recapitulating the metastatic cascade, emphasizing the need for a novel 

approach to BM and their treatment. We identified a unique subset of stem-like cells from 

primary human patient brain metastases, termed brain metastasis initiating cells (BMICs). 

We now establish a BMIC patient-derived xenotransplantation (PDXT) model as an 

investigative tool to comprehensively interrogate human BM. Using both in vitro and in 

vivo RNA interference screens of these BMIC models, we identified SPOCK1 and 

TWIST2 as essential BMIC regulators. SPOCK1 in particular is a novel regulator of 

BMIC self-renewal, modulating tumor initiation and metastasis from the lung to the 

brain. A prospective cohort of primary lung cancer specimens showed SPOCK1 was 

over-expressed only in patients who ultimately developed BM. Protein-protein 

interaction network mapping between SPOCK1 and TWIST2 identified novel pathway 

interactors with significant prognostic value in lung cancer patients. Of these genes, 

INHBA, a TGF-β ligand found mutated in lung adenocarcinoma, showed reduced 

expression in BMICs with knockdown of SPOCK1. In conclusion, we have developed 

a useful preclinical model of BM, which has served to identify novel putative BMIC 

regulators, presenting potential therapeutic targets that block the metastatic process, and 

transform a uniformly fatal systemic disease into a locally controlled and eminently more 

treatable one. 
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Keywords: brain metastasis, brain metastasis-initiating cell, BMIC, BMIC regulators, 

TWIST2, SPOCK1, patient-derived xenotransplant, non-small cell lung cancer 

 

 

Introduction 

 

Brain metastases (BM) are the most common tumor to affect the adult central 

nervous system, occurring at a rate ten times greater than that of primary brain tumors[37]. 

With a median survival calculated in weeks in untreated patients, extended to only 3-18 

months following multimodal therapy, BM represent a leading cause of cancer 

mortality[14]. Although BM pose a significant clinical burden, the metastatic process 

is highly inefficient as individual tumor cells maintain a variable capacity for invasion, 

dissemination, therapeutic resistance, and other “hallmarks of metastasis”[44]. While it 

is apparent that metastatic lesions are genetically divergent from their primary 

tumors[4,55], determining the subclonal architecture of primary and metastatic lesions 

may lead to novel therapeutic opportunities, the identification of predictive biomarkers 

and subsequent prophylactic treatment of those patients most likely to develop 

metastases. 

The use of primary patient samples to study metastasis is limited by several 

factors[49], from initial procurement of specimens to gathering a sufficient number of 

cells for experiments. Additionally, models utilizing primary human cells have yet to 

be successful in recapitulating each stage of the metastatic cascade[44]. Instead, current 

frameworks investigate each metastatic stage in isolation, limiting the translational 

efficacy of putative therapeutic targets[40]. In the current study, we have established in-
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house early-passage brain metastasis cell lines termed as brain metastasis initiating cells 

(BMICs) from primary patient samples of lung-to-brain metastases. We demonstrate that 

BMIC lines are enriched for stem cell properties as well as the ability to recapitulate 

the metastatic process both in vitro and in vivo. We also established a BMIC patient-

derived xenotransplantation (PDXT) model to interrogate human lung-derived BM. We 

performed in vitro and in vivo RNA interference screens to identify SPOCK1, a TGF β 

target gene [29] and TWIST2 as important BMIC regulators. SPOCK1 in particular is a 

potent regulator of BMIC self- renewal, tumor initiation, and metastasis. Moreover, our 

results were translatable to clinical samples, where in a prospective cohort of primary non-

small cell lung cancer patient slides, both targets were exclusively expressed in only those 

patients who developed BM. We then examined whether an indirect relationship exists 

between SPOCK1 and TWIST2 using protein-protein interaction networks, through 

which we identified a unique set of BMIC interactors that have significant prognostic 

value in lung cancer patient survival. One such marker, INHBA, a TGF-β ligand found 

mutated in lung adenocarcinoma [41], showed reduced expression in BMICs with 

knockdown of SPOCK1, further implicating a role for the TGF β pathway in BM 

development as well as identifying novel therapeutic targets in the pathway. With this work, 

we present a unique method of modelling human BM using patient-derived BMICs. Using 

this model, we have successfully identified and functionally validated novel regulators 

of primary and metastatic tumor growth, and clinically validated our targets as predictive 

biomarkers for BM. In blocking the metastatic process we aim to transform a uniformly 

fatal systemic disease into one that is locally controlled and eminently more treatable. 
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Materials and Methods 

 

Patient Sample Processing and Cell Culture 

 

Brain metastases (BM) originating from non-small cell lung carcinoma (NSCLC) 

primary samples were obtained from consenting patients, as approved by the Research 

Ethics Board at Hamilton Health Sciences. BMs were processed and maintained in 

Tumor Sphere Media (TSM) as previously described [54]. BMICs were grown as 

tumorspheres that were maintained at 37°C with a humidified atmosphere of 5% CO2. 

Each BMIC line was characterized by performing limiting dilution assays (LDA) as 

previously described [45]. The most aggressive BMIC line with an enhanced engraftment 

capacity, BT478, was the primary BMIC line used for in vivo and RNAi experiments. 

Cell Proliferation Assay 

 

Single cells were plated in a 96-well plate at a density of 1,000 cells/200 µL per 

well in quadruplicate and incubated for four days. 20 µL of Presto Blue (Invitrogen) 

was added to each well approximately 2h prior to the readout time point. Fluorescence 

was measured using a FLUOstar Omega Fluorescence 556 Microplate reader (BMG 

LABTECH) at excitation and emission wavelengths of 535 nm and 600 nm, respectively. 

Readings were analyzed using Omega analysis software. 

Zone Exclusion Migration Assay 

A zone exclusion assay was utilized to assess cell migration over three 3 

days, a timepoint determined to be most appropriate for the slow doubling times 

associated with GBM and BMIC populations. BMIC and glioblastoma (GBM) spheres 

were dissociated to single cells and plated at a density of 30,000 cells per well in a 96-well 
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plate containing TSM+1% FBS, and a 1% agar drop in the center of the well. Following 

cell adherence (24 hours), the agar drop was removed to create a cell-free zone, then 

wells washed gently with PBS and media replaced with TSM. Migration into the empty zone 

was monitored over 3 days, with time point images taken at day 0 and day 3. The 

percentage of migration was calculated as shown below: 

 
 

 

Flow cytometric characterization 

 

BMIC tumorspheres were dissociated and single cells resuspended in PBS+2mM 

EDTA. Cell suspensions were stained with anti-CD133, anti-CD44, anti-CD15, anti-

EpCAM or matched isotype controls (Miltenyi) and incubated for 30 minutes on ice. For 

TWIST2 and SPOCK1 co-expression analysis, single cell suspensions of BMIC lines 

BT478 and BT530 were stained with primary SPOCK1 antibody (Mouse monoclonal 

IgG, Abcam) followed by goat anti-mouse alexafluor 647 secondary antibody (1:1000, 

Invitrogen), and TWIST2 (Sheep Polyclonal IgG, R&D Systems) followed by donkey 

anti-sheep FITC secondary antibody (1:1000, Life Technologies), with 30 min 

incubations on ice for each antibody. 

Samples were run on a MoFlo XDP Cell Sorter (Beckman Coulter). Dead cells were 

excluded using the viability dye 7AAD (1:10; Beckman Coulter). Compensation was 

performed using mouse IgG CompBeads (BD). Surface marker expression was defined 

as positive or negative based on the analysis regions established using the isotype control. 
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Immunofluorescence Staining of BMIC lines for SPOCK1 and TWIST2 

50,000 cells from BMIC lines BT478, BT530, and BT751 were cultured on 

Matrigel coated- coverslips in 24 well plates for 72 hours. Wells were washed with PBS 

and cells fixed with 4% paraformaldehyde for 20 minutes at room temperature (RT), 

permeabilized with 0.1% Triton X-100 for 5 min, then blocked with 1% BSA at RT for 

20 min. Cells were stained with primary Anti-human SPOCK1 antibody (10 µg, Mouse 

monoclonal IgG, Abcam) followed by donkey anti-mouse alexafluor 647 secondary 

antibody (1:1000, Invitrogen), or Anti-human TWIST2 (10 µg, Sheep polyclonal IgG, 

R&D Systems) followed by donkey anti-sheep FITC secondary antibody (1:1000, Life 

Technologies), for 2 hours at RT then followed by secondary antibodies for 1 hour at RT. 

Slides were then mounted with mounting medium and analyzed using Volocity imaging 

software. 

In vivo Modelling of Metastasis 

 

All experimental procedures involving animals were reviewed and approved by 

McMaster University Animal Research Ethics Board (AREB). NOD-SCID mice were 

used for all experiments. Mice were anaesthesized using gas anaesthesia (Isoflurane: 5% 

induction, 2.5% maintenance) before minimally invasive surgery. 

a) Intracranial injections (ICr) 

 

Intracranial injections were performed as previously described[53]. Briefly, 10μL 

of cell suspension (Online Resource 1 Table 2) was injected into the right frontal 

lobe of 8-10 week old mice. 

b) Intrathoracic injections (IT) 
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30uL cell suspension (5x105 cells) mixed with 30μL of growth factor reduced 

matrigel (BD Bioscience) was injected into the right upper chest of 8-10 week old 

mice. 

c) Intracardiac injections (ICa) 

 

100μL cell suspension (2.5x105 cells) was injected into the left ventricle over 15 

seconds in 8- 12 week old mice. 

Mice were monitored weekly, and upon reaching endpoint brains and lungs (for IT and 

ICa injections) were harvested, sectioned, and paraffin-embedded for hematoxylin 

and eosin (H&E) and Anti-human COXIV immunohistochemistry. Images were 

scanned using an Aperio Slide Scanner and analyzed by ImageScope v11.1.2.760 

software (Aperio). 

Reverse transcription and quantitative PCR of mRNA 

 

Total RNA was isolated using Norgen RNA extraction kit (Biotek) and reverse 

transcribed using qScript cDNA Super Mix (Quanta Biosciences) and a C1000 Thermo 

Cycler (Bio-Rad). qRT-PCR was performed using the Cfx96 (Bio-Rad) with 

SsoAdvanced SYBR Green (Bio-Rad) using gene specific primers (Online Resource 1 

Table 7) and 28SrRNA as the internal control. 

shRNA Dropout Screen 

 

shRNA constructs (5-8 individual shRNA constructs per gene) were obtained 

through the RNAi Consortium and the pool was constructed as previously described [19]. 

Replication-incompetent lentivirus was produced as described in Venugopal et al., 

2015[53]. 
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400 million cells from BT478 BMIC line were transduced with the pooled 

lentiviral library at an MOI of 0.3 for the shRNA screens, with approximately 80,000-

fold representation (cells per construct). Cells were treated for 48 hours with puromycin 

and then utilized for either the in vitro or in vivo screen. 10% of cells were collected for 

use as the baseline for all screens. 

a) In vitro tumorsphere formation shRNA screen: transduced cells were cultured in T150 

flasks, propagated as secondary spheres, and divided into three replicates. 

Tumorspheres were passaged for four passages. At each passage, genomic DNA was 

isolated for sequencing. 

b) In vivo screen: 200,000 cells were injected intracranially into NOD-SCID mice 

(n=10). At endpoint, brains were harvested, perfused, and genomic DNA isolated for 

sequencing. 

Lentivirus was prepared for individual shRNA constructs similar to the pooled 

shRNA library. BMIC lines were transduced with lentivirus along with an shGFP control 

and treated with puromycin for 48 hours prior to in vitro assessment of sphere formation, 

proliferation, and migration or in vivo injections by all three routes (ICr, IT and ICa) to 

assess tumor formation and metastasis. 

shRNA Dropout Screen Analysis 

A list of 150 genes involved in regulation of BM was expertly curated from the 

literature (Online Resource 1 Table 4). We used Wordle (http://wordle.net) to highlight 

biological processes associated with the 144 selected shRNAs (select genes in Online 

Resource 1 Table 5, full list in Online Resource 2). Using Pathway Data Integration Portal 

ver. 1. (pathDIP, http://ophid.utoronto.ca/pathDIP) we first performed pathway 

http://ophid.utoronto.ca/pathDIP)


Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

114  

enrichment analysis across 19 major pathways databases and identified 532 pathways 

that are significantly enriched by the selected shRNAs (p < 0.05). Pathway names were 

corrected by removing uninformative words (e.g., Homo sapiens) prior to generating the 

word frequency figure (Fig.  3b). 

In vitro analysis 

 

Libraries were sequenced on an Illumina HiSeq 2500. Library preparation and 

sequencing was carried out as described previously [20]. An average of 3.1M reads 

were obtained per sample. Reads consisting of 21-22 nucleotides, followed by a XhoI 

restriction site, allowing a single mismatch, were retained for mapping. Reads were 

mapped against a library-specific, non-redundant FASTA file using bowtie (v0.12.7) 

with the following command-line options:  -l 21 -m 1 -n 2 --best –strata. On average, 

99.5% of properly formatted reads aligned, allowing two mismatches and suppressing 

multi-mapping reads. Mapped hairpins were enumerated from the resulting SAM file 

using a bespoke Java program, which also merges together all samples and hairpin 

annotations. Each sample was normalized by summing the total number of reads 

assigned to hairpins, dividing the sum by 1,000,000, and then dividing the individual 

hairpin counts by the normalized sum. The resulting value is “reads per million mapped 

reads”, which is then transformed to log-base2. 

Linear regression was performed for each hairpin to model the dropout trend over 

time. Normalized abundance counts were regressed against the passage number using 

the lm function in R (v3.1.2). The majority of hairpins, as expected, had zero slope. The 

5% of hairpins with the most negative slopes were selected for validation. 
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In vivo analysis 

 

Sequencing and read mapping were performed as per the in vitro screen. Between 

1.1 and 9.5M reads (mean = 4.8M) were processed per sample. Log fold-change values 

were computed for each hairpin in each in vivo sample by taking the ratio against the 

matching P0 hairpin abundance and transforming to log2. Only hairpins observed in both 

the P0 sample, and at least one of the in vivo samples were retained for further analysis. 

Gene depletion was then ranked by comparing the aggregate fold-change value across all 

samples to the population of negative control hairpins using the Wilcoxon rank-sum test. 

P-values were adjusted for multiple testing correction using the method of Benjamini 

and Hochberg. Finally, dropouts were ranked by the adjusted P-value. 

Immunohistochemical staining of patient samples for SPOCK1 and TWIST2 

 

4 µm formalin-fixed paraffin-embedded sections were dewaxed in 5 changes of xylene 

and brought down to water through graded alcohols. Antigen retrieval was performed by 

pretreatment with Tris-EDTA (pH 9.0),  then  primary antibodies for  SPOCK1  (Abnova  

#H00117581-M01;  1/2000)  or TWIST2  (Atlas #HPA007450; 1/800) applied. 

Endogenous peroxidase was blocked with 3% hydrogen peroxide. The detection 

systems used were MACH 4 universal HRP polymer system (TWIST2, Intermedico Cat# 

BC- M4U534) and species-specific ImmPRESS polymer system (SPOCK1, Vector 

Labs). After following kit instructions, color development was performed with freshly 

prepared DAB (DAKO Cat# K3468). Finally, sections were counterstained lightly with 

Mayer’s Hematoxylin, dehydrated in alcohols, cleared in xylene and mounted with 

Permount mounting medium (Fisher cat# SP15-500). The optical densities (OD) of each 
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sample were determined by densitometric analysis using ImageJ software. 

Protein-Protein Interaction Mapping of SPOCK1 and TWIST2 

 

Physical protein interactions (PPI) for SPOCK1 and TWIST2 and their interacting 

partners were identified using Integrated Interaction Database (IID) v.2016-03 

(http://ophid.utoronto.ca/iid)[22]. Protein interaction networks were visualized and 

analyzed using NAViGaTOR version 2.3 (http://ophid.utoronto.ca/navigator)[5]. 

Corresponding XML file in NAViGaTOR can be downloaded from 

http://www.cs.utoronto.ca/~juris/data/NCB/BMnetwork.xml. We calculated 

centrality/betweenness by counting the number of shortest paths through a given node and 

edge, connecting all possible pairs of nodes in the network, resulting in all pairs shortest 

path count (APSP). All proteins in the network were selected for pathways enrichment 

analysis as described above, using Pathway Data Integration Portal (pathDIP) ver. 1 

http://ophid.utoronto.ca/pathDIP). 

Edge centrality was evaluated by betweenness and nodes participating in the most 

central interactions were selected for further analysis of prognostic properties (All nodes, 

edges and betweenness scores are listed in Online Resource 1 Table 8 and connection 

derivations in Online Resource 3). 

Cox Modelling of Prognostic Potential of Top 20 Genes Identified Through PPI 

Network 

 

To evaluate multivariate prognostic potential of the top 20 genes we developed 

Cox proportional hazards model (SPOCK1, PLAT, APBB1, CELSR2, PLG, PLAU, 

PRSS3, PRKCQ, TCF4, INSR, TP53, ATXN1, EP300, JAG2, INHBA, LAMA3, 

ELAVL1, STMN2, VAV2, ARHGAP26), where the gene expressions served as only 

http://ophid.utoronto.ca/iid)
http://ophid.utoronto.ca/navigator)
http://www.cs.utoronto.ca/~juris/data/NCB/BMnetwork.xml
http://ophid.utoronto.ca/pathDIP)
http://ophid.utoronto.ca/pathDIP)
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covariates. Model was derived using R's package glmnet[13], applying ridge regression 

(also known as L2, or Tikhonov regularization) to prevent over-fitting. TCGA's lung 

adenocarcinoma (ADC) RNA-seq data were standardized by converting to z-scores and 

along with the corresponding clinical data were used as “training data”. Model was 

validated on the independent, publicly available lung ADC data (GSE31210)[35], and it's 

prognostic performance was evaluated by concordance index (function survConcordance 

from R's package survival[50], v2.38.3) and area under receiver operating characteristics 

(ROC) curve – AUC, measured at the third year after initial time point (function AUC.cd 

from the R's survAUC package, v 1.0.5). Resulting model then predicted the risk score 

for each patient in the validation dataset. Patients were grouped into two groups based 

on the predicted risk score, using the threshold that was obtained prior to validation to 

maximize the hazard ratio obtained on the training data (for more details see Royston et 

al. 2013)[39]. Validated hazard ratio (HR) between these two groups, as well as associated 

statistical significance (Log-rank test) were finally calculated (function survdiff from the 

survival package) and Kaplan-Meier (KM) plot showing time dependent survival 

probabilities of these two groups was generated. 

Generation of Univariate Gene Expression Kaplan-Meier Plots 

 

Kaplan-Meier (KM) curves depicting patient survival by risk group based on 

SPOCK1 and TWIST2 expression in Fig. 6c, were generated using SurvExpress, a suite 

for validation of biomarkers and survival analysis[1] using TCGA Lung Adenocacinoma 

(TCGA-LUAD) dataset (version Sept. 2012)[6]. KM curves were generated from 

quantile-normalized TCGA lung ADC expression data and matching information about 
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patient survival. 

Prognostic properties of the most central nodes were evaluated using 

http://kmplot.com (version 2015; data downloaded on March 6, 2016)[17]. Only lung 

ADC samples were used, and biased samples were removed (n=2,437). Auto select 

best cutoff and censor at threshold was used, with JetSet probe selection. Obtained 

hazard ratios and corresponding P-values were plotted in Fig.  7b. Resulting KM plots 

for overall survival are included in Fig. 7c and Online Resource 1 Fig. 11d; specifying 

probe sets used.  

Statistical Analysis 

Replicates from at least three samples were used for each experiment. Respective 

data represent mean±SD with n values listed in figure legends. Student’s t-test and 

2-way ANOVA analyses using GraphPad Prism 5. P<0.05 was considered significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://kmplot.com/


Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

119  

Results 

 

Patient -derived BMICs exhibit stem cell characteristics and enhanced migratory 

potential in vitro 

 

We successfully established several early-passage BM cell lines termed as brain 

metastasis initiating cells (BMICs) from human patient BM of lung origin (Online 

Resource 1 Table 1). BMIC lines formed tumorspheres [36] in serum-free media (Fig. 

1a) and limiting dilution analysis (LDA) quantified median stem cell frequencies ranging 

from 1/100-1/350 cells (Fig. 1b, Online Resource 1 Fig. 1). BMIC sphere formation was 

comparable to that of primary glioblastoma (GBM). Thus, BMIC cultures are highly 

enriched for BMIC properties but not to homogeneity. 

Migratory capacity was variable between individual BMIC lines (Fig. 1c), but 

overall BMIC lines had enhanced migration compared to invasive GBM lines. Through 

analysis of each patient’s BMICs for known cancer stem cell (CSC) markers, we found 

differential expression of CSC surface markers CD133, CD15 [46] and CD44 [2,10,25], 

as well as epithelial cell adhesion marker (EpCAM) [59] (Fig. 1d, Online Resource 1 Fig.  

2). Collectively, these data confirm the presence of a migratory CSC-like population in 

vitro and underscore the existence of patient-to-patient heterogeneity between BMIC 

lines. The variation of CSC expression levels between patients further confirms our 

previous work, where typical primary tumor CSCs markers are inefficient at identifying 

BMIC population [34] and emphasizes the necessity of novel BMIC markers. 

 

Patient-derived xeno-transplantation models effectively recapitulate human brain 

metastases in vivo  
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We have utilized our unique BMICs to establish appropriate patient-derived xeno-

transplantation (PDXT) models of BM that allow for serial in vivo enrichment and 

propagation of the functional tumor- initiating cell (TIC) population that initiates BMs. 

Firstly, BMIC tumor initiation capacity (TIC) was assessed in vivo through intracranial 

injections of two BMIC lines (BT478 and BT530) in NOD-SCID mice. This model was 

adapted from a PDXT model established by our lab for primary BTIC (Brain tumor initating 

cell) population[46]. In vivo LDA (Online Resource 1 Table 2) showed that BMICs 

were able to form tumors from as few as 100 cells (Fig. 1e). To evaluate if our BMICs 

retained original patient tumor marker profile, xeno-transplants were stained with routine 

marker profiles commonly utilized to diagnose brain metastases from a primary lung 

cancer, and we found that xenografts recapitulated the original patient tumor histology 

and cyto-architecture (Online Resource 1 Fig.  3). 

 

Secondly, to assess BMICs ability to complete different stages of the metastatic 

cycle in vivo, we injected two BMIC lines (BT478 and BT530) into NOD-SCID mice 

through two different injection routes: a) intracardiac injections (ICa) and b) intrathoracic 

injections (IT) (Online Resource 1 Table 3). Homing potential of BMICs was assessed 

through ICa injections of 250,000 cells, resulting in preferential micro- and macro-

metastasis formation in the brain and none in the lung or heart (Fig. 2, Online Resource 1 

Fig. 4a-4b). IT injection of 500,000 cells showed that not only are BMICs capable of re-

forming tumors in the lung environment, but they could migrate through the vasculature 

and seed the brain to form micro-metastases. However, mice succumbed to gross lung 

tumor burden before full macro-metastases developed (Fig. 2). Primary GBM lines were 
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injected through our previously developed BTIC-PDX model [46]as well as our novel 

BMIC PDXT model only achieved tumor formation through ICr injections and not through 

IT or ICa injections (Online Resource 1 Fig. 4c). Taken together, these data verify the self-

renewal and metastatic properties of BMICs in vivo, and establishes our PDXT models as 

appropriate model systems for human BM. 

 

 

shRNA drop out screen identifies TWIST2 and SPOCK1 as novel genetic 

regulators of brain metastasis 

RNA interference (RNAi) using short-hairpin RNAs (shRNAs) provides a 

versatile tool allowing for rapid interrogation of gene function in mammalian cells, and has 

been used to identify genetic regulators of tumorigenesis and metastasis of various solid 

cancers[48,56,32]. 

In order to identify key regulators of BMIC migration and self-renewal, we 

functionally interrogated the 30 Nolte candidates previously identified by our lab[34] as 

well as an additional 120 key genes known to regulate metastasis [3,52,27] using pooled 

shRNA screens followed by in vitro and in vivo validation of chosen hits in our PDXT 

model systems (Fig. 3a). Pathway enrichment analysis using 19 pathway databases 

integrated from pathDIP revealed our 150 curated genes to be involved in several key 

processes and pathways; specifically, gene regulation and cell adhesion (Fig. 3b, Online 

Resource 1 Fig. 5, Table 5, Online Resource 2). We obtained a corresponding library of 

shRNAs targeting these 150 genes as well as negative control hairpins (shGFP, shLacZ) 

and positive control hairpins (shMET, mTOR pathway genes) (Online Resource 1 Table 
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4), and performed a functional in vitro shRNA dropout screen. Our pooled shRNA library 

included negative control hairpins (shGFP, shLacZ) and positive control hairpins (MET, 

mTOR pathway genes) (Online Resource 1 Fig. 6a-6c, Online Resource 2). Since 

tumorsphere culture conditions enrich for self-renewing stem-like populations with 

metastatic potential to seed the brain, we used these conditions to screen the 150 genes 

for their role in BMIC self-renewal in vitro. We identified several genes that had an 

influence on self-renewal capacity (Fig.  3d). 

Genes from the top 5% of all hits were selected for further validation through our 

in vitro BMIC model based on their rate of dropout of from the shRNA screen (Fig. 3c), 

as depicted by the negative slope, as well as their novelty and potential role in BM 

development (Fig.  3d, Online Resource 1 Fig.  6a-6b,7-8). SPOCK1 and TWIST2 showed 

the most significant results in vitro and were validated further with our in vivo PDXT 

model. TWIST2 (or Dermo-1) belongs to the family of basic helix-loop-helix (bHLH) 

transcription factors and is implicated as an epithelial -mesenchymal transition (EMT) 

regulator[12], while SPOCK1 (or testican-1) is a seminal plasma proteoglycan and 

TGF-β target gene[29]. Both genes are overexpressed  in  several  primary  

cancers[28,57],  yet  SPOCK1  has  no  known  relevance  to  BM development. 

Knockdown of TWIST2 or SPOCK1 with shRNA in three patient-derived BMIC lines 

showed the most significant reduction of sphere formation, migration, and proliferation 

(Fig.  4, Online Resource 1 Fig. 9-10). shTWIST2 and shSPOCK1 reduced expression of 

CD133 as seen by FACS analysis (Online Resource 1 Fig. 11a), further implicating a 

SPOCK1 and TWIST2 in regulating BMIC stemness. Our  functional shRNA screen  
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was repeated in vivo to validate our in vitro results. BMICs transduced with the 

pooled shRNA library were injected ICr into NOD-SCID mice, with tumor formation as  

the  primary outcome measured. BMICs proliferate until  tumors are detectable, where 

the initial homogeneous representation of transduced cells (P0) is skewed towards a set 

of tumor cells that received shRNAs that do not functionally affect the propagation of 

cells. SPOCK1 and TWIST2 were found to have high dropout rates as compared to initial 

representation at P0, confirming both genes as regulators of tumor formation from ICr 

injections (Fig.  5a, Online Resource 1 Fig. 6d-6e). 

 

Knockdown of SPOCK1 or TWIST2 leads to inhibition of brain metastasis in vivo 

 

BMICs were transduced with shGFP, shTWIST2 or shSPOCK1 and injected 

through the ICr, IT and ICa routes. In ICr injections, which served as controls to validate 

tumor engraftment, shTWIST2 in BMICs reduced tumor volume when compared to the 

shGFP transduced control cells, while shSPOCK1 prevented tumor formation altogether 

(Fig. 5b, n=2, p values not calculated). For IT injections, although BMICs with 

shTWIST2 did not reduce lung tumor formation, cells failed to metastasize to the 

brain. shSPOCK1 had both greatly reduced lung tumor formation and no BM (Fig. 

5b). Mice receiving shSPOCK1 or shTWIST2 cells had a survival advantage over mice 

that received control cells through ICa injections. Moreover, knockdown of these genes 

completely ablated BMIC metastasis to the brain (Fig. 5b-5c). Collectively, these data 

implicate SPOCK1 as a vital regulator of BMIC self-renewal and the development of 

brain metastasis, whereas TWIST2 was confirmed to be important to initiation of metastasis 

of BMICs. 
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Expression levels of SPOCK1 and TWIST2 in lung cancer patient samples are 

predictive of brain metastasis 

SPOCK1 and TWIST2 expression was profiled by immunohistochemistry (Fig. 

6a) in primary NSCLC biopsies in patients who developed BM (n=12) and patients who 

did not (n=14) to determine if these proteins are predictive of BM formation (Online 

Resource 1 Table 6). The second cohort (n=14) had a median follow-up time of 36 

months and all patients were clearly documented to have no clinical or radiological 

development BM, in 5 patients who were alive at 5 years and thriving, and in 9 patients 

who all died of other disease burden (primarily lung disease burden or metastasis to 

bone). Conversely, the majority of BM patients (n=12) were diagnosed synchronously 

with the primary lung cancer and thus the short 3-6 month survivorship of these patients 

was dictated by the BM. Follow up for both sets of patients differed only due to the nature 

of the disease; the poor survival associated with BM had a much shorter follow up period 

(19 months follow-up, with all patients dying from brain metastatic burden). 

SPOCK1 and TWIST2 expression was only observed in primary lung cancer 

specimens in patients who ultimately developed BM (Fig. 6b, SPOCK1 p<0.01; TWIST2 

p<0.0003), and was also present in the corresponding patient-matched BM (n=12). 

Interrogation of The Cancer Genome Database (TCGA) for SPOCK1 and TWIST2 

expression in lung cancer patients determined that in a validation cohort of 255 NSCLC 

patients, high expression of these genes predicted poor patient survival (Fig. 6c, 

SPOCK1 p=0.0036; TWIST2 p=0.0001). This data suggests that SPOCK1 and TWIST2 
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may have clinical utility as predictive biomarkers of BM formation in NSCLC patients. 

 

Protein-Protein interaction mapping between SPOCK1 and TWIST2 identifies 

novel pathway interactors 

We characterized possible interactions between SPOCK1 and TWIST2 that could 

mediate their role in BM development. Co-expression of SPOCK1 and TWIST2 in 

BMICs was confirmed in a minority of BMICs though FACS analysis and 

immunofluorescence (Online Resource 1 Fig. 11b-c). Although co- expression of 

SPOCK1 and TWIST2 may not be essential to BMIC function, since we showed that 

each gene regulates functional BMIC properties, we questioned whether their interaction 

occurring in a small subset of BMICs could further identify novel regulators of brain 

metastasis. A direct interaction between SPOCK1 and TWIST2 was unlikely, as in silico 

probing of transcription factor binding databases revealed that the SPOCK1 promoter 

lacked a TWIST2 binding domains[24]. Thus, we derived a physical protein- protein 

interaction (PPI) network to identify indirect connections between TWIST2 and SPOCK1 

(Fig. 7a). In a protein-protein network model, betweenness centrality refers to the 

number of shortest paths going through a given edge, where higher centrality denotes a 

very important protein hub. We analyzed centrality/betweenness of the nodes and edges 

to identify the most central 20 connector proteins (Online Resource 1 Table 8). These 

genes were then interrogated for prognostic value using transcriptomic data from a 

NSCLC patient cohort. Individually, nineteen of the twenty genes were found to have 

significant impact on patient survival (Fig. 7b, Online Resource 1 Fig. 11d and Table 8). 
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We applied these unique connector genes as a signature to probe the TCGA mRNA-seq 

dataset of 433 lung adenocarcinoma patients, then validated in an independent dataset of 

204 lung adenocarcinoma patients. Strikingly, we found that the signature had significant 

prognostic value (Fig. 7c). RTPCR screening of select PPI connector genes found 

expression of only INHBA, the most direct connector between SPOCK1 and TWIST2, to 

be significantly reduced in BMICs with shTWIST2 or shSPOCK1 (Fig. 7d, Online 

Resource 1 Fig. 12). INHBA is a ligand of the TGF-β superfamily and was found to be 

significantly mutated in lung adenocarcinoma[41,9], and further hints at the involvement 

of the TGFbeta pathway in BM development. Collectively, these data implicate a novel 

set of connectors between TWIST2 and SPOCK1 involved in BM development that could 

predict patient prognosis, and provide unique therapeutic targets. 
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Discussion 

 

The invasive nature of BM and their ability to escape aggressive treatments predicts 

uniformly poor patient outcome[47]. Advances in screening, detection, and therapeutics 

for systemic cancers have led to an increase in cancer patient survival, yet leaves cancer 

survivors vulnerable to an increased prevalence of BM[23,38]. Here we have successfully 

developed BMIC lines from primary patient BM originating from lung cancer, where 

these samples represent an enriched source of human cells capable of completing the 

lung-to-brain metastatic cascade. 

Syngeneic mouse models have significantly improved our understanding of 

molecular factors that govern subclone survival throughout stages of metastasis 

[16,18,3], though the clinical utility of these models is limited as transgenic murine 

models may not recapitulate the inter- and intratumoral heterogeneity of lesions in 

humans. Current models for studying metastasis investigate each stage in isolation, 

failing to capture the dynamic evolution of tumor subclones during primary tumor 

growth. Nonetheless these models have contributed to the identification of metastatic 

drivers, such as ST6GALNAC5[3], L1CAM[7] from breast cancer, and LEF1 and 

HOXB9[33] (Nguyen 2009) for lung cancer. When paired with RNAi screens, these 

models have aided the identification novel metastasis suppressor genes[15,32]. 

Through our BMICs derived from patient samples of BM of lung origin, we 

have successfully generated an appropriate and feasible model of human BM. We build 

upon our previous work, where we had confirmed our BMICs to possess typical stem 

characteristics such as self-renewal and tumor initiation[34]. In our current work, we 
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show that our BMICs are capable of completing the complexities of metastasizing to the 

brain. Our unique PDXT model provides a unique opportunity to isolate and characterize 

BMICs as well as provides a novel platform to screen and validate BM treatments. 

Our shRNA dropout screens performed with our in vitro BMIC and in vivo BMIC 

PDXT model systems identified SPOCK1 and TWIST2 as regulators of BMICs, with 

SPOCK1 in particular proving to be critical to BMIC self-renewal, tumor initiation and 

migration. BMICs with knockdown of SPOCK1 and TWIST2 also displayed reduction 

in stemness as depicted by downregulation of CSC marker CD133 expression, 

suggesting a potential relationship between SPOCK1, TWIST2 and stemness. 

Functional validation of both genes by knockdown in our PDXT model resulted in 

complete abrogation of brain metastasis through ICa and IT injections. Interestingly, 

knockdown of SPOCK1 completely inhibited tumor formation in both the primary lung 

and secondary brain environments, implicating SPOCK1 as an essential regulator of tumor 

initiation irrespective of the microenvironment. The dramatic reduction in secondary 

sphere formation seen with shSPOCK1 further corroborated its role in governing BMIC 

self-renewal. Conversely, knockdown of TWIST2 had no significant effect on primary 

lung tumor formation but reduced BM, providing further validation for the role of 

TWIST2 in BMIC initiation of metastasis. Our data implicates SPOCK1 and TWIST2 

in metastatic progression, and may prove to be useful as candidate genes in the detection 

of migrating BMICs or circulating tumor cells (CTCs). Development of anti-metastatic 

therapies has been limited due to a lack of understanding of the intricacies of the 

metastatic cycle, with most drugs targeting the end stages[30]. 
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Systemic cancer progression follows two basic models: linear progression, where 

the metastatic cells develop within the primary tumor prior to dissemination to a 

secondary site, or parallel progression that is independent of primary tumor formation. 

Current research favours the parallel progression model, indicating a need to re-evaluate 

current treatment modalities[21]. Additionally, recent studies have shown that the 

presence of metastatic CSCs correlates with the overall incidence of metastasis 

development in patients, and so offers as a novel pre-metastatic therapeutic option in 

metastasis prevention. However, targeting these cells faces several difficulties. For 

instance, the limited knowledge of the biology of metastatic CTCs challenges the ability 

to precisely identify this particular population[11], and conventional therapeutics have a 

short time in circulation that may result in inefficient exposure and consequently 

ineffective killing of CTCs[26]. The identification of novel biomarkers of this metastatic 

population opens up a unique therapeutic avenue for prevention of metastatic 

development. Early detection and therapeutic targeting of CTCs based on SPOCK1 or 

TWIST2 expression could terminate the metastatic process at it’s initiation, ideally 

reducing the risk of BM development. 

Given that not all lung cancer patients develop BM, the immediate clinical utility 

of our findings is in the ability to identify those patients who are more likely to develop 

a BM such that they may receive targeted therapy or an escalation in current treatment 

protocols of NSCLC. Interestingly, SPOCK1 and TWIST2 immunohistochemistry was 

only positive in those lung cancer patients who developed BM, whereas lung cancers 

that did not develop BMs were devoid of SPOCK1 and TWIST2 expression. This data 
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suggests that SPOCK1 and TWIST2 may have clinical utility as predictive biomarkers 

of BM formation in newly diagnosed NSCLC patients. 

Despite SPOCK1 and TWIST2 being implicated in other primary cancers and 

metastases[43,58], to date no work has shown any relationship between these two 

genes. We have shown that although SPOCK1 and TWIST2 are co-expressed in a 

minority population of BMICs, they have no direct interaction. Through PPI networks 

analysis we have identified several genes that connect SPOCK1 and TWIST2 indirectly 

and are specific to lung tissue. Several of these connecting genes have been implicated 

in neurological development[42] or the progression of neural diseases such as 

Alzheimer’s[60,8] suggesting that these genes may predispose BMICs to home from the 

lung to the brain. None of these genes have been implicated in co-operating with SPOCK1 

or in BM development. Of the top twenty connector genes with the highest centrality in 

the SPOCK1-TWIST2 PPI network (Fig. 7a), nineteen genes each had significant 

predictive potential for BMs in a primary lung adenocarcinoma patient cohort. When 

applied as a signature, these genes had an even greater impact on predicting poor 

patient survival. Expression of the most significant connector, INHBA, was correlated 

with SPOCK1 or TWIST2 expression, validating an interaction between these three 

genes. INHBA is a known TGFbeta ligand, where it’s binding to TGFB receptors 

promotes the downstream activation of the SMADs pathway[51]. Activation of the 

TGFbeta pathway upregulates expression of several transcription factors known to 

regulate the epithelial- mesenchymal transition (EMT), such as TWIST2[31]. SPOCK1 

has also been shown to be a TGFbeta downstream target gene, where its activity also 
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promotes EMT[29]. Inhibition of TGFbeta pathway through INHBA has been shown to 

reduce experimental metastatic development[51]. From this circumstantial evidence, we 

suggest a possible interactive pathway of INHBA-activated TGFbeta regulation of 

SPOCK1 and TWIST2, promoting BMIC proliferation and metastasis through EMT. 

The known involvement of TGF-β with SPOCK1 and INHBA implicates a role 

for the TGF-β signalling pathway in BM development[41,29]. Our data presents a novel 

group of genes interact with TWIST2 and SPOCK1 to influence BMIC metastasis and 

BM development in lung cancer patients. The multifaceted functional roles of BMIC 

genes in driving metastasis and the potent ability of BMICs to evade most therapies render 

BMIC regulatory genes as ideal therapeutic targets. 

In conclusion, we have successfully developed a novel BMIC model system of 

human lung-to- brain metastasis through the establishment of unique patient-derived 

BMIC lines. Through our clinically relevant BMIC models, we identified SPOCK1 as 

a novel predictive biomarker of BM and critical regulators of the metastatic process 

for lung-derived BM. We have also identified a predictive prognostic signature of lung 

cancer patients and present novel therapeutic targets. Blocking the metastatic process 

would transform a uniformly fatal systemic disease into a locally controlled and eminently 

more treatable one. 
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Figure 1. Characterization of BMICs in primary BM from the lung.  a Representative 

bright field images of BMIC spheres (20x). b Self-renewal of BMICs and primary GBM 

CSCs determined through secondary sphere formation. c Migration capacity of BMICs and 
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GBMs. d Surface expression of CSC markers. Each dot represents a single patient sample, 

bar indicates mean. e BT478 and BT530 reformed tumors with as low as 100 cells after 

intracranial (IC) injections. Images shown are representative H&E sections. Red scale bar 

= 4 mm, blue scale bar = 100 µM, n=5.  
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Figure 2. Development of a novel human-mouse xenograft model of lung to brain 

metastasis.  Schematic representation of novel in vivo BM model. BMIC capacity is 
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demonstrated through formation of seeded tumor cell nests and large tumors in the brain 

after IT and ICa injections, respectively. Images shown are representative H&E sections. 

Red scale bar = 4 mm, blue scale bar = 100 µM. ICr, n=2; ICa, n=6; IT, n=6).  
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Figure 3. shRNA screen identifies genes involved in BMIC self-renewal. a Schematic 

representation of shRNA screen procedure. b Word frequency analysis from significantly 

enriched pathways using the selected 150 genes. c Scatter plots of normalized reads per 

shRNA between passage 0 (P0) and passage 1 (P1) or passage 4 (P4). Data shown 

highlights genes whose corresponding shRNAs were specifically depleted in long-term 

passaging BMICs (red dots). Blue line is diagonal line with ratio of 1.0. Red dashed line 

shows cut off for 1.7-fold change. d Heat map generated from top 5% of hairpins screen 

hits. Genes selected for further validation and their corresponding slope values are 

highlighted in the adjoining box.  
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Figure 4. SPOCK1 and TWIST2 identified as novel regulators of BM through shRNA 

screen.  a Transcript levels of SPOCK1 and TWIST2 after of lentiviral knockdown. In vitro 

characterization was carried out through. b sphere formation, c migration, and d 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

144  

proliferation assays. Data are  expressed as mean + SEM of n = 3. ns= not significant, 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  
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Figure 5. KD of shSPOCK1 and TWIST2 inhibits BM formation in vivo. a Evaluation of 

SPOCK1 and TWIST2 shRNA dropout after in vivo shRNA screen. b Representative H&E 

images of brain and lungs collected at endpoint after ICr (n=2), IT (n=4), and ICa (n=5) 

injections of BT478 cells were transduced with either shSPOCK1, shTWIST2, or shGFP 

as control. shSPOCK1 and shTWIST2 both inhibited metastasis to the brain through IT 

and ICa route. shTWIST had slightly reduced tumor formation from ICr route but no effect 

on tumor formation in the lung from IT route. shSPOCK1 inhibited tumor formation in 

both the lung and the brain from IT and ICr routes, respectively. Below are graphs depicting 

relative tumor volume (mm2) for ITB and ITL samples. Red scale bar = 4 mm, blue scale 

bar = 100 µM, ns = not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. c 

Kaplan-Meier survival curves for ICr injections of shGFP, shSPOCK1, and shTWIST2, 

where mice had increased survival for shSPOCK1 and shTWIST2 as compared to the 

shGFP control.  
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Figure 6. SPOCK1 and TWIST2 are predictive of lung to brain metastasis.  a Expression 

of SPOCK1 and TWIST2 in patient biopsy samples of BM from lung, lung primary 

adenocarcinomas with known BM, and lung primary adenocarcinomas with no known 

metastases. b Quantification of optical densities of 6a. Red arrows indicate positively 

stained cells. Data are expressed as mean + SEM of BM n=10, lung with BM n=6, lung 

without BM n=6). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. c Kaplan-Meier 

curves depicting gene expression by risk group, as obtained from SurvExpress using in 

TCGA data from lung adenocarcinoma patients.  
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Figure 7. Novel interactors between SPOCK1 and TWIST2 predict BM. a Network of 

physical protein-protein interactions from IID database linking TWIST2 and SPOCK1. 

Node color corresponds to GeneOntology biological function; Edge color represents 

tissue evidence for the interaction. Top 20 genes with the highest centrality measure in 

the network are highlighted with name and red. b Volcano plot depicting HRs and 

corresponding P-values of the 20 genes with the highest centrality in Fig. 7a. Red dots 

depict harmful genes and blue dots are protective genes. c Kaplan-Meier plot showing 

overall survival rates of low and high risk patients, whose risk score was predicted by the 

Cox model, where expression of the selected 20 genes served as covariates. Prognostic 

performance of the model was validated on the independent datasets from [35]. d 

Transcript level of INHBA in BMIC lines (BT478, BT530, BT751) transduced with 

shGFP (control), shSPOCK1, or shTWIST2.  
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Supplementary Figure 1. Limiting dilution assays of patient-derived BMIC lines, 

depicting the average stem cell frequency per line.  

 

 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

149  

 
Supplementary Figure 2.  FACS analysis determining relative expression of primary 

brain tumor CSC surface markers (CD133 and CD15) as well as a marker for cells of 

epithelial lineage (EpCAM) for BMICs.  

 

 
Supplementary Figure 3. Staining profiles of patient and mouse xenograft of BT478, 

depicting similar staining profiles. CK, cytokeratin (7 and 20); TTF1, thyroid 

transcription factor 1 to the original patient tunor.  
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Supplementary Figure 4. a Representative H&E sections of heart from ICa injections of 

BT478 and BT530, showing no tumors. b Representative COXIV stained images of IT 

and ICa injections of BT478 to identify micro-metastatic tumors. c Representative H&E 

images of ICr, IT, and ICa injections with primary GBM line BT428. Red scale bar = 4 

mm, blue scale bar = 100 µM.  
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Supplementary Figure. 5. Top 50 most enriched pathways were depicted as a barplot 

showing significance of the enrichment and number of overlapping genes for each 

pathway.  
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Supplementary Figure 6.  Illumina sequencing protocol showing a bias against TRC2 

hairpins, which are present in the pLKO_TRC005 vector used for the shRNA screens. b 

box and whisker plot showing the desired reproducibility and correlation between 

samples. c heat map generated for negative controls used in the shRNA screen. d 

Heatmap showing changes in hairpin abundance between Time0 and each of the 

established tumors. e comparison between in vitro screen and in vivo tumors. The slope 

for in vitro hairpins was calculated across all time points using the R package limma 

(v3.26.9), which the in vivo fold change is the mean fold change between all tumors and 

T0 (Pearson’s r = 0.52)  
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Supplementary Figure 7. Scatter plots of normalized reads per hairpin comparing 

passage 0 (P0) to passage 1 (P1), passage 2 (P2), passage 3 (P3), or passage 4 (P4) for 

select genes from the top 5% hits of the in vitro shRNA screen. The data shown 

highlights each hairpin at each timepoint (red dots). The blue line is the diagonal line 

with a ratio of 1.0. The red dashed line shows the cut off for 1.7-fold change.  
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Supplementary Figure 8. Screening of lentiviral vectors for select genes in H1915 cells. 

3-4 vectors were chosen for each gene chosen for further validation from the hairpins 

used in the shRNA screen and transfected into H1915 cells to assess their KD efficiency. 

The best vector was then packaged into lentivirus for transductions into BMICs.  
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Supplementary Figure 9. Efficiency of lentiviral knockdown for select genesa in BT478 

and BT530 were confirmed through RTPCR. In vitro characterization was carried out for 

each shRNA in BMIC lines BT478 and BT530 through b sphere formation, c  migration, 

and d proliferation assays. ns = not significant, *P<0.01, **P<0.005,*** P< 0.0001.  
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Supplementary Figure 10. a Expression of stem markers CD133 and EpCAM in BMIC 

line BT478 as confirmed by FACS analysis. b Co-expression of TWIST2 and SPOCK1 in 

BMIC line BT478, as confirmed by FACS analysis. Smaller plot to the right  indicate 

isotype controls. c corresponding immunofluorescence of SPOCK1 and TWIST2 

expression in BMIC lines BT478, BT530, BT751. Red = SPOCK1, green = TWIST2, blue 
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= dapi. Immaegs were taken at 20x magnification. d Individual KM plots of 20 genes with 

the highest centrality measure selected from the PPI network in Fig. 7a.  

 
Supplementary Figure 11. a Relative expression of INHBA in BMIC lines BT478, 

BT530, and BT751 as determined by RTPCR. b Relative expression levels of select PPI 

connector genes in BT478 as determined by RTPCR.  

 

Sample 

Identifier Gender Age  

Area of 

tumor 

removal Primary Tumor (NSCLC) CD44% CD133% EpCAM% CD15% 

BT478 Female 75 Left frontal 

Metastatic carcinoma, 

pleiomorphic 

99.8 
71.9 57.54 7.73 

BT530 Male  53 

Left 

cerebellar Metastatic adenocarcinoma 

99.76 68.43 10.94 5.3 

BT658 Male 52 

Right 

parietal 

Metastatic carcinoma, large 

cell 

96.18 35.18 89.24 89.79 

BT743 Male 73 Left frontal Metastatic adenocarcinoma 39.45 7.9 10.22 33.43 

BT766 Male  73 Left frontal Metastatic adenocarcinoma 68.49 5.63 97.15 87.21 

BT784 Male 53 

Right 

parietal Metastatic adenocarcinoma 

49.19 2.15 13.03 29.49 

BT797 Male 69 

Right 

parietal Metastatic adenocarcinoma 

55.39 31.34 97.69 68.82 

Supplementary Table 1.  Patient data for BMIC lines. Related to Fig. 1   
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Supplementary Table 2. In vivo ICr limiting dilution assays of BT478 and BT530. 

Related to Fig. 2  

 

 
Supplementary Table 3. In vivo IT and ICa limiting dilution assays of BT478 and BT530.  
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Supplementary Table 4. Candidate List of 150 genes in shRNA screen library.  
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Gene   Known Path Memberships 

WNT5A 

KEGG.Basal cell carcinoma - Homo sapiens (human), KEGG.Hedgehog signaling 

pathway - Homo sapiens (human), KEGG.Hippo signaling pathway - Homo sapiens 

(human), KEGG.HTLV-I infection - Homo sapiens (human), KEGG.Melanogenesis - 

Homo sapiens (human), KEGG.Pathways in cancer - Homo sapiens (human), 

KEGG.Proteoglycans in cancer - Homo sapiens (human), KEGG.Wnt signaling pathway 

- Homo sapiens (human), NetPath.Wnt, PID.Noncanonical Wnt signaling pathway, 

PID.Validated targets of C-MYC transcriptional repression, PID.Wnt signaling network, 

Reactome.Asymmetric localization of PCP proteins, Reactome.beta-catenin independent 

WNT signaling, Reactome.Ca2+ pathway, Reactome.Class B/2 (Secretin family 

receptors), Reactome.GPCR ligand binding, Reactome.negative regulation of TCF-

dependent signaling by WNT ligand antagonists, Reactome.PCP/CE pathway, 

Reactome.Signal Transduction, Reactome.Signaling by GPCR, Reactome.Signaling by 

Wnt, Reactome.TCF dependent signaling in response to WNT, Reactome.WNT ligand 

biogenesis and trafficking, Reactome.WNT5A-dependent internalization of FZD2,  

FZD5 and ROR2, Reactome.WNT5A-dependent internalization of FZD4, 

Signalink.WNT-Core, Wikipathways.DNA Damage Response (only ATM dependent), 

Wikipathways.MicroRNAs in cardiomyocyte hypertrophy, Wikipathways.miR-targeted 

genes in epithelium - TarBase, Wikipathways.miR-targeted genes in lymphocytes - 

TarBase, Wikipathways.miR-targeted genes in muscle cell - TarBase, 

Wikipathways.Wnt Signaling Pathway, Wikipathways.Wnt Signaling Pathway and 

Pluripotency, Spike.WNT signaling  , 

IPAVS.non_canonical_Wnt_signaling_pathway_human, 

IPAVS.Signaling_pathways_controlling_SHF_development, 

IPAVS.Wnt_signaling_in_cardiomyocyte_hypertrophy, systems-

biology.org.beta_cell_v2.3 

SPOCK1 Wikipathways.Adipogenesis, NA, Wikipathways.Adipogenesis 

TWIST2 

KEGG.Proteoglycans in cancer - Homo sapiens (human), NA, KEGG.Proteoglycans in 

cancer - Homo sapiens (human) 

SLC9A3R2 

KEGG.Aldosterone-regulated sodium reabsorption - Homo sapiens (human), 

PharmGKB.Beta-agonist/Beta-blocker Pathway,  Pharmacodynamics, PID.LPA 

receptor mediated events, PID.PDGFR-beta signaling pathway, Wikipathways.miR-

targeted genes in lymphocytes - TarBase, Wikipathways.miR-targeted genes in muscle 

cell - TarBase 

NEURL1B 

Reactome.Activated NOTCH1 Transmits Signal to the Nucleus, Reactome.Constitutive 

Signaling by NOTCH1 HD Domain Mutants, Reactome.Constitutive Signaling by 

NOTCH1 HD+PEST Domain Mutants, Reactome.Constitutive Signaling by NOTCH1 

PEST Domain Mutants, Reactome.Disease, Reactome.FBXW7 Mutants and NOTCH1 

in Cancer, Reactome.NOTCH2 Activation and Transmission of Signal to the Nucleus, 

Reactome.Signal Transduction, Reactome.Signaling by NOTCH, Reactome.Signaling 

by NOTCH1, Reactome.Signaling by NOTCH1 HD Domain Mutants in Cancer, 

Reactome.Signaling by NOTCH1 HD+PEST Domain Mutants in Cancer, 

Reactome.Signaling by NOTCH1 in Cancer, Reactome.Signaling by NOTCH1 PEST 

Domain Mutants in Cancer, Reactome.Signaling by NOTCH1 

t(7;9)(NOTCH1:M1580_K2555) Translocation Mutant, Reactome.Signaling by 

NOTCH2, UniProt.Pathways.protein ubiquitination, UniProt.Pathways.Protein 

modification 

GSC 

PID.Regulation of nuclear SMAD2/3 signaling, PID.Regulation of retinoblastoma 

protein, Reactome.Developmental Biology, Reactome.POU5F1 (OCT4),  SOX2,  

NANOG repress genes related to differentiation, Reactome.Transcriptional regulation of 

pluripotent stem cells 
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PHGDH 

HumanCyc.serine and glycine biosynthesis, HumanCyc.serine biosynthesis 

(phosphorylated route), KEGG.Glycine,  serine and threonine metabolism - Homo 

sapiens (human), Reactome.Amino acid synthesis and interconversion (transamination), 

Reactome.Metabolism, Reactome.Metabolism of amino acids and derivatives, 

Reactome.Serine biosynthesis, SMPDB.Dihydropyrimidine Dehydrogenase Deficiency 

(DHPD), SMPDB.Dimethylglycine Dehydrogenase Deficiency, 

SMPDB.Dimethylglycinuria, SMPDB.Glycine and Serine Metabolism, 

SMPDB.Hyperglycinemia,  non-ketotic, SMPDB.Non Ketotic Hyperglycinemia, 

SMPDB.Sarcosinemia, Wikipathways.Trans-sulfuration and one carbon metabolism, 

UniProt.Pathways.L-serine from 3-phospho-D-glycerate: step 1/3, UniProt.Pathways.L-

serine biosynthesis, UniProt.Pathways.Amino-acid biosynthesis 

LAMC2 

BioCarta.agrin in postsynaptic differentiation, BioCarta.prion pathway, INOH.Integrin, 

KEGG.Amoebiasis - Homo sapiens (human), KEGG.ECM-receptor interaction - Homo 

sapiens (human), KEGG.Focal adhesion - Homo sapiens (human), KEGG.Pathways in 

cancer - Homo sapiens (human), KEGG.PI3K-Akt signaling pathway - Homo sapiens 

(human), KEGG.Small cell lung cancer - Homo sapiens (human), KEGG.Toxoplasmosis 

- Homo sapiens (human), NetPath.Alpha6Beta4Integrin, PID.a6b1 and a6b4 Integrin 

signaling, PID.Alpha6 beta4 integrin-ligand interactions, PID.Beta1 integrin cell surface 

interactions, Reactome.Anchoring fibril formation, Reactome.Assembly of collagen 

fibrils and other multimeric structures, Reactome.Cell junction organization, 

Reactome.Cell-Cell communication, Reactome.Collagen formation, 

Reactome.Degradation of the extracellular matrix, Reactome.Extracellular matrix 

organization, Reactome.Laminin interactions, Reactome.Non-integrin membrane-ECM 

interactions, Reactome.Type I hemidesmosome assembly, Wikipathways.Alpha 6 Beta 

4 signaling pathway, Wikipathways.Focal Adhesion, Wikipathways.Inflammatory 

Response Pathway, Wikipathways.miR-targeted genes in lymphocytes - TarBase, 

Wikipathways.miR-targeted genes in muscle cell - TarBase, systems-biology.org.Toll-

Like_receptor_signaling_network 

Supplementary Table 5. Main pathways of select genes. Full list provided in Online 

Resource 2 (see manuscript link).  
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Supplementary Table 6. Information of a patients with only lung cancer and b patients 

with lung cancer and BM development, identifying tumor pathology, survival, and follow 

up time.  

Gene Forward Primer Reverse Primer 

28srRNA AAGCAGGAGGTGTCAGAAA GTAAAACTAACCTGTCTCACG 

SPOCK1 CAACTGCTTGTTCCCAGAGG GCCAATGACTTCCCTATCCA 

TWIST2 GAGCGACGAGATGGACAATAAGA ATGCGCCACACGGAGAA 

LAMC2 TACTATAATCTGGATGGGGGGAACC ATACAGGTGCCAAAAGGCCCCAGTC 

GSC TCTCAACCAGCTGCACTGTC GGCGGTTCTTAAACCAGACC 

NEURL1B CTTCAGTGTCAACCAGTCCTC TCGCCATTCTTGATGCCTG 

PHGDH AACTTCTTCCGCTCCCATTT GTCATCAACGCAGCTGAGAA 

CALM2 GTAATGGCACAATTGACTTCCC TCACATGGCGAAGTTCTGC 

SLC9A3R2 CCCGAGACAGATGAACACTTC AGGTCACTTCGGGACGAG 

WNT5A CTTCGCCCAGGTTGTAATTGAAGC CTGCCAAAAACAGAGGTGTTATCC 

Supplementary Table 7. Primer sequences for RTPCR. Related to Fig. 4  

 

 
Supplementary Table 8. Top 20 genes and corresponding betweenness scores, HR 

values and p-values, GO, synonyms, and probesets for KM plots.  
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Chapter 4: Therapeutic targeting of the pre-metastatic stage in human brain metastasis 

Preamble 

This chapter is an original manuscript submitted for publication on January 31, 2018 and 

presented in its original format. (Extended datasets and Supplementary Tables 2-4 will be 

available upon publication). 

 

Singh M, Venugopal C, Tokar T, Brown KR, McFarlane N, Subapanditha M, Bakhshinyan 

D, Vora P, Qazi, Murty N, Jurisica I, Moffat J, Singh SK. 

 

Experimental concept and study design was developed by myself C. Venugopal and S. 

Singh, and the worke supervised by S. Singh. Brain metastases samples were provided by 

N. Murty. I performed all in vitro BMIC line generation, maintenance and characterization. 

All flow cytometric analyses were performed by N. McFarlane and Subapanditha. 

Generation of the in vivo models was conducted by myself, with surgical assistance 

(suturing) by D. Bakhshinyan, M. Qazi and P. Vora. Sample collection was performed by 

myself. Sample preparation and microarray and RNA sequencing experiments were 

performed by the Farncombe Metagenomics Facility (McMaster University). Analyses of 

microarray and RNA sequencing results were analyzed by T. Tokar under the supervision 

of I. Jurisica. In vitro drug screening was performed by myself, with advice form C. 

Venugopal and P .Vora. In vivo validation of Apomorphine was performed by myself, with 

advice from C. Venugopal. In silico analyses were performed by T. Tokar under the 
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supervision of I. Jurisica. The manuscript was prepared myself, with input and edits 

provided by S. Singh, C. Venugopal, P. Vora, T. Tokar and I. Jurisica.  

 

The main concept of this work was derived from our observation during the generation of 

our BM models. Where our ICr and ICa models developed large macro-metastases, our IT 

model developed only tiny, barely visible pockets of cells within the brain. I isolated these 

BMICs, termed BMIT, and performed trangenomic analyses, where I found these cells to 

retain a unique genetic phenotype that differed from the primary lung tumors and brain 

metastases developed in our ICr and ICa routes. I determined these BMIT cells to belong to 

a “pre-metastatic” state, and upon further in silico analysis and in vivo validation I 

identified Apomorphine to be a potential BMIC targeting therapeutic.  
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Abstract  

Brain metastases (BM) are a leading cause of adult cancer mortality. Pre-metastasis, 

where circulating metastatic cells extravasate and seed the secondary organ, is a key stage 

in metastasis that cannot be captured in humans. Here we have used our established brain 

metastasis initiating cell (BMIC) models and gene expression analyses to characterize pre-

metastasis in human lung-to-brain metastases. Pre-metastatic BMICs engage invasive and 

epithelial developmental mechanisms while simultaneously impeding proliferation and 

apoptosis. We identified Apomorphine, a dopamine agonist, to be a potential pre-

metastasis targeting drug. In vivo treatment with Apomorphine prevented BM formation, 

potentially through targeting of pre-metastasis-associated genes KIF16B, SEPW1, and 

TESK2. Furthermore, low expression of these genes was associated with poor survival of 

lung adenocarcinoma patients. These results illuminate the cellular and molecular 

dynamics of pre-metastasis, a state currently impossible to identify or interrogate in BM 

patients, and presents novel therapeutic targets and associated pathways to prevent BM 

initiation. 
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Introduction  

Metastases to the brain (BM) are the most common neoplasm to affect the adult 

central nervous system, occurring in up to 40% of cancer patients and at a rate ten times 

greater than that of primary neural neoplasms(Patchell, 2003). Survival of BM patients is 

limited to mere weeks, extended to months upon administration of multimodal 

treatment(Sjobakk et al., 2013). Despite the devastating clinical outcomes, the genetic and 

molecular events that govern metastatic development remain frustratingly difficult to 

isolate. The process of metastasis is both complicated and extremely inefficient, where only 

a minute percentage of disseminated tumor cells are capable of surviving the lympho-

vascular system to establish metastatic tumors. Metastatic cells must first adapt to and seed 

this secondary environment, termed “pre-metastasis”; this tissue colonization stage directly 

precedes formation of small micro-metastases, and establishment of vasculature will 

promote larger macro-metastatic growth. Pre-metastasis is the largest barrier to metastatic 

development and tissue colonization, yet this stage remains poorly characterized(Chambers 

et al., 2002; Valastyan & Weinberg, 2011). Theoretically, the delay between primary tumor 

formation and clinical diagnosis of metastatic growth, even with early tumor dissemination, 

provides a potential window for therapeutic intervention(Vanharanta & Massague, 2013). 

 Significant investigation into the cancer genome has led to greater understanding 

of the evolving clonal architecture of tumors(McGranahan & Swanton, 2017), exposing 

the co-existence of a dominant originating primary tumor clone along with multiple 

genetically distinct subclones that can give rise to recurrence and metastases(Anderson et 

al., 2011; Brastianos et al., 2015; Ding et al., 2010; Jamal-Hanjani et al., 2017; Yachida et 
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al., 2010). Further lineage analyses have identified early and initiating conditions that 

define a “pre-cancerous” stage in the progression of several primary cancers(Hong et al., 

2008; Shlush et al., 2014; Wistuba et al., 2002). Initiating events have similarly been 

explored for metastatic growth, identifying the conditional implementation of various 

mechanisms such as epithelial-mesenchymal transitions (EMT) and angiogenesis by 

metastasis initiating cells (MICs)(Celia-Terrassa & Kang, 2016). Unfortunately, there 

remains a dearth of knowledge of the mechanisms that promote “pre-metastatic” initiation 

and the tissue-colonization stage(Massague & Obenauf, 2016). The majority of current in 

vivo and clinical studies utilize established macro-metastasis samples, failing to properly 

capture this temporally-sensitive pre-metastatic stage. Systematic characterization of this 

pre-metastatic stage could provide more relevant avenues for therapeutic options in BM 

prevention as opposed to treating existing BM. 

Previous work in our lab successfully established patient-derived BM models that 

mimic various stages of the metastatic process, capturing the separate stages of pre-

metastatic initiation and macro-metastatic growth through intrathoracic and intracardiac 

injections, respectively(M. Singh et al., 2017). In this work, we perform transcriptomic 

analysis by next-generation sequencing (RNAseq) of brain metastasis initiating cells 

(BMICs) isolated from various stages of the metastatic cascade. We elucidate the molecular 

variances that underlie pre-metastatic initiation through focused study of human BMICs 

injected into immunocompromised mice via the intra-thoracic route (BMIT). From our 

intrathoracic BM model, we found that mice characteristically die of lung tumor burden 

just as BMICs cross the blood-brain barrier and colonize the brain, giving us a timepoint 
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to isolate these pre-metastatic BMICs. Importantly, the BMIT phase captures a stage of the 

metastatic cascade that can never be routinely biopsied or captured in humans, as metastatic 

cells seeding the brain without yet initiating a secondary tumor would represent subclinical 

disease that cannot be detected by either clinical symptoms or current surveillance neuro-

imaging techniques. We found these pre-metastatic BMICs (termed BMIT) to possess over 

7000 dysregulated genes active in invasive but not proliferative mechanisms. Interestingly, 

these BMIT genes were also enriched in neural neoplasm and neurodegenerative pathways. 

Through Connectivity Map analysis (CMAP) of these BMIT genes, we generated a list of 

drugs that could target the BMIT gene signature. We then returned to our BMIC patient-

derived xenotransplantation discovery model to demonstrate that the dopamine agonist 

Apomorphine inhibits BM development in vivo, presumably by inhibiting the pre-

metastatic state. Further pharmacogenomic interrogation of the BMIT gene list identified 3 

genes downregulated genes that are directly targeted by Apomorphine, KIF16B, SEPW1, 

and TESK2, where administration of Apomorphine restores expression.  Lastly, 

interrogation of lung adenocarcinoma patient databases showed that decreased expression 

of these genes is associated with poor disease-free survival  

With this work we have successfully characterized a novel temporal genetic profile 

of pre-metastatic growth, and have functionally validated the efficacy of targeting this stage 

in BM development through administration of Apomorphine. The ability to prevent 

metastatic progression to the brain can transform an unvaryingly lethal systemic disease 

into one that is eminently more treatable.  

 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

171  

Materials and Methods 

Patient Sample Processing and Cell Culture 

Brain metastases (BM) originating from non-small cell lung carcinoma (NSCLC) 

primary samples were obtained from consenting patients, as approved by the Research 

Ethics Board at Hamilton Health Sciences. BMs were processed and maintained in Tumor 

Sphere Media (TSM) as previously described(M. Singh et al., 2017; Venugopal et al., 

2012). BMICs were grown as tumorspheres that were maintained at 37°C with a humidified 

atmosphere of 5% CO2  

In vivo Modelling of Metastasis 

All experimental procedures involving animals were reviewed and approved by 

McMaster University Animal Research Ethics Board (AREB). NOD-SCID mice were used 

for all experiments. Mice were anaesthesized using gas anaesthesia (Isoflurane: 5% 

induction, 2.5% maintenance) before minimally invasive surgery. Injections were 

performed as previously described for intracranial (ICr), intrathoracic (IT) and intracardiac 

(ICr) routes(M. Singh et al., 2017). Mice were monitored weekly, and upon reaching 

endpoint brains and lungs were harvested and underwent two separate analyses: 

a) Hemotoxylin & Eosin staining (H&E): whole brains (and lungs from IT 

injections) were sectioned, and paraffin-embedded for H&E. Images were 

scanned using an Aperio Slide Scanner and analyzed by ImageScope 

v11.1.2.760 software (Aperio). 

b) In vitro culture and expansion: BMICs were re-isolated from ICr brain tumors 

(BT), IT lung tumors (LT) and pre-metastatic brain tumors (BMIT), and ICa 
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brain tumors (BMIC). Whole brains and lungs (IT injections) were dissociated 

into single cell suspensions (Venugopal 2002) and cultured in DMEM with 

decreasing concentrations of FBS: the first 2 days in 20% FBS, 10% FBS for 

2-3 days, 5% FBS, and finally in TSM with puromycin for a minimum of 1 

week prior to any analyses to select out any residual contamination of mouse 

cells as well as to enrich for the BMICs. Duplicate samples per BT, LT, BMIT 

and BMIC were collected per BMIC line, RNA isolated, and submitted for 

microarray analyses (BT478) or RNA sequencing analyses (BT478 and 

BT530).  

 

For drug treatments, mice were injected through IT and IC route, and cells allowed 

to engraft for 2 weeks. R-(−)-Apomorphine hydrochloride hemihydrate (Sigma) was 

resuspended in sterile saline at 0.5mg/mL, and administered by subcutaneous injections 

(S.C.) to give a final dose of 5mg/kg, 3 times weekly for 1 month. Control mice received 

only saline. Mice were culled as they succumbed to endpoint (approximately 2.5 months).  

IC50 curve generation 

BMICs were dissociated into a single cell suspension, and 2000 cells/well were 

plated into a 96 well plate at a volume of 200 mL/well in increasing concentrations (5-

25µM) of Apomorphine, GW-8510, Lomustine (Sigma), Acacetin (Sigma), Thioridazine 

(Sigma), Trifluoroperazine (Sigma), and Prochlorperazine (Sigma). DMSO was used as a 

control. Cells were incubated for four days. 20 µL of Presto Blue (Invitrogen) was added 

to each well approximately 2h prior to the readout time point. Fluorescence was measured 
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using a FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) at 

excitation and emission wavelengths of 535 nm and 600 nm, respectively. Readings were 

analyzed using Omega analysis software. Dose–response curves were fitted to the data.  

Reverse transcription and quantitative PCR of mRNA 

Total RNA was isolated using Norgen RNA extraction kit (Biotek) and reverse 

transcribed using qScript cDNA Super Mix (Quanta Biosciences) and a C1000 Thermo 

Cycler (Bio-Rad). qRT-PCR was performed using the Cfx96 (Bio-Rad) with SsoAdvanced 

SYBR Green (Bio-Rad) using gene specific primers (Supplementary Table 1) and GAPDH 

as the internal control. 

Flow cytometric characterization 

Adherent BMICs were detached through application of TrypleE (Invitrogen) and 

single cells resuspended in PBS+2mM EDTA. Cell suspensions were stained with human 

anti-TRA-1-85 (CD147, Miltenyi) and incubated for 30 minutes on ice. Samples were run 

on a MoFlo XDP Cell Sorter (Beckman Coulter). Dead cells were excluded using the 

viability dye 7AAD (1:10; Beckman Coulter). Compensation was performed using mouse 

IgG CompBeads (BD). Surface marker expression was defined as positive or negative 

based on the analysis regions established using the isotype control.   

Microarray data analyses 

BT478 samples were prepared, processed and run as per Illumina protocol as 

previously described(Venugopal et al., 2015). Illumina summary probe profiles along 

associated control probes profiles were read using a Bioconductor package limma 

v3.30.13(Ritchie et al., 2015). Data were then background corrected using negative control 
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probes and subsequently normalized applying quantile normalization using all the available 

control probes. After normalization, expression of the genes was averaged across the 

technical replicates obtained from the same biological sample.   

 To provide qualitative assessment of the dissimilarity of the BMIT against BT, LT, 

and BMIC, scatterplots were plotted depicting expression of the genes as obtained from 

individuals samples. The Pearson’s coefficient of correlation between the individual 

samples was calculated and plotted to generate a heatmap of the obtained correlations. 

RNA sequencing  

Illumina sequencing was performed by the Farncombe Metagenomics Facility 

(McMaster University). RNA integrity was first verified using the Agilent BioAnalyzer, 

followed by mRNA enrichment and library prep using the NEBNext Ultra Directional 

RNA Library Prep Kit along with the NEBNext Poly(A) mRNA Magnetic Isolation 

Module. Libraries were subject to further BioAnalyzer QC and quantified by qPCR. 

Sequencing was performed using the HiSeq Rapid v2 chemistry with paired end 2x50 bp 

read length configurations. 

Raw RNA sequencing data were preprocessed and normalized as follows: RNAseq 

data were aligned against hg38 reference genome, using bowtie2. Reads counts per gene 

were obtained using R packages GenomicRange and GenomicFeatures and using UCSC 

hg38 KnowGene database as a reference for genomic locations 

(TxDb.Hsapiens.UCSC.hg38). Counts were first normalized to counts per million, then 

additional quantile normalization was applied. Expressions were averaged across pairs of 

technical replicates. Counts were then log2-transformed and genes whose expression was 
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< 0 across all the 18 samples were removed. Principal component analysis (PCA) was then 

conducted and all the samples were depicted in the space defined by the two most principal 

components. Additionally, a heatmap depicting sample differences, as quantified by 

euclidean distance of the gene expression, was generated along the dendrogram depicting 

hierarchical clustering of the samples. Sample 16 was then excluded from further analysis 

as an outlier. 

Differential expression analysis was performed to identify genes whose expression 

was significantly different when comparing: i) BMIT against BT, LT, and BMIC from BT478 

and ii) BMIT against BT, LT, and BMIC of BT530. Using Bioconductor package limma 

v3.30.13(Ritchie et al., 2015). Log2 fold change of the gene expression was calculated for 

both comparisons along the associated p-value and false discovery rate (FDR). 

Enrichment analysis 

 Two types of enrichment analysis were conducted, gene set enrichment analysis 

(GSEA) as described by Subramanian et al.(Subramanian et al., 2005), along with over-

representation analysis using hypergeometric test to assess significance of overlap between 

the selected group of genes and given pathway or biol. process. In both cases enrichment 

against the five major ontologies was assessed,  including: KEGG pathways(Kanehisa & 

Goto, 2000), Gene Onthology (GO) – Biological processes, GO – cellular components, GO 

– molecular functions(Ashburner et al., 2000), and Disease ontology (DO)(Schriml et al., 

2012). All the enrichment analyses were performed using functions implemented within 

the Bioconductor package ClusterProfiler v3.2.14(G. Yu et al., 2012). 

CMAP analysis 
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Connectivity Map (CMAP) analysis was used to predict effects of the drugs on the 

expression of the deregulated genes(Lamb, 2007). In this analysis, drugs (comprising 1,289 

chemical substances) were assessed with respect to their ability to invert expression 

changes of the deregulated genes obtained from above described differential gene 

expression analysis. CMAP analysis was conducted using Bioconductor package 

PharmacoGx(Smirnov et al., 2016).  Drugs were first filtered according to resulting 

connectivity score (Connectivity score < 0) and associated significance (P < 0.01). Finally, 

drugs were selected for preliminary in vitro screening based on the criteria of novelty in 

metastasis treatment, ability to cross the blood-brain-barrier, and potential to target neural 

developmental systems or associated disorders. 

 To further explore effects of Apomorphine on gene expression we constructed a 

protein-protein interaction (PPI) network using Apomorphine gene targets obtained from 

DrugBank v5.0.11(Wishart et al., 2018) and The Comparative Toxicogenomics Database 

(CTD) vJan-2018(Davis et al., 2017). Genes transcriptionally modified by Apomorphine 

were identified using CMAP ver. 1(Lamb, 2007). Using the three gene lists, we then 

identified PPIs connecting individual genes in the list using Integrated Interactions 

Database IID v2017-04(Kotlyar et al., 2016). Resulting PPI network was visualized using 

NAViGaTOR v3(Brown et al., 2009). As per legend, node color represents GO Molecular 

Function; edge color corresponds to tissue specificity, specifically highlighting lung and 

brain tissue, as obtained from IID. The most important BMIT gene targets of Apomorphine 

were identified by applying PharmacoGx framework for sensitivity modelling (for more 

details see PharmacoGx user’s guide).  Genes were filtered according to the drug’s 
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estimated effect on their expression (upregulation of the downregulated genes and 

downregulation of the upregulated ones) and associated significance (p < 0.01). 

Kaplan-Meier analysis 

 Prognostic potential of the genes targeted by the selected drugs was assessed 

through SurvExpress v2.0 – web resource for validation of cancer gene expression 

biomarkers(Aguirre-Gamboa et al., 2013). 

(http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp) and lung module of 

Kaplan-Meier plotter (KMplotter) -  tool for meta-analysis based biomarker assessment 

(http://kmplot.com)(Gyorffy et al., 2013). Prognostic significance of the three target genes 

(KIF16B, SEPW1 and TESK2), was first tested in SurvExpress using The Cancer Genome 

Atlas (TCGA) lung adenorcarcinoma gene expression dataset (June 2016) and then 

validated in KMplotter using all available lung adenocarcinoma datasets.  In both cases 

survival analysis was conducted under default parametrization. 

Statistical Analysis 

Replicates from at least three samples were used for IC50 and RT-PCR experiments. 

Respective data represent mean±SD with n values listed in figure legends. Student’s t-test 

and 2-way ANOVA analyses using GraphPad Prism 5. P<0.05 was considered significant.  

Data Availability 

The authors declare that all the data supporting the findings of this study are available 

within the article, its supplementary information files and from the corresponding author 

upon reasonable request. RNA sequencing files are available as GEO dataset GSE110495 

at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110495 upon request. 

http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp
http://kmplot.com/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110495
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Results 

Capturing the pre- and macro- stages of metastatic growth in BM development 

We utilized early passage BM cell lines derived from primary patient samples of 

lung-to-brain metastases in our work, as these samples are enriched for BMICs that have 

already successfully completed the metastatic process. Previous work in our lab 

successfully established preclinical models of lung-to-brain BM(Nolte et al., 2013; M. 

Singh et al., 2017). Briefly, we injected mice through three different injection routes: a) 

intracranial (ICr), b) intrathoracic injections (IT), and c) intracardiac injections (ICa), 

where we were able to replicate the pre-metastatic and macro-metastatic stages from IT 

and ICa injections respectively(M. Singh et al., 2017). Here, we have further isolated and 

characterized BMICs at each metastatic stage.  BMIC lines transduced with GFP were 

injected into our BM models and were shown to reform tumors at each stage of the 

metastatic cascade, from primary lung (LT) and secondary brain (BT) tumor formation to 

the pre-metastatic (BMIT) and macro-metastasis (BMIC) stages of tumor growth (Fig. 1). 

BMICs were isolated from BT, BMIT, and BMIC tumors and minimally cultured, and 

retained the ability to reform secondary spheres, suggesting a preservation of their stem-

like and tumor initiation properties (Fig. 1).  

 

To characterize the genetic profiles of each stage of metastatic progression, we 

performed preliminary microarray analysis of BT478 BMICs from BT, LT, BMIT, and 

BMIC samples. Intriguingly, we found that genes from BMIT cells clustered separately from 

BT, LT, and BMIC samples (Supplementary Fig. 1a-b). To corroborate this unique pre-
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metastatic BMIT genetic profile we analyzed RNA sequencing data obtained across two 

separate BMIC lines. Hierarchical clustering along PCA showed that BMIT from both 

BMIC lines cluster together, irrespective of the cell line origin, whereas established 

metastatic tumors (BT, LT, BMIC) group into cell line-specific clusters (Fig. 2a-b, 

Supplementary Fig. 1c). We then performed differential expression analysis comparing 

expression profiles of BMIT with non-BMIT samples from both cell lines separately. We 

identified ~7000 differentially expressed genes in the pre-metastatic BMIT stage 

(Supplementary Table 2). These results indicate temporal evolution of BMICs through 

metastasis, during which a distinct genetic profile emerges prior to the initiation of the 

secondary brain metastasis, while established tumors retain a genetically similar profile 

despite tissue of origin.  

 

Pre-metastatic BMICs retain a unique genetic profile 

Using Gene Set Enrichment Analysis (GSEA) we assessed association of BMIT deregulated 

genes with biological processes (GO), cellular components (GO), molecular functions 

(GO), biological pathways (KEGG) or diseases (Disease Ontology). We found increased 

expression of genes regulating cytoskeletal structures and epithelial tumor invasion, as well 

as decreased expression in processes of cell division and apoptosis (Fig. 3a-b, Extended 

Dataset 1). These data suggest that pre-metastatic BMIT are not dormant, but have 

concurrently increased activation of invasive mechanisms while repressing programmed 

cell death and growth mechanisms. We also found enrichment within several 

neurodegenerative pathways (Supplementary Fig. 2, Extended Dataset 2) and neural 
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neoplasm components (Supplementary Fig. 3, Extended Dataset 3). We also performed 

enrichment analysis (over-representation analysis) of the gene clusters obtained by 

hierarchical clustering of BT, LT, BMIT and BMIT genes (Fig. 3c). We identified clusters 

of BMIT deregulated genes to be significantly (p < 0.01) enriched in pathways of cancer 

and neuroactive ligand-receptor interaction. Interestingly, enrichment analysis of the 

instances of the Disease Ontology revealed enrichment of the Autonomic nervous system 

neoplasm (Supplementary Table 3).  

 

Therapeutic targeting of pre-metastatic BMIT 

Connectivity Map analysis (CMAP) was performed on the dysregulated BMIT gene 

set to identify potential targeting therapeutics (Fig. 4a, Supplementary Table 4). Drugs 

were selected for preliminary in vitro screening based on the criteria of novelty in 

metastasis treatment, ability to cross the blood-brain-barrier, and potential targeting of 

neural developmental systems or associated disorders, from which the DRD2 agonist 

Apomorphine proved to have a moderately low IC50 for both BT478 and BT530 BMIC 

lines (Fig. 4b). We repeated the drug screening with other dopamine-specific psychological 

therapeutics, which failed affect BMICs to the same extent as Apomorphine (Fig. 4b).  

 To assess the efficacy of Apomorphine inhibiting BMIT in vivo, we performed ICa 

injections with BMIC line BT478. BMICs were allowed to engraft for 2 weeks prior to 

starting a month-long administration of Apomorphine, 3 times weekly along with saline 

for control mice (Fig. 5a). Mice were culled at endpoint, and their brains minimally 

cultured to remove the bulk of mouse cellular debris. We then performed FACS for human-
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Tra-1-85 to isolate human BMICs. Apomorphine greatly attenuated BM development, as 

defined by a complete absence of BMICs in Apomorphine-treated brains (Fig. 5b, 

Supplementary Fig.4). These data together suggest that Apomorphine does target BMIT 

cells to prevent BM initiation and development, both in silico and in vivo.  

 

Pre-metastatic BMIT genes are predictive of lung cancer patient survival  

We attempted to elucidate the biological context of Apomorphine to determine 

possible mechanisms of actions. We first generated an interactome to identify overall genes 

targeted by Apomorphine (Fig. 6a). Application of a targeted PharmacoGx framed CMAP 

on Apomorphine focusing on the pre-metastatic BMIT genes identified 3 genes 

downregulated as direct targets, KIF16B, SEPW1 and TESK2 (Fig. 6b). In vitro analyses 

determined transcript levels of these 3 genes to be moderately increased in BMICs treated 

with Apomorphine (Fig. 6c). These 3 genes were then interrogated for prognostic value 

using transcriptomic data from a lung adenocarcinoma patient cohort, where a refined 

collective signature comprised of TESK2, SEPW1, and KI16B was found to have 

significant impact on patient survival, where low expression of these genes correlated with 

poor patient survival (Fig. 6c, Supplementary Fig. 4).  
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Discussion 

Our limited mechanistic understanding of metastatic disease greatly hinders 

therapeutic discovery and improvement of the dismal patient outcome of BM(Steeg, 2016). 

Despite advancements in preventative and treatment modalities for primary tumors that 

have resulted in increased patient survival, the inability of these treatments to target 

residual CSC and BMIC populations leaves cancer patients vulnerable and prone to relapse 

and metastases(Langley & Fidler, 2013).  

Significant study of the genome evolution of cancer has identified pre-cancerous 

events in several primary cancers(Hong et al., 2008; Sgroi, 2010; Shlush et al., 2014); 

unfortunately, the molecular mechanisms that drive pre-metastatic cells in the brain remain 

poorly defined. A significant disadvantage with currently available in vivo models is the 

inability to capture the pre-metastatic stage of brain tissue colonization, instead focusing 

on the easier to collect macro-metastatic stage. Recent studies with C. elegans led by Matus 

et al.(Matus et al., 2015) determined that cellular invasion and proliferation are mutually 

incompatible stages, where both stages are representative of pre-metastasis and macro-

metastasis progression, respectively. This work substantiates the inefficient targeting of 

invasive cells by current chemotherapies that tend to target rapidly dividing cells, perhaps 

at the expense of invasive cells(Hurst et al., 2016). 

Previous work in our lab successfully established clinically relevant models of BM 

representing the different stages of metastasis, where we captured both the pre-metastatic 

and macro-metastatic stages of tumor growth via our IT and IC routes, respectively(M. 

Singh et al., 2017). Through isolation and comparison of BMICs at various stages of 
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metastatic progression in our established BM models, we identified a genetic pattern 

unique only to BMICs undergoing pre-metastasis, termed BMIT, whereas established 

macro-metastatic tumors (BT, LT, BMIC) were genetically similar. These BMIT-BMICs 

possess ~7000 dysregulated genes, active in mechanisms that promote invasion and repress 

apoptosis and division, corroborating results by Matus et al. in our more relevant patient-

related modelling systems(Matus et al., 2015).  

The role of neurotransmitters in cancer has drawn varying interest over the years, 

where they have been found to exert a strong influence over external and internal cellular 

factors in cancer progression(Jobling et al., 2015). Dopamine receptors (DR) and dopamine 

have been revealed to exhibit various pleiotropic properties through dependent and 

independent pathways, and their modulation has enhanced the efficiency of anticancer 

drugs in preclinical cancer models(Minami et al., 2017; Wang et al., 2015). In particular, 

DRD2 agonists have recently been shown to suppress proliferation, angiogenesis and 

invasion in several cancers and tumors(Hoeppner et al., 2015; Huang et al., 2016; Peverelli 

et al., 2016; Roy et al., 2017). Such studies paired with epidemiological data implicate a 

relationship between lower rates of cancer development in patients with Parkinson’s, 

intimating a possible link between DR agonists and cancer(Bajaj et al., 2010; Feng et al., 

2015). 

Through enrichment analyses, we determined that BMIT dysregulated gene sets 

enrich pathways that regulate autonomic nervous system neoplasms and neural system 

dysregulation, implying a possible relation between neurodevelopmental pathways and 

promotion of cancer invasion. CMAP interrogation of the dysregulated BMIT genes 
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identified a list of targeting therapeutics, of which several of the top hits are currently 

applied as or are being investigated as antineoplastic agents against various cancers(Fujita 

et al., 2015; Sumida et al., 2011; Tomoda et al., 2005; Webster & Leibovich, 2005). We 

selected drugs for preliminary in vitro screening based on the ability to pass the BBB, 

treatment of neurological disorders, and overall novelty as a cancer therapeutic, from which 

Apomorphine was selected for further validation. Apomorphine is a non-selective 

dopamine agonist of the morphine derivative, primarily activating dopamine-like receptor 

2 (DRD2). Among its multiple uses, Apomorphine administration reduced amyloid β 

degradation in Alzheimer’s patients(Himeno et al., 2011; Stocchi et al., 2016), and recently 

has shown efficacy in the treatment of Parkinson’s(Boyle & Ondo, 2015) as well as a 

potential targeting of tumor cell invasion(Jung & Lee, 2017). Further screening against 

other dopamine-specific psychological therapeutics validated the specific efficacy of 

Apomorphine in targeting pre-metastatic BMICs. 

 To further validate the ability of Apomorphine to target BMIT, we applied the drug 

in vivo in our BM models. Initial trials administering Apomorphine against our IT model 

drew inconclusive results, where the relatively low number of BMICs we were able to 

capture at the pre-metastatic stage made it difficult to confidently determine the efficacy of 

Apomorphine (data not shown). Thus, we utilized our ICa model to properly interrogate 

the efficacy of Apomorphine against BM development, collecting samples at early 

timepoints that follow the micro-metastatic time course of our IT model as well as at 

survival endpoint to confirm macro-metastatic growth. Apomorphine proved to be 

successful at inhibiting micro-metastatic growth as well as subsequent macro-metastases. 
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PharamcoGx directed CMAP analysis determined 3 downregulated BMIT genes 

specifically targeted by Apomorphine, KIF16B, SEPW1 and TESK2, where in silico 

application of the drug would activate their expression. SEPW1 belongs to a family of 

selenoproteomes, which have been increasingly implicated in aspects of neurobiology and 

neurodegenerative disorders(X. Zhang et al., 2016).  TESK2 is a serine/threonine protein 

kinase(Rosok et al., 1999). KIF16B is a kinesin-like motor protein that may be involved in 

intracellular trafficking(Farkhondeh et al., 2015), where defects in this family of proteins 

has been associated with neurodegenerative, developmental, and cancer diseases(Hirokawa 

et al., 2010).  In vitro analysis of Apomorphine treated BMICs determined transcript levels 

of these 3 genes to be moderately increased as compared to the control. When theses genes 

were applied as a predictive signature in a cohort of lung adenocarcinoma patients, they 

showed significant prognostic value for patient survival.  

 

Conclusion 

We present an in-depth genetic characterization of the previously uncaptured stage 

of pre-metastasis in BM progression. We further identified Apomorphine to be a novel 

BMIT targeting therapeutic to prevent BM development. Continuing studies will further 

characterize the role and related mechanisms of DR agonists in BM development. The 

ability to inhibit BMICs from initiating metastasis would target BM at the ideal stage, 

preventing the need for more toxic and possibly detrimental treatments. Our identification 

of this pre-metastatic stage in the development of BM can be mined to provide further 
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critical therapeutic targets in all cancers that metastasize to the brain, offering a paradigm 

shift for the current state of BM treatment. 
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Figure 1 Isolation and characterization of in vivo BMICS, BT, LT, BMIT and BMIC. 

Upper panels: BT478 and BT530 BMICs were tagged with a GFP-expressing vector 

containing a puromycin-resistant cassette. GFP+ BMICs were injected via ICr, ICa, and IT 

routes and characterized via hematoxylin and eosin (H&E) staining. BMICs are able to 

recapitulate metastatic stages of primary lung (LT) and secondary orthotopic brain (BT) 

tumors, micro-metastases (BMIT) and macro-metastases (BMIC). Lower panels: Whole 

organs (brain or lung) were isolated from each metastatic stage and cultured under TSM 
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conditions with puromycin to select for only GFP+ BMICs, where recovered BMICs were 

able to reform spheres. (Scale bar = 400 µM).  

 

Figure 2. Characterization of the individual stages of brain metastasis progression. a 

Heatmaps depicting Pearson's correlation coefficient of genes expression across the 

samples as measured initially by RNAseq, along associated hierarchical clustering of the 

samples using Euclidean distance between samples expression profiles. b PCA plot 
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depicting samples in the planed defined by two main components (% indicates variance 

explained) (”original” denotes BMIC samples collected prior to injection).  
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Figure 3. Cellular processes and biological pathways associated with BMIT. a 

Visualisation of the gene set enrichment analysis across GO cellular components ontology 
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and KEGG pathways database, using BMIT deregulated genes ordered according to their 

expression fold change (y-axis = statistical significance, point size = size of the gene set 

(cellular component / pathway), color = normalised enrichment score (NES)). b Heatmaps 

depicting Pearson's correlation coefficient of genes expression in select cellular processes 

across the samples as measured initially by RNA sequencing. c Heatmap depicting 

expression of the BMIT deregulated genes across all the samples, along the dendrogram 

obtained by hierarchical clustering of these genes. Enrichment (over-representation) 

analysis of BMIT genes across individual branches of the dendrogram revealed enrichment 

of several KEGG pathways, as well as Disease Ontology (DO) instances, Gene Ontology 

(GO) biological processes, cellular compartments and molecular functions. (”original” 

denotes BMIC samples collected prior to injection).  
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Figure 4. In vitro IC50 screening of potential brain metastasis targeting drugs. a List 

of potential BMIT targeting therapeutics identified through CMAP analysis (bolded items 

indicate what drugs were carried into tested in vitro). b IC50 curves of selected BMIT 

targeted drugs. (n=3; ns = not significant, *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001).   

 

Figure 5. Preclinical testing of Apomorphine to prevent brain metastasis.  a schematic 

representation of dosing regimen for Apomorphine. b Scatter plot graph depicting 

percentage of Human-Tra-1-85 positive GFP tagged BMIC cells re-isolated from 

Apomorphine (Apo) treatment and control (CNTL) BM model (control, n=3, treatment, 

n=6, ****P<0.0001).  
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Figure 6. Novel gene targets of Apomorphine. a Protein-protein interaction (PPI) 

network identifying common gene targets of Apomorphine. b BMIT genes directly 

targeted by Apomorphine, as determined by CMAP analysis.  Relative transcript levels of 

KIF16B, SEPW1 and TESK2 in BMICs treated with Apomorphine. (n=3; ns = not 

significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). c Kaplan-Meier curves 

depicting gene expression by risk group, as obtained from SurvExpress using in TCGA 

data from lung adenocarcinoma patients.  
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Supplementary Figure 1. a Graphical representation and b corresponding heatmap 

depicting Pearson’s correlation coefficient of gene expression profiles as measured across 

all sample cohorts, where profile of BMIT shows substantial difference when compared to 

BT, LT, BMIC profiles. c Heatmap derived from RNA sequencing analysis depicting gene 

expression variations of BT, LT, BMIT and BMIC samples across BMIC lines BT478 and 

BT530 (n=2 per sample for each BMIC line. ”original” denotes BMIC samples collected 

prior to injection).  
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Supplementary Figure. 2. Select plots showing BMIT gene set enrichment across GO 

biological processes  
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Supplementary Figure 3. Select plots showing BMIT gene set enrichment across GO 

cellular compartment. 
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Supplementary Figure 4. Individual FACS profiles of BT478 BMICs isolated from the 

brains of IC injected mouse, (n=3 for controls, n=6 for Apomorphine treated).  

 

 
Supplementary Figure 5. Individual KM plots of Apomorphine targeted BMIT genes.  
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Forward Reverse 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

Β-actin TATCCCTGTACGCCTCT AGGTCTTTGCGGATGT 

cofilin1 CTCCTCTGGCGTTGAAGACT GTGCCCTCTCCTTTTCGTTT 

C19orf66 CTCCATCGTGTACGGGGTAAA GGTCCTGCTTCATATCCTCTGGT 

DENND3 TCATGGGAGCATCACCTACTC GAGCTGGAGGCTCTGCAC 

KIF16B GGCACGGAGATTGAAGAGCA CTGACTGGCAAGCTGGAAGA 

SEPW1 GAGGCTACAAGTCCAAGTATCTTCA CATCAGGGAAAGACCAGGTG 

TESK2 CTGAGGCCCACTGCTATGTC TCCCATCCCAACATCCTTAG 

Supplementary Table 1. RT-PCR primer sequences.  
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Chapter 5: Discussion 

5.1 Generation of patient-derived BMIC lines 

A key component of any model development is the source of cells. Commercially available 

cell lines are a commonly utilized cell source, providing an unlimited number of cells for 

cost-effective use, and are utilized in ~80% of mouse model development (Gengenbacher 

et al., 2017). Unfortunately, these lines have undergone significant selective pressures from 

years of culturing that they rarely represent the genotypic or phenotypic profile of the 

original patient sample, and are sometimes even misidentified or cross-contaminated 

(Hughes, Marshall, Reid, Parkes, & Gelber, 2007). Conversely, patient-derived cell lines 

provide a much more accurate representation of clonal heterogeneity existing within the 

original patient tumor, as the length of culture remains minimal, though these lines also 

face difficulties due to poor growth and engraftment, and a limited life span (Hughes, et 

al., 2007). A significant concern with patient-derived cell lines is that the majority of 

patients have already received some form of therapy, thus there are very few samples that 

have not faced a selection pressure from exposure to a chemotherapeutic (Francia, Cruz-

Munoz, Man, Xu, & Kerbel, 2011). 

 

Several factors indicate that MICs may arise from subpopulations of CSC clones, and 

within the primary tumor may reside various metastatic clones the possess different 

organotropism and seeding capacities. As such, MIC populations have been confirmed in 

prostate (van den Hoogen et al., 2010), oral (Pascual et al., 2017) and renal (Khan et al., 

2014) cancers. In this thesis I generated several patient-derived cell lines from samples of 



Ph.D Thesis- Mohini Singh  McMaster University - Biochemistry 

206  

BM of lung origin (Chapter 4, Figure 1). I utilized BMs as opposed to the primary lung 

tumors since these samples already possess cells that have successfully undergone and 

survived metastasis. These lines were cultured in media tailored for enrichment of a 

BTIC/CSC population, and underwent CSC-specific assays to validate their CSC-like 

properties. Flow assisted cytometry (FACs) analyses was performed as each line was 

developed to establish a base-line of sorts, assessing expression of CD133, CD44, and 

EpCAM. CD133 and CD15 are known BTIC markers for primary brain tumors (Mao et 

al., 2009; S. K. Singh et al., 2003), CD44 is a known CSC marker in several cancers and 

has been implicated in the progression of metastasis (Marhaba et al., 2008) (Marangoni et 

al., 2009; Patrawala et al., 2006), and EpCAM is a marker of cells of epithelial origin as 

well has been implicated in tumorigenesis and metastasis(Hiraga et al., 2016; Ni et al., 

2012; van der Gun et al., 2010). The variation in expression of these markers between each 

line is representative of inter-patient differences. When in culture, these BMIC lines were 

capable of forming spheres (Chapter 4, Figure 1), indicative of the presence of a CSC 

population and further affirming the results that were previously determined in our lab 

(Nolte et al., 2013). Tumor initiation capacity (TIC) was assessed by in vivo limiting 

dilution analysis (LDA), where increasing numbers of BMICs were injected intracranially 

(ICr) to assess tumor reformation in the secondary neural site. BMICs were found to 

reproduce large brain tumors with as low as 100 cells injected (Data not shown). With this 

work I confirmed the presence of a CSC-like population within BMs, and generated 

patient-derived cell lines enriched with BMICs, providing us with proper starting material 

to develop BM models.  
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5.2 In Vivo Modelling of BM 

It has been made clear in recent years that there is a detrimental lack of understanding 

towards the metastatic process, resulting in a significant hindrance to the development of 

targeted therapeutics and subsequently a depressing lack of progress towards extending 

patient survival (Steeg et al., 2009). The investigation of the biology of metastasis requires 

the use of proper tools that can emulate the clinical progression of the disease. Several 

groups have proven successful in developing preclinical models of BM, providing 

significant information of MIC survival within the circulation and in part some of the 

mechanisms underlying metastasis. However, these studies typically employ intravenous 

injection methods to develop systemic metastases or multiple rounds of injection to 

generate cells that “home” to the brain (Bos et al., 2009; Fidler, 1973); it is indistinct as to 

whether the garnered information is relevant to what is observed in patients (Daphu et al., 

2013). If these models that are utilized to understand metastasis do not accurately represent 

the phenomenon, then it is not unsurprising as to the lack of progress towards managing 

such a fatal disease. Furthemore, recent data is validating the adaption of inoculated human 

cells to the mouse host environment and undergo mouse-specific tumor evolution (Ben-

David et al., 2017).  

 

I utilized the established BMIC lines to generate models of BM that model different stages 

of metastasis. My ICr model tested the ability of BMICs to reform tumors within a neural 

environment, and my IT and ICa models tested the ability of BMICs to successfully 
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complete the early and later stages of metastasis to produce BMs. I found with the ICa 

model, an injection route typically used in studies of BM, BMICs had a propensity to 

migrate to the brain, resulting in formation of macro-metastatic growths without the need 

for several rounds of injections. With the IT model I was able to show that not only were 

BMICs capable of reforming primary tumors within the lung, suggesting that these cells 

still retain the capacity to survive in their original microenvironment, BMICs were able to 

successfully enter the circulation and arrest at and seed the brain prior to the mice 

succumbing to gross lung tumor burden. Where the development of BMIC lines through 

rounds of serial injections would theoretically enhance the expression of metastatic genes 

required for homing to the brain, this is not a process that occurs in BM patients, and so 

our declination to use that method allowed us to retain a genetic profile more similar to 

what our patient-derived BM samples exhibit. Taken together, this data shows that I was 

able to generate clinically relevant models of BM, capable being used as platforms to 

interrogate the biological processes of metastasis.  

 

5.3 Regulators of BM 

Various PDX models have been established over the years to study BM, resulting in the 

identification of numerous genes implicated in the metastatic process. Unfortunately, there 

has been very little overlap between BM genes identified from PDX models and direct 

patient studies, implicating a significant discrepancy in the translation of preclinical results 

to the clinic(Daphu et al., 2013). As such, there is an urgent need for more thorough 
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validation of genes identified from preclinical models in order to make proper in-depth 

comparisons to patients.  

 

5.3.1. STAT3 pathway 

Several pathways have been shown to support self renewal and metastatic potential of 

BMICs (Rahmathulla et al., 2012). Amongst these is the STAT3 pathway, where interest 

of this gene in the regulation of cancer has increased in recent years. The normal STAT3 

pathway can be activated by numerous molecules, not limited to cytokines and growth 

factors, and has a broad spectrum of biological functions (Levy & Darnell, 2002). Within 

cancer, this pathway has been shown to be constitutively phosphorylated, and several 

downstream STAT3 target genes have been implicated in the activation of the fundamental 

process of metastasis such as invasion and angiogenesis (Kamran et al., 2013).  Therapeutic 

intervention has shown to be effective in inhibiting metastatic progression of a wide variety 

of primary cancers (Cao et al., 2016; Cao et al., 2014; Saini et al., 2017; Ye et al., 2017). 

Despite the elevated activity of STAT3 in cancer progression, there remains limited 

knowledge on the precise mechanisms employed to stimulate metastatic functions.  

 

Through protein-protein interaction networking of previously identified BMIC genes 

(Nolte et al., 2013), STAT3 was identified as a possible regulator for BM. I showed that 

knockdown of and therapeutic inhibition using a novel STAT3 inhibitor reduced tumor 

generation by BMICs through ICr injections. Furthermore, for the first time, miR-21 was 

shown to be a possible downstream target and effector of STAT3 activity. Together this 
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works augments the current data pointing to STAT3 as a possible universal instigator of 

metastasis and significant therapeutic target. 

 

5.3.2. SPOCK1 and TWIST2 

Despite advances in technology that have led to genomic and proteomic characterization 

of regulatory molecules of BM, there remains a lack of further functional validation of 

these potential hits that hinders better comprehension of the biology of the disease. RNA 

interference (RNAi) screens, otherwise known as short hairpin RNA (shRNA) dropout 

screens, are powerful and versatile tools employed to provide causal associations between 

specific genes and a phenotype of interest through loss of function (LOF) in mammalian 

cells. Various shRNA expression libraries have been created and are commercially 

available that allow targeted knockdown of thousands of different genes at one time in 

“pooled” screens (Hu & Luo, 2012). These screens are based on the principle of 

incorporating only one shRNA expression construct per cell to ensure only one gene is 

targeted in each resulting clone, and so requires optimization of viral titres, multiplicity of 

infection (MOI) and antibiotic selection (Boettcher & Hoheisel, 2010). However, there 

remains a fraction of cells that receive multiple constructs and so necessitates further 

functional validation of identified “hits”. To date, numerous screens, ranging from small 

scale to whole genome interrogation, have provided significant functional validation of 

metastasis-associated genes (Duquet et al., 2014; Gobeil et al., 2008; Sasaki et al., 2017; 

Schonherr et al., 2014; Su et al., 2014). 
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Here I performed an in-depth RNA interference screen on our BMICs with a library of 

select genes implicated in metastatic progression, and through subsequent in vitro and in 

vivo validation I present for the first time SPOCK1 and TWIST2 as BMIC regulators and 

potential BMIC markers. SPOCK1 regulation of metastasis has been observed in 

glioblastoma (F. Yu et al., 2016), prostate (Q. Chen et al., 2016), gallbladder (Y. J. Shu et 

al., 2015) and lung primary cancers (Miao et al., 2013), appearing to activate EMT and 

subsequent metastatic properties. TWIST2 has been associated with promotion of EMT 

and stem-like properties in breast (Fang et al., 2011), hepatocellular (A. Y. Liu et al., 2014), 

and cervical cancers (Y. Liu et al., 2015). In this work I found SPOCK1 to regulate both 

tumor formation and metastasis to the brain, completely abrogating primary lung tumor or 

secondary BM formation, whereas TWIST2 was found to primarily regulate metastasis to 

the brain but had no significant impact on tumor formation. Taken together, this data further 

corroborates the roles for SPOCK1 and TWIST2 in brain metastasis, where overexpression 

of these genes may contribute to cancer progression, potentially through induction of EMT. 

 

Though there is yet no evidence to substantiate a direct relationship between SPOCK1 and 

STAT3, both genes are induced by TGF-β to activate EMT (R. Y. Liu et al., 2014; Miao 

et al., 2013). The TGF-β pathway is an ultimate regulator of several cellular processes, 

from cell growth and death to angiogenesis, and is a vital suppressor of epithelial tumors. 

However, dysregulation of this process or compensation by tumor cells can result in a 

tumor cell response that favors migration and invasion and stimulate tumor growth. 
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Additionally, TGF-β signalling can influence the microenvironment and PMN to be more 

accommodating for tumor growth (Derynck & Zhang, 2003). 

 

Direct targeting of TGF-β faces many difficulties. Most cancer cells display altered or non-

functional TGF-β signalling. As such TGF-β inhibitors have shown better anti-tumoral 

efficacy by affecting microenvironmental cells that respond to TGF-β, where TGF-β 

inhibition can “normalize” the tissue, and the subsequent reduction of TGF-β levels 

expressed by the stromal cells would indirectly impact tumor cells. Moreover, there lies a 

potential hazard of inducing synchronous occult tumor growth by inhibiting the tumor 

suppressing nature of TGF-β (Neuzillet et al., 2015). Thus, targeting downstream executors 

of TGF-β activity may prove to have better sensitivity and specificity in preventing tumor 

growth, especially if these factors denote a TIC or MIC population. As seen with the work 

presented in this thesis, we show preliminary results of such efficacy in tumor prevention 

by targeting STAT3. 

 

5.4 Pre-metastasis: a novel alternative therapeutic window to prevent BM 

development 

The process of metastasis is both complicated and extremely inefficient, where only a 

minute percentage of disseminated tumor cells are capable of surviving the lympho-

vascular system to establish growths in secondary organs; the largest barrier to metastatic 

development is tissue colonization (Luzzi 1998, chambers 2002 nat rev cancer, Valastyan 

and Weinberg 2013(Fidler, 1973)). Characteristically, this creates a delay between primary 
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tumor formation and clinical diagnosis of metastatic growth, even with early tumor 

dissemination, and provides an ideal potential window for therapeutic intervention 

(Husemann Cancer Cell. 2008, Rhim Cell. 2012, Yachida Nature. 2010). Several studies 

have investigated the niche of BM, providing much insight into the interactions between 

BMICs and secondary microenvironment (Q. Chen et al., 2017; Malanchi et al., 2011; 

Oskarsson et al., 2011; Psaila et al., 2006), however less known about the mechanisms 

required by the BMICs to initiate these interactions  

 

5.4.1. Characterization of the pre-metastatic stage 

Pre-cancerous states have been identified in several primary cancers, determining the 

requirements and conditions for cancer initiation (Fidler, 1973; Hong et al., 2008; Sgroi, 

2010; Shlush et al., 2014; Wistuba et al., 2002). However, a similar “pre-metastatic” state 

has yet to be tracked within a clinical setting, remaining elusive to current diagnostic 

technologies; as opposed to established macro-metastasis, the constantly shifting nature of 

cells undergoing metastasis make it difficult to detect when pre-metastasis is underway. 

Thus far, pre-metastasis has been identified in metastasis in C. elegans (Matus et al., 2015), 

where the MIC undergoes extravasation and adaption to the secondary environment prior 

to proliferating and colonizing the tissue, and both seeding and colonization stages are 

distinctly separate. In mammalian cells, the conditional implementation of certain 

processes have been associated with metastatic progression, such as the epithelial-

mesenchymal transition (EMT) and angiogenesis (Celia-Terrassa & Kang, 2016). 
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Unfortunately, more in-depth characterization is required of pre-metastatic MICs to better 

understand the biology behind this stage in metastatic initiation.  

 

Here I developed a model of BM through the intrathoracic injection of BMICs, where I 

recapitulated the metastatic progression from primary lung tumor formation to seeding 

growth. In this model, mice would succumb to gross lung tumor burden, leaving cells that 

had escaped and metastasized to the brain but were unable to complete BM initiation. I 

isolated these pre-metastatic BMICs, termed BMIT, and through transgenomic analysis 

showed dysregulation of over ~7000 genes as compared to BMICs isolated from larger, 

established lung and BM tumors from the BM models. Intriguingly, contrary to the other 

samples, BMIT cells were active in mechanisms regulating cytoskeletal arrangement and 

epithelial development, but repressed mechanisms of apoptosis and cell division. This work 

corroborates the initial data presented by Matus et al. (Matus et al., 2015), confirming in 

mammalian cells that the stages of invasion and seeding require different mechanisms than 

tissue colonization (Celia-Terrassa & Kang, 2016). I present a list of ~7000 genes 

dysregulated in metastasis that could provide novel therapeutic targets, several of which 

appeared to be associated with pathways of neural neoplasm and neural system 

developmental pathways.  

 

A relationship between cancer and neurodegenerative disorders has undergone much 

interrogation in the field of cancer research.  Emerging evidence hints to shared abnormal 

genetic and molecular mechanisms, where genes that are up-regulated in cancer are found 
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to be down-regulated in neurodegenerative disorders and vice versa (Ibanez et al., 2014). 

Several studies imply a reverse correlation between the risk of developing a 

neurodegenerative disease and certain cancers. For instance, a study of Parkinson’s disease 

suggests reports a reduced risk of most cancers, with an exception of malignant melanoma 

(Bajaj et al., 2010; Inzelberg & Jankovic, 2007). Similar reduced risks were found with 

Alzheimer’s disease (Bennett & Leurgans, 2010) and Huntington’s disease (Sorensen et 

al., 1999). The summation of our presented data provides additional insight into a possible 

relationship between BM and neurodegenerative disorders and neurodevelopmental 

pathways.  

 

5.4.2. Therapeutic inhibition of Pre-metastatic BMICs 

Metastases often received the same treatment regimes as the originating primary tumor, 

with the assumption that the secondary metastases are of the same nature of the originating 

primary tumor and will elicit the same response. However, there are several characteristics 

apparent in MICs and metastases that are not seen in the primary tumor, indicating a 

separate treatment protocol may be required for metastases. Additionally, there are 

increasing numbers of examples that shown that some treatments can increase the 

proclivity for metastatic development. For instance, anti-angiogenic therapies, while 

showing great efficacy at controlling primary tumor burden in preclinical studies did not 

significantly improve patient survival (Escudier et al., 2007; Hurwitz, 2004; Miller et al., 

2007; Sandler et al., 2006). Moreover recent studies imply these treatments to promote 

experimental metastasis through induction of hypoxic conditions (Lu et al., 2012; Paez-
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Ribes et al., 2009). Adjuvant radiotherapy is used to treat local tumor growth, and can 

promote metastasis through an alleged tumor-bed effect, where the recurrent tumor within 

the irradiated area is associated with higher metastatic progression and poorer prognosis 

(Suit, 1992). These off-target effects necessitate further preclinical testing of novel 

therapeutics on possible metastases or development of novel therapeutics specifically on 

metastases (Steeg et al., 2009).  

 

Through connectivity map analysis of our BMIT genes, a list of potential targeting 

therapeutics was identified, several of which are in current testing or use as 

chemotherapies. Further in vitro screening led us to Apomorphine, a dopamine receptor 

D2 (DRD2) agonist, as a potential BMIT inhibitor. Originally prescribed for treatment for 

Parkinson’s disease (Boyle & Ondo, 2015), Apomorphine has been reported as a potential 

Alzheimer’s treatment due to its ability to inhibit amyloid beta fibre formation (Himeno et 

al., 2011).  

 

I found that after a month-long administration of Apomorphine in mice previously injected 

ICa with BMICs, I was unable to isolate any BMICs within the brain, suggesting 

Apomorphine inhibits BM. DRD2 agonists have shown potential efficacy in cancer 

inhibition and as an anti-angiogenic (Chauvet et al., 2017; Hoeppner et al., 2015; Pornour 

et al., 2015). This data implicates the dopamine pathway as a novel active pathway in the 

development of BM.  
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Further in silico analysis determined Apomorphine to directly influence 3 BMIT genes, 

KIF16B, SEPW1 and TESK2. Of the three genes, SEPW1 and KIF16B have associations 

with neurodegenerative disorders (Hirokawa et al., 2010; X. Zhang et al., 2016), whereas 

TESK2 is associated with cytoskeletal rearrangement (Rosok et al., 1999). While these 

three genes were shown to have downregulated expression in our BMIT dysregulated gene 

list, upon in vitro administration of Apomorphine to BMICs I saw an increase in transcript 

levels of these 3 genes. Futher preliminary data suggests that Apomorphine may exhibit its 

BM inhibitory activty through reduction of cofilin expression and subsequent 

dysregulation of the actin cytoskeleton, possibly resulting in BMICs that are too large to 

extravasate (data not shown). Lastly, interrogation of a cohort of lung adenocarcinoma 

patients found low expression of these genes to be associated with poor survival. The 

culmination of our data suggests a possible novel therapeutic avenue with dopamine 

agonists (DA) in BM inhibition or prevention. Repurposing such drugs would avoid the 

hindrance of overcoming the BBB, as several DA are BBB permeable and are FDA 

approved.   

 

5.5 Future Directions 

While this thesis has provided novel insight into the dynamics and potential therapeutic 

targeting of human BM, there are several avenues available for this work to be improved 

upon. Primarily, further tailoring of the in vivo models may offer different outlooks to lung 

cancer progression. 
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Our ongoing collaboration with Dr. Charles Swanton (London Research Institute, UK) (de 

Bruin et al., 2014; Gerlinger et al., 2012; Swanton, 2012) will provide an opportunity to 

apply primary patient-derived lung cancer samples to our in vivo models, to prospectively 

define the BMIC frequency de novo in primary NSCLC. We will receive clinically and 

genomically annotated patient specimens from his TRAcking Non-small Cell Lung Cancer 

Evolution Through Therapy (TRACERx) trial(Jamal-Hanjani et al., 2014), to interrogate 

the ability of these cells to form BM in my animal model. Furthermore, we can then apply 

a chemotherapy-radiation treatment strategy adapted from patient protocols, as previously 

established in our lab to treat glioblastoma (Qazi et al., 2016). Administration of this 

protocol should lead to shrinkage the primary lung tumors and prolong mouse survival to 

generate BM, producing a more thorough representation of the clinical progression of BM 

as seen in patients.  

 

Recent work by Semenkow et al. established a model of glioblastoma (GBM) in an immune 

competent mouse, utilizing Abatacept (CTLA-4-Ig) to transiently block T-Cell co-

stimulation. The resulting tumors more closely resemble the clinical pathophysiology of 

human patient GBM as compared to transplants generated in immunodeficient models 

(Semenkow et al., 2017). Application of a similar method to refine my current BM models 

would have great utility in studying the biology of metastasis in relation to the immune 

system, potentially progressing into more in depth study of the PMN and effective 

screening of novel immunotherapies.  
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Current work is in progress to determine if my identified BMIT signature is universal or 

tissue-specific. I have generated additional mouse models of melanoma-to-brain (MBM) 

and breast-to-brain (BBM) metastasis, via subcutaneous and secondary fatpad injection 

respectively, of enriched BMIC samples derived from corresponding primary patient 

samples of BM (Figure 7). I then isolated BMICs that had metastasized to the brain but had 

not yet formed tumors, considered the “pre-metastatic” stage of each model, dubbed BMMB 

and BMBB, and submitted isolated RNA for transgenomic analysis, similarly to our lung-

to-brain model samples. Preliminary data shows that our BMIT signature is tissue-specific, 

whereas our BMMB and BMBB signatures are more similar to each other than with BMIT 

(Figure 8).  

 

Another avenue of research could expand on the efficacy of neurotransmitters and 

dopamine-targeting therapeutics on BM inhibition. Our data suggests more insight into the 

possible relationship between neurodegenerative and cancer pathways. DRD2 receptors are 

overexpressed in several cancers and is correlated with metastatic progression (Li et al., 

2006; Mu et al., 2017), where recent preclinical studies have shown DRD2 inhibition to be 

effective in reducing cancer (Mu et al., 2017; Peverelli et al., 2016).  
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Figure 6. Schematic representation of stages of pre-metastasis and colonization.  Pre-

metastasis encopasses the stages of arrest, estravasation and initial seeding of the secondary 

tissue, whereas colonization is the formation of micro- and macro-metastatic growths. 
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Figure 7. Generation of breast-to-brain and melanoma-to-brain metastasis in vivo 

models of BM.  Patient-derived BMIC lines from samples of breast-to-brain (BBM) and 

melanoma-to-brain (MBM) BM were tagged green fluorescent protein (GFP) and injected 

in vivo to generate models of BM. For the BBM model, approximately 500,000 cells 

(BT922 and BT923) were injected in a 1:1 ratio with Matrigel (Biosciences) into the 

secondary fatpad (Primary tumor indicated by the blue arrow). For the MBM model, 

100,000-250,000 cells (BT925 and BT969) were injected in a 1:1 ratio with Matrigel  S.C. 

into the right flank. Upon endpoint, tumors from the initial site of injection and brains were 

collected and cultured in TSM under puromycin to select out contaminating mouse cells.  
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Figure 8. Heat maps of BMIC isolated from models of lung, breast and melanoma 

BM. RNA was isolated from BBM and MBM BMICs prior to inject as well as cells that 

metastasized to the brain within the models and submitted for sequencing similarly to lung 

models of BM. Featured is the resulting heatmap, depicting a similar gene expression 

profile between MBM and BBM but that differs from ITB. (“original” denotes BMIC 

samples prior to injection, with L=lung, B=breast, M=melanoma; MBM=BMICs that 

metastasized from the S.C. tumor to the brain; BBM = BMICs that metastasized from the 

secondary fatpad to the brain). 

 

 

5.6 Concluding Remarks 

Little attention has been paid to the study of metastasis and is instead focused on 

tumorigenesis of primary cancers(Steeg et al., 2009), and while this has led to significant 

advancements made to the treatment and increased survival of these primary cancers it 

leaves patients susceptible to relapse and metastatic progression. The identification of 
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genes, pathways, and markers vital to the function of BMICs and the formation of BMs 

may prove to be ideal therapeutic targets. Successful development of targeted therapies 

would lead to the arrest of metastasis to the brain, keeping the primary cancer in a localized 

state, and ultimately increasing patient survival. However, several challenges exist in 

selectively targeting the BMICs. The first of which is that BMICs account for a rare 

subgroup of cells within the bulk tumor and therefore only present at low frequencies 

(Nolte et al., 2013). Another significant drawback when studying BMICs is the lack of 

appropriate markers. Even if a dependable marker is found, the ability of BMICs to undergo 

asymmetric division suggests that a population enriched to homogeneity will eventually 

dilute itself out. This also leads to a third challenge of the depth of intratumoral 

heterogeneity; clonal evolution within the solid tumor could result in the brain metastasis 

having little or no resemblance to the primary tumor (Brastianos et al., 2015). The 

development of novel therapeutics is further complicated by the hurdles encountered 

throughout delivery of anticancer drugs to the brain(Groves 2010). The findings presented 

in this thesis shed much needed light into the process of BM development. I developed 

clinically relevant PDX models of BM through the application of BMICs, our enriched BM 

stem cell population. I identified STAT3, SPOCK1 and TWIST2 all to be putative 

regulators of BM. I also utilized our IT model to characterize a unique pre-metastatic stage, 

determining several vital regulatory mechanisms that promote this intriguing process of 

seeding the brain. Lastly, I show that BM formation can be inhibited by application of the 

repurposed Parkinson’s drug Apomorphine, identifying 3 pre-metastatic genes, KIF16B, 

SEPW1 and TESK2, that may promote pre-metastasis and are associated with poor survival 
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in lung cancer patients. While there is still much progress to be made in the field of BM, 

our observations open novel therapeutic avenues to BM prevention as opposed to current 

BM treatment. 
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• M Singh, et al. Development and Application of a Novel Model of Lung-to-Brain 

Metastasis to Identify Unique Metastatic Gene Signatures. (2015) Oral presentation 

given at the 5th Annual Brain Metastasis Research and Emerging Therapy Conference 

(Marseille), poster presented at the Stem Cell Network Conference (SCN, Toronto) 

and Society of Neuro-Oncology (SNO, San Diego). 
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• M Singh, C Venugopal, S Nolte, N McFarlane, SK Singh. Novel In Vivo Modelling of 

Lung-to-Brain Metastases To Target Brain Metastasis Initiating Cells. (2014) Poster 

presented at the Stem Cell Network Conference (SCN, Ottawa). 

 

Scholarships and Awards 

• Brain Canada CIBC Brain Cancer Training Award, held Sept 2013-Aug 2016 

$30000 for 3 years, plus additional $15000 stipend 

• Till and McCulloch Travel Award, received each year of 2013-2015 

• Canadian Cancer Research Conference Travel Award, received 2013 

• McMaster University Graduate Entrance Scholarship ($2500), received 2012 

 

Media Relations 

• McMaster Daily News, EurekAlert! AAAS, AANS: 8 Aug 2017, “New genes 

discovered regulating brain metastases in lung cancer” 

- http://dailynews.mcmaster.ca/article/new-genes-discovered-regulating-brain-

metastases-in-lung-cancer-patients/ 

- https://www.eurekalert.org/pub_releases/2017-08/mu-ngd080817.php 

- https://news.oicr.on.ca/2017/08/new-genes-discovered-regulating-brain-

metastases-in-lung-cancer/ 

- http://aansneurosurgeon.org/new-genes-discovered-regulating-brain-

metastases-lung-cancer-patients/ 

- https://medicalxpress.com/news/2017-08-genes-brain-metastases-lung-

cancer.html 

- https://www.mdlinx.com/oncology/article/1029 

• Canadian Cancer Society “Mission Day” and tours: 26 Jan 2017, 14 Aug 2017, 19 Jan 

2018 

• The Hamilton Spectator, The Bay Observer: 1 May 2013: “CIBC-Brain Canada brain 

cancer studentship recipient” 

 

 

 

 


