
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ON SEROTONERGIC SIGNALING AND BREAST TUMOR INITIATING CELLS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
SEROTONERGIC ANTAGONISTS AFFECT THE ACTIVITY OF BREAST TUMOR 
INITIATING CELLS IN HUMAN AND MOUSE MODELS OF BREAST CANCER. 

 
 

By William D. Gwynne, B.Sc. 
 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the 
Requirements for the Degree Doctor of Philosophy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
McMaster University © Copywrite by William D. Gwynne, August 2019 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 ii 

DOCTOR OF PHILOSOPHY (2019)  
 
McMaster University, Hamilton, Ontario (Medical Sciences) 
 
TITLE: Serotonergic antagonists affect the activity of breast tumor initiating cells in 
human and mouse models of breast cancer. 
 
AUTHOR: William D. Gwynne, BSc 
 
SUPERVISOR: Dr. John A. Hassell 
 
NUMBER OF PAGES: XXI; 255 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 iii 

LAY ABSTRACT. 
 

Despite improvements in screening technologies and the development of targeted 

therapies breast cancer remains the second leading cause of cancer-related death among 

Canadian women. Whereas the current standard of care is effective at treating the majority 

of patients diagnosed with breast cancer, there remains a substantial proportion of patients 

that experience relapse after undergoing therapy. Recurrence is due in part to the existence 

of rare, stem-like tumor cells, termed breast tumor-initiating cells (BTIC) that are 

insensitive to existing anticancer agents. Hence, identifying drugs capable of targeting 

these cells is a desirable goal. To pursue the latter, our lab screened approximately 35,000 

compounds for their capacity to affect the growth of BTIC-enriched tumor cell populations. 

Among the hit compounds were antagonists of the serotonin transporter and serotonin 

receptors, including FDA-approved psychiatric medications. Here, we explore a 

connection between serotonin-related proteins and BTIC activity with the aim of 

identifying novel therapeutic agents. 
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ABSTRACT. 
 

Breast cancer is the most frequently diagnosed cancer and the leading cause of 

cancer-related death amongst women worldwide. The relatively unchanging breast cancer-

associated mortality rate is in part due to the existence of rare tumor cells (breast tumor 

initiating cells; BTIC) that possess stem-like properties permitting them to survive therapy 

and initiate disease recurrence. Hence, identifying agents capable of eradicating these cells 

would be a favourable therapeutic strategy to improve the durability of breast cancer 

remissions. To achieve the latter objective our lab screened over 35,000 small molecules 

for their capacity to inhibit the viability of BTIC-enriched mouse tumor cells. 

Unexpectedly, several antagonists of the serotonin (5-hydroxytryptamine; 5-HT) 

transporter and select receptors were among the hit compounds identified in the screen.  

This thesis aims to establish a connection between serotonergic activity and BTIC. 

We accomplished the latter by assessing whether components of the 5-HT signaling system 

are expressed in mouse and human breast tumor cells and whether inhibition of their 

activity affects BTIC frequency using multiple orthogonal assays.  

Our data suggest that breast tumor cells of both mouse and human origin express 

the components necessary for 5-HT synthesis, activity and metabolism and that inhibition 

of these proteins with selective antagonists reduces the capacity of these cells to form 

tumorspheres. We demonstrate that highly selective antagonists of SERT and HTR5A 

target BTIC as established ex vivo cell transplantation assays. We also discovered that these 

agents synergize with chemotherapy in vivo to affect the growth of mouse breast tumor 

allografts and human breast tumor xenografts. To validate the molecular targets of these 
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agents, we attempted to phenocopy their effects in functional assays by knocking out their 

respective genes using CRISPR-Cas9 technology. Collectively, this thesis contributes to 

an understanding of how 5-HT signaling affects BTIC and identifies serotonergic 

antagonists as novel anticancer agents. 
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PREFACE AND DECLARATION OF ACADEMIC ACHIEVEMENT. 
 

The following thesis comprises four manuscripts: 

The first manuscript is published in the journal Oncotarget. I am a co-author of this 

study, which is included in the thesis due to the significant contributions I made 

reproducing biological experiments, collecting new data, assembling figures, and helping 

write/revise the manuscript (outlined in the chapter 2 preamble).  

I am the primary author of the other three manuscripts: one published in the journal 

Oncotarget (chapter 3), one that has been submitted for publication (chapter 4) and one 

is in the prepublication stage (chapter 5). The last body chapter is unpublished and details 

the strategy we used to knockout genes encoding components of the 5-HT signaling system 

(chapter 6). The introduction is a review of the literature with regard to breast cancer 

classifications, BTIC, the high-throughput screen (HTS) and the 5-HT signaling system. 

The discussion ties each manuscript together and details their important contributions to 

understanding the connection between 5-HT signaling and BTIC.  
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Chapter 1: Introduction. 
 
1.1 Objectives and Rationale. 
 

There is clearly an urgent need to improve the durability of breast cancer remissions. 

The discovery of therapy-resistant breast tumor initiating cells (BTIC) has unveiled a new 

therapeutic frontier to achieve the latter objective. We performed a high-throughput 

phenotypic screen using BTIC-enriched breast tumor cells and discovered that antagonists 

of 5-HT activity were among a fraction of the hit compounds. The objectives of my thesis 

work were to explore the connection between serotonergic signaling and BTIC and to 

identify targetable vulnerabilities within the pathway. The ultimate goal of this research is 

to develop a serotonergic antagonist into a lead compound that may be tested in future 

clinical trials alongside standard of care therapies. 

Chapter 2 entails the results of the high-throughput screen (HTS) and a series of 

subsequent experiments that validated SERT as a molecular target in breast cancer using 

the MMTV-Neu mouse model. We reproduced the findings of this study using a mouse 

model of human breast cancer and we describe these data in chapter 3. The manuscript 

detailed in chapter 4 is a brief study demonstrating that the expression and activity of 

MAO-A in human breast tumor cells is associated with properties related to BTIC activity. 

Chapter 5 is an unpublished manuscript demonstrating how selective antagonists of 

HTR5A target BTIC in a mouse model of human breast cancer. Lastly, chapter 6 details 

target validation experiments, wherein we engineered human breast tumor cells to 

conditionally knockout TPH1 and HTR5A.  
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1.2 Breast cancer. 

1.21 Incidence of breast cancer. 

Whereas many advances in breast cancer diagnosis and treatment have taken place 

over the past few decades the global incidence of breast cancer is increasing, particularly 

in developing nations. Breast cancer is the most frequently diagnosed and most fatal cancer 

among women worldwide, with an estimated 1.68 million new cases and 522,000 deaths in 

20121,2. It is also the most commonly diagnosed cancer among Canadian women and the 

second leading cause of cancer-related death, with a reported 26,316 new diagnoses and 

5,004 deaths in 20173. Men develop breast cancer on rare occasions, with approximately 

200 cases reported in Canada in 2017. These statistics highlight the need for improved 

therapeutic strategies to reduce the mortality associated with breast cancer.   

1.22 Breast cancer classifications, clinical and molecular subtypes. 

Breast cancer is a complex and heterogeneous disease that encompasses tumors with 

substantial biological variability. Intricate differences in the molecular makeup of a tumor 

illuminate therapeutic vulnerabilities and influence outcomes. Hence, to provide effective 

care and accurate prognoses, tumors are described in terms of clinicopathological attributes 

such as histopathological type, tumor grade, disease stage, and subtype. 

Histopathological type and grade are determined through histological examination of 

hematoxylin and eosin (H&E)-stained sections from formalin-fixed paraffin embedded 

(FFPE) tumor biopsies. The three most common histopathological types are invasive ductal 

carcinoma (55%), ductal carcinoma in situ (13%), and invasive lobular carcinoma (5%)4. 

Tumor grade is determined by examining the degree of tumor cell differentiation in the 
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specimen5. Cells comprising low-grade tumors are well-differentiated and resemble normal 

tissue, whereas the cells that comprise high-grade tumors exhibit anaplasia.  The stage of 

cancer (I-IV) measures how far the disease has progressed, taking into account parameters 

such as the size of the tumor and the occurrence of locoregional or distant metastasis6.  

In addition to these clinicopathological variables, breast tumors are grouped into 

different clinical subtypes that are minimally defined by the their expression of the estrogen 

and progesterone steroid hormone receptors (ER+ and PR+, respectively) and/or the 

oncogenic human epidermal growth factor receptor (HER2)7. Luminal breast cancer is the 

most common clinical subtype, comprising more than 70% of diagnoses8; they express ER 

(ER+) and/or PR (PR+). The HER2-enriched subtype defines tumors that overexpress HER2 

(HER2+) and comprises approximately 20-25% of breast cancers9. HER2+ tumors can be 

classified as luminal if they express steroid hormone receptors, and non-luminal if they do 

not10. Lastly, the triple negative breast cancer (TNBC) subtype, also termed basal-like 

breast cancer, encompasses the 10-15% of breast tumors that do not express ER, PR or 

HER211.  

Cells that populate luminal breast tumors are marked by the expression of luminal 

lineage markers cytokeratin 8 and 18 (CK8/18), whereas basal tumor cells express 

myoepithelial lineage markers CK5/6, CK14, and alpha-smooth muscle actin (αSMA)10,12. 

Hence, whereas the immunophenotype of a tumor has been hypothesized to demarcate the 

mammary epithelial lineage of the cell of origin, studies have also suggested that luminal 

epithelial cells can spontaneously acquire a basal phenotype upon oncogenic stress13. 
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The development of high-throughput platforms for global gene expression profiling has 

led to further classification of breast cancers into intrinsic molecular subtypes, which 

strongly correlate with the previously established clinical subtypes10,14–17. Luminal breast 

tumors can be further subdivided into the luminal A and luminal B intrinsic subtypes. 

Luminal A tumors display increased expression of the ER gene cluster and a lower 

proliferative index than luminal B tumors, determined by reduced expression of the nuclear 

Ki67 protein, which marks actively proliferating cells14,18. Our lab recently described the 

luminal-like subtype, which is similar to luminal A and B subtypes but comprises 

previously unclassifiable breast tumors17.  

Basal-like breast tumors are stratified into two intrinsic molecular subtypes that can be 

either TNBC or HER2-overexpressing. Whereas the gene expression profiles of Basal A 

tumors are more luminal-like, those of Basal B tumors are more basal-like10. Interestingly, 

germline mutations in the BRCA1 gene, which significantly increases the lifetime 

probability of developing breast or ovarian cancer11, are associated with basal-like breast 

tumors15.  

In addition to verifying established clinical subtypes, high-throughput gene expression 

profiling of breast tumors has also identified novel, previously uncharacterized intrinsic 

molecular subtypes. Molecular apocrine breast tumors are characterized by ER-negativity 

in addition to the expression of androgen receptors (AR) and can be either HER2+ or HER2-

19. The normal-like subtype expresses basal cell and adipocyte markers and phenotypically 

resembles normal breast tissue10. Lastly, claudin-low tumors are similar to basal-like 

tumors but display reduced expression of adhesion molecules like claudins or E-cadherin 
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and possess features characteristic of having undergone an epithelial-to-mesenchymal 

transition (EMT)16.  

1.23 Breast cancer standard of care and prognosis. 

Breast cancer is considered curable when detected in early, non-metastatic stages 

(stages I-III)6. The standard of care for patients diagnosed with invasive breast cancer is a 

combination of surgical tumor resection and some form of radiation or systemic therapy. 

The appropriate treatment modality and the likelihood of achieving durable remission are 

both delineated by the subtype of the tumor. Surgical resection of a tumor can be either 

preceded by (neoadjuvant) or followed by (adjuvant) systemic therapy, depending on 

extenuating factors such as the size of the tumor or its subtype. Radiation therapy can also 

be used in addition to or in lieu of chemotherapy. The surgeon may advise surgical removal 

or irradiation of a tumor’s draining lymph nodes, which are the common first site of 

metastasis and can serve as an entry portal into the lymphatic system, which permits 

systemic tumor cell dissemination6. 

Luminal breast tumors have the most promising survival outcomes because they can be 

effectively treated by exploiting their dependence on estrogen signaling for growth and 

survival. Antagonism of ER with estrogenic analogues or interruption of estrogen 

biosynthesis with aromatase inhibitors are viable treatment options. Notably, consistent 

with their higher histologic grade, luminal B tumors have a less favorable prognosis than 

luminal A tumors14,18. Whereas patients diagnosed with HER2+ tumors historically 

experienced a poor prognosis, the development of HER2-targeting monoclonal antibodies 

like Trastuzumab (Herceptin) have significantly improved clinical outcomes9,18,20. HER2-
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targeting agents can be used alone or in combination with endocrine therapies, depending 

on the ER status of the tumor.  

There are no targeted therapies available to treat TNBC. Instead, repeated rounds of 

systemic cytotoxic therapy like taxane-based chemotherapy is the only available treatment 

modality20–22. Interestingly, the expression of a gene set suggestive of EMT is attributed to 

the basal subtype23,24. The EMT is a fundamental cellular program that in the context of 

neoplasms confers an enhanced migratory capacity, and increased resistance to cytotoxic 

anticancer therapies25–27. Consistent with its highly aggressive phenotype and limited 

treatment options, patients diagnosed with TNBC historically have the lowest probability 

of long-term survival. 

1.24 Therapy resistance drives breast cancer mortality.    

Whereas the current standard of care for patients diagnosed with breast cancer are 

clearly effective at achieving remission, a fraction of patients that undergo treatment 

invariably experience disease recurrence21,22. Evidently, clinical studies on the efficacy of 

doxorubicin chemotherapy reported that 40% of early-stage breast cancer patients that 

underwent treatment experienced a relapse within 5 years, and 30% succumbed to disease, 

independent of the treatment regimen provided. For those patients that experience ER- or 

HER2+ breast cancers, recurrences occur at a frequency of 30% and 20-25%, respectively 

and recurring tumors often evolve resistance to the original targeted agent28–31. For those 

patients that experienced ER+ breast cancer, long-term estrogen deprivation of ER+ tumors 

can result in acquired ER-independence, where tumor cells adapt to become less dependent 

on estrogen signaling32–34. Hormone-refractory ER+ breast tumor cells show decreased 
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expression of the ER gene cluster and increased expression of receptor tyrosine kinases 

(RTKs) such as EGFR and HER2. Hence, these cells become resistant to antiestrogen 

therapies. 

Breast cancer recurrence invariably progresses to stage IV, which involves systemic 

metastasis and the development of secondary tumors in distant organ sites35. Common 

metastatic sites include the liver, lungs, bones, and brain and interference with the function 

of these vital organs contributes to mortality. It is the secondary tumors that are the direct 

cause of over 90% of deaths from cancer, rather than the primary tumor36. Metastatic breast 

cancer is incurable and has a reported median progression-free survival of approximately 

one year37. For stage IV breast cancer, therapy focuses on maximizing quality of life 

through palliative treatment options that ease symptoms and prolong survival by reducing 

tumor burden.  

These statistics illustrate that even with superb patient management, the standard of 

care for breast cancer fails to achieve durable remissions in a proportion of those treated. 

As a consequence, the mortality associated with breast cancer has not changed appreciably 

in decades2. Recent discoveries have hinted at the existence of an infrequent subpopulation 

of tumor cells that possess stem-like properties that allow them to remain dormant during 

therapy and drive breast cancer recurrence thereafter38. These tumor-initiating cells (TIC) 

share properties with normal mammary epithelial stem cells (MESC) and hence the activity 

of both cell types can be assayed using similar experimental techniques.  

1.3 Cancer stem cells: a new frontier in anticancer therapy. 

1.31 Stem cells. 
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The concept of stem cells was first conceived of in the early 18th century, where the 

regenerative potential of organ tissues was described in Hydra39. Over 200 years later, 

Canadian scientists Ernest A. McCulloch and James E. Till discovered and characterized 

hematopoietic stem cells (HSCs)40, establishing a new paradigm that describes tissue 

homeostasis in terms of a cellular hierarchy. Infrequent stem cells at the apex of the 

hierarchy orchestrate embryonic development and adult tissue homeostasis by creating new 

copies of themselves, through self-renewal and generate progeny with tissue-specific 

functions and limited replicative potential, as a consequence of differentiation41. Since the 

discovery of HSCs, this hierarchical framework has been used as a basis for characterizing 

the activity of stem cells in a wide range of tissues, including epithelial organs like the 

mammary gland. 

1.32 Mammary epithelial stem cells. 

During pregnancy, mammary epithelial stem cells (MESCs) orchestrate the expansion 

of secretory mammary epithelia through repeated rounds of self-renewal and 

differentiation42. MESCs give rise to epithelial progenitor cells, which differentiate to 

populate the three cellular lineages that interact to form the three-dimensional lobulo-

alveolar structure of the mature mammary gland. Ductal epithelial cells line the lumen of 

the ducts, whereas alveolar cells synthesize and secrete milk proteins. Ductal secretion 

during feeding is controlled by contractile myoepithelial cells that comprise the basal layer 

of the duct.  

The existence of a subpopulation of multipotent MESCs was first demonstrated using 

explants of fragments derived from mammary epithelium marked with the mouse 
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mammary tumor virus43. Transplantation of fragments into mice recapitulated the cellular 

and phenotypic complexity of an entire mammary gland. Interestingly, analysis of the 

unique viral integration events established clonality with respect to dominant cell 

populations in the reconstituted gland, which could be recapitulated upon serial 

transplantation. Since these initial discoveries, the development of techniques like 

fluorescent activated cell sorting (FACS) has provided a platform for analysis of 

subpopulations of cells that share a common immunophenotype in phenotypic assays that 

measure stem cell activity. Indeed, fractioning mammary epithelial cells into unique 

subpopulations based on the expression of specific cell surface antigens has been used to 

identify prospective MESCs with enriched in vivo repopulating activity44,45. 

Despite these discoveries, identifying traits biologically unique to stem cells has been 

a particularly challenging hurdle due to their scarcity and the inability to sufficiently purify 

them for molecular analyses. Methods of propagating stem cells in vitro were first 

described using undifferentiated and multipotent neural stem cells, which could be 

propagated in suspension as three-dimensional spheres, termed neurospheres, using a 

serum-free, chemically-defined media supplemented with epidermal growth factor (EGF) 

and fibroblast growth factor 2 (FGF-2)46. Shortly after this discovery, the same culture 

conditions were used to isolate mammary spheres, termed mammospheres, which retained 

the characteristics of mammary epithelial stem/progenitor cells47. Mammospheres could be 

serially passaged up to five times, providing in vitro evidence for the existence of a self-

renewing subpopulation of sphere initiating cells. Furthermore, mammosphere-derived 
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cells have the capacity to differentiate into multilineage colonies when grown in serum-

containing media that promotes cellular differentiation.  

1.33 The cancer stem cell model. 

The concept of stem cells was not common in the original models of tumorigenesis, 

which postulated that tumors comprise biologically homogenous populations of cells, 

where every cell has a low probability of initiating tumor growth and that this phenotype is 

driven by a stochastic process48. The recent discovery and characterization of tumor cell 

populations with stem-like properties suggests that tumors comprise a heterogeneous tumor 

cell population that can be described using a hierarchical model. An infrequent 

subpopulation of tumorigenic cells (TIC) exists at the apex of the hierarchy, and their 

aberrantly differentiated, non-tumorigenic progeny reside at its base. Whereas the cellular 

origin of TIC is not known, it seems logical that they may arise anywhere along the stem 

cell hierarchy, either from the aberrant activity of MESC or progenitor cells, or from the 

acquisition of self-renewal properties after transformation. 

There are several lines of inquiry that converged on a TIC model. The idea was first 

offered after initial observations that a large number of tumor cells is required to initiate 

the growth of a tumor in immune-compromised mice, suggesting the existence an 

infrequent population of TIC where only transplants with a sufficient number of cells would 

yield a requisite TIC49. Furthermore, whereas most tumors are clonally derived from a 

single cell of origin, tumors comprise heterogeneous populations of cells with distinct 

morphological characteristics or immunophenotypes50. Hence, self-renewing TIC can 
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contribute to tumor progression, while aberrant differentiation could account for cellular 

diversity observed in histological examination of tumor specimens.  

Whereas the concept of TICs has been a speculative theory for more than 50 years49 

experimental evidence for their existence was lacking until 1994, when John Dick and his 

colleagues characterized leukemia initiating cells51. Their strategy applied FACS to sort 

samples of acute myeloid leukemia (AML) into different subpopulations, which were then 

analyzed for CSC frequency by limiting-dilution transplantation analyses (LDA). In short, 

serial dilutions of cells are transplanted into immune-compromised mice, which are 

monitored thereafter for the onset of the disease. Interestingly, CD34+CD38- AML cells 

were the only fraction capable of initiating leukemia, which recapitulated the phenotypic 

and cellular heterogeneity observed in the original sample.  

1.34 Breast tumor initiating cells. 

Breast cancer stem cells, also termed breast tumor initiating cells (BTIC), were the first 

CSCs reported in solid tumors of epithelial origin. Michael Clarke’s research group used a 

similar FACS/LDA strategy to isolated BTIC-rich and BTIC-poor tumor cell populations. 

As few as 100 CD44+/CD24-/low/Lin- cells could initiate the formation of breast tumors that 

recapitulated the histological appearance of the primary tumor, whereas the CD44-/CD24+ 

cells comprised a BTIC frequency that was orders of magnitude lower52. Additional BTIC 

markers like aldehyde dehydrogenase 1 (ALDH1)53 and ganglioside GD254 have since been 

identified and as few as 20 ALDH1+/CD44+/CD24-/low/Lin- cells have been demonstrated 

to elicit tumor growth upon in vivo transplantation53. Shortly after the discovery of BTIC, 
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CD133+ brain tumor cells were shown to possess a TIC phenotype and to date, TICs have 

been described in the cancers of several other organs55.  

1.35 Therapeutic Implications of BTIC. 

The CSC model emphasizes the importance of intratumoral phenotypic heterogeneity 

in the effective treatment of breast cancer38,55. BTIC can initiate tumorigenesis, sustain 

tumor growth and resist traditional cytotoxic anticancer therapies. They exhibit dormancies 

that can last over a decade before seeding tumor recurrence. Hence, ineffective targeting of 

TIC subpopulations by cytotoxic anticancer therapies like radiation or chemotherapy may 

explain the large proportion of patients that fail to achieve durable remissions.  

The capacity to exclude Hoechst and Rhodamine dyes through increased expression of 

membrane-bound transporter proteins like the ATP-binding cassette (ABC) transporters is 

a characteristic common to quiescent stem cells56. In fact, a dye-excluding side population 

(SP) of cells tumor-derived cells possess features characteristic of BTIC57. This property 

of ABC-mediated dye exclusion also endows BTIC with the capacity to efflux small 

molecules out of the cell, providing a general resistance to cytotoxic chemotherapeutic 

agents25,58,59 Moreover, BTIC show upregulated Wnt-mediated DNA repair pathways in 

order to endure the cellular stress induced by radiation26. Studies of clinical specimens have 

also highlighted the therapeutic implications of BTIC-mediated anticancer drug resistance. 

Tumor cells of residual breast tumors after neoadjuvant chemotherapy possess a higher 

frequency of tumor cells that express BTIC markers (i.e. CD44)60 and an increased 

expression of several ABC transporters compared with surrounding non-tumor tissue61.  
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Importantly, the phenotypic status of BTIC within the cellular hierarchy is dynamic: 

BTIC may become non-tumorigenic through spontaneous differentiation, whereas the non-

tumorigenic tumor cells may acquire BTIC activity through alterations in gene expression 

patterns, the acquisition of new mutations or the induction of an epithelial-to-mesenchymal 

transition (EMT)62. Hence non-tumorigenic tumor cell populations may act as a reservoir 

of BTIC and these two tumor cell populations may exist in a dynamic equilibrium. 

Interestingly, the EMT program also endows tumor cells with an enhanced migratory 

capacity and hence several studies have suggested that BTIC also play a role in metastasis63. 

Consistent with this notion, gene signatures derived from the gene expression profiling of 

TIC-enriched tumor cell populations from a variety of cancer types can predict the 

probability that a patient will experience metastases64. Moreover, metastatic breast cancers 

and those with increased histological grade have a higher frequency of CD44+/CD24-/low 

and ALDH+ cells53. Taken together, these observations suggest that drugs targeting BTIC 

would more effectively improve the durability of breast cancer remissions when 

combined with conventional cytotoxic therapies. 

1.36 Functional assays of BTIC activity. 

Due to their therapeutic implications identifying novel drugs targeting BTIC would 

open a new frontier of anticancer research. Similar to the study of normal stem cells the 

latter has been challenging due to the scarcity of BTIC in human breast tumors, which 

comprise approximately 0.01% of the total tumor cell population65 and a maximum of 5% 

after FACS53. Hence, research groups have attempted to model the activity of BTIC using 

in vitro and in vivo functional assays.  
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The capacity for cells to grow in growth factor supplemented serum-free media as three-

dimensional spheres is an in vitro surrogate assay for MESC66 and BTIC67. Both MESC 

and BTIC co-fractionate with sphere-forming cells after FACS and agents that reduce the 

frequency of BTIC similarly target tumorsphere initiating cells68,69. Different research 

groups have isolated tumorspheres from both primary patient tumors70 and established 

breast tumor cell lines and these spheres can be serially passaged indefinitely71. LDA72 and 

cell tracing experiments73 have confirmed that spheres are clonal entities and arise at 

reproducible frequencies74,75. Furthermore, staining of tumorspheres with lineage-specific 

antibodies suggests that aberrant differentiation of tumor cells within a sphere occurs in 

addition to the consistent repopulating of the tumorsphere initiating cells47.  

1.37 Tumorspheres derived from mouse models of breast cancer provide a platform 
for high throughput screening. 

To overcome limitations imposed by the scarcity of BTIC in human breast tumors, 

researchers have also examined the frequency of BTIC residing in spontaneous transgenic 

mouse models of breast cancer75–77. Our lab previously assessed the frequency of BTIC in 

tumors derived from three transgenic mouse models of breast cancer75.  In these models, 

transcription of an oncogene is directed by the mouse mammary tumor virus (MMTV) 

promoter leading to the spontaneous development of mammary tumors. Primary tumors 

from the MMTV-Neu model, which overexpresses the rat Neu proto-oncogene, comprised 

an extraordinarily high BTIC frequency, averaging 30-50% of the total cell population 

across different tumor samples. The transplantation of a single tumor cell was sufficient to 

yield a macroscopic tumor with the phenotypic complexity of the tumor from which it 
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originated. Whereas culturing of primary tumor-derived cells adherently, in serum-

containing media reduced BTIC frequency by several orders of magnitude, culturing the 

tumor cells as tumorspheres maintained a similarly high BTIC frequency (20-30%)75.   

With the aim of identifying drugs that might be repurposed or developed into BTIC-

targeting agents, a high-throughput phenotypic screen was performed using BTIC-enriched 

tumorspheres derived from MMTV-Neu primary tumors. A total of ~35,000 compounds 

were screened using a sensitive assay of cell viability (AlamarBlue). Fortuitously, a 

significant fraction of the hits from the bioactive subset of molecules (~3,500 compounds 

with known mechanisms of action) are antagonists of neurotransmitter activity, namely 

several serotonin (5-hydroxytryptamine; 5-HT) receptors (HTRs) and the selective 

serotonin reuptake transporter (SERT). The results from this screen are presented in 

chapter 2 (figure 1)72. 

1.4 Serotonin. 
 
5-HT is an ancient monoaminergic signaling molecule that evolved in unicellular 

organisms nearly one billion years ago78. It elicits its effects through activation of HTRs, 

regulating a plethora of biological functions within numerous kingdoms of life including 

animals, plants, fungi, and protists79. Despite being commonly thought of in the context of 

its role as a neurotransmitter, its name was derived from its discovery as a serum-derived 

(“sero”) agent that affects vascular smooth muscle tone (“tonin”)78. Since its discovery, 

serotonergic activity been described in a wide variety of organ systems in humans including 

functioning as a neurotransmitter in the central nervous system and as a regulator of 

epithelial tissue homeostasis in the periphery80–82.  
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1.41 Serotonin synthesis, signaling, and transport. 

The biosynthesis of 5-HT occurs via two sequential enzymatic reactions79. In the first 

step of the process, the essential amino acid L-tryptophan is converted into 5-

hydroxytryptophan (5-HTP). This rate-limiting step is catalyzed by the enzyme tryptophan 

hydroxylase (TPH), which exists in two isoforms. Whereas TPH2 is responsible for 

generating 5-HTP in the central nervous system (CNS), TPH1 catalyzes its production in 

the periphery, where more than 90% of 5-HT is produced. In the second step in 5-HT 

biosynthesis, aromatic amino acid decarboxylase (dopa decarboxylase; DDC) converts 5-

HTP into 5-HT. After its synthesis, 5-HT is packaged into intracellular vesicles by the 

vesicular H+-ATPase-dependent monoamine transporters (VMAT1 or VMAT2)83, where it 

can be excreted into the extracellular space and exert its effects through autocrine and 

paracrine signaling facilitated by HTRs78 (schematic shown in Appendix I; Figure 1).  

There are 7 HTR subfamilies encoded by 17 genes in humans78. The HTR3 subfamily 

encompasses 5 members that function as ligand-gated ion channels, whereas the remaining 

6 subfamilies are heterotrimeric G-protein coupled receptors (GPCRs). GPCRs are the 

largest family of receptors in the human genome84. Their structure comprises an 

extracellular N-terminus, 7 transmembrane spanning regions, and an intracellular C-

terminus. After a ligand binds to a GPCR, conformational changes in the receptor alter the 

proximity of intracellular domains (ICD) to different effectors, initiating a cascade of 

downstream signaling mediated by the activity of heterotrimeric G-proteins and 

intracellular kinases85.  
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Heterotrimeric G-proteins comprise three subunits: Ga, Gb, and Gl85. The Ga family 

includes 4 subfamilies Gas, Gai/0, Gaq/11, and G12/13. The HTR1 and HTR5 subfamilies are 

coupled to Gai/0 and comprise 5 and 1 members, respectively, whereas the Gas-coupled 

HTR4, HTR6 and HTR7 subfamilies each contain a single receptor. There are 3 members 

of the Gaq/11-coupled HTR2 subfamily78. 

Gas and Gai/0 are coupled to adenylyl cyclase (AC), which catalyzes the conversion of 

Adenosine Triphosphate (ATP) into cyclic AMP (cAMP)85. cAMP is a second messenger 

that potentiates intracellular signaling through interactions with cAMP-dependent kinases 

and transcription factors. Gas activates AC whereas Gai/0 inhibits its activity. Gaq/11 

activates the membrane-associated enzyme phospholipase C (PLC), which catalyzes the 

conversion of phosphatidyl inositol bisphosphate (PIP2) into the inositol 1,4,5-

trisphosphate (IP3) and diacyl glycerol (DAG) second messengers that initiate the release 

of calcium from the smooth endoplasmic reticulum and activate protein kinase C. The Gb/g 

subunits also fulfill intracellular signaling roles by coupling to intracellular kinases like 

phosphoinositide 3-kinase g (PI3K).  

GPCR kinases (GRKs) are responsible for phosphorylating serine and threonine 

residues on the intracellular regions of HTRs, which serve as docking sites for b-arrestin 

proteins that initiate reuptake of the HTR through assembly of clathrin-coated pits, and 

terminates signaling by HTRs through GPCR degradation85. The scaffold created by 

recruitment of b-arrestins can also elicit intracellular signaling on their own and have been 

shown to couple to oncogenic signalling pathways including SRC, AKT, PI3K, and 

receptor tyrosine kinases like EGFR and PDGFR86–89. Notably, the structure of a ligand can 
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differentially affect the structural rearrangement of the GPCR upon binding84,90. In 

consequence, HTRs can exhibit functional selectivity and differentially affect downstream 

signaling pathways91.  

Diffusion of 5-HT away from the synapse reduces signaling through the HTRs. 

Removal of 5-HT from the extracellular space can also occur via the 5-HT transporter 

(SERT), a 12-membrane spanning protein comprising intracellular N- and C-terminal 

domains92. Intracellularly, 5-HT is metabolized via oxidative deamination, which is 

mediated by the mitochondrial enzymes monoamine oxidases A and B (MAO-A and MAO-

B)93. 

Several studies have shown that SERT also fulfills a signaling role in the context of 

mitogenesis94–99. SERT binding proteins include GTPases, phosphatases and receptor 

tyrosine kinases (RTKs) like the epidermal growth factor receptor (EGFR) and the platelet-

derived growth factor receptor (PDGFR)94,95. In pulmonary smooth muscle cells, SERT is 

required for transactivation of PDGFRb during 5-HT-mediated hypertrophy96,97. Moreover, 

5-HT brought intracellularly by SERT can be degraded by MAO-A, generating reactive 

oxygen species (ROS)93 that facilitate nuclear translocation of phosphorylated ERK1/2 

downstream of HTRs98,99. In this context, SERT, HTRs and MAO-A act synergistically to 

potentiate mitogenic signaling by HTRs. 

1.42 Serotonin signaling regulates homeostasis of the mammary epithelia. 

Studies pioneered by Nelson Horseman and his colleagues have implicated a role for 

serotonin signaling in the homeostasis of mammary epithelial structures during 

pregnancy80,82,100,101. Mechanical feeding stimuli of newborn babies stimulates secretion of 
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prolactin, which induces the transcription of many target genes including TPH1100. During 

pregnancy, 5-HT synthesized by TPH1 regulates several functions of mammary epithelia 

including the synthesis of milk and post-pregnancy mammary gland involution, both 

elicited by 5-HT-dependent activation of different HTRs.  

Activation of HTR2B receptors on mammary epithelial cells induces the expression of 

parathyroid-like peptide (PTHrP)101. PTHrP activates osteoclast activity in the skeleton, 

providing the calcium necessary for milk production by alveolar cells residing in the 

branching acini of the mammary gland. This finding suggests an essential role for 

serotonergic regulation of milk synthesis. Interestingly, in vitro treatment of mammary 

gland explants with 5-HT induces involution, alveolar collapse and nuclear fragmentation, 

demonstrating how 5-HT initiates mammary gland involution after cessation of the 

breastfeeding mechanical stimulus82. This process is initiated by 5-HT binding of HTR7, 

which causes the breakdown of tight junctions that hold glandular epithelial cells together 

and initiates their apoptosis. Genetic knockouts of TPH1100 or HTR780 cause impaired tight 

junction breakdown and improper mammary gland involution, and these observations are 

phenocopied by treatment with HTR7 selective antagonists82. Together these studies 

provide functional evidence that different HTRs regulate mammary epithelial homeostasis 

both during and after pregnancy. 

1.43 Serotonergic drugs. 

Several HTRs and SERT are the molecular targets of many FDA-approved psychiatric 

medications. Selective serotonin re-uptake inhibitors (SSRI) are used in the treatment of 

anxiety and depression disorders by inhibiting SERT-mediated reuptake of 5-HT into the 
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intracellular space102. Increased synaptic 5-HT and activation of HTRs is suspected to 

endow SSRIs with their anxiolytic properties. For psychosis and schizophrenia, atypical 

antipsychotics are often prescribed, which exert their effects by antagonizing HTR2A 

receptors in the prefrontal cortex. HTRs are also the targets of FDA-approved mediations 

for peripheral indications. For instance, the HTR1B receptors are the target of the triptan 

class of antimigraine drugs78. Recently, targeting peripheral serotonin biosynthesis through 

inhibition of TPH1 has become a novel approach in the treatment of metabolic disorders103. 

Taken together, these examples illustrate that pharmacological inhibition of 5-HT 

production, transport, and signaling through HTRs are safe and tolerable treatment options 

for diseases in both the CNS and the periphery. 

Whereas small molecules targeting components of 5-HT signaling system are often 

highly selective, their phenotypic consequences could be due to off-target effects. To 

investigate the latter, we sought to determine whether inhibition of 5-HT activity using 

alternative means would phenocopy the effect of selective antagonists. We utilized the 

recently developed CRISPR-Cas9 gene editing strategy to knockout genes that encode 

different 5-HT signaling proteins, namely HTR5A and SERT.  

1.5 Molecular target validation with CRISPR-Cas9. 
 

The advent of sophisticated genome editing strategies has provided a valuable means 

to validate the molecular targets of many therapeutics. Prokaryotic type II CRISPR-Cas is 

a primitive immune system that utilizes an RNA-guided nuclease to target and eliminate 

foreign sequences of bacteriophage DNA104. In a ground-breaking discovery, CRISPR-cas 

was recently harnessed to edit the genome of eukaryotic cells. Clustered regularly 
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interspaced short palindromic repeats (CRISPR) encode short sequence specific RNAs that 

guide Cas proteins (CRISPR-Cas) to make double stranded breaks at specific sites in 

DNA105. Over the past decade, CRISPR-Cas gene editing technology has been optimized 

to facilitate genetic knockouts or the insertion of foreign transgenes into specific sites in the 

human genome.  

The two-component CRISPR-Cas9 gene editing protocol is touted for its specificity, 

effectiveness and ease of application105. This system relies on the expression of the Cas9 

nuclease and a single stranded oligonucleotide, termed a single guide RNA (sgRNA), 

which comprises two essential regions. The 5’ CRISPR RNA (crRNA) sequence is 

approximately 20 nucleotides in length and is uniquely complementary to a DNA sequence 

in the gene of interest, located directly upstream of a recognition sequence termed the 

“proto-spacer adjacent motif” (PAM). The 3’ trans activating crRNA (tracrRNA) activates 

the catalytic activity of Cas9, which subsequently cleaves DNA 3 bases upstream of the 

PAM sequence. The non-homologous end joining (NHEJ) repair mechanism frequently 

introduces insertion/deletion (INDEL) mutations at desired loci, either disrupting the open 

reading frame (ORF) of the gene or altering its encoded amino acid sequence. CRISPR-

cas9 has been utilized in several eukaryotic models to knockout specific genes by 

introducing recombinant plasmids into cells that encode custom sgRNAs and Cas9, using 

either lipofection or lentiviral-based transduction protocols. 
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CHAPTER 2: SEROTONIN TRANSPORTER ANTAGONISTS TARGET TUMOR-
INITIATING CELLS IN A TRANSGENIC MOUSE MODEL OF BREAST CANCER.      
 
PREAMBLE 
 

This chapter is a reprint of an original article published in the journal Oncotarget:  

Hallett, R. M., Girgis-Gabardo, A., Gwynne, W.D., Giacomelli, A.O., Bisson, J.N.P., 

Jensen, J.E., Dvorkin-Gheva, A., and Hassell, J.A. (2016). Serotonin transporter 

antagonists target tumor-initiating cells in a transgenic mouse model of breast cancer. 

Oncotarget 7 (33), 53137-53152. doi: 10.18632/oncotarget.10614. 

Our lab recently used LDA to determine the frequency of BTIC frequency in 

primary tumors derived from three transgenic mouse models of breast cancer. Tumors of 

the MMTV-Neu model comprised a BTIC frequency between 20-50% and similar 

frequencies could be maintained by culturing the tumor cells as spheres. We performed a 

high throughput phenotypic screen to identify agents that could reduce the viability of 

BTIC-enriched tumor cells using a highly sensitive in vitro assay (AlamarBlue). A 

significant fraction of the hits in this screen were inhibitors of neurotransmitter activity like 

the dopamine receptors, HTRs, and SERT. 

This purpose of this study was to establish a connection between 5-HT signaling 

and BTIC in MMTV-Neu primary tumors. To accomplish the latter, we analyzed the 

expression of 5-HT signaling proteins by staining sections from these tumors with primary 

antibodies specific for TPH1, 5-HT and SERT. We then determined whether treatment of 

these breast tumor cells with SSRIs affected BTIC activity using multiple orthogonal assays 

and whether these agents affect the growth of breast tumor allografts in vivo when 

administered alone or in combination with cytotoxic chemotherapy. 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 23 

RMH performed the animal studies and helped write the manuscript. AGG cultured 

the MMTV-Neu tumorspheres, which provided the tumor cells necessary for all in vitro 

and in vivo experiments. She was also responsible for sphere-forming assays and 

immunofluorescence staining of allograft sections. WDG performed sphere forming 

assays, a biological replicate of the in vivo study, the in vitro chemosynergy experiments 

and follow-up sphere-forming assays. He also helped write and revise the manuscript. 

AOG helped with the high-throughput screen presented in figure 1 of the manuscript. JJE 

and JNPB counted spheres in sphere forming assays. ADG assisted with the statistical 

analysis of the data. JAH conceived of the study and wrote the manuscript. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 24 

ABSTRACT 
 

Accumulating data suggests that the initiation and progression of human breast 

tumors is fueled by a rare subpopulation of tumor cells, termed breast tumor-initiating cells 

(BTIC), which resist radiotherapy and chemotherapy. Consequently, therapies that 

abrogate BTIC activity are needed to achieve durable cures for breast cancer patients. To 

identify such therapies, we used a sensitive assay to complete a high-throughput screen of 

small molecules, including approved drugs, with BTIC-rich mouse mammary tumor cell 

populations. We found that inhibitors of the serotonin reuptake transporter (SERT) and 

serotonin receptors, which include approved drugs used to treat mood disorders, were 

potent inhibitors of mouse BTIC activity as determined by functional sphere-forming 

assays and the initiation of tumor formation by transplant of drug-exposed tumor cells into 

syngeneic mice. Moreover, sertraline (Zoloft), a selective serotonin reuptake inhibitor 

(SSRI), synergized with docetaxel (Taxotere) to shrink mouse breast tumors in vivo. Hence 

drugs targeting the serotonergic system might be repurposed to treat breast cancer patients 

to afford more durable breast cancer remissions. 
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INTRODUCTION 
 
 Breast cancer was the first malignancy of solid epithelial tumors reported to follow 

the cancer stem cell (CSC) model [1]. Al-Hajj demonstrated that antibodies to the CD44 

and CD24 cell surface antigens in combination with fluorescence-activated cell sorting 

(FACS) separated breast tumor cells into BTIC-enriched (CD44+/CD24-) and BTIC-

depleted fractions as assessed by tumor cell transplantation into immune-compromised 

mice [1]. Limiting dilution tumor cell transplantation assays demonstrated that the bulk 

tumor cell population comprised ~0.01% BTIC, whereas the CD44+/CD24- fraction 

constituted ~1-2% BTIC. Subsequent analyses of mammary tumors from various 

transgenic mouse models of breast cancer revealed that the majority of these also follow 

the CSC model [2-6].  

The CSC model proposes that genomic alterations in tissue-specific cells results in 

clonal tumor cell populations with stem cell-like properties, including the capacity for 

limitless self-renewal and differentiation [7]. Thus, tumors following the CSC model 

comprise a cellular hierarchy of BTIC at their apex and non-tumorigenic differentiating 

BTIC progeny at their base. Recent findings demonstrate that the induction of an epithelial 

to mesenchymal transition can endow “non-tumorigenic” tumor cells with BTIC activity 

implying that tumor cells may transition between non-tumorigenic and tumorigenic states 

[8-10]. Hence the bulk non-tumorigenic tumor cells may provide a reservoir of BTIC. 

These observations have therapeutic implications [11-13]. Conventional cytotoxic 

therapies principally eradicate the non-tumorigenic progeny of BTIC, which comprise the 

vast majority of cells populating tumors. Consequently, tumors regress after radiotherapy 
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or chemotherapy, but often recur likely due to therapy-resistant BTIC. Thus, to ensure 

durable breast cancer remissions anticancer therapies should eradicate BTIC as well as their 

non-tumorigenic progeny.  

  Identifying molecular targets required for maintaining BTIC activity would 

provide an avenue to develop anti-BTIC therapies. However, discovering such targets has 

been difficult to achieve due to the scarcity of BTICs in human breast tumors [14] or breast 

tumor cell lines [15]. We recently reported that various transgenic mouse models of breast 

cancer, including those shown to follow the CSC model, comprise a high fraction of BTIC 

[6], as determined by limiting dilution tumor cell transplantation experiments, the “gold 

standard” assay for tumor-initiating cells [14]. BTIC frequencies in the tumors of 3 

different models averaged 30%; indeed, single tumor cells induced tumors at high 

frequency[6]. Moreover, we also showed that tumor cells isolated from mouse mammary 

tumors maintain a high BTIC frequency [6] when propagated in serum-free, chemically-

defined medium first developed to culture mouse neuronal stem and progenitor cells [16]. 

By contrast, propagating the tumor cells in serum-containing medium reduced BTIC 

frequencies by 4-5 orders of magnitude [6]. We reasoned that these models would enable 

us to complete high-throughput screens with BTIC-enriched mouse mammary tumor cells 

and thereby identify agents targeting BTIC, which could be subsequently tested for their 

capacity to abrogate the tumorigenicity of their human counterparts. Here, we report that 

SSRI, antagonists of the serotonin (5-hydroxytryptan; 5-HT) transporter, targeted BTIC in 

tumors of the MMTV-Neu (N202) model [17] of breast cancer. Interestingly, 5-HT 
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signalling has previously been implicated in postnatal mammary gland development [18, 

19] and linked to breast cancer [20].  

RESULTS 
 
Serotonergic System Antagonists Compromise Mouse Mammary Tumor Cell 

Viability 

 We previously reported that free-floating sphere cultures of MMTV-Neu derived 

tumor cells [17], which we termed tumorspheres [21], could be readily and reproducibly 

established from primary tumor cells and serially propagated in vitro [6]. The BTIC 

frequency of tumorsphere-derived cells is about half that of primary tumor cells and 

averages 15%. We speculated that this high BTIC frequency might make it be possible to 

identify compounds targeting BTIC.  

We used a sensitive alamarBlue assay [22] to perform a high-throughput screen to 

identify small molecules that reduced tumorsphere-resident cell viability (Fig. 1A). In 

short, freshly dissociated tumorsphere-derived cells were seeded into 384-well plates with 

test compounds (5 micromolar [µM] in duplicate wells), placed in chemically-defined 

medium conducive for sphere formation for 48 hours, and assayed for their capacity to 

reduce alamarBlue, a measure of the reducing environment in cells, which indirectly 

reflects cell viability. The chemical library comprised roughly 35,000 small molecules 

including a subset of approximately 3,500 bioactive compounds and drugs.  

A scatter plot (Fig. 1B) and histogram (Fig. 1C) of the alamarBlue residual activity 

data for the bioactive small molecules illustrated that their activities were normally 

distributed with mean ~100% residual activity and a standard deviation of 37%. 
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Compounds that reduced tumor cell viability by greater than 50% were considered hits; 

independently sourced fresh compounds were selected for verification at a range of 

compound concentrations thus establishing their half-maximal inhibitory concentration 

(IC50). The verified hits included SSRI (fluoxetine, paroxetine and sertraline) and both non-

selective and selective antagonists of one or more 5-HT receptors, which are encoded by a 

multi-gene family comprising 14 genes in mice. The inhibitory activity of the duplicate 

samples of the SSRI and a non-selective antagonist (nortriptyline) from the primary screen 

compared to that of vehicle (DMSO) controls is illustrated in Fig. 1 panels D-G. We 

focussed our analyses on the SSRI because they are highly selective drugs with an 

established safety profile and are widely used for sustained periods to primarily treat 

depression. 

Expression of SERT, TPH1 and serotonin in mouse breast tumors. 

To determine whether SERT, the molecular target of the SSRI, was indeed 

expressed in mammary tumors, we prepared sections from 3 independent tumors and 

exposed them to a SERT-specific polyclonal antibody. Analyses of the sections revealed 

that SERT was expressed in most of the tumor cells from each of the 3 tumors examined 

(Fig. 2A, upper panels). Incubation of the tumor sections with a SERT blocking peptide 

(the antigen used to derive the antibody) completely abrogated binding by the SERT 

antibody (Fig. 2A, lower panels).  

To identify the cellular source of 5-HT in mouse mammary tumors we stained the 

same tumor sections with an antibody to TPH1, the rate-limiting enzyme required for 5-HT 

biosynthesis from tryptophan in non-neuronal tissues. Like SERT, TPH1 was also 
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expressed in the majority of the tumor cells in the 3 mouse mammary tumor sections we 

examined (Fig. 2 B). To determine whether TPH1 is active in the tumor cells we enquired 

whether 5-HT is present in the tumor cells using an antibody specific to 5-HT. We found 

that 5-HT was present in most of the tumor cells comprising the tumor sections suggesting 

that TPH1 is indeed active in the tumor cells (Fig. 2 C). Taken together, these data suggest 

that mouse mammary tumor cells possess the machinery to synthesize and transport 5-HT 

implying a functional role for 5-HT in breast tumor cells.  

Serotonergic system antagonists target sphere-forming cells. 

To determine whether compounds selective for serotonergic pathway components 

target BTIC we initially assessed their capacity to affect sphere formation, a commonly 

used albeit controversial [23], functional in vitro surrogate assay for both mammary 

epithelial stem cells (MESC) and BTIC [5, 8, 24-27]. Various studies have shown that 

MESC [25] and BTIC co-fractionate with sphere-forming cells after FACS [15, 28], and 

that agents that alter MESC/BTIC frequency similarly affect the frequency of sphere 

forming cells [6, 29, 30] suggesting that MESC/BTIC are endowed with sphere forming 

capacity.  

We have shown that spheres arise from dispersed tumorsphere-derived cells in 

direct proportion to the number of cells plated into the medium, and that the frequency of 

sphere-forming cells, which averages 1% of the total tumor cell population, can be 

accurately quantified over a range of cell densities [29]. Moreover, plating single 

tumorsphere-derived cells into the wells of 96-well plates yielded spheres at the same 

frequency (1-3%) as that arising when the cells are plated at higher cell densities 
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(Supplementary Fig. 1).  

Each of the highly selective SSRIs tested sertraline, fluoxetine (Prozac) and 

paroxetine (Paxil) reduced sphere formation by tumorsphere-derived cells in a dose-

dependent fashion in each of 3 tumorsphere cultures established from independent tumors 

arising in different transgenic mice compared to those that were exposed to the vehicle 

(DMSO) (Fig. 3 A-C). Sertraline inhibited sphere formation with an IC50 of between 2.3-

2.5µM in the 3 tumorsphere cultures, and completely abrogated sphere formation at 

approximately 8-9µM. Similarly, fluoxetine and paroxetine inhibited sphere formation in 

each of the tumorsphere preparations. The IC50 values of fluoxetine varied between 2.8-

3.9µM, whereas those for paroxetine fluctuated between 2.7-5.3µM among the 

tumorsphere preparations. Hence all 3 SSRIs targeted the sphere-forming cells established 

from multiple independent mouse mammary tumors with similar IC50 values.  

We have shown that agents that irreversibly affect sphere formation induce 

apoptotic and differentiation programs, largely irreversible biological processes, which 

require a sustained period for their execution and which reduce BTIC frequency [29, 31]. 

To learn whether the SSRIs acted by a reversible or irreversible mechanism the spheres that 

arose after exposure to the SSRIs at select concentrations in primary sphere-forming assays 

were dissociated, the same number of dispersed viable cells from each sample were seeded 

into SSRI-free medium for another 96 hours, and the number of spheres that arose in the 

secondary sphere-forming assays was determined and compared to those arising after 

exposure of the tumor cells to the vehicle.  

The tumorsphere-derived cells exposed to the vehicle formed spheres in the 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 31 

secondary sphere-forming assay at the same frequency (~1%) as they did in the primary 

sphere-forming assay (Fig. 3, compare panels A and D, B and E, and C and F). By contrast, 

exposure of the tumorsphere-derived cells to the SSRI during the primary sphere-forming 

assay reduced their capacity to subsequently form new spheres in a dose-dependent fashion 

at each concentration of the SSRI tested. For example, tumorsphere-derived cells treated 

with the approximate IC50 dose of sertraline (2.5µM) exhibited a 50% reduction in their 

capacity to form spheres in the secondary sphere-forming assay even though sertraline was 

not present during secondary sphere formation. The use of 7.5µM sertraline, the 

approximate IC90 dose for sphere formation in the primary sphere-forming assay, 

completely abrogated sphere formation in the secondary sphere-forming assay suggesting 

that this dose completely eradicated sphere-forming cells. Fluoxetine and paroxetine 

similarly irreversibly inhibited secondary sphere formation. Hence, 4-day exposure of 

tumorsphere-derived cells to SSRIs was sufficient to irreversibly inhibit their capacity to 

subsequently form new spheres in the absence of the SSRIs illustrating that the SSRIs 

targeted the sphere-forming cell subpopulation of tumorpheres.  

The occurrence of TPH1 in the mammary tumor cells prompted us to learn whether 

the enzyme was functionally required for sphere formation. We assessed the effect of a 

TPH1 inhibitor (LP533401) [32] on sphere formation by tumorsphere-derived cells. We 

used tumorspheres prepared from 3 independent mammary tumors different from those 

used above to complete quantitative sphere forming assays. LP533401 inhibited sphere 

formation with an IC50 between 6.8-8.6 µM among the 3 independent tumorsphere cultures 

(Supplementary Fig. 2).  
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Two of the hits from our screen targeting 5-HT receptors are selective for different 

receptors implying that inhibition of the activity of any one of them reduced sphere 

formation. Hence we assessed the activity of additional selective inhibitors including those 

identified in the screen in sphere-forming assays. Among the antagonists tested those 

selectively targeting 5-HT1B, 5-HT2C, 5-HT5A and 5-HT6 all inhibited sphere formation 

(Supplementary Table 1). Assuming that the reported selectivity of the receptor antagonists 

is manifest at the IC50 values in the sphere-forming assays, these findings imply that the 

activity of as many as 4 receptors is required for this process.  

Collectively our data demonstrates that structurally diverse compounds targeting 

TPH1, SERT and multiple 5-HT receptors all inhibited sphere formation consistent with 

the notion that the effect of the antagonists resulted from inhibition of the activity of their 

molecular targets and was not due to off-target effects.  

Sertraline targets BTIC. 

Our data showing that SSRIs irreversibly inhibited sphere formation by 

tumorsphere-derived cells suggested that the SSRI targeted BTIC. To directly test this 

possibility we incubated freshly dissociated tumorsphere-derived cells into medium with 

the vehicle or with sertraline at either 5µM or 7.5µM. Following 96 hours of exposure to 

the vehicle or sertraline, any spheres that formed were collected, dissociated and equal 

numbers of viable cells were transplanted into one of the #2 fat pads of 10 6-8 week old 

syngeneic female mice (FVB/N strain). We monitored tumor incidence and volume over a 

15-week period, which represented approximately 4 weeks after all 10 mice transplanted 

with vehicle-treated tumor cells had developed palpable tumors.  
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Tumors were detected in 6 of the 10 mice transplanted with vehicle-treated tumor 

cells at week 9 following tumor cell transplantation, whereas only 1 of the 10 mice 

transplanted with tumor cells exposed to 5µM sertraline developed tumors and none of the 

mice transplanted with tumor cells exposed to 7.5µM sertraline developed tumors (Fig. 4 

A). Every mouse transplanted with vehicle-treated cells developed a palpable tumor by 11-

weeks post transplant, whereas at 11 weeks only 7 of 10 mice transplanted with tumor cells 

exposed to 5µM sertraline developed tumors, and only 1 of the 10 mice transplanted with 

tumor cells treated with 7.5µM sertraline developed tumors. Furthermore, at 15 weeks post 

transplant, 8 of 10 mice that had been transplanted with tumor cells exposed to 5µM 

sertraline developed tumors, but only 3 of 10 mice transplanted with tumor cells exposed 

to 7.5µM sertraline developed tumors. In line with these findings average tumor volume 

during the 15-week period after transplant of the tumor cells was greatest in the mice 

transplanted with vehicle-treated tumor cells compared with those arising in mice 

transplanted with sertraline-treated tumor cells (Fig. 4 B). By 15 weeks post transplant the 

average tumor volumes in mice transplanted with the vehicle-treated tumor cells were 10-

fold greater than those of mice that had been transplanted with tumor cells exposed to 

7.5µM sertraline (Fig. 4 C).  

We have previously reported that the time to appearance and volume of tumors 

arising after primary tumor cell or tumorsphere-derived cell transplant into syngeneic mice 

is directly proportional to the frequency of BTIC in the transplanted tumor cell population 

using the same transgenic model employed in these studies [6]. Moreover, observations 

similar to ours were reported for human melanoma tumor cells transplanted into immune-
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compromised mice [33]. Hence the data reported above suggests that sertraline targets 

BTIC. 

Sertraline synergizes with docetaxel to inhibit sphere formation. 

Any clinical studies to assess the activity of sertraline as an anticancer agent will 

likely be carried out by treating terminal breast cancer patients with both sertraline and 

chemotherapy or radiotherapy. We also imagine that achieving durable breast cancer 

remissions in patients will require targeting both the infrequent BTIC tumor cell 

subpopulation and the abundant non-tumorigenic tumor cell subpopulation, a potential 

source of BTIC. Hence we sought to learn whether sertraline and docetaxel, a 

chemotherapeutic often used to treat breast cancer patients, might be combined to perturb 

tumor growth in mice.  

We initially determined what concentrations of sertraline and docetaxel could be 

combined to affect tumor cell viability in vitro using alamarBlue assays. To this end we 

seeded freshly dissociated tumorsphere-derived cells into the wells of a 384-well plate and 

added sertraline and/or docetaxel in a dose matrix that included 8 concentrations of only 

sertraline or docetaxel, and all possible dose combinations of both drugs in quadruplicate. 

After 48 hours in culture, we assessed the viability of the cells in each well using 

alamarBlue, and compared the measured with the predicted alamarBlue residual activity 

for all dose combinations following the Bliss model of additivity [34]. Similar measured 

and predicted residual activities would indicate an additive effect of sertraline and 

docetaxel, whereas less than additive measured values would indicate a masking effect, and 
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greater than additive measured values would imply that the drugs functioned 

synergistically.  

At most concentrations of each drug, the interaction between sertraline and 

docetaxel was additive; however, we observed substantial synergy in and around the IC50 

for sertraline (3.75 µM) and that for docetaxel (310 nanomolar; nM) (Fig. 5A, indicated by 

blue arrows). Whereas both sertraline and docetaxel individually reduced tumor cell 

viability by approximately 30-40%, their combination at these concentrations resulted in a 

near 100% reduction in cell viability (Fig. 5B; dotted line indicates predicted additive 

relationship).  

We followed up these experiments with sphere-forming assays using a range of 

sertraline concentrations in the absence or presence of docetaxel at either 155 nM or 310 

nM. We seeded dispersed tumorsphere-derived cells into medium containing various 

concentrations of sertraline without and with each of the two concentrations of docetaxel, 

and counted spheres after 96 hours (Fig. 5C). As observed previously, sertraline inhibited 

sphere formation with an IC50 of approximately 3.5 µM (Fig. 5C, blue line). Each 

concentration of docetaxel decreased the IC50 of sertraline by 2-3-fold (Fig. 5C, red and 

black lines). Hence sertraline and docetaxel synergized to inhibit mammary tumor cell 

viability and their capacity to form spheres in vitro. 

Sertraline synergizes with docetaxel to shrink mammary tumors. 

 We next sought to determine whether sertraline alone or in combination with 

docetaxel affected the growth of established mammary tumors. In short, we orthotopically 

transplanted freshly isolated tumor cells from tumors of the MMTV-Neu (N202) transgenic 
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strain into syngeneic female mice to elicit tumor growth. When the tumors achieved an 

average volume of approximately 700 mm3 - 13 weeks after transplant of the primary tumor 

cells - we treated the tumor-bearing mice with the vehicle, sertraline, docetaxel or a 

combination of sertraline and docetaxel using the schedule outlined in Fig. 6A. Treatment 

of mice with the drugs occurred over the course of 3 weeks; the mice were sacrificed a 

week after the third treatment cycle (Fig. 6B). Because mice that were administered the 

vehicle reached end point (~2,000 mm3, equivalent to 10% of their body mass) after the 

second treatment cycle they were sacrificed 15 weeks after injecting the tumor cells.  

A week after initiating treatment, the tumors of the vehicle-treated mice increased 

in volume (Fig. 6B, blue line), and achieved a final average volume of ~2,000 mm3 after 

another week (Fig. 6C, blue box). The tumors of mice individually administered sertraline 

or docetaxel also increased in volume after treatment started, but to a lesser extent than 

those of mice treated with the vehicle (Fig. 6B, compare blue line to the red and green 

lines). The growth inhibitory effect of the individual drugs was manifest a week after the 

first treatment occurred. A week after the third and last drug treatment cycle the tumors of 

the mice administered each drug individually continued to increase but were significantly 

smaller than those of the mice administered the vehicle (Fig. 6C). By contrast, the volume 

of the tumors of mice treated with both sertraline and docetaxel decreased after the first 

treatment cycle and continued to decline after the third treatment cycle ended (Fig. 6B, 

purple line). The final tumor volumes at end point (15 weeks) for the mice administered 

the vehicle (controls), and those of mice administered sertraline, docetaxel or the 

combination of both drugs at the end of 16 weeks were 52%, 64% and 26% respectively 
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the volume of the controls (Fig. 6C). Because the vehicle-treated mice were sacrificed a 

week earlier than those treated with the individual drugs or their combination, the growth 

inhibitory effect of the drugs would have been greater had all the mice been sacrificed at 

the same endpoint. Importantly the combination of both drugs reduced tumor growth rate 

and volume to a greater extent than did each drug individually. 

 To uncover potential mechanisms by which sertraline and/or docetaxel affected 

tumor growth, we prepared histological sections from tumors of each cohort and stained 

them with hematoxylin and eosin (H&E). Tumors harvested from mice treated with 

sertraline were morphologically distinct from those of mice administered the vehicle (Fig. 

7; compare panels of tumor sections stained with H&E from the vehicle- and sertraline-

treated mice). The tumors of mice administered sertraline comprised clusters of tumor cells 

separated by cell-free areas, which generally contained red blood cells. Tumors harvested 

from docetaxel-treated mice appeared histologically similar to those of the vehicle-treated 

mice, this despite the tumors being on average 64% the volume of those of the vehicle-

treated mice (Fig. 7, panel labeled H&E and docetaxel). By contrast, tumors harvested from 

mice that were treated with the combination of sertraline and docetaxel were largely devoid 

of tumor cells, and comprised regions of what appeared to be stromal cells and cellular 

debris (Fig. 7, panel labeled H&E and combination).  

To learn what cellular processes were affected by sertraline, docetaxel or their 

combination we enquired whether their effect could be ascribed to changes in tumor cell 

proliferation or apoptosis. We used immunohistochemistry with antibodies to Ki67, a 

marker of cell proliferation, to estimate the frequency of proliferating cells in tumor 
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sections from all 4 treatment-groups (Fig. 7, Ki67 IHC). Sertraline reduced the frequency 

of Ki67-positive tumor cells by 55% (47% in the controls versus 26% in the sertraline 

treatment cohort) (Fig. 7, Ki67 IHC and sertraline: Supplementary Fig. 3). Docetaxel had 

little effect on the frequency of Ki67-positive cells in the tumor sections compared to those 

from the tumors of mice treated with the vehicle. However, we observed a significant 

decrease in Ki67 positive cells in tumor sections from mice treated with the combination 

of sertraline and docetaxel. There was a rough correspondence between the final volume of 

individual tumors in each treatment cohort at endpoint and the fraction of Ki67-positive 

cells.  

We similarly completed TUNEL assays with tumor sections of all the treatment 

cohorts to determine whether the drugs affected tumor cell apoptosis (Fig. 7; panels labelled 

TUNEL). Whereas we observed a modest increase in the frequency of TUNEL-positive 

cells in tumor sections from the sertraline- or docetaxel-treated mice compared to mice 

administered the vehicle, tumors of mice administered both drugs comprised a very high 

frequency of TUNEL-positive cells. As observed in the H&E stained tumor sections, the 

tumors of mice treated with both drugs comprised very few tumor cells, and in those rare 

areas comprising cells, all the cells were undergoing apoptosis.  

Taken together these observations suggest that treatment of tumor-bearing mice 

with sertraline reduced tumor growth rate by inhibiting tumor cell proliferation and 

modestly increasing their apoptosis. Docetaxel also reduced the rate of tumor growth, but 

had little effect on the frequency of proliferating tumor cells or that of apoptotic cells. 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 39 

However, the combination of both drugs shrank tumors, and dramatically reduced their 

frequency of proliferating tumor cells and increased that of apoptotic cells.  

To learn whether the drugs targeted tumor-resident BTIC we sought to determine 

their frequency in residual tumor masses remaining after drug treatment. As a rapid means 

to this end we performed sphere-forming assays reasoning that if a drug or drug 

combination targeted BTIC in vivo, cells isolated from residual tumor masses would 

comprise a reduced frequency of sphere-forming cells. To this end, we harvested tumor 

cells from residual tumors after drug treatment, and seeded equal numbers of viable tumor 

cells at limiting dilutions into serum-free, chemically-defined medium. Whereas tumor 

cells isolated from vehicle-, sertraline- and docetaxel-treated tumor-bearing mice all 

formed spheres with roughly similar frequencies, those viable cells isolated from residual 

tumor masses remaining after treatment with the combination of these drugs displayed an 

approximate 60% reduction in their sphere forming efficiency (Supplemental Fig. 4). These 

data suggest that sertraline targeted BTIC in vivo. 

DISCUSSION 
 
 Whereas TIC have been found in human and mouse tumors of diverse tissue origin 

[6, 35-41], relatively few compounds have been identified that target these cells [29, 31, 

42, 43]. Identifying agents targeting BTIC is an important objective as many reports suggest 

that these cells are resistant to conventional radio- and chemotherapies [38, 42, 44, 45]. 

Indeed, chemotherapy increases the fraction of BTIC in human breast tumors by selectively 

targeting the non-tumorigenic tumor cell population [46].  
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To identify BTIC targeting small molecules we employed BTIC-enriched tumor 

cells from a transgenic mouse model of breast cancer anticipating that among the mouse 

BTIC-targeting agents we identified would be those that also target human BTIC. We 

initially focussed our analyses on the hits among the ~3,500 bioactive compounds. 

Interestingly, the hits included 28 antagonists of neurotransmitter activity, which comprised 

the third largest class of such compounds after antibiotics (39 small molecules) and 

inhibitors of cell signalling (30 compounds). Collectively these 3 compound classes 

comprised roughly 50% of all the bioactive hits. Nine serotonergic antagonists targeting 

SERT or 5-HT receptors were identified in our screen.  

All the serotonergic antagonists inhibited sphere formation by tumorsphere-derived 

cells. Moreover, other selective antagonists targeting TPH1, SERT and up to 4 different 5-

HT receptors reduced the frequency of tumorsphere-forming cells. These various 

observations suggest that breast tumor cells have the capacity to synthesize 5-HT, which 

acts through SERT and multiple 5-HT receptors to maintain tumorsphere-forming cell 

activity. The fact that structurally unrelated serotonergic antagonists affecting the activity 

of different molecular targets all reduced the frequency of tumorsphere-forming cells 

strongly implies that the serotonergic system is required for their functional activity. In this 

regard it is noteworthy that knockout of Slc6a14, which encodes a transporter for neutral 

amino acids including tryptophan, the precursor of 5-HT, compromises mammary 

tumorigenesis in mouse models of breast cancer [47]. Importantly, a recent analysis of a 

genome-wide lentivirus shRNA dropout screen in over 70 human breast tumor cell lines 

[48] provided the opportunity for us to determine whether shRNAs targeting serotonergic 
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pathway component transcripts declined during passage of the cell lines in vitro. Indeed 

transcripts encoding TPH1, SERT and the 5-HT receptors declined with passage number 

in between 40% – 90% of 72 breast tumor cell lines for which data was available at the 

time of plating the tumor cells, and after each of 2 passages. The loss of sequences encoding 

shRNAs targeting serotonergic pathway components occurred independent of the 

molecular subtype of the breast tumor cell lines. These functional genomic analyses 

strongly suggest that the serotonergic pathway components contribute to breast tumor cell 

survival/proliferation, and imply that the structurally diverse 5-HT antagonists targeting 

distinct serotonergic system components we used for our experiments likely did not result 

from off-target effects.   

Whereas a functional role for 5-HT in mammary tumor cells was unexpected, 

studies pioneered by Horseman and his colleagues have implicated 5-HT in postnatal 

mouse and bovine mammary gland development [19],[49]. Initial studies to discover 

prolactin target genes in the mammary glands of mice identified Tph1 [19]. TPH1 

transcripts are increased during pregnancy and lactation leading to increased 5-HT levels 

in the mammary epithelium. 5-HT acts in a negative feedback loop to suppress prolactin 

stimulation of milk production during lactation and to initiate involution by inducing 

epithelial cell apoptosis [49]. The activity of 5-HT requires 5-HT receptor activity because 

a non-selective receptor antagonist, methysergide, inhibited the effect of 5-HT on the 

expression of milk proteins and on 5-HT mediated initiation of apoptosis [19]. 5-HT also 

increases the synthesis of parathyroid hormone-related peptide, which acts on bone to 

release calcium that ultimately accumulates in milk. Current data suggests that 5-HT 
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binding to the 5-HT7 receptor triggers mammary epithelial cell apoptosis during the 

involution phase of postnatal mammary gland development, whereas 5-HT binding to the 

5-HT2B receptor initiates the expression of parathyroid hormone-related peptide (PTHrP) 

from mammary epithelial cells during lactation [50-54].  Hence 5-HT acting through 

different receptors mediates distinct cellular processes during postnatal mammary gland 

development. By analogy, the apparent requirement for multiple different 5-HT receptors 

for BTIC activity may reflect the fact that each receptor acts by a different mechanism to 

sustain particular attributes of these tumorigenic cells.  

The serotonergic system including TPH1, SERT and numerous 5-HT receptors are 

also expressed in human breast tumor cell lines [55, 56] and breast tumors [53, 57]. 

Interestingly TPH1 protein levels are increased in primary tumors that had metastasized to 

lymph nodes suggesting a relationship between tumor aggressiveness and increased 5-HT 

levels in tumor cells [55]. In keeping with these findings plasma-free serotonin levels are 

increased in breast cancer patients with advanced disease independently suggesting a role 

for 5-HT in breast tumor progression [58]. Similarly analyses of breast tumor gene 

expression profiles revealed that the transcript levels of several 5-HT receptors increased 

with tumor grade and metastatic propensity [53].  

Expectedly, given the role of 5-HT in mouse mammary gland development, 5-HT 

increased the frequency of apoptotic cells in primary human mammary epithelial cells and 

in the immortal, but non-tumorigenic, breast epithelial MCF10A cell line; concurrently 5-

HT decreased the frequency of proliferating cells [55]. By contrast, 5-HT did not affect the 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 43 

frequency of apoptotic cells in cultures of the MCF-7, MDA-MB-231 or T47D breast tumor 

cell lines [55]. Indeed 5-HT modestly stimulated the proliferation of MDA-MB-231 cells.  

To learn whether the serotonergic system plays a functional role in human breast 

tumor cells survival or proliferation we assessed the activity of 5-HT antagonists in an 

independent study and found that they reduced the frequency of sphere forming cells in a 

panel of 8 breast tumor cell lines independent of their clinical or molecular subtypes (data 

not shown). The latter findings offer the prospect that some of these antagonists such as the 

SSRI may be repurposed to treat breast cancer. 

It is also noteworthy that the serotonergic system has also been implicated in other 

malignancies including lymphoma and leukemia, prostate carcinomas, small cell lung 

carcinomas, glioblastomas, bladder carcinomas, colorectal carcinomas, hepatocellular 

carcinomas, cholangiocarcinomas, choriocarcinomas, carcinoid tumors and ovarian tumors 

(reviewed in [59]). Interestingly, overexpressing cDNAs encoding the 5-HT2c or 5-HT2a 

receptors results in the transformation of mouse 3T3 fibroblasts [60, 61].  

We found that mouse mammary tumors arising in the MMTV-Neu N202 transgenic 

strain express TPH1, 5-HT and SERT in a high fraction of the cells comprising these 

tumors. Whereas we have not established the percentage of tumor cells expressing the 5-

HT pathway components it seems that their frequency supersedes that of the BTIC fraction 

in tumors. Our immunofluorescence analyses of the expression of the latter serotonergic 

pathway components were unable to distinguish between cells that express high or low 

levels of these proteins. One possibility is that the extent to which the 5-HT pathway 

components are expressed differs between BTIC and their non-tumorigenic descendants. 
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Additional experiments are required to determine whether both the tumorigenic and non-

tumorigenic tumor cells in mammary tumors express the various 5-HT pathway proteins. 

We focussed most of our studies on sertraline, which is a potent approved drug that 

selectively inhibits SERT activity. We found that sertraline irreversibly inhibited sphere-

formation by BTIC-enriched tumor cells from independent mouse mammary tumors 

consistent with it targeting sphere-initiating cells. Sertraline also targeted BTIC in vitro as 

determined by tumor cell transplantation assays. Importantly, sertraline synergized with 

docetaxel to reduce sphere-formation and to shrink established tumors in mice. Each drug 

individually modestly reduced tumor-resident cell proliferation, but the combination of 

both drugs dramatically reduced tumor cell proliferation. Sertraline modestly increased the 

frequency of apoptotic tumor cells, but docetaxel had little effect on this mechanism of cell 

death. By contrast, the combination of both drugs markedly increased tumor cell apoptosis. 

Hence the drug combination reduced tumor cell proliferation and increased tumor cell 

apoptosis to a much greater extent than the effect of each drug alone consistent with them 

acting synergistically.  

The residual tumors of those mice that had been treated with both sertraline and 

docetaxel comprised a reduced frequency of sphere forming cells compared to those of 

mice administered the vehicle suggesting that the drug combination reduced BTIC 

frequency in tumors. Our observations are consistent with the hypothesis that sertraline 

targets tumor-resident BTIC, whereas docetaxel targets primarily the non-tumorigenic cell 

compartment. 
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 The biochemical mechanism(s) whereby 5-HT antagonists function to reduce 

BTIC activity are not known. One possibility is that the antagonists inhibit HER2 activity 

by reducing its tyrosine phosphorylation or by increasing its degradation. Whereas the latter 

is formally possible we found that human breast tumor cell lines that do not overexpress 

HER2 are as sensitive to 5-HT antagonists as those that do (data not shown). Hence the 

latter hypothesis seems unlikely. Efforts are underway to identify the signalling pathways 

downstream of SERT and 5-HT receptors that are required for BTIC activity.  

Whether SSRI or other serotonergic system antagonists can be repurposed to treat 

breast cancer will depend in part on whether therapeutic concentrations can be achieved in 

patients. The concentration of sertraline in the plasma of individuals who were orally 

administered 200 mg of the drug is 0.19 ug/ml (0.55 µM), which was achieved between 

4.5-8.4 hours post administration: the half-life of the drug is between 24 and 36 hours [62]. 

The plasma concentration of sertraline is directly proportional to the administered oral dose 

over the range of 20-400 mg. Moreover, daily oral doses of 400 mg of sertraline are well 

tolerated suggesting that a 1µM plasma concentration, the approximate IC50 of the drug in 

breast tumor cell lines, can be achieved in humans [63]. The fact that sertraline synergizes 

with docetaxel when used at its IC50 in human breast tumor cell lines further suggests that 

therapeutic doses of this SSRI can be achieved in breast cancer patients.  

In aggregate our data imply that 5-HT signalling is required to maintain BTIC 

activity and suggests that SSRI and other serotonergic system drugs might be repurposed 

to treat breast cancer patients in combination with chemotherapies or radiotherapy to 

achieve more durable breast cancer remissions than are attained currently. SSRI are among 
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the most widely prescribed antidepressants, have been in use for decades, and are 

considered to be safe when used as prescribed [64].  

It is noteworthy that epidemiologic studies have sought to determine whether SSRIs 

increase breast cancer recurrence, as a consequence of findings in experimental rodent 

models in the early 1990s suggesting that some antidepressants reduced the time of onset 

and increased the incidence of tumors (reviewed in [65]). However, later studies found that 

there is no association between SSRI therapies and breast cancer risk. For example, one 

recent study compared 2,129 women with primary invasive breast cancer who chronically 

took SSRI with 21,297 women selected at random. Women who took SSRI were not at 

increased risk of breast cancer than were those who did not take these antidepressants [66]. 

Another study of 1701 women with primary invasive breast cancer and 17,071 women 

selected randomly also did not find an association between short or long-term SSRI use 

and the risk of breast cancer [67]. The results of the latter studies suggest that SSRI like 

sertraline will not increase the incidence of breast cancer. To the best of our knowledge 

epidemiological studies have not addressed whether antidepressants reduce the risk of 

breast cancer, or whether their use during cytotoxic anticancer therapies improves patient 

survival or reduces breast cancer recurrence. In this regard we envision that any clinical 

trial of SSRI or other antidepressants as anticancer agents will occur by their use in 

combination with chemotherapy or radiotherapy during a finite treatment period.  

MATERIALS AND METHODS 
 
Care and treatment of mice 
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All procedures involving mice were performed with the approval of the Canadian Council 

on Animal Care.  

Tumor cell isolation and propagation 

Mammary tumors were harvested from MMTV-Neu  (N2O2 strain) transgenic mice[17] 

and processed to yield dispersed mammary tumor cells, which were placed in chemically-

defined, serum-free medium containing B-27, Epidermal Growth Factor, Fibroblast 

Growth Factor 2 and heparin as previously described[6]. The dispersed tumorsphere-

derived cells proliferate with a doubling time of roughly 12 hours during a 3-4 day period 

yielding spheres comprising between 400-800 cells. Tumorspheres arising during a 4-day 

period were dissociated by trituration and the dispersed cells seeded into fresh medium. 

The tumorspheres were serially passaged between 3-5 times before their use in the high-

throughput screens and before assessing the activity of compounds in quantitative sphere-

forming assays. Serial propagation of the tumorsphere-derived cells was limited to 

minimize the potential occurrence of genome alterations that might distinguish the sphere-

resident cells from those comprising tumors. 

Small molecule high-throughput screen 

To carry out the high-throughput screen tumorspheres were dissociated, the dispersed cells 

washed, and suspended into fresh medium containing the supplements identified above. 

The total cell number was determined using a hemocytometer: trypan blue (Gibco) was 

used to determine the frequency of non-viable cells, which typically was less than 5%. Cells 

were diluted to 20,000 cells/milliliter (mL) and 50 µL of the cell suspension pipetted into 

wells of a black 384-well plastic dish using a Beckman Coulter Biomek 3000 or Biomek 
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FX. Following addition of cells and compounds in duplicate at a concentration of 5 µM, 

the plates were incubated for 24 hours at 37°C in a humidified 5% CO2 water-jacketed 

incubator.  alamarBlue (5 µL) (Gibco) was then added to each well, and the plates are 

incubated for another 24 hours. Fluorescence was read at lexcitation = 535 nm and lemission = 

600 nm using a Perkin Elmer EnVision or a Beckman Coulter Multimode Detector Dx. 

High (+) control wells contained tumor cells in medium containing the vehicle; low (–) 

control wells contained the medium with the vehicle, but no cells.  

Sphere-forming assays 

In preparation for sphere-forming assays, single cell suspensions comprising 6, 000 cells 

(in 200 µl) were dispensed into wells of a 96-well plate, and serial dilutions of the various 

compounds were then added into triplicate wells. Following a 4-day incubation period at 

37°C, in a humidified atmosphere comprising 5% CO2, the spheres were counted and 

normalized to vehicle-treated control wells. Fresh compounds that were independently 

sourced from those used in the primary screen were obtained from Toronto Research 

Chemicals (Tocris).  

IC50 Calculations 

The 50% inhibitory concentration (IC50) of compounds was calculated using GraphPad 

Prism5 software. X-axis were X=Log(X) transformed and then fit with a dose-response 

curve. The DMSO vehicle control was included to aid IC50 calculations and was assigned 

a 1nanomolar concentration of the tested compound. 

Animal studies 
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Female FVB/N mice were used as recipients for transplanting primary tumor cells or 

tumorsphere-derived cells isolated from the MMTV-Neu (N202) transgenic strain. Single 

cell suspensions were prepared at a 2X concentration in phosphate buffered saline 

(PBS)/5% fetal bovine serum prior to being mixed with Matrigel™ (BD Biosciences) in a 

1:1 ratio as described previously[6, 29, 31]. One hundred microliters of the resulting tumor 

cell suspensions were injected subcutaneously into the fat pad of the #2 mammary glands 

of the recipient mice. More often than not, all the mice developed palpable tumors whose 

volumes were measured using a caliper. Drug treatments were initiated when tumors 

reached a volume of ~700 mm3. The tumor-bearing mice were treated with sertraline 

(60mg/kg) [Tocris], docetaxel (10mg/kg) [LC Labs), both sertraline and docetaxel, or an 

equivalent volume of the vehicle by intraperitoneal injection. Thereafter tumor volume was 

measured once weekly. The mice were harvested at end-point, when the volume of the 

tumor comprised ~10% the weight of the mouse.  

Histology, immunofluorescence and immunohistochemical analyses  

Tumor fragments were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 

5 microns, and subsequently de-paraffinized and rehydrated in ethanol (100% - 70% 

gradient). The tumor sections were stained with hematoxylin and eosin to reveal their 

histology. Antigen retrieval, immunofluorescence and immunohistochemical analyses of 

the tumor sections were performed as previously described[6, 29, 31, 68, 69]. A polyclonal 

antibody to SERT (Alomone Labs; AMT-004), elicited by immunization of rabbits with a 

peptide corresponding to amino acids 388-400 in the fourth extracellular loop, was used to 

detect the protein in mouse mammary tumor sections. The antibody to SERT was diluted 
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1:100 and the antigen antibody complexes were visualized after incubation with AlexaFluor 

594 coupled to a goat anti rabbit secondary antibody, which was diluted 1:200 before use. 

A polyclonal antibody to TPH1 (LifeSpan BioSciences, Inc.; LS-C117936) generated by 

immunizing rabbits with a synthetic peptide (amino acids 231-280) was used to detect the 

protein in sections of mammary tumors. The antibody to TPH1 was diluted 1:100 and the 

antigen antibody complexes were visualized with AlexaFluor 594 coupled to a goat anti 

rabbit secondary antibody, which was diluted 1:200 before use. A mouse monoclonal 

antibody to 5-HT (Novus Biologicals; 5HT-H209) was used to detect the neurotransmitter 

in tumor sections. The antibody to 5-HT was diluted 1:20 before use and the antigen 

antibody complexes were identified with an AlexaFluor 488 coupled goat anti mouse 

antibody diluted 1:200 before use. An antibody to Ki67 (ABCAM, Cambridge, 

Massachusets) was used to identify proliferating tumor cells, and TUNEL assays were 

performed on tumor sections to identify apoptotic cells as described previously[29, 31]. 

Combination matrix models 

Synergy was calculated using the Bliss independence model where IA and IB indicate the % 

inhibition of cell viability achieved by either single agent, and IBliss-Independence indicates the 

predicted % inhibition of viability. 

IBliss-Independence = IA + IB – (IA IB) 

Statistical analyses 

Assays were repeated in 3 biological experiments with each data point being the average 

of 3 technical replicates within each biological experiment. Where relevant the figures 

show the mean +/- the standard deviation. Differences among experimental means were 
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analyzed by analysis of variance (one-way ANOVA) using Graphpad Prism 6 (La Jolla, 

CA). Significant differences between individual means were calculated using Tukey’s test. 

For Kaplan-Meier survival, significance was determined using a log-rank (Mantel-Cox) 

test. Differences were considered statistically significant if P<0.05. 
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FIGURES AND TABLES 

 
Figure 1. High-throughput screening of BTIC-enriched mouse derived breast tumor cells 
identifies 5-HT antagonists as potential breast cancer therapeutics. 
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Figure 2. Expression of SERT, TPH1 and 5-HT in 3 independent tumors from the 
MMTV-Neu transgenic strain. 
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Figure 3. SSRIs irreversibly target tumorsphere-forming cells. 
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Figure 4.  Sertraline targets BTIC ex vivo. 
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Figure 5. Docetaxel and sertraline act synergistically to target tumorsphere-forming cells 
in vitro. 
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Figure 6. In combination sertraline and docetaxel inhibit tumor growth to a greater extent 
than does either drug individually. 
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Figure 7. The combination of sertraline and docetaxel reduces the frequency of 
proliferating tumor cells and increases that of apoptotic tumor cell to greater extent than 
did either drug alone. 
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Supplementary Figure S1: Single mouse mammary tumorsphere-derived cells form 
spheres.  
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Supplementary Figure S2: An inhibitor of TPH1 reduces sphere formation in a dose-
dependent fashion.  
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Supplementary Figure S3: Sertraline and docetaxel synergize to reduce the fraction of 
Ki67-positive cells.  
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Supplementary Figure S4: Limiting dilution tumorsphere-forming assays reveal that 
tumors harvested from mice administered sertraline and docetaxel comprised fewer 
sphere initiating cells relative to the other treatment groups.  
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Supplementary Table S1: Selective antagonists of 4 different 5-HT receptors reduced 
the frequency of tumorsphere-forming cells. 
Selective Antagonist 5-HT Receptor 

Target 
IC50 Prestoblue 
Reduction 

IC50 Sphere 
Formation 

SB 2242489 1B 2.8 µM 0.6 µM 
SB 216641 1B 3.4 µM 3.3 µM 
N -Desmethylclozapine 2C 7.0 µM 9.0 µM 
SB 699551 5A 0.3 µM 0.5 µM 
MS 245 6 5.1 µM 6.1 µM 
The IC50 of selective 5-HT receptor antagonists was determined in sphere forming 
assays in triplicate at each concentration of the inhibitor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 69 

 
FIGURE AND TABLE LEGENDS. 
 
Figure 1. High-throughput screening of BTIC-enriched mouse derived breast tumor 

cells identifies 5-HT antagonists as potential breast cancer therapeutics. (A) Schematic 

depicting the experimental pipeline used to identify candidate compounds affecting tumor 

cell viability. (B) Scatter plot showing the screening results of the bioactive subset of the 

Canadian Compound Collection. (C-F) The primary screening data illustrating the effect 

of the antagonists (fluoxetine, nortriptyline, paroxetine and sertraline) at a concentration of 

5 µM in duplicate wells of 384-well plates. The positive control values represent the 

multiple tumor cell samples that were exposed to the vehicle.  

Figure 2. Expression of SERT, TPH1 and 5-HT in 3 independent tumors from the 

MMTV-Neu transgenic strain. (A) Independent tumor sections were incubated with a 

polyclonal antibody to SERT without or with a blocking peptide, the antigen used to elicit 

antibody production in rabbits. (B) Independent tumor sections were incubated with an 

antibody to TPH1. (C) Independent tumor sections stained with an antibody that 

specifically binds to 5-HT. Primary antibodies to SERT (red), TPH1 (red) and 5-HT (green) 

were used in combination with fluor-labeled secondary antibodies as described in Materials 

and Methods. The scale bar represents 50 micrometers (µm). 

Figure 3. SSRIs irreversibly target tumorsphere-forming cells. (A-C) Sertraline, 

fluoxetine and paroxetine inhibit sphere formation by tumorsphere-derived cells prepared 

from 3 independent MMTV-Neu tumors. (D-F) Secondary sphere forming assays reveal 

that exposure of tumorsphere-derived cells to sertraline, fluoxetine and paroxetine during 

primary sphere-forming assays irreversibly reduced the frequency of sphere-forming cells 
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in SSRI-free medium in a dose-dependent manner. The numbers above the bars indicate 

the concentration of each SSRI used in the primary sphere-forming assay. One-way 

ANOVA P< 0.0001 (panels D-F).  

Figure 4. Sertraline targets BTIC ex vivo. (A) Mouse mammary tumor derived cells 

exposed to sertraline in vitro under sphere-forming conditions yield tumors after transplant 

into syngeneic mice with reduced frequency and increased latency compared to vehicle-

treated cells. The Kaplan-Meier curve comparisons were performed using the log-rank test; 

P=0.0003. (B) Sertraline treated tumor cells formed tumors that grow more slowly in vivo 

after transplant than did those exposed to the vehicle. One-way ANOVA P=0.02.  C) After 

15 weeks tumors formed by sertraline-treated tumor cells (7.5 µM) are on average 

substantially smaller than those formed by vehicle treated tumor cells. P-value (*) <0.05. 

Figure 5. Docetaxel and sertraline act synergistically to target tumorsphere-forming 

cells in vitro. (A) Dose combination matrix for docetaxel and sertraline illustrating their 

effect on alamarBlue reduction. (B) Bar diagram demonstrating the synergistic effect of 

sertraline and docetaxel at the IC50 for each drug in alamarBlue assays. The dashed line 

depicts the expected extent of inhibition of alamarBlue reduction if the effect of the drugs 

was additive. One-way ANOVA P<0.001. C) The effect of docetaxel (at two 

concentrations) and sertraline (at multiple concentrations) in combination on sphere 

formation.  

Figure 6. In combination sertraline and docetaxel inhibit tumor growth to a greater 

extent than does either drug individually. (A) Docetaxel and sertraline were 

administered on the first day of the treatment regimen, whereas thereafter sertraline was 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 71 

administered daily for another 4 consecutive days. No treatments were provided for 2 

consecutive days after the 5-day treatment period. B) Sertraline or docetaxel modestly 

inhibited tumor growth rate, but the combination of both drugs shrank tumors. C) The 

combination of sertraline and docetaxel reduced final tumor volume to a much greater 

extent than did either drug individually. One-way ANOVA P<0.0001.  

Figure 7. The combination of sertraline and docetaxel reduces the frequency of 

proliferating tumor cells and increases that of apoptotic tumor cell to greater extent 

than did either drug alone. Tumors from mice administered the vehicle, sertraline, 

docetaxel, or the combination of each drug were sectioned and these were stained with 

H&E, antibodies to Ki67 or assayed for fragmented DNA using the TUNEL assay. The 

scale bars represent 50 µm.  

Supplementary Table 1.  Selective antagonists of 4 different 5-HT receptors reduced 

the frequency of tumorsphere-forming cells. The IC50 of selective 5-HT receptor 

antagonists was determined in sphere forming assays in triplicate at each concentration of 

the inhibitor.  

Supplementary Figure 1. Single mouse mammary tumorsphere-derived cells form 

spheres. (A) Single mouse mammary tumor cells from 3 independent mouse mammary 

tumors were seeded into the wells of 15 or 16 96-well plates and the number of wells with 

single cells identified a day later; wells seeded with tumorspheres were enumerated a week 

after the single cells were seeded. (B) Image of a well comprising a single tumorsphere.  

Supplementary Figure 2. An inhibitor of TPH1 reduces sphere formation in a dose-

dependent fashion. Dilutions of LP533401were assayed in triplicate replicates for its 
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capacity to affect sphere formation by tumorsphere-derived cells isolated from 3 

independent tumors. 

Supplementary Figure 3. Sertraline and docetaxel synergize to reduce the fraction of 

Ki67-positive cells. P-values were calculated using one-way ANOVA; (*) < 0.05; (**) < 

0.01. P=0.0009 

Supplementary Figure 4. Limiting dilution tumorsphere-forming assays reveal that 

tumors harvested from mice administered sertraline and docetaxel comprised fewer 

sphere initiating cells relative to the other treatment groups. (A&B) Frequency of 

tumorsphere forming cells in residual tumors remaining after treating tumor-bearing mice 

with the vehicle, sertraline, docetaxel, or the combination of sertraline and docetaxel. P-

values were calculated using one-way ANOVA; (****)<0.00001.  
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CHAPTER 3: SEROTONERGIC SYSTEM ANTAGONISTS TARGET BREAST 
TUMOR INITIATING CELLS AND SYNERGIZE WITH CHEMOTHERAPY TO 
SHRINK HUMAN BREAST TUMOR XENOGRAFTS. 

PREAMBLE 
 

This chapter is a reprint of an original article published in the journal Oncotarget:  

Gwynne, W.D., Hallett, R.M., Girgis-Gabardo, A., Bojovic, B.B., Dvorkin-Gheva, A., 

Aarts, C., Dias, K., Bane, A., and Hassell J. A. (2017). Serotonergic system antagonists 

target breast tumor initiating cells and synergize with chemotherapy to shrink human breast 

tumor xenografts. Oncotarget. 8 (19), 32101-32116. doi: 10.18632/oncotarget.16646. 

In the previous chapter we detailed the results of our HTS wherein we discovered 

that antagonists of SERT and each of 4 HTRS were among the hit compounds. We showed 

that the BTIC-enriched MMTV-Neu tumor cells used in the HTS express TPH1 and SERT 

and synthesize 5-HT. Moreover, treatment of these cells with SSRIs affects the frequency 

of tumorsphere forming cells and BTIC. We also established that treatment of mice bearing 

MMTV-Neu-derived allografts with these agents slows the growth of the allografts when 

administered alone and causes them to shrink when administered in combination with 

docetaxel chemotherapy. 

The goal of this chapter was to reproduce these results in the context of human 

breast cancer. In short, we performed similar functional studies using established human 

breast tumor cell lines. We analyzed the expression of serotonergic signaling components 

in xenografts derived from cell lines and patient-derived samples. Moreover, we 

determined whether exposure of human breast tumor cells to SSRIs affected the activity of 

BTIC using the same functional studies that we used previously. We also screened over 20 
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selective HTR antagonists to discern between which receptors might be important for 

sphere formation. 

WDG performed all sphere forming assays, immunofluorescence staining, animal 

studies and helped write/revise the manuscript. RMH helped with the animal studies and 

in silico analysis of SLC6A4 expression in primary patient tumors. AGG and WDG helped 

culture the human breast tumor cell lines as tumorspheres, which were required for sphere 

forming assays and animal studies. BBB performed the Western blotting experiments. 

ADG helped with statistical analyses and in silico analysis of SLC6A4 expression in 

primary patient tumors. CA generated patient-derived xenografts. KD stained sections of 

the xenografts with H&E and a primary antibody targeting SERT; AB facilitated the latter 

collaboration. JAH conceived of the study and wrote the manuscript.  
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ABSTRACT 
 

Breast tumors comprise an infrequent tumor cell population, termed breast tumor 

initiating cells (BTIC), which sustain tumor growth, seed metastases and resist cytotoxic 

therapies. Hence therapies are needed to target BTIC to provide more durable breast cancer 

remissions than are currently achieved. We previously reported that serotonergic system 

antagonists abrogated the activity of mouse BTIC resident in the mammary tumors of a 

HER2-overexpressing model of breast cancer. Here we report that antagonists of serotonin 

(5-hydroxytryptamine; 5-HT) biosynthesis and activity, including US Federal Food and 

Drug Administration (FDA)-approved antidepressants, targeted BTIC resident in numerous 

breast tumor cell lines regardless of their clinical or molecular subtype. Notably, inhibitors 

of tryptophan hydroxylase 1 (TPH1), required for 5-HT biosynthesis in select non-neuronal 

cells, the serotonin reuptake transporter (SERT) and several 5-HT receptors compromised 

BTIC activity as assessed by functional sphere-forming assays. Consistent with these 

findings, human breast tumor cells express TPH1, 5-HT and SERT independent of their 

molecular or clinical subtype. Exposure of breast tumor cells ex vivo to sertraline (Zoloft), 

a selective serotonin reuptake inhibitor (SSRI), reduced BTIC frequency as determined by 

transplanting drug-treated tumor cells into immune-compromised mice. Moreover, another 

SSRI (vilazodone; Viibryd) synergized with chemotherapy to shrink breast tumor 

xenografts in immune-compromised mice by inhibiting tumor cell proliferation and 

inducing their apoptosis. Collectively our data suggest that antidepressants in combination 

with cytotoxic anticancer therapies may be an appropriate treatment regimen for testing in 

clinical trials.  
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INTRODUCTION 

 Breast cancer was the first malignancy of epithelial tumors reported to follow the 

cancer stem cell (CSC) model [1], which proposes that genomic alterations in tissue-

specific cells results in clonal tumor cell populations with stem cell-like properties, 

including the capacity for self-renewal and differentiation [2]. Hence tumors following the 

CSC model comprise a cellular hierarchy of infrequent BTIC at their apex and an abundant 

nontumorigenic cell population arising from BTIC at their base. Recent findings 

demonstrate that induction of an epithelial to mesenchymal transition (EMT) can endow 

non-tumorigenic breast tumor cells with BTIC activity implying that tumor cells transition 

between nontumorigenic and tumorigenic states [3–5]. Hence, the abundant non-

tumorigenic cell population may provide a reservoir of BTIC. 

These observations have therapeutic implications [6–8]. Conventional cytotoxic 

therapies principally eradicate the abundant non-tumorigenic progeny of BTIC. 

Consequently, tumors regress after cytotoxic therapies, but often recur likely due to 

therapy-resistant BTIC. Indeed, the frequency of BTIC increases in tumors after neo-

adjuvant chemotherapy [9] or after exposure of breast tumor cells to chemotherapy ex vivo 

[10, 11]. Consequently, to provide durable breast cancer remissions anticancer therapies 

should eradicate BTIC and their nontumorigenic progeny.   

Identifying molecular targets required to maintain BTIC activity would provide a 

means to develop anti-BTIC therapies. However, the latter has been difficult to achieve due 

to the scarcity of BTIC in human breast tumors [12] or breast tumor cell lines and the 

inability to sufficiently purify BTIC for molecular analyses [13]. We previously reported 
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that tumors from multiple transgenic mouse models of breast cancer comprise a high BTIC 

frequency [14], which is maintained when the cells are propagated in chemically-defined, 

serum-free medium [15] as non-adherent spheres, which we termed tumorspheres [16]. The 

capacity to propagate BTIC enriched tumor cells in vitro enabled a high-throughput 

phenotypic screen using a sensitive cell viability assay with approximately 35,000 

compounds [17]. We found that neurotransmitter antagonists comprised a high frequency 

of the small molecules of known mechanism of action that affected the viability of sphere-

derived mouse tumor cells. Moreover, we confirmed that the serotonergic antagonists we 

identified targeted mouse BTIC and the sphere-forming subpopulation of mouse 

tumorspheres. Herein we report that serotonergic pathway components are expressed in 

human breast tumor cell lines independent of the molecular subtypes they model, and that 

inhibitors of such proteins targeted BTIC and synergized with docetaxel (Taxotere) to 

shrink breast tumor xenografts.  

RESULTS 
 
SLC6A4 expression and gene copy number variation in breast tumors 

In advance of assessing the activity of 5-HT antagonists in human breast tumor cell 

lines we mined transcriptomic and genomic datasets of breast tumors to determine whether 

5-HT signaling might be implicated in breast cancer. We focused primarily on SERT 

(encoded by SLC6A4) because its antagonists include SSRI, highly selective and safe drugs 

that are widely used to treat depression and other mood disorders.  

We initially determined whether SLC6A4 transcripts are differentially expressed in 

breast tumors compared to normal breast samples. We found that breast tumors 
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overexpressed SLC6A4 transcripts by an average of 2.8-fold compared to normal breast 

samples (Figure 1a). We also determined whether SLC6A4 copy number varied among 

breast tumor samples and found that the gene is amplified in a fraction of human breast 

tumors (Figure 1b and 1c). These findings suggested a link between SERT and breast 

tumorigenesis.  

TPH1, 5-HT and SERT are expressed in breast tumor cells in vitro and in vivo   

Before testing the effect of serotonin antagonists in functional assays we determined 

whether SERT was expressed in breast tumor cell lines modeling the various molecular 

subtypes of breast cancer (Supplementary Table 1) [18]. We performed Western analyses 

of breast tumor cell line lysates with a polyclonal antibody obtained from rabbits 

immunized with a peptide comprising amino acids 388-400 of SERT, whose specificity has 

been previously validated [19]. Western analyses revealed that all the breast tumor cell 

lines expressed two SERT species identified previously at roughly the same level 

independent of the breast cancer molecular subtype that they mimicked (Figure 2) [19, 20]. 

The slowest migrating form of SERT detected with the polyclonal antibody represents the 

glycosylated form of the protein, whereas the faster migrating species is the 

nonglycosylated form of the protein, which co-migrated with SERT in mouse brain lysates 

and with the alpha (α)-tubulin loading control [19].  

The natural substrate for SERT is 5-HT, which is synthesized from tryptophan. 

Tryptophan hydroxylase (TPH), the rate-limiting enzyme for 5-HT biosynthesis, converts 

tryptophan to 5-hydroxytryptophan (5-HTP), which in turn serves as a substrate for 

aromatic L-amino acid decarboxylase yielding 5-HT. There are 2 isoforms of TPH encoded 
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by independent genes that are expressed in different tissues. TPH1 is expressed in a subset 

of cells of specific non-neuronal tissues such as enterochromaffin cells of the 

gastrointestinal tract, whereas TPH2 is expressed primarily in presynaptic neurons in 

midbrain raphe nuclei.  

To learn whether TPH1 and 5-HT were expressed in breast tumor cell lines we used 

immunofluorescence (IF) staining with antibodies that bind to each of these molecules as 

well as to SERT. The majority of cells in the cell lines expressed TPH1, 5-HT and SERT 

(Supplementary Figure 1). TPH1, 5-HT and SERT were also expressed in most of the 

tumor cells in HCC1954 tumor xenografts and tumorspheres (Figure 3). We similarly 

detected SERT expression using immunohistochemistry (IHC) in sections of patient-

derived breast tumor xenografts (PDX), which mimicked the histopathology of the primary 

tumors from which they were derived and comprised each of the major clinical subtypes of 

breast cancer (Figure 4). Interestingly, the IHC analysis revealed variation in the intensity 

of SERT expression among the tumor cells in individual xenografts. Hence the machinery 

to synthesize and transport 5-HT is expressed in breast tumor cells regardless of their 

molecular or clinical subtype.  

Serotonergic pathway antagonists target sphere-forming cells resident in breast 

tumor cell lines 

To determine whether serotonergic system antagonists altered tumor cell viability 

we determined their capacity to affect sphere formation, a functional assay for mammary 

epithelial stem cells (MESC) and BTIC [3, 21–25]. MESC [23] and BTIC co-fractionate 

with sphere-forming cells after fluorescence-activated cell sorting [13, 26], and agents that 
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alter MESC/BTIC frequency similarly affect the frequency of sphere-forming cells [14, 27, 

28] suggesting that MESC/ BTIC possess sphere-forming activity. 

We have shown that spheres arise from dispersed tumorsphere-derived cells in 

direct proportion to the number of cells plated into the medium, and that the frequency of 

sphere-forming cells, which averages 5% of the total tumor cell population in human breast 

tumor cell line-derived tumorspheres, can be accurately quantified over a range of cell 

densities [27]. Moreover, plating single tumorsphere-derived cells into the wells of 96-well 

plates yields spheres at the same frequency as those forming when the cells are plated at 

higher cell densities [17].  

We assayed the activity of 7 concentrations of compounds known to be selective 

for TPH1, SERT or each of 9 of the 14 human 5-HT receptors in HCC1954 breast tumor 

cells to establish their half maximal inhibitory concentration (IC50) in sphere-forming 

assays. Selective antagonists targeting TPH1, SERT and each of 7 5-HT receptors (5-HT1B, 

1D, 2A, 2B, 2C, 5A, and 6) inhibited sphere formation with an IC50 of less than 10 μM (Table 

1). Because one of our goals is to provide pre-clinical data to determine whether existing 

FDA-approved drugs might be candidates for drug repurposing as anticancer agents we 

also tested a panel of serotonergic antidepressants for their capacity to affect sphere 

formation. All the antidepressants that were tested reduced sphere formation in a 

concentration-dependent fashion (Table 2).  

Our high-throughput screen, which identified serotonergic system antagonists as 

candidate anti-BTIC agents, was carried out in mammary tumor cells from an HER2 

overexpressing mouse model of breast cancer [17]. Moreover, the HCC1954 breast tumor 
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cell line we initially used for sphere-forming assays also overexpresses HER2 

(Supplementary Table 1). Hence we sought to learn whether 5-HT antagonists affected 

the sphere-forming activity of breast tumor cell lines modeling different molecular subtypes 

of breast cancer by establishing their IC50 [18].  

All the antagonists reduced the sphere-forming activity of the breast tumor cell lines 

(Table 3). The IC50 values of individual antagonists varied between some cell lines, but 

this difference was unrelated to their molecular subtype. Where differences in IC50 for a 

particular antagonist occurred between cell lines, these pair-wise comparisons invariably 

included the BT474 cell line. For example, the IC50 of 4F-4PP in the BT474 cell line 

(Luminal B) was greater than that in the MDA-MB-453 (Luminal B) or in the HCC1954 

(Basal A) cell line by 14-fold and 4.5-fold respectively. Similarly, the IC50 of SB-242084 

in the BT474 cell line was nearly 8-fold higher than that in the HCC1954 cell line. These 

findings are likely related to the fact that BT474 tumor cells are chemoresistant due to the 

increased expression of ABC transporters [29].  

SSRI target sphere-forming cells and BTIC by an irreversible mechanism 

We previously reported that agents that irreversibly affect sphere formation induce 

cell death and differentiation programs, largely irreversible biological processes, which 

require a sustained period for execution and which reduce BTIC frequency [27, 30]. To 

learn whether SSRI acted by a reversible or irreversible mechanism to inhibit sphere 

formation, the spheres that arose 4 days after exposure of HCC1954 tumorsphere-derived 

cells to defined concentrations of either vilazodone or sertraline were dissociated, the same 

number of viable cells from each sample were seeded into SSRI-free medium for 4 days, 
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and the number of spheres that arose in the secondary sphere-forming assays was 

determined and compared to those arising after exposure of the tumor cells to the vehicle.  

The tumorsphere-derived cells exposed to the vehicle formed spheres in the 

secondary sphere-forming assay at the same frequency (~5%) as they did in the primary 

sphere-forming assays (Figure 5 a and b). By contrast, exposure of the tumorsphere-

derived cells to each SSRI during the primary sphere-forming assays reduced the frequency 

of sphere-forming cells in a concentration-dependent fashion in the secondary sphere-

forming assays. Hence both SSRI targeted the sphere-forming subpopulation of 

tumorspheres by an irreversible process.  

The data showing that SSRI targeted sphere-forming cells raised the likelihood that 

they targeted BTIC. Tumor initiating cells, including BTIC, are functional defined by their 

capacity to initiate tumors following transplant into rodents. Consequently, we incubated 

dispersed HCC1954 tumorsphere-derived cells into medium with the vehicle or with 

sertraline at either 2.5µM (~IC50) or 5.0µM (~IC90). Following exposure of the cells to the 

vehicle or to sertraline, the spheres that formed were dissociated and an equal number of 

viable cells were transplanted into one of the #2 fat pads of 10 6-8-week-old female non-

obese diabetic/severe combined immunodeficiency (NOD/SCID) mice. We monitored 

tumor incidence during a 15-week period.  

Tumor xenografts were detected in 1 of the 10 mice transplanted with vehicle-

treated tumor cells 4 weeks following their transplantation, but by 6 weeks all the mice in 

this cohort had developed tumor xenografts (Figure 5c). Four of the 10 mice transplanted 

with tumor cells exposed to 2.5µM sertraline developed xenografts by 5 weeks post-
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transplant, but by 7 weeks all the mice had developed tumor xenografts. By contrast, only 

1 mouse developed a xenograft 6 weeks after transplant of tumor cells exposed to 5.0µM 

sertraline, and all of the 9 remaining mice remained tumor free for up to 15 weeks, at which 

time the experiment was concluded. Hence exposure of tumor cells to sertraline reduced 

the incidence of tumor xenografts and delayed their appearance dependent on the 

concentration of sertraline to which they were exposed ex vivo. These findings are 

consistent with our previous observation [14] and those of others [31] that the incidence 

and time to appearance of tumors arising after transplanting tumor cells into mice is directly 

proportional to the frequency of BTIC in the transplanted tumor cell population.  

Vilazadone synergizes with docetaxel to shrink breast tumor xenografts  

Any clinical studies to assess the efficacy of serotonergic drugs in breast cancer 

patients will likely be carried out by treating them with both a 5-HT antagonist and 

conventional breast cancer therapies. We also imagine that achieving durable breast cancer 

remissions in patients will require targeting both the BTIC tumor cell population and the 

non-tumorigenic tumor cell population, a potential source of BTIC. Hence we sought to 

determine whether vilazodone and docetaxel might be combined to affect tumor xenograft 

growth in mice.  

We used vilazodone for these experiments because unlike some other SSRI 

vilazodone does not inhibit CYP2D6, which is required for the conversion of the breast 

cancer pro-drug tamoxifen into its active metabolite endoxifen, nor does it affect CYP3A4 

activity, which metabolizes many chemotherapeutics [32]. We used HCC1954 tumor cells 

because they form xenografts more rapidly than any of the other breast tumor cell lines we 
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tested (data not shown). In advance of performing the study we established the maximum 

tolerated dose of vilazodone in combination with docetaxel (5mg/kg, half that which is 

normally employed) using the dosing regimen we planned to use in subsequent in vivo 

experiments (Figure 6a). The female NOD/SCID mice tolerated 60mg/kg and lower 

amounts of vilazodone during a 3-week course of combination therapy, but animals 

administered higher doses became moribund or died (data not shown). Hence we used the 

60mg/kg dose for the preclinical study. 

We orthotopically transplanted HCC1954 tumor cells dissociated from 

tumorspheres into NOD/SCID female mice to elicit xenograft growth. When the xenografts 

of mice averaged a volume of ~300 mm3 we treated the mice with the vehicle (5 mice), 

vilazodone (5 mice), docetaxel (5 mice) or a combination of vilazodone and docetaxel (7 

mice) using the dosing schedule in Figure 6a. Treatment of mice with the drugs occurred 

over 3 weeks; the mice were sacrificed a week after the third treatment cycle. Tumor 

volume was measured every 4 days after the treatment started.  

The tumor xenografts of the vehicle-treated mice increased in volume 6-7 fold 

during the time course of the experiment (Figure 6b). The xenografts of mice administered 

vilazodone or docetaxel also increased in volume after treatment started, but to a lesser 

extent (2-fold) than those of mice administered the vehicle. By contrast, the volume of the 

xenografts of mice treated with both vilazodone and docetaxel decreased after the first 

treatment cycle and continued to decline after the third treatment cycle (Figure 6c). Four 

of the xenografts remaining after combination therapy were nodules and 2 others were 

blood filled (Supplementary Figure 2). Hence the combination of both drugs reduced 
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xenograft growth to a much greater extent than did each drug individually suggesting that 

the drugs functioned synergistically. These findings recapitulate our previous observations 

where we showed that the combination of docetaxel and sertraline functioned 

synergistically both in vitro and in vivo using mouse mammary tumor cells [33]. Our 

findings are consistent with the hypothesis that each drug targets a different tumor cell 

population; docetaxel likely eliminates the non-tumorigenic tumor cells whereas 

vilazodone or sertraline eradicates the BTIC, which serve as the source of the non-

tumorigenic tumor cells. 

 To uncover potential mechanisms by which vilazodone and/or docetaxel limited 

xenograft growth, we prepared sections from the tumor xenografts at the end of the 

treatment period and stained them with hematoxylin and eosin (H&E) to reveal their 

histology. The xenografts of mice treated with vilazodone were morphologically distinct 

from those of mice administered the vehicle comprising clusters of tumor cells separated 

by cell-free areas, which contained stromal cells and extra-cellular debris (Figure 7). 

Xenografts from docetaxel-treated mice appeared histologically similar to those of the 

vehicle-treated mice. By contrast, the xenografts harvested from mice that were treated with 

the drug combination were largely devoid of tumor cells and comprised red blood cells as 

well as regions of stromal cells and cellular debris.  

To learn what cellular processes were affected by vilazodone, docetaxel or their 

combination we enquired whether their effect on tumor growth could be ascribed to 

changes in tumor cell proliferation or apoptosis. We used immunohistochemistry (IHC) 

with antibodies to Ki67 to estimate the frequency of proliferating cells in tumor sections 
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from all 4 treatment-groups at the end of the treatment period. Neither vilazodone nor 

docetaxel individually affected the frequency of Ki67-positive tumor cells 

(Supplementary Figure 3). However, we observed a substantial decrease in Ki67-positive 

cells in xenograft sections from mice treated with the combination of vilazodone and 

docetaxel compared to those of mice administered the vehicle or each drug individually.  

TUNEL assays with xenograft sections demonstrated that vilazodone increased the 

frequency of apoptotic cells, whereas docetaxel had little effect (Figure 7). Xenografts of 

mice administered both drugs comprised fewer tumor cells, which occurred in clusters, and 

any remaining tumor cells in surrounding regions were undergoing apoptosis. These 

observations suggest that the drug combination shrank the xenografts by inhibiting tumor 

cell proliferation and by inducing their apoptosis. Kinetic analyses of tumor cell 

proliferation and apoptosis during the treatment period would provide stronger support for 

the conclusion that the reduced rate of tumor xenograft growth results from changes in 

these cellular processes. 

DISCUSSION  
 

Our data demonstrate that breast tumor cells possess the enzymatic machinery to 

synthesize 5-HT, which acts by an autocrine or paracrine mechanism in conjunction with 

other serotonergic pathway components to maintain BTIC activity. Structurally unrelated 

selective antagonists affecting the activity of TPH1, SERT and a minimum of 7 individual 

5-HT receptors reduced the frequency of BTIC as revealed by sphere-forming or tumor cell 

transplantation assays. The fact that inhibitors of TPH1, SERT and any one of several 

receptors compromised BTIC activity suggests that each protein plays a distinct role in 
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BTIC biology. Whereas the role of TPH1 seems obvious that of SERT and those of several 

independent receptors is not yet clear. The observation that the combination of vilazodone 

and docetaxel synergized to shrink breast tumor xenografts is consistent with the hypothesis 

that each drug targets a different but interrelated tumor cell population, likely BTIC and 

their non-tumorigenic descendants.  

Genetic evidence demonstrating a requirement for 5-HT function to maintain BTIC 

activity would secure the role of the serotonergic system in breast cancer and provide 

insight into the biological roles of its individual components. Interestingly knockout mice 

homozygous for genes encoding several of the serotonergic system proteins, including 

SLC6A4, have been isolated demonstrating that individually these genes are not essential 

for embryonic development or adult tissue physiology and homeostasis [34-36].  

Hence, we attempted to knockout SLC6A4 in breast tumor cell lines using the 

CRISPR-Cas9 genome-editing tool with the expectation that cells lacking the gene might 

be viable. Whereas we were able to successfully target 1 of the 2 SLC6A4 alleles in diploid 

MCF-7 cells, and 3 of the 4 alleles in tetraploid HCC1954 tumor cells we were unable to 

derive a single clone from either cell line lacking functional SERT among hundreds of 

clones that were screened, implying that the gene is essential for the viability of these breast 

tumor cell lines (data not shown). In this regard it is noteworthy that knockout of Slc6a14, 

which encodes a transporter for neutral amino acids including tryptophan, the precursor of 

5-HT, compromises mammary tumorigenesis in a mouse model of breast cancer [37]. Our 

current efforts are centered on conditionally targeting SLC6A4 and the genes encoding 

TPH1 and each of the 14 5-HT receptors in human breast tumor cell lines to learn whether 
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loss of each gene phenocopies the effect of selective serotonergic antagonists of their 

encoded molecular targets.  

To learn whether previous functional genomic screens identified genes encoding 

serotonergic pathway components as being essential for the proliferation of human tumor 

cell lines in vitro, we mined the data resulting from genome-wide CRISPR-Cas9 knockout 

screens in human cancer cell lines [38, 39]. The cell lines included 2 chronic myelogenous 

leukemia cell lines and 2 Burtkitt’s lymphoma cell lines in one study [38], and a colon 

carcinoma, cervical carcinoma, glioblastoma and melanoma cell line in another [39]. All 

the cell lines were propagated in serum-containing medium as adherent cultures and 

passaged at least 3 times. Under the conditions of the latter studies none of the genes 

encoding serotonergic pathway proteins were identified as essential for tumor cell 

proliferation. However, none of the cell lines investigated were of breast origin. Hence we 

mined the data resulting from a recently reported shRNA dropout screen performed in over 

70 breast tumor cell lines that were propagated as adherent cultures in serum-containing 

medium for 2 passages [40]. shRNAs targeting transcripts encoding TPH1, SERT and many 

of the 5-HT receptors statistically significantly dropped out during the propagation of the 

breast tumor cell lines in vitro (data not shown). This latter study is in accord with our 

unpublished data suggesting that SLC6A4 is essential for the viability or proliferation of 

the MCF-7 and HCC1954 breast tumor cell lines.  

IF and IHC analyses of 5-HT pathway component expression in breast tumor cell 

lines revealed their presence in a fraction of cells that supersedes the frequency of BTIC 

reported in these sources [1, 13, 41]. One explanation for this discrepancy is that the extent 
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to which the 5-HT pathway proteins are expressed differs between BTIC and their non-

tumorigenic progeny. The latter is suggested by our IHC analyses of PDX, which revealed 

that infrequent SERT-positive cells in PDX were more intensely stained than others. 

Additional experiments are required to determine whether both the tumorigenic and non-

tumorigenic tumor cells in PDX and other sources differentially express the various 5-HT 

pathway proteins, and whether their expression correlates with BTIC activity. 

A link between 5-HT and breast cancer has been reported in previous studies. 

Analysis of 288 breast tumors revealed increased expression of TPH1 in tumors compared 

to normal breast samples, and an association between increased TPH1 levels and breast 

cancer progression [42]. Another study uncovered a correlation between increased plasma-

free 5-HT and the risk of breast cancer recurrence in a cohort of 29 women [43]. Moreover, 

recent analyses of transcriptomic and metabolomic data from thousands of breast tumor 

specimens demonstrated a correspondence between patients predicted to have a poor 

prognosis and increased tumor-specific 5-HT production [44]. Breast tumor recurrence and 

poor patient prognosis may be attributable to BTIC, which require 5-HT for their activity, 

seed metastases and are refractory to conventional therapies [45, 46].   

Studies pioneered by Horseman and his colleagues were the first to implicate 5-HT 

in postnatal mouse mammary gland development [47, 48]. Initial studies identified Tph1 as 

a prolactin target gene [47]. TPH1 transcripts are increased during pregnancy and lactation 

leading to increased 5-HT levels in the mammary epithelium. 5-HT acts in a negative 

feedback loop to suppress prolactin stimulation of milk production during lactation and to 

initiate involution by inducing epithelial cell apoptosis [48]. The function of 5-HT requires 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 90 

5-HT receptor activity because a non-selective receptor antagonist, methysergide, inhibited 

the effect of 5-HT on the expression of milk proteins and 5-HT mediated initiation of 

apoptosis [47]. 5-HT also increased the synthesis of parathyroid hormone-related peptide 

(PTHrP), which acts on bone to release calcium that ultimately accumulates in milk. Recent 

publications demonstrate that 5-HT binding to the 5-HT7 receptors triggers mammary 

epithelial cell apoptosis during the involution phase of postnatal mammary gland 

development, whereas 5-HT binding to the 5-HT2B receptor stimulates the expression of 

PTHrP from mammary epithelial cells during lactation [49-53]. Hence 5-HT binding to 

different receptors in the mammary gland regulates different cellular processes likely by 

activating distinct signaling pathways. By analogy, our findings of a requirement for 

multiple 5-HT receptors for BTIC activity in sphere-forming assays may reflect the fact 

that each receptor acts through a distinct signaling pathway, and that activation of multiple 

pathways is required to maintain BTIC activity.  

It is noteworthy that the serotonergic system has been implicated in other 

malignancies including lymphoma and leukemia, prostate carcinomas, small cell lung 

carcinomas, glioblastomas, bladder carcinomas, colorectal carcinomas, hepatocellular 

carcinomas, cholangiocarcinomas, choriocarcinomas, carcinoid tumors and ovarian tumors 

(reviewed in [54]). Interestingly, overexpressing cDNAs encoding the 5-HT2C or 5-HT2A 

receptors results in the transformation of mouse 3T3 fibroblasts demonstrating that they 

function as oncogenes in the focus-forming assay [55, 56]. Consistent with our findings 

serotonergic system antagonists, including several that we independently discovered [17], 
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were recently found to inhibit sphere formation by glioblastoma cell lines [57] and to affect 

the growth of tumor allografts and xenografts of neuroendocrine origin [58].  

Epidemiologic studies have sought to determine whether SSRIs increase breast 

cancer recurrence, as a consequence of findings in experimental rodent models in the early 

1990s suggesting that SSRI increased the incidence of tumors (reviewed in [59]). However, 

subsequent studies found that there is no association between SSRI use and breast cancer 

risk in women. To the best of our knowledge epidemiological studies have not addressed 

whether antidepressants reduce the risk of breast cancer, or whether their use during 

cytotoxic anticancer therapies reduces breast cancer recurrence.  

The repurposing of serotonergic antagonists to treat breast cancer will depend in 

part on whether therapeutic concentrations can be achieved in patients. Two of the SSRI 

we used here (sertraline and vilazodone) have IC50 values in vitro between 1- 2 µM in a 

diversity of human breast tumor cell lines. The concentration of sertraline in the plasma of 

individuals who were orally administered 200 mg of the drug is 0.19 ug/ml (0.55 µM), 

which was achieved between 4.5 - 8.4 hours post administration: the half-life of the drug is 

between 24 and 36 hours [60]. The plasma concentration of sertraline is directly 

proportional to the administered oral dose over the range of 20 - 400 mg. Moreover, daily 

oral doses of 400 mg of sertraline are well tolerated suggesting that a 1µM plasma 

concentration, the approximate IC50 of the drug in breast tumor cell lines, can be achieved 

in humans [61]. Vilazodone can similarly achieve plasma concentrations in humans at the 

IC50 required to inhibit sphere formation in vitro [62]. The fact that the SSRI we have tested 

synergize with docetaxel when used at their respective IC50 values in human breast tumor 
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cell lines offers the promise that therapeutic doses of these SSRI can be achieved in breast 

cancer patients.  

 Collectively our data imply that 5-HT signaling is required to maintain BTIC 

activity and suggests that drugs affecting the serotonergic system might be repurposed to 

treat breast cancer patients in combination with anticancer therapies to achieve more 

durable breast cancer remissions than occur currently. SSRI in particular are among the 

most widely prescribed antidepressants, have been used for decades and are considered safe 

when used as prescribed suggesting that their testing in clinical trials as anticancer drugs 

may be warranted [63].  

MATERIALS AND METHODS 
 
Care and treatment of mice 

All procedures involving mice were performed with the approval of the Canadian Council 

on Animal Care.  

Patient-derived xenografts 

The Hamilton Integrated Research Ethics Board approved all protocols associated with the 

collection of primary human breast tumor samples. Primary patient breast tumors were 

processed to yield dispersed cells and these transplanted into the cleared humanized #4 

mammary gland of NOD/SCID gamma mice (NSG) [64]. Tumor xenografts were 

subsequently propagated in NOD/SCID mice [14].  

Analyses of SLC6A4 transcripts and copy number  

All genomic data was publicly available.  Level 3 DNA copy number data for breast tumors 

were downloaded from the BROAD Institute portal (https://gdac.broadinstitute.org/) on 
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June 28, 2016 and level 3 RNA sequencing data (RSEM) for breast tumors and normal 

tissues were obtained from the National Cancer Institute GDC Data Portal (https://gdc-

portal.nci.nih.gov/) on August 22, 2016. GISTIC 2.0, which facilitates sensitive and 

confident localization of focal somatic copy number alterations, was used to estimate the 

copy number of SLC6A4 [65]. Sequencing data were normalized with the TMM 

normalization method [66] and then transformed with voom transformation [67]. 

Thereafter, differential expression analysis was performed using the limma package in R 

[68]. 

Cell culture  

Breast tumor cell lines were purchased from the ATCC (Manassas, VA, USA) and grown 

in serum-containing medium with the recommended supplements. Breast tumor cell line 

derived tumorspheres were treated with trypsin (0.25%) to yield dispersed cells, which 

were placed in chemically-defined, serum-free medium containing B-27, Epidermal 

Growth Factor, Fibroblast Growth Factor 2 and heparin to form tumorspheres [14]. The 

tumorspheres were passaged every 4 days by trituration and exposure to trypsin followed 

by reseeding the dispersed cells into fresh medium.  

Sphere-forming assays 

Quantitative sphere-forming assays were performed as described [17, 27]. 

IC50 calculations 

The IC50 of compounds was calculated using GraphPad Prism 6 software as described [27, 

30]. To aid IC50 calculations, the vehicle comprised a 1 nanomolar concentration of the 

tested compound. 
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Animal studies 

The effect of vilazodone and docetaxel on HCC1954 breast tumor xenograft growth was 

performed as described [30]. Drug treatments were initiated when the average xenograft 

volume was ~300 mm3. The mice were randomly assigned to each of the treatment cohorts. 

Tumor volume was measured every 4 days after treatment started.  

Histology and protein analyses  

Tumor xenografts were processed to obtain sections, and IF and IHC analyses of the 

sections were performed as described [14, 27, 30, 69, 70]. The proteins in tumor cell lysates 

were resolved by electrophoresis in denaturing conditions in 5-15% gradient 

polyacrylamide gels and immunoblots were carried out as described [71]. To identify 

human SERT in tumor cell lysates we used a polyclonal antibody to SERT (Alomone Labs; 

Jerusalem, Israel), elicited by immunization of rabbits with a peptide corresponding to 

amino acids 388-400. The polyclonal antibody was also used to detect SERT in breast 

tumor xenograft sections as described [17]. A polyclonal antibody to TPH1 (LifeSpan 

BioSciences, Inc.; Burlington, ON, Canada) generated by immunizing rabbits with a 

peptide (amino acids 231-280) was used to detect the protein in breast tumor cell lines [17]. 

A mouse monoclonal antibody to 5-HT (Novus Biologicals; Oakville, ON, Canada) was 

used to detect the neurotransmitter in breast tumor cell lines [17]. Western blots IF and IHC 

with primary and secondary antibodies were performed in accordance with the 

recommendations of their manufacturers or as we described previously [17]. Color images 

were converted to grayscale, inverted, and their contrast adjusted to optimal resolution 

using ImageJ software. An antibody to Ki67 (ABCAM, Cambridge, Mass., USA) was used 
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to identify proliferating tumor cells, whereas TUNEL assays were performed to identify 

apoptotic cells in xenograft sections as described [27, 30] 

Statistical analyses 

Assays were repeated in 2 or more biological experiments with each data point being the 

average of a minimum of 3 technical replicates. Where relevant the figures show the mean 

+/- the standard error. Differences among experimental means were analyzed by analysis 

of variance (one-way ANOVA) using Graphpad Prism 6 (La Jolla, CA., USA). Significant 

differences between individual means were calculated using Tukey’s test. For Kaplan-

Meier survival, significance was determined using a log-rank (Mantel-Cox) test. 

Differences were considered statistically significant if P < 0.05. 
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FIGURES AND TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. SLC6A4 transcripts are overexpressed and the gene amplified in a fraction of 
human breast tumors. 
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Figure 2. SERT is expressed in breast tumor cell lines representative of all the molecular 
subtypes of breast cancer. 
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Figure 3. HCC1954 breast tumor xenografts and tumorspheres express TPH1, 5-HT and 
SERT. 
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Figure 4. Patient-derived breast tumor xenografts recapitulate the phenotypic 
heterogeneity of the primary tumor from which they were derived and express SERT. 
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Table 1.  Selective antagonists of TPH1, SERT and 5-HT receptors inhibit 
tumorsphere formation by HCC1954 breast tumor cells 

Target Compound IC50 

TPH1 LP-533401 6.1 

SERT 
Paroxetine 
Fluoxetine 
Sertraline 

2.7 
3.4 
1.1 

5-HT1B SB-224289 0.4 
5-HT1D GR-127935 4.8 
5-HT2A 4F-4PP 2.2 

5-HT2B RS-127445 
SB-204741 

10.6 
8.2 

5-HT2C SB-242084 0.6 

5-HT4 GR-113808 
SB-204070 

16.9 
22.3 

5-HT5A SB-699551 0.3 

5-HT6 NPS ALX 4a 
SB-258585 

1.0 
9.1 

5-HT7 SB-258719 14.0 
Human HCC1954 cells were grown in the presence of serial dilutions of each selective 
antagonist. Over a four-day incubation many of the antagonists reduced sphere 
formation in a dose-dependent fashion. IC50 values (listed in µM) were calculated using 
Graphpad Prism 6. The activity of selective antagonists were determined in two 
biological experiments. 
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Table 2.  FDA-approved antidepressants inhibit sphere formation by HCC1954 breast 
tumor cells  
Drug Approved Drug Class Molecular Target(s) IC50 

Clomipramine  Tricyclic Antidepressant SERT, 5-HT2A, 2C, 3, 6, 

7 
1.9 

Doxepin Tricyclic Antidepressant SERT, 5-HT1A, 2A, 2C, 6 4.1 

Latrepirdine Tricyclic Antihistamine 5-HT2C, 5A, 6 4.2 

Cyproheptadine Tricyclic Antihistamine 5-HT1A, 2A, 2B, 2C, 3, 6, 7 6.0 

Mianserin  Tetracyclic Antidepressant 5-HT1F, 2A, 2B, 2C, 6, 7 12.5 

Ziprasidone Atypical Antipsychotic SERT, 5-HT1A, 1B, 1D, 

2A, 2C, 6, 7 
0.8 

Asenapine Atypical Antipsychotic 5-HT1A, 1B, 2A, 2B, 2C, 5A, 

6, 7 
7.5 

Vortioxetine Selective Serotonin Reuptake 
Inhibitor 

SERT, 5-HT1A, 1B, 1D, 

3A, 7 
1.1 

Vilazodone Selective Serotonin Reuptake 
Inhibitor 

SERT, 5-HT1A 1.6 

Fluoxetine Selective Serotonin Reuptake 
Inhibitor 

SERT, 5-HT2A, 2C 3.4 

Paroxetine Selective Serotonin Reuptake 
Inhibitor 

SERT 2.7 

Sertraline Selective Serotonin Reuptake 
Inhibitor 

SERT 1.1 

HCC1954 tumorspheres were grown in the presence of different FDA-approved 
serotonergic antidepressants and their effect on sphere formation monitored. All the 
antidepressants reduced sphere formation in a dose-dependent fashion. IC50 values 
(listed in µM) were calculated using Graphpad Prism 6. The IC50 values of the drugs 
were determined in two biological experiments. 
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Table 3.  IC50 of selective 5-HT antagonists on sphere formation in a diversity of breast 
tumor cell lines 

Target Compound 1954 MCF-7 75-1 157 453 BT474 BT20 361 T47D BT549 

TPH1 LP533401 6.1 5.2 5.4 6.3 9.4 8.2 3.9  3.1 2.6 

SERT Sertraline 1.1 2.4 1.1 2.4 1.9 2.7 3.2 1.4 2.6 1.3 

SERT Vilazodone 1.6 2.7 3.0 2.5 1.4 2.2 2.1  2.2 1.7 

5-HT1B SB-224289 0.4 1.2 0.3 0.9 0.5 0.6     

5-HT2A 4F-4PP 2.2 3.7 6.4 10.6 0.7 10.0     

5-HT2B RS-127445 10.6 5.3 11.7 12.2 4.8 16.2     

5-HT2C SB-242084 0.6 1.6 2.8 2.7 1.8 4.6     

5-HT5A SB-699551 0.3 0.2 0.2 0.3 0.1 0.3     

5-HT6 NPS ALX 4a 1.0 0.6 1.1 1.0 0.5 1.2     

Dispersed cells from each human breast tumor cell line were suspended in serum-free, chemically-
defined medium and the effect of serial dilutions of the various compounds assayed for their capacity 
to affect sphere-formation. The compounds reduced sphere-formation in all cell lines in dose-dependent 
fashion. The IC50 (expressed in µM) of each compound in each cell line was calculated using GraphPad 
Prism 6. The IC50 values of the compounds in each cell line were determined in two biological 
experiments. The blank values illustrate examples of compounds that were not determined in select cell 
lines. The names of the HCC1954, ZR-75-51 and MDA-MB-157, MDA-MB-361 and MDA-MB-453 
cell lines were abbreviated 1954, 75-1, 157, 361and 453 respectively. 
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Figure 5. Vilazodone and sertraline target the sphere-forming tumor cell subpopulation 
and BTIC by an irreversible mechanism. 
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Figure 6. The combination of vilazodone and docetaxel synergistically shrink HCC1954 
breast tumor xenografts. 
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Figure 7. The combination of vilazodone and docetaxel reduces the frequency of 
proliferating tumor cells and increases that of apoptotic cells in tumor xenografts to a 
greater extent than do either compound individually. 
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Supplementary Table 1.  Subtype of human breast tumor cell lines  
Cell Line Molecular Subtype ER PR HER2 

HCC1954 Basal A - - + 
MCF7 Luminal A + +   
ZR751 Luminal A + +   
MDA MB 157 Basal B - -   
MDA MB 453 Luminal B - - - 
BT474 Luminal B + + + 
BT20 Basal A - -   
MDA MB 361 Luminal A + + + 
T47D Luminal A + +   
BT549 Basal B - -   
The molecular and clinical subtype (estrogen receptor [ER], progesterone receptor 
[PR], and HER2 status) of human breast tumor cell lines. 
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Supplementary Figure 1. Human breast tumor cell lines synthesize 5-HT, and express 
both TPH1 and SERT. 
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Supplementary Figure 2. A blood-filled residual tumor xenograft remaining after 
exposure of mice to the combination of vilazodone and docetaxel. 
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Supplementary Figure 3. Vilazodone in combination with docetaxel reduced the 
frequency of proliferating cells than did either compound individually. 
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FIGURE AND TABLE LEGENDS 
 
Table 1. Selective TPH1, SERT and 5-HT receptor antagonists inhibit sphere formation by 

HCC1954 breast tumor cells.  

Table 2. FDA-approved antidepressants inhibit sphere formation by HCC1954 human 

breast tumor cells.  

Table 3. IC50 of selective 5-HT antagonists in sphere-forming assays in breast tumor cell 

lines that model the various molecular and clinical subtypes of breast cancer. 

Figure 1. SLC6A4 transcripts are overexpressed and the gene amplified in a fraction of 

human breast tumors. (a) SLC6A4 transcripts are more abundant by 2.8 fold (P = 5.74 x 10-

5) in human breast tumors (N = 1081) compared to normal breast samples (N = 111). (b) 

Illustration of the chromosomal region of SLC6A4 that is amplified in a fraction of human 

breast tumors. (c) The copy number status of SLC6A4 in breast tumors (N = 1,087).  

Figure 2. SERT is expressed in breast tumor cell lines representative of all the molecular 

subtypes of breast cancer. Western blot performed with breast tumor cell line lysates (35 

µg) and mouse brain tissue after electrophoresis in 5-15% gradient polyacrylamide gels 

reveal that the rabbit polyclonal antibody identifies SERT species that migrate between 

molecular mass markers of 63kDa and 75kDa, and between 48kDa to 63 kDa. The 

arrowheads identify the glycosylated and non-glycosylated SERT species. Non-

glycosylated SERT co-migrated with a-tubulin, the loading control, which is shown in the 

bottom-most panel.  

Figure 3. HCC1954 breast tumor xenografts and tumorspheres express TPH1, 5-HT and 

SERT. Sections of xenografts or tumorspheres were stained with H&E to reveal their 
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histology or incubated with antibodies specific to TPH1, 5-HT and SERT. Scale bars 

represent 50 micrometers (µm). 

Figure 4. Patient-derived breast tumor xenografts recapitulate the phenotypic 

heterogeneity of the primary tumor from which they were derived and express SERT. (a) 

Six primary human breast tumor samples and companion xenografts (b) were stained with 

H&E to reveal their histology. (c) SERT expression was detected by IHC in the PDX 

sections with the SERT-selective rabbit polyclonal antibody. The arrows identify tumor 

cells that express higher levels of SERT than the majority of the SERT-positive tumor cells 

in the same field. The scale bars represent 50 µm. 

Figure 5. Vilazodone and sertraline target the sphere-forming tumor cell subpopulation and 

BTIC by an irreversible mechanism. (a) Exposure of HCC1954 breast tumor cells to 

vilazodone in a primary sphere-forming assay (left-most panel) irreversibly reduced the 

frequency of sphere-forming cells in secondary sphere-forming assays performed in drug-

free medium (right-most panel). (b) Exposure of HCC1954 tumor cells to sertraline in a 

primary sphere-forming assay irreversibly reduced the frequency of sphere-forming cells 

in secondary sphere-forming assays carried out in the absence of the drug. (c) Sertraline 

targets HCC1954 breast tumor-initiating cells. Dispersed HCC1954 cells from 

tumorspheres exposed to sertraline under sphere-forming conditions ex vivo, yield tumors 

after transplant into NOD/SCID mice with an increased latency and at a reduced frequency 

compared to tumor cells exposed to the vehicle. Mice were monitored for disease-free 

survival by Kaplan-Meier survival analysis and statistical significance was determined 

using a log-rank (Mantel-Cox) test: P = 3.0 x 10-4.    
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Figure 6. The combination of vilazodone and docetaxel synergistically shrink HCC1954 

breast tumor xenografts. (a) Docetaxel was administered on the first day of the treatment 

regimen, whereas vilazodone was administered on the first day of the treatment regimen 

and for 3 consecutive days thereafter. (b) Individually docetaxel and vilazodone reduced 

tumor growth rate as determined by changes in tumor volume with time, but together the 

drugs shrank tumors.  (c) A week after the end of the treatment regimen the tumor xenograft 

volumes of mice administered vilazodone, docetaxel or the combination of both drugs were 

statistically significantly smaller than those administered the vehicle. One-way ANOVA P 

<0.0001.  

Figure 7. The combination of vilazodone and docetaxel reduces the frequency of 

proliferating tumor cells and increases that of apoptotic cells in tumor xenografts to a 

greater extent than do either compound individually. Xenografts resected from mice that 

were administered the vehicle, vilazodone, docetaxel or a combination of each drug were 

fixed, embedded, sectioned and stained with H&E, antibodies to Ki67 or assayed for 

fragmented DNA using the TUNEL assay. The various panels corresponding from each 

cohort were prepared from consecutive sections. The scale bars represent 50 µm. 

Supplementary Table and Figure Legends  

Supplementary Table 1. The molecular and clinical subtypes of 10 breast tumor cell lines 

representative of the major subtypes of breast tumors.  

Supplementary Figure 1. Human breast tumor cell lines synthesize 5-HT, and express both 

TPH1 and SERT. Cells grown as adherent cultures in serum-containing medium were fixed 

and incubated with antibodies that specifically bind to TPH1, 5-HT and SERT. 
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Immunofluorescence imaging reveals expression of TPH1, 5-HT and SERT in the majority 

of the cells of each breast tumor cell line.  

Supplementary Figure 2. A blood-filled residual tumor xenograft remaining after exposure 

of mice to the combination of vilazodone and docetaxel. 

Supplementary Figure 3. Vilazodone in combination with docetaxel reduced the frequency 

of proliferating cells than did either compound individually. Sections of residual tumor 

xenografts remaining after drug treatment were stained with antibodies to Ki67. The 

fraction of Ki67-positive cells was calculated in two independent tumor xenografts from 

each treatment cohort and expressed as a percentage of all the tumor cells. P-values (P = 

0.01) were calculated using one-way ANOVA. 
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CHAPTER 4: MONOAMINE OXIDASE A ACTIVITY IS REQUIRED FOR CLONAL 
TUMORSPHERE-FORMATION BY HUMAN BREAST TUMOR CELLS. 
 
PREAMBLE 
 
 This chapter is an unpublished manuscript that [as of August 2019] is under minor 

revision for publication in Cellular and Molecular Biology Letters: 

Gwynne, W.D., Shakeel, M.S, Wu, J., Hallett, R.M., Girgis-Gabardo, A., Dvorkin-Gheva, 

A., and Hassell J.A. (2019). Monoamine Oxidase A Activity is Required for Clonal 

Tumorsphere-formation by Human Breast Tumor Cells 

 The aim of this study was to expand our analysis of the expression of other 

components of the 5-HT signaling system, namely the mitochondrial MAOs that are 

responsible for metabolism of 5-HT. In pursuit with the latter objective we determined 

whether MAO-A transcripts and protein are expressed in human breast tumor cells grown 

as tumorspheres or as adherent cells using Nanostring nCounter and Western blotting 

analyses. We also established that MAO-A activity is required for sphere formation by 

screening selective antagonists. Moreover, we mined publicly available transcriptomic 

datasets to learn whether high MAO-A transcript expression in breast tumor cells is 

associated with properties related to BTIC such as acquired resistance to anticancer agents 

and the tumors of breast cancer patients that experienced a poor prognosis. 

 WDG designed all experiments, analyzed transcriptomic datasets, processed and 

normalized the data and wrote the manuscript. MSS performed Western blotting 

experiments and sphere-forming assays with the help of JW. RMH and AGG isolated 

RNA from human breast tumor cell lines grown as tumorspheres or as adherent cells for 
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analysis of MAO-A transcript abundance. ADG helped with the statistical analysis of 

transcriptomic datasets. JAH conceived of the study and helped write the manuscript. 
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ABSTRACT 
 
Background: Breast tumor growth and recurrence are driven by an infrequent population 

of breast tumor-initiating cells (BTIC). We and others have reported that the frequency of 

BTIC is orders of magnitude higher when breast tumor cells are propagated in vitro as 

clonal spheres, termed tumorspheres, by comparison to adherent cells. We exploited the 

latter to screen >35,000 small molecules to identify agents capable of targeting BTIC. We 

unexpectedly discovered that selective antagonists of serotonin signaling were among the 

hit compounds. To better understand the relationship between serotonin and BTIC we 

expanded our analysis to include monoamine oxidase A (MAO-A), an enzyme that 

metabolizes serotonin.  

Methods: We used the Nanostring technology and Western blotting to determine whether 

MAO-A is expressed in human breast tumor cell lines cultured as tumorspheres by 

comparison to those grown as adherent cells. We then determined whether MAO-A activity 

is required for tumorsphere formation, a surrogate in vitro assay for BTIC, by assessing 

whether selective antagonists of MAO-A affect the frequency of tumorsphere-forming 

cells. To learn whether MAO-A expression in breast tumor cells is associated with other 

reported properties of BTIC such as anticancer drug resistance or breast tumor recurrence, 

we performed differential gene expression analyses using publicly available transcriptomic 

datasets. 

Results: Tumorspheres derived from human breast tumor cell lines representative of every 

breast cancer clinical subtype displayed increased expression of MAO-A transcripts and 

protein by comparison to adherent cells. Interestingly, inhibition of MAO-A activity with 
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selective antagonists reduced the frequency of tumorsphere-forming cells. We also found 

that increased MAO-A expression is a common feature of human breast tumor cell lines 

that have acquired anticancer drug resistance and is associated with poor recurrence-free 

survival (RFS) in patients that experienced high-grade, ER-negative (ER-) breast tumors.  

Conclusions: Our data suggests that MAO-A activity is required for tumorsphere 

formation and that its expression in breast tumor cells is associated with other BTIC-related 

properties. The discovery that a selective MAO-A antagonist targets tumorsphere-forming 

cells with potencies in the nanomolar range provides the first evidence of this agent’s 

anticancer property. These data warrant further investigation of the link between MAO-A 

and BTIC.  

KEY WORDS. 
 
Breast Tumor-initiating Cells, Monoamine Oxidase A, Tumorspheres. 
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INTRODUCTION 
 

Recent studies demonstrate that breast tumors comprise an infrequent stem-like 

tumor cell population, termed breast cancer stem cells or BTIC, which initiate and sustain 

tumor growth, seed metastases and resist cytotoxic therapies[1–3]. Whereas identifying 

agents capable of eradicating these cells would significantly improve breast cancer (BC) 

survival, achieving the latter has been challenging due largely to their scarcity in primary 

tumors [4]. 

We previously reported BTIC frequencies ranging between 20-50%  in tumors 

arising in 3 different transgenic mouse models of BC [5]. Propagation of the primary 

mammary tumor cells in vitro in chemically-defined, serum-free media as non-adherent 

tumorspheres preserves the high BTIC fraction found in the primary tumors, whereas 

culturing the tumor cells in serum-containing media as adherent cells reduced BTIC 

frequencies by 4-5 orders of magnitude [5]. Others have also shown that culturing cells 

from human breast tumors and breast tumor cell lines as tumorspheres similarly increases 

BTIC frequencies [6, 7]. 

The high BTIC frequencies in mouse mammary tumorspheres encouraged us to 

perform a high-throughput phenotypic screen to identify small molecules that inhibit their 

activity [8]. One class of compounds identified in the screen are antagonists of 

neurotransmitter activity, including selective antagonists of serotonin receptors and the 

serotonin reuptake transporter (SERT). We subsequently established a connection between 

serotonin and BTIC by demonstrating that mouse [8] and human [9] breast tumor cells 

synthesize serotonin and that antagonists of SERT inhibit BTIC activity using multiple 
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orthogonal assays and synergize with chemotherapy to inhibit the growth of breast tumor 

allografts and xenografts in vivo.  

To better understand the link between serotonin and BTIC we expanded our 

analyses to include other serotonin pathway proteins that we had not previously 

investigated, namely MAO-A, a mitochondrial enzyme that metabolizes serotonin [10] and 

whose expression and activity are required for prostate TIC activity [11, 12]. To this end 

we cultured human breast tumor cell lines modeling each of the BC clinical subtypes in 

chemically-defined media as tumorspheres and in serum-containing media as adherent 

cells. We found that MAO-A transcripts and protein were more highly expressed in 

tumorspheres by comparison to adherent cells. Moreover, we found that treatment of 

tumorsphere-derived cells with selective antagonists of MAO-A reduced the frequency of 

sphere-forming cells implying that its activity is required for this process.  

We suspected that increased MAO-A expression might be associated with other 

properties of BTIC such as acquired anticancer drug resistance [2] or the tumors of patients 

who experienced poor prognosis [3]. To explore the latter, we performed differential gene 

expression analyses using publicly available datasets and found that increased MAO-A 

transcript expression is a feature of breast tumor cell lines that possess acquired resistance 

to anticancer agents. Moreover, we showed that MAO-A expression predicts poor RFS in 

patients who experienced high-grade ER- or triple negative BC (TNBC) tumors. 

Collectively our data suggests that a relationship exists between MAO-A and BTIC 

activity. 
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RESULTS 
 
Monoamine oxidase A expression increases at the transcript and protein level in human 

breast tumor cells propagated as tumorspheres.  

To learn whether MAO-A is expressed in human breast tumor cell lines we cultured 

cell lines representative of all the clinical and molecular subtypes of BC (Additional File 

3) in either serum-containing media or media supplemented with defined growth factors 

[9]. We successfully derived tumorspheres from most of the human breast tumor cell lines 

that we analyzed. However, consistent with the reports of others [16] the MDA-MB-231 

and SKBR-3 cell lines did not form clonal spheres but rather formed cell aggregates 

(Additional File 4).  

We isolated total RNA from cells propagated under both culture conditions and 

determined MAO-A transcript abundance using the Nanostring technology. In the majority 

of breast tumor cell lines MAO-A transcript abundance was higher when cells were 

propagated as tumorspheres by comparison to those grown as adherent cells (Fig. 1A; 

Additional File 1).  

The availability of transcriptomic data from 11 patient tumor samples and 15 such 

samples propagated in vitro as tumorspheres allowed us to determine whether the elevated 

MAO-A expression observed in tumorspheres from established human breast tumor cell 

lines was reproduced using tumor cells from BC patients [17]. Consistent with previous 

observations MAO-A expression was significantly higher (fold change [FC]=4.80; 

p=5.30E-05) in patient-derived tumor cells propagated as tumorspheres by comparison to 

the primary breast tumors (Fig. 1B).  
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To determine whether changes in MAO-A transcript abundance were accompanied 

by corresponding changes in MAO-A protein expression we prepared protein lysates from 

6 breast tumor cell lines cultured as tumorspheres or adherent cells, including at least one 

cell line from each BC clinical subtype. The abundance of MAO-A protein was higher in 

lysates isolated from tumorspheres of most of the breast tumor cell lines, except for the 

HCC1954 cell line, which expressed high levels of MAO-A under both culture conditions 

(Fig. 1C). This result suggests that increased expression of MAO-A transcripts in breast 

tumorspheres is accompanied by an increased abundance of the MAO-A protein and that 

this effect occurs independently of the BC subtype modeled by the cell lines. 

To learn what fraction of breast tumor cell lines express MAO-A we examined an 

RNA-sequencing dataset that includes 60 human breast tumor cell lines that were 

propagated in serum-containing media [18]. MAO-A was highly expressed in 6 of these 

cell lines (Fig. 1D, green bars): the ER-/human EGF receptor 2 overexpressing (HER2+) 

cell lines HCC1954, KPL4 and JIMT1, the TNBC cell lines CAL-85-1 and SUM159PT, 

and the HCC1493 cell line, which was derived from a male patient (subtype unknown). 

Hence, in accordance with our observations, MAO-A transcript expression is high in a 

small fraction of ER- breast tumor cell lines when propagated in serum-containing media. 

Pharmacological inhibition of MAO-A activity reduces the frequency of tumorsphere-

forming cells in human breast tumor cell lines. 

The capacity of cells to form spheres in vitro is a common surrogate assay for BTIC 

[19]. We and others have shown that agents that reduce BTIC frequency similarly reduce 

the frequency of tumorsphere-forming cells [20, 21]. Hence, we wondered whether MAO-
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A activity is required for tumorsphere formation by human breast tumor cell lines. To this 

end we incubated tumorsphere-derived cells from the MCF-7 and HCC1954 breast tumor 

cell lines in chemically-defined, serum-free media containing serial dilutions of each of 3 

different selective antagonists of MAO-A: clorgyline, pirlindole and tetrindole, and 4 days 

thereafter quantified the number of tumorspheres that arose at each compound 

concentration.  

All 3 compounds reduced the frequency of tumorsphere-forming cells in a dose-

dependent fashion by comparison to the vehicle-treated cells, albeit with differing potencies 

(Fig. 2A). Tetrindole was the most potent inhibitor and hence we expanded its analysis to 

include all 6 cell lines that we had analyzed by Western immunoblotting, which included 

at least one cell line from each BC subtype (Fig. 2B). Tetrindole did not appear to have any 

subtype specificity; its IC50 varied between 500 nM and 1500 nM. These findings suggest 

that MAO-A activity is required for tumorsphere formation by breast tumor cell lines 

independently of the BC subtype that they model. 

Increased MAO-A expression is a feature of human breast tumor cell lines resistant to 

anticancer agents. 

BTIC are resistant to anticancer agents [2]. For example, increased expression of 

ATP-binding cassette (ABC) transporters in BTIC accounts for their resistance to cytotoxic 

agents [17, 22]. To learn whether MAO-A expression is correlated with such resistance 

mechanisms we mined publicly available gene expression profiles of drug-resistant breast 

tumor cell lines and their drug-sensitive counterparts [23–27] and compared the abundance 

of MAO-A transcripts (Table 1).  
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Table 1. Transcriptomic analysis of MAO-A expression from mined datasets. 

Dataset Comparison Probe Fold-
change 

Adj. p-
value 

GSE7515 Patient-derived tumorspheres 
vs primary tumor 212741_at 4.80 5.30E-05 

E-MEXP-
3982 

Docetaxel-resistant MDA-
MB-231 vs parental A_23_P83857 3.34 1.19E-04 

E-GEOD-
28784 

Docetaxel-resistant MDA-
MB-231 vs parental 212741_at 1.76 5.40E-03 

Paclitaxel-resistant MDA-MB-
231 vs parental 212741_at 2.36 9.07E-04 

GSE38376 Lapatinib-resistant SKBR-3 vs 
parental ILMN_1663640 2.69 1.02E-14 

GSE18912 BMS-536924-resistant MCF-7 
vs parental 212741_at 5.46 2.09e-09 

GSE19639 LTED MDA-MB-361 vs 
parental 204388_s_at 4.69 4.10E-12 

 
GSE3542 

 

LTED MCF-7 vs parental 212741_at 3.33 6.30E-10 
Ectopic HER2 expression 

MCF-7 vs parental 212741_at 5.34 3.00E-11 

Ectopic EGFR expression 
MCF-7 vs parental 204388_s_at 5.01 3.21E-10 

Ectopic MEK expression 
MCF-7 vs parental 212741_at 3.62 3.36E-10 

Statistical analyses were performed as described in the materials and methods section. 
The fold change in MAO-A transcript expression between conditions is indicated 
according to each probe used in the analysis. 

 
In a study (E-MEXP-3982) of taxane resistance mechanisms in TNBC, a docetaxel-

resistant MDA-MB-231 breast tumor cell population was isolated through stepwise 

exposure to increasing doses of docetaxel [23]. Acquisition of docetaxel resistance 

occurred via increased expression and activity of the ABCB1 transporter. Our analysis of 

the microarray data revealed that MAO-A transcript abundance was higher in docetaxel-

resistant MDA-MB-231 cells by comparison to the docetaxel-sensitive parental line 

(FC=3.34; p=1.19E-04). We analyzed a dataset from a similar unpublished study (E-
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GEOD-28784) and found that MAO-A expression is higher in MDA-MB-231 cell 

populations resistant to docetaxel (FC=1.76; p=5.40E-03) or paclitaxel (FC=2.36; 

p=9.07E-04). Another study (GSE18912) employed a similar dose-escalation strategy to 

isolate MCF-7 cells resistant to an insulin growth factor receptor 1 (IGFR1) inhibitor BMS-

536924, which resulted from increased expression and activity of the ABCG2 transporter 

[24]. MAO-A expression was higher (FC=5.46; p=2.09e-09) in BMS-resistant cells by 

comparison to the parental MCF-7.  

Whereas ER+ breast tumors can be effectively managed with antiestrogen (AE) 

therapies, long-term estrogen deprivation (LTED) can select for tumor cells that become 

resistant to these therapies. LTED causes decreased expression of the ER gene cluster and 

increased expression of receptor tyrosine kinases (RTK) like the epidermal growth factor 

receptor (EGFR) and the human epidermal growth factor receptor 2 (HER2), which provide 

alternative survival pathways via mitogen activated protein kinases (MAPK) and 

phosphatidylinositol-3’ kinase (PI3K) [25, 26]. We analyzed the transcriptomic datasets 

from these two studies and compared the abundance of MAO-A transcripts between LTED 

breast tumor cells and their parental cell lines. 

In the first study (GSE19639), exposure of MDA-MB-361 cells to LTED conditions 

led to increased PI3K activity, which is part of a phospho-proteomic signature that the 

authors demonstrated correlates with poor survival of BC patients after neoadjuvant 

endocrine therapy [25]. We found that MAO-A is up-regulated (FC=4.69; p=4.10E-12) in 

LTED MDA-MB-361 cells by comparison to the parental cell line. A similar study 

(GSE3542) demonstrated that LTED can be mimicked by ectopic expression of individual 
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components of RTK signaling pathways [26]. Interestingly MAO-A expression was 

significantly higher in the LTED MCF-7 cells (FC=3.33; p=6.30E-10) and those MCF-7 

cells ectopically overexpressing HER2 (FC=5.34; p=3.00E-11), MAPK Kinase (MEK) 

(FC=3.62; p=3.36E-10), or EGFR (FC=5.01; p=3.21E-10) by comparison to controls.  

Targeted therapies that inhibit EGFR and HER2 such as lapatinib have been 

developed and used to treat patients with treatment-refractory ER+ tumors, but acquired 

resistance to these agents occurs [27]. We mined the gene expression profiles (GSE38376) 

of a lapatinib-resistant SKBR-3 breast tumor cell line and found that MAO-A expression 

was higher in resistant cells (FC=2.69; p=1.02E-14) by comparison to the parental SKBR-

3 cells. Collectively, these data demonstrate that increased MAO-A expression is associated 

with several mechanisms of anticancer drug resistance independent of the clinical subtype 

modeled by the BC cell lines or the anticancer agent being investigated. The findings 

reported here are novel because we analyzed raw transcriptomic datasets from select studies 

where MAO-A was not a subject of the investigation. 

MAO-A expression predicts recurrence-free survival in patients who experienced ER- or 

TNBC tumors. 

Our analysis of RNA-sequencing data from human breast tumor cell lines revealed 

that a fraction of TNBC and HER2+/ER- breast tumor cell lines express high levels of 

MAO-A transcripts. Hence, we wondered whether increased MAO-A expression is 

associated with differential survival of patients who experienced TNBC or ER- tumors. To 

investigate the latter we used the Km-plotter, which includes the gene expression profiles 

of thousands of patient primary tumors [15]. We performed two analyses of patients with 
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high-grade tumors by dividing patients according to either ER- status or the basal-like 

(TNBC) subtype.  

Consistent with our observations of breast tumor cell lines and primary breast 

tumors (Fig. 1), MAO-A expression was low in most of the breast tumors in this analysis 

(Fig. 3A). Hence to ensure that we were in fact analyzing those tumors with the highest 

levels of MAO-A transcripts we separated patients based on upper quartile transcript 

expression levels (Fig. 3A; red dots). In both ER- and basal-like cohorts elevated MAO-A 

transcript expression was associated with poor RFS, with hazard ratios of 1.74 (p=1.8E-03) 

and 2.15 (p=2.5E-04), respectively (Fig. 3B). These results suggest that the fraction of 

patients whose ER- tumors highly express MAO-A are more likely to experience disease 

recurrence.  

 
DISCUSSION 
 

Our data suggests that MAO-A expression is higher in human breast tumor cells 

cultured as tumorspheres by comparison to adherent cells or primary tumors. Inhibition of 

MAO-A activity with the selective antagonist tetrindole inhibited tumorsphere formation 

by breast tumor cell lines modeling every BC subtype thus demonstrating that MAO-A 

activity plays a functional role in this process. Moreover, we used differential gene 

expression analyses to show that increased MAO-A expression is associated with multiple 

mechanisms of resistance to several different anticancer agents and is a predictor of poor 

RFS in patients who experienced ER- or TNBC tumors. Whereas these data were generated 

using in vitro and in silico analyses, they provide a compelling rationale for examining the 

relationship between MAO-A and BC using preclinical studies. 
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A recent shRNA screen was performed using tumorspheres isolated from the TNBC 

cell line, SUM149 [28]. BTIC-enriched SUM149 cells were transduced with a pooled 

lentivirus shRNA library including multiple shRNAs targeting MAO-A and then 

propagated as tumorspheres. Thereafter next-generation DNA sequencing of shRNA 

barcodes revealed that those targeting MAO-A were statistically significantly depleted 

during the culturing of the tumorspheres. This finding agrees with our data demonstrating 

that MAO-A plays a required role in tumorsphere formation and that reducing MAO-A 

transcript abundance or activity is sufficient to inhibit this process. 

RNA-sequencing data from 60 human breast tumor cell lines grown in serum-

containing media revealed that six cell lines express very high levels of MAO-A transcripts 

by comparison to all other cell lines. JIMT1, HCC1954 and KPL4 were derived from ER-

/HER2+ tumors of patients that were refractory to HER2-targeted therapy [29, 30] and these 

cell lines are resistant to RTK inhibitors such as lapatinib [31]. Interestingly, whereas 

SKBR-3 are sensitive to lapatinib [31], they display elevated expression of MAO-A after 

acquiring resistance (Table 1). Consistent with the latter findings, increased MAO-A 

protein expression in clinical specimens predicts poor overall survival in patients who 

experienced HER2+ BC [32].   

We established that increased MAO-A transcript expression is associated with 

ABC-transporter-mediated resistance to taxane chemotherapeutics and predicts poor 

prognosis in patients that experience high-grade ER- or TNBC tumors, whom are often 

treated with such agents. Several studies have proposed that increased ABC transporter 

expression and activity endows BTIC with resistance to cytotoxic anticancer therapies [22]. 
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Indeed, residual breast tumors after neoadjuvant chemotherapy comprise an increased 

frequency of BTIC [17] and higher expression of several ABC transporters by comparison 

to surrounding non-tumor tissue [33]. The expression of BTIC markers in breast tumors is 

also associated with poor clinical outcomes [3]. For example, metastatic breast tumors and 

those with increased histological grade have a higher frequency of CD44+/CD24-/low and 

ALDH+ BTIC. Hence the poor survival associated with high MAO-A expression in primary 

tumors might be related to an increased frequency of therapy-resistant BTIC in those 

tumors. 

We found that MAO-A is differentially upregulated in breast tumor cells that have 

acquired ER-independence via LTED or ectopic expression of RTK. Many studies have 

established that estrogen-independent growth of breast tumor cells increases the frequency 

of BTIC and that of tumorsphere-forming cells [34, 35]. Notably, the chemically-defined 

media used to culture tumorspheres lacks estrogen and contains the RTK-stimulating 

growth factors EGF and FGF-2 [8, 9]. We suspect that culturing ER+ breast tumor cell lines 

as tumorspheres may mimic the conditions required for ER-independent growth. Indeed 

propagating MCF-7 cells as tumorspheres induces a microRNA-orchestrated silencing of 

the ER and a complete epithelial-to-mesenchymal transition resulting in the stable 

enrichment of CD44Hi/CD24Lo BTIC [36]. Moreover, MCF-7 tumorsphere-derived cells 

are highly tumorigenic by comparison to adherently-grown cells and express a gene 

signature that includes MAO-A and predicts poor response to AE therapy [6].  

Analogous findings have been observed in prostate tumor cells where long-term 

androgen deprivation leads to increased MAO-A expression and activity [11]. Reactive 
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oxygen species produced by MAO-A enzymatic activity facilitate hormone-refractory 

neuroendocrine differentiation, which reportedly increases TIC activity [12]. Interestingly, 

the first evidence that MAO-A contributes to BC progression demonstrated that the 

increasing degree of malignancy in chemically-induced rat breast tumors is associated with 

elevated MAO-A enzymatic activity [10, 37]. High-grade adenocarcinomas displayed 

increased serotonin-specific enzymatic activity by comparison to benign hyperplasia, as 

established by Lineweaver-Burk analysis of MAO-A kinetics. Hence, a role for MAO-A in 

TIC activity and BC progression is consistent with the observations of others. 

 CONCLUSION. 
 

We have established that MAO-A activity is required for tumorsphere formation by 

human breast tumor cell lines. Our sphere-forming assays have identified tetrindole as a 

potential novel anticancer agent. We also found that increased expression of MAO-A is a 

feature of breast tumor cell lines that have acquired anticancer drug resistance and the 

tumors of patients that experienced poor RFS, implying that MAO-A expression might be 

of prognostic value in BC. It is particularly intriguing that altered MAO-A expression 

occurred in cell lines modeling every BC clinical subtype given the substantial molecular 

heterogeneity that exists between the subtypes. Collectively, our observations suggest that 

further study of the connection between MAO-A and BTIC activity is warranted. 

MATERIALS AND METHODS 
 
Cell Culture.  

Breast tumor cell lines were purchased from the ATCC and propagated as adherent 

cells or tumorspheres as described previously [8, 9]. The chemically-defined media used to 
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culture tumorspheres contains epidermal growth factors (EGF) and fibroblast growth factor 

2 (FGF-2). 

Nanostring nCounter.  

Total RNA was isolated from breast tumor cell lines propagated as adherent cells 

or as tumorspheres using the Midi Easy RNA isolation kit (Qiagen). Human brain RNA 

was included as a positive control for MAO-A expression. MAO-A transcript abundance 

was determined with a custom probe set and normalized by subtracting negative probe 

counts using Nanostring nSolver software. Normalized expression values are listed in 

Additional File 1. 

Western Blots. 

Western blots were performed as described previously [9]. To identify MAO-A we 

used a rabbit monoclonal antibody (Abcam, #ab126751), elicited by a peptide 

corresponding to amino acids 450-550 of human MAO-A. 

Sphere-forming Assays. 

Clorgyline, tetrindole and pirlindole were purchased from Tocris Bioscience. 

Sphere-forming assays were carried out as described previously [8, 9]. 

Data Mining and Analysis. 

Microarray datasets were accessed through the Gene Expression Omnibus (GEO) 

or Array Express online databases according to the accession codes listed in Table 1. All 

datasets obtained from the GEO repository were preprocessed as described in their source 

publications. E-GEOD-28784 dataset was preprocessed by using affy package in R 

environment with RMA background correction, quantile normalization and median polish 
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summarization methods [13]. Differential expression analysis was performed by using 

limma package in R [14]. 

Survival Analysis. 

 We used the Km Plotter for BC (http://kmplot.com/analysis/) [15]. We selected 

grade 3 patient tumors that were ER- or of the basal-like intrinsic subtype. Probe 

[204388_s_at] (MAOA) was used to determine MAO-A expression. For quality control 

redundant samples and biased arrays were excluded. Additional File 2 lists the GEO 

datasets that patient tumors were pooled from.  

LIST OF ABBREVIATIONS USED. 
 
ABC – ATP-binding cassette 

AE – anti-estrogen  

BC – breast cancer 

BTIC – breast tumor-initiating cell 

EGF/R – epidermal growth factor / receptor 

ER – oestrogen receptor 

FGF2 – fibroblast growth factor 2 

HER2 – human epidermal growth factor receptor 2 

LTED – long-term oestrogen deprivation 

MAO-A – monoamine oxidase A 

MAPK – mitogen-activated protein kinase 

MEK – MAPK kinase  

PI3K – phosphatidylinositol-3’ kinase 
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RFS – recurrence-free survival 

RTK – receptor tyrosine kinase 

SERT – the serotonin transporter 

TNBC – triple-negative BC 

TIC – tumor initiating cell 
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Figure 1. Monoamine oxidase A expression increases at the transcript and protein level in 
human breast tumor cells propagated as tumorspheres. 
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Figure 2. Pharmacological inhibition of MAO-A activity reduces the frequency of 
tumorsphere-forming cells in human breast tumor cell lines. 
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Figure 3. MAO-A expression predicts recurrence-free survival in patients who 
experienced ER- or TNBC tumors. 
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Supplementary Materials 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Additional File 1. Normalized MAO-A mRNA counts from Nanostring nCounter 
analysis. 

Cell Lines Adherent Tumorspheres 
BT20 63.53 258.63 
BT474 42.68 496.09 
MCF-7 35.97 550.82 

MDA-MB-361 118.65 320.39 
MDA-MB-436 47.54 52.69 

T47D 36.32 64.63 
ZR75-1 39.66 71.93 

MDA-MB-157 82.81 627.16 
HCC1954 270.2 330.55 

Brain 1566.64 
MAO-A abundance was determined from total RNA using Nanostring nCoutner and 
custom probe sets. mRNA read counts were normalized by subtracting negative probe 
counts using Nanostring nSolver software. Human Brain RNA was included as a 
positive control. 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 146 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Additional File 2. GEO datasets for RFS survival analysis. 

Cohort Datasets 

ER- 

 

(n = 411) 

GSE11121, GSE1456, GSE16446, GSE16716, 
GSE17907, GSE19615 GSE20271, GSE20711, 
GSE21653, GSE2990, GSE31519, GSE3494, 
GSE37946, GSE42568, GSE45255, GSE4611, 

GSE7390, GSE9195 

Basal 
 

(n = 293) 

GSE11121, GSE1456, GSE16446, GSE16716, 
GSE19615, GSE20711, GSE21653, GSE2990, 
GSE31519, GSE3494, GSE37946, GSE42568, 

GSE45255, GSE4611, GSE7390, GSE9195 
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Additional File 3.  Human breast tumor cell lines used in this study. 
Cell Line Molecular Subtype ER PR HER2 
MCF-7 Luminal + + - 
BT474 Luminal + + + 

T47D Luminal + + - 
ZR75-1 Luminal + + - 

MDA-MB-361 Luminal + + + 

HCC1954 Basal A - - + 
MDA-MB-157 Basal B - - - 
MDA-MB-436 Basal B - - - 

BT20 Basal A - - - 

The clinical and molecular subtype of each cell line is indicated. 
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Additional File 4. MCF-7 human breast tumor cells form bona fide tumorspheres, 
whereas MDA-MB-231 form cellular aggregates. 
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Additional File 5. Western blots used to create Figure 1c. 
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FIGURE AND TABLE LEGENDS 
 
Figure 1. Monoamine oxidase A expression increases at the transcript and protein 

level in human breast tumor cells propagated as tumorspheres. (A) Log2 normalized 

MAO-A transcript counts from Nanostring nCounter analysis of total RNA isolated from 

human breast tumor cell lines grown adherently (A) or as tumorspheres (S). Human brain 

RNA was included as a positive control. (B) Log2 normalized MAO-A expression from 

microarray analysis of primary patient tumor cells propagated as tumorspheres [FC = 4.80; 

p = 5.30E-05]. (C) Western blot analysis of 6 human breast tumor cell lines grown 

adherently (A) or as tumorspheres (S) with a primary antibody that binds to MAO-A at its 

approximated molecular weight of 61 kDa. An a-tubulin loading control was included. 

Lanes were cropped from 3 separate blots as described in Additional File 5. (D) RNA 

sequencing data from 60 breast tumor cell lines was downloaded from Array Express [E-

MTAB-2706]. Transcript abundance (transcripts per million; TPM) was plotted for each 

cell line. The green bars indicate cell lines that expressed MAO-A at a 50-fold higher level 

than the median TPM of all samples (black dotted line). 

Figure 2. Pharmacological inhibition of MAO-A activity reduces the frequency of 

tumorsphere-forming cells in human breast tumor cell lines. (A) IC50 curves from 

sphere forming assays with 3 selective MAO-A antagonists in the MCF-7 and HCC1954 

human breast tumor cell lines. (B) IC50 curves for tetrindole using sphere forming assays 

with a panel of 6 human breast tumor cell lines. Data points represent the number of 

tumorspheres formed at each concentration, relative to the vehicle treated cells. IC50 curves 

were generated using GraphPad Prism 7.0. Error bars represent standard error from three 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 153 

technical replicates. A value of 0.01 nM was used in IC50 calculations as the vehicle-treated 

control. 

Figure 3. MAO-A expression predicts recurrence-free survival in patients who 

experienced ER- or TNBC tumors. (A) Beeswarm plot showing MAO-A expression in 

411 grade 3 ER- tumors and 293 grade 3 basal-like tumors; red dots show upper quartile 

separation range. (B) Kaplan-Meier survival curves comparing RFS for high- and low-

expressing tumors in ER- [HR = 1.74 (1.22-2.47); p =1.8E-03] and basal-like [HR = 2.15 

(1.41-3.28); p = 2.5E-04] cohorts. Analyses were performed using the Km Plotter for Breast 

Cancer. 

TABLES. 

Table 1. Transcriptomic analysis of MAO-A expression from mined datasets. 

Statistical analyses were performed as described in the materials and methods section. The 

fold change in MAO-A transcript expression between conditions is indicated according to 

each probe used in the analysis. 

ADDITIONAL FILES. 

Additional File 1 (.docx). Normalized MAO-A mRNA counts from Nanostring 

nCounter analysis. MAO-A abundance was determined from total RNA using Nanostring 

nCoutner and custom probe sets. mRNA read counts were normalized by subtracting 

negative probe counts using Nanostring nSolver software. Human Brain RNA was included 

as a positive control. 

Additional File 2 (.docx). GEO datasets used for RFS survival analysis. 
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Additional File 3 (.docx). Human breast tumor cell lines used in this study. The clinical 

and molecular subtype of each cell line is indicated. 

Additional File 4 (.docx). MCF-7 human breast tumor cells form bona fide 

tumorspheres, whereas MDA-MB-231 form cellular aggregates. Images taken of 

MDA-MB-231 cells (top) and MCF-7 cells (bottom) grown in chemically defined media 

as tumorspheres. Tumorspheres were imaged at 100X magnification and the scale bar 

represents 100 µm. The arrows demarcate examples of a bona fide tumorspheres (solid 

arrows) and cellular aggregates (dashed arrows).  (B) Examples of each structure shown at 

a higher magnification (200X). 

Additional File 5 (.docx). Western blots used to create Figure 1C. We cropped lanes 

from each blot to create Figure 1C. MAO-A and a-tubulin bands for HCC1954 A and S 

lanes were taken from Blot 1, imaged at a low exposure (A). MAO-A bands from MCF-7 

A and S, MDA-MB-157 A and S, and mouse brain were taken from the Blot 2, taken at a 

low exposure (B). MAO-A bands from T47D A and S and ZR75-1 A and S were also taken 

from Blot 2, imaged at a higher exposure (C). a-tubulin bands from MCF-7 A and S, MDA-

MB-157 A and S, T47D A and S, ZR75-1 A and S, and mouse brain were all taken from 

Blot 2, imaged at a low exposure (D). MAO-A and a-tubulin bands from BT474 A and S 

were taken from Blot 3, imaged at a low exposure (E). 
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CHAPTER 5: SELECTIVE ANTAGONISTS OF 5-HT RECEPTOR 5A TARGET 
HUMAN BREAST TUMOR INITIATING CELLS. 
 
PREAMBLE 
 
This chapter is an unpublished manuscript: 

The Serotonin 5A Receptor is Required for Breast Tumor Initiating Cell Activity. (2019). 

Gwynne, W.D., Shakeel, M.S., Girgis-Gabardo, A., Kwang, K.H., Dvorkin-Gheva, A., 

Isaac, M., Al-awar, R., and Hassell J.A. 

 In the HTS that we described in chapter 2 we identified several antagonists of 

HTRs among the hit compounds. In chapter 3 we determined which HTRs are required for 

sphere formation by screening commercially available selective antagonists of each HTR. 

We determined that the highly selective HTR5A antagonist SB-699551 inhibits 

tumorsphere formation by human breast tumor cell lines with the highest potency among 

all of the compounds that we tested.  

In this chapter, we followed up on that observation by procuring the synthesis of 6 

non-commercially available and structurally distinct HTR5A antagonists, which we tested 

in functional assays of BTIC activity. Moreover, we tested the capacity for one of these 

antagonists to affect the growth of breast tumor xenografts in vivo using a preclinical model 

of breast cancer.  We determined potential mechanisms-of-action of this compound by 

analyzing the changes in phosphoprotein abundance after the treatment of human breast 

tumor cells in vitro. 

WDG and MSS contributed equally to the manuscript. WDG contributed to the 

design of the study, performed the in vitro, ex vivo and in vivo studies with the HTR5A 

antagonists and wrote the manuscript. MSS performed all phosphoproteomic 
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experiments/quantifications and tested the kinase inhibitors in sphere forming assays. AGG 

assisted each of the experiments through tissue culture. KHK helped monitor tumor size 

and tumor volume during the ex vivo study. ADG helped with statistical analyses. MI and 

RA helped with the acquisition of non-commercially available HTR5A antagonists through 

collaboration with the OICR. JAH conceived of the study and helped design experiments. 
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ABSTRACT 
 
 Breast tumor initiating cells (BTIC) are stem-like tumor cells that initiate breast 

tumor growth, sustain tumor progression and drive disease recurrence. Whereas 

discovering agents capable of eradicating tumor initiating cells (TIC) has emerged as a 

strategy for improving the durability of tumor remissions, the scarcity of TIC in tumors has 

hindered efforts to identify such therapeutic agents. To address the latter we previously 

performed a high throughput phenotypic screen using BTIC-enriched mouse mammary 

tumor cells and made the serendipitous discovery that antagonists of several serotonin 

receptors (HTRs) were among the hit compounds. Here we investigated the relationship 

between HTR5A and BTIC activity using multiple orthogonal assays. We found that 

multiple structurally-diverse selective antagonists of HTR5A reduced the frequency of 

tumorsphere initiating cells in breast tumor cell lines and targeted BTIC as established by 

ex vivo assays. Moreover, we demonstrate that the most potent HTR5A selective 

antagonists (SB-699551) reduced the growth of human breast tumor xenografts and acted 

in concert with chemotherapy to block xenograft growth. To uncover the mechanism of 

action of SB-699551, we used a phosphoproteomic approach and established that treatment 

of human breast tumor cell lines with the compound reduced intracellular signaling via the 

canonical Gai-coupled pathway and the PI3K/AKT/mTOR axis. Collectively our data 

suggests that selective antagonists of HTR5A in combination with a cytotoxic anticancer 

therapy provides a novel therapeutic approach to treating breast cancer. 
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INTRODUCTION 
 

Early models of tumorigenesis proposed that tumors comprise a biologically 

homogenous cell population with each cell possessing a low probability of initiating tumor 

growth1. The cancer stem cell (CSC) model challenged this paradigm by proposing a 

cellular hierarchy in tumors, wherein the majority of cells are non-tumorigenic and possess 

limited replicative capacity, but a rare fraction of cells (TIC) are tumorigenic and possess 

stem cell-like properties of self-renewal and differentiation2. TIC initiate and sustain the 

development of cancer and have been documented in both hematological malignancies3 

and solid tumors of epithelial origin4,5. Breast cancer was the first epithelial malignancy 

reported to follow the CSC model4. The existence of breast tumor initiating cells (BTIC) 

has significant therapeutic implications in breast cancer6.  

Conventional cytotoxic anticancer therapies principally eradicate the non-

tumorigenic subpopulation of tumor cells7–11 but BTIC are resistant to such therapies and 

consequently their frequency in tumors increases after neo-adjuvant chemotherapy10 or 

from exposure of breast tumor cells to chemotherapy ex vivo11. Hence, the existence of 

BTIC in part explains why a proportion of patients that undergo treatment experience 

relapse, which frequently leads to fatal and systemic metastasis12. Importantly, the status 

of a tumor cell within the TIC hierarchy is dynamic because non-tumorigenic tumor cells 

may become tumorigenic as a consequence of the cells undergoing an epithelial-

mesenchymal transition (EMT)13. Hence effective breast cancer therapies should eliminate 

both BTIC and their non-tumorigenic progeny.  
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Identifying compounds that target BTIC has been challenging primarily due to their 

scarcity in human tumors and the inability to sufficiently purify them for molecular 

analyses14. We previously determined that primary tumors arising in the MMTV-Neu 

transgenic mouse model comprise an extraordinarily high fraction of BTIC (approaching 

30-50% of total cells) and that a comparable BTIC frequency was maintained in vitro by 

culturing the tumor cells in a serum-free, chemically-defined media as clonal three-

dimensional spheres, termed tumorspheres15. In an effort to identify inhibitors of BTIC 

activity we screened 35,000 small molecules for their capacity to affect the viability of 

BTIC-enriched tumorspheres using a sensitive assay for cell viability16.  

A large fraction of the “hits” identified in the screen are antagonists of serotonin (5-

hydroxytryptamine; 5-HT) G-protein coupled receptors (HTRs) and the serotonin reuptake 

transporter (SERT). We subsequently demonstrated that selective antagonists of other 5-

HT pathway components inhibited the activity of mouse16 and human BTIC17 using 

multiple orthogonal assays. In short we demonstrated that structurally unrelated antagonists 

of tryptophan hydroxylase 1 (TPH1), the rate-limiting enzyme required for 5-HT 

biosynthesis in the periphery, SERT and each of 5 of the 17 HTRs inhibited tumorsphere 

formation by human breast tumor cell lines irrespective of the breast cancer subtype that 

they model17. The highly selective HTR5A antagonist (SB-699551) was the most potent 

inhibitor of tumorsphere formation among all the antagonists that we screened.  

Twelve of the 17 HTRs act as guanine-exchange factors for heterotrimeric G-

proteins, causing dissociation of the Ga subunit from the Gb/g complex upon activation 

with 5-HT18. The other 5 HTR3 subfamily members function as ligand-gated ion channels. 
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HTR5A is coupled to Gai, which inhibits the activity of adenylate cyclases (AC)19. HTR 

signaling is terminated by phosphorylation of intracellular domains by GPCR kinases 

(GRK), which recruit b-arrestin proteins18. Whereas b-arrestins act as negative regulators 

of G-protein signaling they also interact with oncogenic signaling kinases such as SRC, 

AKT, PI3K, ERK1/2, and receptor tyrosine kinases (RTKs) including the epidermal growth 

factor receptor (EGFR) and the platelet derived growth factor receptor (PDGFR)20–23. The 

Gb/g subunit of GPCRs also couple to signaling pathways like AKT through interaction 

with PI3K24.  

Here we show that structurally unrelated selective antagonists of HTR5A inhibit 

tumorsphere formation by human breast tumor cell lines. Moreover, we demonstrate that 

SB-699551 inhibits tumorsphere formation by an irreversible mechanism and targets BTIC 

as established by ex vivo assays. SB-699551 and docetaxel individually reduced the growth 

rate of human breast tumor xenografts and in combination shrank tumor xenografts. We 

elucidated potential biological mechanisms-of-action of SB-699551 in vitro using a 

phosphoproteomic approach. We found that SB-699551 mediated inhibition of HTR5A 

increased the phosphorylation of cAMP response element-binding protein (CREB) and that 

of a related family member, activating transcription factor 1 (ATF1), likely by inhibiting 

Gai-coupled HTR5A signalling. SB-699551 also reduced signaling via the 

phosphoinositide 3-kinase (PI3K)/Akt/mTOR axis. Taken together our data suggests that 

selective HTR5A antagonists might be developed as novel anticancer agents that can be 

combined with cytotoxic therapies to ensure more durable breast cancer remissions than 

are currently achieved.  
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RESULTS 
 
Structurally diverse antagonists of HTR5A inhibit tumorsphere-formation by 

HCC1954 and MCF-7 human breast tumor cell lines in a dose-dependent fashion.  

The capacity of a cell to form a sphere in vitro is a surrogate measure of mammary 

epithelial stem cell (MESC)25 and BTIC26 activity and compounds that inhibit BTIC 

similarly reduce the frequency of tumorsphere forming cells27,28. We reasoned that if SB-

699551inhibits tumorsphere formation by inhibiting HTR5A activity, then structurally 

unrelated selective HTR5A antagonists should similarly affect this process. To address this 

hypothesis, we procured the synthesis of a panel of six selective HTR5A antagonists, which 

are not commercially available (structures in Figure 1A). Three compounds (SB-699551, 

AS2030680, and ASP5736) are highly selective for HTR5A over all other HTR 

subtypes29,30. The (S)-isomer of the guanidine-type antagonists (G1a-(S) and G1b-(S)) 

display a 4- and 7-fold selectivity for HTR5A over HTR7 and are highly selective for these 

two HTRs compared to all other HTRs31. We obtained the purified (R)-enantiomers of both 

G1a and G1b (G1a-(R) and G1b-(R)), which have much lower affinity for HTR5A31. We 

tested the capacity of each compound to affect the frequency of tumorsphere forming cells 

by HCC1954 and MCF-7 human breast tumor cells in quantitative in vitro assays (Figure 

1 and Table 1). We also used PrestoBlue reduction assays to learn whether the compounds 

affected the viability of the HCC1954 and MCF-7 tumor cells (Supplementary Figure 1). 

Whereas ASP5736 had no observable effect on tumorsphere formation (IC50 > 

25µM), SB-699551, AS2030680, G1a and G1b inhibited tumorsphere-formation with 

IC50s (listed in Table 1) ranging from 0.3 to 2.0 µM; SB-699551 exhibited the highest 
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potency among all the antagonists that were tested. G1a-(S) and G1b-(S) were more potent 

in each of our assays than their (R)-configured stereoisomer (Figure 1B). Indeed, G1a-(R) 

and G1b-(R) had a negligible effect on tumorsphere-formation at the IC50 concentrations 

of their (S)-enantiomers (Figure 1C). We confirmed the enantiomeric selectivity of these 

compounds using PrestoblueTM reduction, a measure of cell viability (Supplementary 

Figure 1). Taken together these data suggest that structurally distinct selective antagonists 

of HTR5A inhibit tumorsphere formation by human breast tumor cell lines and that the 

enantiomeric selectivity of G1a-(S) and G1b-(S) in these assays is consistent with their 

binding affinities for HTR5A31. 

SB-699551 irreversibly inhibits tumorsphere-formation in vitro and targets BTIC. 

Compounds that target tumorsphere initiating cells by an irreversible mechanism 

induce largely irreversible biological processes such as differentiation and apoptosis and 

target BTIC28,32. To determine whether SB-699551 inhibits human tumorsphere formation 

by a reversible or irreversible mechanism we used secondary sphere forming assays16,17,28. 

Briefly tumorspheres derived from MCF-7 and HCC1954 cells were dissociated and 

dispersed cells seeded into media containing each of two concentrations of SB-699551 

(approximate IC50 and IC90 concentrations). Tumorspheres that arose after 72 hours were 

dissociated, and an equal number of viable cells were seeded into compound-free media 

(Figure 2A). The secondary tumorspheres that arose thereafter were enumerated (Figure 

2B). Cells exposed to the vehicle gave rise to tumorspheres in the secondary assay at an 

identical frequency as that in the primary assay (~5%). By contrast, the tumorsphere 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 163 

forming capacity of SB-699551-treated tumor cells persisted in drug-free media. The latter 

suggests that SB-699551 targets tumorsphere forming cells by irreversible mechanism. 

BTIC are functionally defined by their capacity to initiate tumor growth following 

transplantation into mice4. To determine whether SB-699551 affects human BTIC 

frequency, we assessed its capacity to block tumor initiation using ex vivo assays 

(schematic Figure 3A). In short, we incubated dispersed HCC1954 tumorsphere derived 

cells with the vehicle (0.1% dimethyl sulfoxide (DMSO)) or each of four concentrations of 

SB-699551. After a 72-hour incubation period, tumorspheres that arose were enumerated, 

dissociated and 10,000 viable tumor cells were transplanted into the #2 mammary fat pad 

of 8-week old female non-obese diabetic/severe combined immunodeficiency 

(NOD/SCID) mice. We included 10 mice in the three cohorts that were injected with tumor 

cells treated with the vehicle or SB-699551 at 400 nM or 500 nM. The cohorts transplanted 

with tumor cells exposed to SB-699551 at a concentration of 300 nM or 600 nM comprised 

6 and 4 mice respectively. Tumor incidence and volume was monitored over a 46-day 

period. 

 Palpable tumor xenografts first appeared in the cohort of mice transplanted with 

vehicle-treated tumorsphere-derived cells on day 11, and by day 16 all mice in this cohort 

had a palpable tumor (Figure 3B). Tumor-formation was statistically significantly delayed 

in cohorts transplanted with tumor cells exposed to SB-699551 in a dose-dependent 

fashion. Consistent with these findings, tumors arising from SB-699551-treated tumor cells 

appeared later and were smaller at endpoint than the vehicle-treated cells (Figure 3C). 

Furthermore, the masses of xenografts arising from SB-699551-treated cells were reduced 
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at endpoint compared to those exposed to the vehicle (Figure 3D). We and others have 

previously shown that tumor latency, growth rate and tumor volume at endpoint are directly 

correlated with the BTIC frequency of the transplanted tumor cells15,33. These data suggest 

that SB-699551 targets BTIC in HCC1954 tumorsphere-derived cell populations. 

Treatment with SB-699551 affects the growth of human breast tumor xenografts. 

 To assess whether SB-699551 affects tumor growth, we initially established its 

maximum tolerated dose (Supplementary Table 1). In short, two mice were each treated 

with a dose of 12.5, 25, 37.5, or 50 mg/kg SB-699551 in combination with docetaxel at a 

10 mg/kg dose, whereas control mice received docetaxel alone. Mice were treated by a 

single intraperitoneal injection of docetaxel on day 1 and five doses of SB-699551 on days 

1-5. After a two-day recovery period, the regimen was repeated for a second week, after 

which body weight measurements were made. Mice receiving 12.5 and 25 mg/kg and 

docetaxel alone were active and phenotypically normal after the two-week treatment 

regimen. By contrast doses of 37.5 mg/kg and 50 mg/kg caused diarrhea and reduced body 

mass. For these reasons we selected an SB-699551 dose of 25 mg/kg for the subsequent in 

vivo study. 

 We transplanted 25,000 tumorsphere-derived HCC1954 cells subcutaneously into 

the #2 mammary fatpad of NOD/SCID mice. After approximately 4 weeks mice bearing 

tumor xenografts with an approximate volume of 50 mm3 were randomized into 4 cohorts 

after which we initiated a 3-week treatment regimen as outlined in Figure 4A. One cohort 

of 13 mice was treated with the vehicle and another cohort of 13 mice was treated with 

docetaxel at a dose of 10 mg/kg. The third and fourth cohorts consisted of 18 mice that 
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received SB-699551 (25 mg/kg) alone or in combination with docetaxel, respectively. 

Tumor volume in each mouse was determined every 3-4 days using digital caliper 

measurement for the duration of the experiment.  

 The growth rates of the xenografts in all three treatment cohorts were reduced 

compared to those of the xenografts of the vehicle-treated mice (Figure 4B). Whereas SB-

699551 or docetaxel individually reduced xenograft growth during the treatment period, 

the combination of both agents blocked xenograft growth or shrank the xenografts. To 

assess the effect of each treatment on individual tumors and to correct for any variation in 

their starting volume, we compared the volume of each tumor xenograft at endpoint to its 

initial volume (Figure 4C). The volume of xenografts in mice treated with the vehicle 

increased during the treatment period. Moreover, whereas all but one of the tumors treated 

with either SB-699551 or docetaxel increased in volume, half of the tumors in mice 

receiving a combination of SB-699551 and docetaxel shrank during the treatment regimen. 

At endpoint, the mean relative xenograft volumes in mice treated with docetaxel, SB-

699551 and the combination of both agents were statistically significantly lower than that 

of vehicle-treated mice (Figure 4D). Moreover, the mean relative xenograft volume of 

combination-treated mice was statistically significantly lower than that of docetaxel-treated 

mice. Xenografts from the vehicle-, docetaxel-, and SB-699551-treated cohorts exhibited a 

log2 fold increase in volume of 4.2, 1.9, and 1.2, respectively. By contrast, xenografts from 

mice receiving a combination of both agents exhibited a log2 fold decrease in volume of -

0.52. 
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 To determine the phenotypic consequences of treatment with SB-699551 alone or 

in combination with docetaxel, we stained formalin-fixed paraffin-embedded (FFPE) 

xenograft sections from each cohort with hematoxylin and eosin (H&E) (Figure 5A). 

Tumor specimens collected from vehicle-treated mice recapitulated the histological 

phenotypes characteristic of HCC1954 xenografts and the majority of tumor sections 

comprised a high tumor cell density17. Sections of tumors resected from docetaxel-treated 

mice appeared histologically similar to those of the vehicle treated mice, albeit with a 

slightly reduced tumor cell density. Some SB-699551-treated mouse xenografts contained 

large, fibrotic areas that were devoid of tumor cells (red arrows), displayed a decrease in 

tumor cell density and an increased presence of infiltrating stromal cells. Combination-

treated tumors also contained fibrotic regions and reduced tumor cell density, but the 

“intact” regions of several xenografts comprised a considerable number of ghost cells and 

cells with shrunken, pyknotic nuclei (green arrows), which are both features cells that have 

undergone apoptosis. 

 To learn what cellular processes were affected by each treatment and their 

combination we evaluated any differences in the frequency of apoptotic cells. To the latter 

end we stained tumor sections by terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL), which marks cells harboring nicked genomic DNA resulting from 

apoptosis. Interestingly, whereas tumor xenografts isolated from mice treated with SB-

699551 or docetaxel displayed only a subtle increase in the frequency of TUNEL-positive 

cells, their frequency was markedly increased in tumors isolated from combination-treated 

mice (Figure 5B). We also stained the xenografts sections with antibodies to Ki67, a 
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marker of cell proliferation, but could not identify any differences among the treatment-

cohorts compared to the vehicle-treated cohort (data now shown). Taken together these 

results suggest that tumor-shrinkage induced by the combination of SB-699551 and 

docetaxel may be due to an increase in tumor cell apoptosis. 

Treatment of human breast tumor cell lines with SB-699551 affects signaling 

pathways downstream of HTR5A. 

To better understand the mechanism of action of SB-699551 we sought to identify 

the signaling pathways that might be affected in human breast tumor cell lines after 

treatment with the compound. To pursue this aim, we used the Proteomic Profiler Array 

(PPA; R&D Systems), which measures the phosphorylation status of 43 intracellular 

signaling proteins using phospho-specific antibodies in a sandwich ELISA format. In short 

breast tumor cell lines were treated with SB-699551 or its vehicle for 30 minutes before 

isolating protein lysates and analysing them with the PPA (schematic in Figure 6A; high 

and low exposures of the X-ray film are displayed Supplementary Figure 3). Mean pixel 

densities were calculated for each spot on the X-ray film, which is representative of the 

total abundance of each phosphoprotein in the cells at the time of isolation. The dot blots 

of phosphoproteins whose abundance was most affected by treatment with SB-699551 are 

shown in Figure 6B and the mean pixel densities of each phosphoprotein are graphed in 

Figure 6C.  

Treatment of MCF-7 cells with SB-699551 resulted in increased phosphorylation 

of the cAMP-response element binding protein (CREB; S133). HTR5A is a Gai-coupled 

GPCR whose activation inhibits the enzymatic activity of adenylate cyclase, thereby 
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decreasing intercellular cyclic AMP (cAMP) levels. Inhibition of HTR5A is expected to 

increase cAMP levels resulting in the stimulation of protein kinase A (PKA) activity, which 

phosphorylates CREB. Hence, increased abundance of phosphorylated CREB after 

treatment with SB-699551 is consistent with its inhibition of HTR5A activity. 

We also determined that treatment of the MCF-7 cell line with SB-699551 resulted 

in a decrease in the phosphorylation of AKT at serine residue 473 (S473) and that of two 

of its downstream effectors: the lysine deficient protein kinase 1 (WNK1) and the proline-

rich AKT substrate (PRAS40). Interestingly, unphosphorylated PRAS40 inhibits the 

activity of the mammalian target of rapamycin (mTOR). Consistent with the latter, SB-

699551-treated tumor cells exhibited reduced phosphorylation of the p70-S6 kinase 1 

(p70S6K), a direct target of mTOR. Taken together these results suggest that SB-699551 

elicits alterations in signaling via PI3K/AKT/mTOR.  

We sought to validate the results obtained with the PPA and to establish the 

temporal changes in protein phosphorylation after the addition of SB-699551 to the culture 

media. To this end we isolated lysates from breast tumor cells that were prepared at 5, 10, 

30 or 60 minutes after the addition of SB-699551 to the media. To account for any effect 

of media changes on protein phosphorylation we similarly established the effect of the 

vehicle at each time point. We then determined the abundance of each protein using 

antibodies specific to their total or phosphorylated forms in a series of Western 

immunoblotting experiments. We selected the MCF-7 cell line to verify the PPA data 

(Figure 7A) and expanded our analysis to include the triple negative breast cancer (TNBC) 

cell line MDA-MB-157 (Figure 7B). The relative abundance of each selected protein was 
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determined by comparing the mean pixel densities of bands corresponding to both total and 

phospho-specific species of the vehicle and SB-699551 treated tumor cells at each time 

point.  

We reproduced our finding that treatment of breast tumor cells with SB-699551 

increased the phosphorylation of CREB (S133) in the MCF-7 cell line, which occurred as 

early as 5 minutes after treatment and peaked at 10 minutes. Interestingly, the antibodies 

that bind total CREB and pCREB also bind to activating transcription factor 1 (ATF1), 

another member of the ATF transcription factor family. The abundance of pATF1 also 

increased in SB-699551 treated MCF-7 and MDA-MB-157 cells and followed a similar 

temporal pattern to that of CREB phosphorylation. ATF1 is also a PKA substrate and hence 

this observation offers additional evidence that SB-699551 acts by inhibiting Gai-coupled 

HTR5A signaling resulting in increased AC activity and increased intracellular c-AMP 

levels.   

In agreement with our PPA results, we also observed substantial decreased AKT 

phosphorylation (S473) occurring as early as 5 minutes after treatment with SB-699551 

and peaking at 30 minutes. Whereas we observed minimal differences in the 

phosphorylation of AKT at threonine residue 308 (T308) in the PPA, we detected a 

noticeable decrease in our Western blot in both cell lines. This finding may reflect 

differences in the sensitivity between enzyme-linked immunosorbent conditions of the PPA 

and the fluorochrome-linked secondary antibodies used in the Western blots, or differences 

in the nature of the primary antibodies used to detect AKT and its T308 phosphorylated 

form. Interestingly, the total amount of pAKT increased in vehicle-treated cells in a time-
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dependent fashion, which may have occurred from the addition of fresh serum-containing 

media, which contains growth factors that stimulate AKT phosphorylation34. It is also 

noteworthy that the magnitude of the decrease in pAKT observed by Western blotting in 

response to SB-699551 in the MCF-7 cell line was much greater than that of increased 

pCREB consistent with the changes seen in the PPA.  

We lastly verified alterations in mTOR signaling by examining the phosphorylation 

level of PRAS40 and p70S6K. As expected the amount of pPRAS40 decreased in a time-

dependent fashion after exposing the cell lines to SB-699551 and the kinetics mimicked 

that of pAKT. SB-699551 treatment also reduced the phosphorylation of p70S6K at each 

of time points examined, reaching its lowest levels after a 60-minute incubation with the 

compound. The fold change (FC) of each phosphoprotein after treatment with SB-699551 

are listed in Table 2. Taken together, these data validate the results of the PPA and suggest 

that targeting HTR5A with SB-699551 alters the phosphorylation of proteins in the 

Gai/PKA/CREB and PI3K/AKT/mTOR signaling pathways.  

Inhibition of AKT signaling by SB reduces the phosphorylation and activity of the 

antiapoptotic transcription factor FOXO1. 

AKT mediates cell survival by phosphorylating the forkhead box protein 1 (FOXO1) 

transcription factor35. Phosphorylated FOXO1 (pFOXO1) is sequestered in the cytosol 

preventing it from orchestrating the expression of pro-apoptotic genes such as the Bim 

BCL2 family protein. A recent study showed that inhibition of Htr5a with SB-699551 

affects the survival of mouse embryonic hematopoietic progenitor cells by reducing the 

phosphorylation of AKT and FOXO1 and increasing the abundance of FOXO136.  
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We investigated whether the latter occurred after treatment of the human breast 

tumor cell lines with SB-699551 using Western immunoblotting with primary antibodies 

specific to total FOXO1 and its phosphorylated species. We found that treatment of MCF-

7 and MDA-MB-157 cells with SB-699551 for 60 minutes reduced the abundance of 

pFOXO1 by approximately 2-fold and increased its total abundance (Figure 7 A and B). 

In consequence the ratio between active (unphosphorylated) FOXO1 and inactive 

(phosphorylated) FOXO1 is increased in breast tumor cells after treatment with SB-

699551. Notably,  the changes in abundance of both total FOXO1 and pFOXO1 are 

consistent with those published previously36. Taken together, these data suggest that 

inhibition of HTR5A by SB-699551 inhibits BTIC activity in part by reducing the capacity 

for AKT to inhibit apoptosis through FOXO1. 

Selective antagonists of kinases downstream of HTR5A phenocopy the effect of SB-

699551. 

 If SB-699551 mediated inhibition of BTIC activity is elicited by alterations in 

PI3K/AKT/mTOR signaling, then selective inhibitors of these kinases might phenocopy 

the effect of SB-699551. To test the latter we acquired small molecule antagonists selective 

for each kinase. Included in these experiments were the PI3K inhibitor Buparlisib; two Akt 

inhibitors MK2206 and API2; the mTOR complex 1 inhibitor Rapamycin; and the 

AZD8055 rapalog that inhibits both mTOR complexes 1 and 2. We tested the capacity of 

each compound to inhibit tumorsphere formation in vitro by the MDA-MB-157 (Figure 

8A) and MCF-7 (Figure 8B) breast tumor cell lines using quantitative sphere forming 

assays. We also assessed the effect of the compounds on breast tumor cell viability by 
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measuring their capacity to reduce PrestoBlue in parallel experiments with MDA-MB-157 

and MCF-7 cells during tumorsphere formation. 

Each of the kinase inhibitors that we tested inhibited tumorsphere formation by 

MCF-7 and MDA-MB-157 breast tumor cell lines with IC50 values ranging from 50 nM to 

1 µM. Inhibition of PI3K with Buparlisib reduced tumorsphere formation by both the MCF-

7 and MDA-MB-157 breast tumor cell lines. Whereas the viability of MCF-7 cells as 

determined by PrestoBlue reduction was also reduced by Buparlisib, the viability of the 

MDA-MB-157 cells was unaffected. Both AKT inhibitors reduced capacity of both cell 

lines to form tumorspheres, but only MK2206 significantly affected cell viability and this 

effect was much more pronounced in MCF-7 cells compared to MDA-MB-157 cells. 

Rapamycin and AZD8055 both inhibited tumorsphere formation and marginally reduced 

cell viability (approaching 50%) at the highest concentration tested (10µM). Taken together 

these data suggest that inhibition of PI3K, AKT and mTOR phenocopy the effect of SB-

699551 in quantitative sphere forming assays. Curiously the effect of SB-699551 on tumour 

cell viability was not generally mimicked by the kinase inhibitors we tested with one 

exception in one of the compounds (MK2206). 

DISCUSSION  
 

Our data demonstrate that selective HTR5A antagonists affect the activity of BTIC 

resident in human breast tumor cell lines. We identified four structurally unrelated selective 

HTR5A antagonists that inhibited tumorsphere formation by the HCC1954 and MCF-7 cell 

lines human breast tumor cell lines. The SB-699551 compound exhibited the highest 

potency among all the antagonists that we tested and reduced the frequency of tumorsphere 
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forming cells by an irreversible mechanism. We also demonstrated that SB-699551 targets 

BTIC per se in a dose-dependent fashion by showing that transplantation of an equal 

number of viable tumor cells exposed to SB-699551 or the vehicle in vitro into 

immunocompromised mice extended tumor-free survival and reduced the growth rate of 

the resulting xenografts, consistent with a lower frequency of BTIC in the viable tumor cell 

population15–17,28. Moreover, SB-699551 reduced the growth rate of human breast tumor 

xenografts in vivo when administered alone and halted xenograft growth in combination 

with docetaxel. Histological examination and TUNEL assays revealed a marked increase 

in the frequency of tumor cells undergoing apoptosis in the xenografts of mice treated with 

a combination of both agents. Lastly, we used a phosphoproteomic approach to better 

understand the mechanism of action of SB-699551 and found that treatment of human 

breast tumor cell lines with the compound affected HTR5A mediated Gai-coupled 

signaling and that effected by the PI3K/AKT/mTOR pathway. 

Whereas SB-699551 possesses at least a 30-fold selectivity for HTR5A over that 

for other neurotransmitter receptors30,37, there are several additional lines of evidence that 

validate HTR5A as the molecular target of SB-699551 in our experiments. First, an shRNA 

sequence targeting Htr5a transcripts dropped out in time-dependent fashion during the 

serial passaging of BTIC-enriched MMTV-Neu tumorspheres (data not shown). Hence, 

silencing Htr5a at the genetic level negatively impacted survival of tumorsphere initiating 

cells, phenocopying the effective of selective antagonists. Second, the enantiomeric 

selectivity of both guanidine-type HTR5A antagonists correlates with their reported 

affinities for HTR5A31. Third, treatment of human breast tumor cell lines with SB-699551 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 174 

increased the abundance of pCREB and pATF1, consistent with increased catalytic activity 

of AC resulting from inhibition of Gai-coupled HTR5A signaling19. The phosphorylation 

levels of CREB and ATF1 may provide a pharmacodynamic biomarker of the efficacy of 

selective HTR5A antagonists in the clinical setting. Collectively, these data provide 

evidence that the effect of HTR5A selective antagonists observed in functional assays of 

BTIC activity are indeed on-target. 

Despite possessing structural similarities to AS203068029, which blocked 

tumorsphere formation, ASP5736 did not affect this process at all concentrations tested 

with the human breast tumor cell lines. Ligands of GPCRs, including HTRs, can bias 

downstream signaling by inducing conformational changes in the receptor that alter its 

interaction with effector proteins like heterotrimeric G-proteins or the b-arrestins38,39. The 

difference between the activity of ASP5736 and AS2030680 in sphere forming assays may 

reflect the capacity of the active antagonist to inhibit the signaling pathway required for 

sphere formation. Whether the pathway required for sphere formation is mediated by 

heterotrimeric G proteins or b-arrestins remains to be determined. 

Our observation that selective inhibitors of PI3K, AKT and mTOR all mimicked the 

effect of SB-699551 in quantitative sphere forming assays may be due to the capacity of 

HTR5A to affect the activity of these kinases. Interestingly a recent study showed that 

inhibition of PI3K activity or that of the AKT1 isoform markedly reduces the frequency of 

BTIC-enriched CD44High/CD24Low breast tumor cells by initiating their apoptosis via 

FOXO3a and Bim35. Hence the capacity of SB-699551 to inhibit BTIC activity by reducing 
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signaling via PI3K, AKT, mTOR, FOXO, and Bim is consistent with an existing 

mechanism.  

Whereas the phosphorylation of AKT was reduced after treatment of both MCF-7 

and MDA-MB-157 breast tumor cell lines with SB-699551, the effect was much more 

pronounced in MCF-7 cells. This is likely an idiosyncrasy of MCF-7 cells, which harbor 

amplifications of the PIK3CA gene and a mutation that renders PI3K constitutively active40. 

Increased PI3K activity in MCF-7 by comparison to MDA-MB-157 cells may enable more 

ready detection of changes in AKT phosphorylation. Consistent with the latter inhibitors of 

PI3K and AKT were more potent in the MCF-7 cell line than the MDA-MB-157 cell line.  

HTR5A was only recently discovered in the central nervous system and hence very 

little is known about the receptor in the periphery19. Htr5a knockout mice are viable, fertile, 

and display a heightened propensity to explore novel environments, a phenotype attributed 

to improved cognition41. Moreover, selective antagonists of HTR5A have shown tolerable 

safety profiles in rodent and other animal models where they ameliorate the symptoms 

associated with schizophrenia29,37. Despite these promising therapeutic opportunities there 

are currently no FDA-approved drugs that selectively target HTR5A. 

The role of HTR5A in cancer is largely unknown but a role in prostate cancer was 

recently described42. This study demonstrated that knockdown of the retinoblastoma (Rb) 

tumor suppressor in combination with hypoxic growth conditions selects for tumor cells 

that manifest a metastatic, neuroendocrine phenotype via the master regulator of the 

hypoxia response, the hypoxia inducible factor 1 (HIF1) complex. HTR5A, which is 

reported to be a HIF1a target gene43, was among the most differentially upregulated genes 
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under these conditions. Neuroendocrine differentiation of prostate tumors has been 

associated with increased prostate TIC activity44, suggesting that HTR5A may be required 

for TIC activity in cancers of organs other than the breast. Interestingly, another study 

showed that continuous exposure of 20 cancer cell lines (including those from breast, lung, 

colon, cervix, prostate, brain, liver and connective tissue cancers) to continuous hypoxic 

conditions in vitro is associated with the expression of a gene signature that includes 

HTR5A and other hypoxia-related genes like VEGFA and this gene signature predicts poor 

prognosis in node-negative, untreated ER+/HER2- breast cancers45. Hence, a connection 

between hypoxia, HTR5A and TIC activity may exist in cancers originating in many 

organs. 

MATERIALS AND METHODS 
 
Drugs and suppliers. 

API-2 (2151), was purchased from Tocris Chemicals. Buparlisib (S2247), 

AZD8055 (S1555), and MK-2206 (S1087), were purchased from Selleckchem. Rapamycin 

(R5000) was obtained from LC Laboratories. SB-699551 was synthesized by Delriada 

Therapeutics Inc. The synthesis of non-commercially available HTR5A antagonists was 

procured through collaboration with the OICR. Compounds were prepared as a 10 mM 

stock solution in DMSO and stored at -20 for use their use in in vitro assays. A 50 mg/mL 

solution of SB-699551 was prepared for in vivo experiments.  

Sphere forming assays. 

Quantitative sphere-forming assays were performed as described previously16,17. 

Compounds were dissolved in DMSO as a 10 mM stock solution and diluted to 
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concentrations used in tumorsphere-forming assays. In preparation for sphere-forming 

assays, single cell suspensions comprising 3,000 cells (in 200 µL) were dispensed into 

wells of a 96-well plate, and serial dilutions of the various compounds were then added. 

Following a 4-day incubation period at 37°C, in a humidified atmosphere comprising 5% 

CO2, the spheres were counted and normalized to the vehicle-treated controls.  

Cell viability assays. 

 PrestoBlue (ThermoFisher) cell viability assays were performed according to the 

supplier’s protocol.  We added 20 µL of the PrestoBlue reagent to each 200 µL reaction in 

the wells of a 96-well plate. After a 90-minute incubation period at 37oC, the plates were 

scanned using the Beckman Coulter DTX 880. A media only blank was included in each 

experiment for normalization. 

IC50 calculations. 

The IC50 of compounds was calculated using GraphPad Prism 7.0 software as 

described16. To aid IC50 calculations, the vehicle comprised a 1 nanomolar concentration 

of the tested compound. 

Statistical analyses. 

Assays were repeated in 2 or more biological experiments with each data point 

being the average of a minimum of 3 technical replicates. Where relevant the figures show 

the mean +/- the standard error. Differences among experimental means were analyzed by 

analysis of variance (one-way ANOVA) using Graphpad Prism 7.0 (La Jolla, CA., USA). 

Significant differences between individual means were calculated using Tukey’s test. For 
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Kaplan-Meier survival, significance was determined using a log-rank (Mantel-Cox) test. 

Differences were considered statistically significant if P < 0.05. 

Ex vivo assay. 

HCC1954 tumorspheres were dissociated into single cells and seeded into media 

containing the compound or its vehicle at a concentration of 30,000 cells per mL. After 72 

hours, tumorspheres were isolated, dissociated and 10,000 viable tumor cells were 

transplanted into the #2 mammary fat pad of NOD/SCID mice by a subcutaneous injection 

in a 1:1 v/v solution of phosphate buffered saline and Matrigel (Corning). Tumor incidence 

was monitored by palpation and tumor volume was determined using digital caliper 

measurement. Tumor mass was determined using a digital scale with a sensitivity of 0.1 

mg.  

In vivo preclinical model of human breast cancer. 

HCC1954 tumorspheres were dissociated into single cells and 25,000 tumor cells 

were transplanted into the #2 mammary fat pad of NOD/SCID mice as described above. 

After tumors achieved a volume of approximately 50 mm3 (approximately 4 weeks), mice 

were treated according to the treatment regimen outlined in Figure 4A. Tumor volume was 

measured every 4 days using digital calipers until the tumor xenografts in the vehicle-

treated mice had reached endpoint. At endpoint tumor specimens were resected and fixed 

in formalin. Paraffin-embedded sections of the xenografts were prepared for analyses. 

Care and treatment of mice 

All procedures involving mice were performed with the approval of the Canadian Council 

on Animal Care. Endpoints outlined in the animal utilization protocol were adhered to.  
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Proteomic profiler array 

The Proteomic Profiler Array analysis was performed following the instructions 

provided by the manufacturer. The membranes were first blocked in Array Buffer 1 for one 

hour at room temperature on a rocking platform. Following blocking membranes were 

exposed to total extracts (600µg) from MCF-7 cells treated with vehicle (0.1% DMSO) or 

SB-699551 suspended in Array Buffer 1 overnight at 4°C. Thereafter the membranes were 

washed and incubated with Detection Antibody Cocktail A/B in Array Buffer 2/3 for 2 

hours at room temperature on a rocking platform. The membranes were washed again and 

then incubated with Streptavidin-Horseradish Peroxidase secondary antibody for 30 

minutes at room temperature on a rocking platform. After the final wash, the membranes 

were exposed to the Chemi Reagent for one minute and placed in an autoradiography film 

cassette. The membranes were exposed to X-Ray films (Thermo Scientific) and the films 

were scanned using a Hewlett-Packard scanner.  

Western blotting 

Protein lysates were isolated from breast tumor cell lines by solubilization in RIPA 

buffer. Protein concentrations were estimated using a Bradford protein assay (Bio-Rad). 

Breast tumor cell line lysates (25µg of protein) were resolved in denaturing conditions in a 

4-12% gradient polyacrylamide gel. Proteins embedded in the gel were transferred onto 

polyvinylidene difluoride (PVDF) membranes by electroblotting with the Invitrogen iBlot 

(Thermofisher). The membrane was washed in phosphate-buffered saline with 0.1% 

Tween-20 (PBS-T) and then blocked for one hour at room temperature with PBS-T 

containing 5% bovine serum albumin. Antibodies for pAKT(S473) (#4060), pAKT (T308) 
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(#13038), AKT (#2938), pPRAS40 (#2997), PRAS40 (#2691), pCREB (#9198), CREB 

(#9197), pFOXO1 (#9461), and FOXO1 (#2880) were purchased from Cell Signaling.  
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Figure 1. Selective antagonists of HTR5A inhibit tumorsphere formation by human 
breast tumor cell lines. 
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Table 1. Selective 5-HT Receptor 5A antagonists inhibit TMS-formation by human 
breast tumor cell lines 

Compound Cell Line 
IC50 (µM) 

% SF % RA 

SB699551 
HCC1954 0.3 0.2 

MCF7 0.2 0.2 

G1a-(S) 
HCC1954 2.5 6.7 

MCF7 2.5 3.0 

G1a-(R) 
HCC1954 16.4 14.2 

MCF7 11.0 21.9 

G1b-(S) 
HCC1954 3.0 3.8 

MCF7 2.2 1.3 

G1b-(R) 
HCC1954 11.3 11.8 

MCF7 11.4 14.1 

AS2030680 
HCC1954 1.8 3.9 

MCF7 2.0 5.6 

ASP5736 
HCC1954 >25.0 >25.0 

MCF7 >25.0 >25.0 
Sphere forming assays were performed with each compound and analyzed by quantitation 
of tumorspheres and assessment of cell viability. IC50 were determined using non-linear 
regression (GraphPad Prism 7.0). % SF indicates % sphere-forming capacity (% control) 
and % RA indicates % residual activity (% control). 
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Figure 2. SB-699551 affects tumorsphere-formation by an irreversible mechanism. 
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Figure 3. Ex vivo exposure to SB69951 inhibits BTIC activity by HCC1954 TMS-
derived cells. 
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Figure 4. SB-699551 reduces the growth of tumors when administered independently and 
inhibits their growth when administered in combination with docetaxel chemotherapy. 
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Figure 5. In vivo treatment with SB-699551 and docetaxel induces a marked increase in 
apoptotic cells. 
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Figure 6. SB699551 signals via canonical Gi coupling and through the PI3K/Akt/ /mTOR 
axis. 
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Figure 7. SB699551 inhibits signaling pathways downstream of HTR5A. 
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Table 2. Quantifying differences in abundance of intracellular phosphoproteins after 
treatment with SB-699551. 

Phospho-protein MCF7 MDA-MB-157 
5 10 30 60 5 10 30 60 

pCREB 1.6 2.1 1.8 1.4 1.5 1.3 1.8 2.0 
pATF1 1.5 2.1 1.5 1.5 1.2 1.7 2.0 1.7 

pAkt(S473) 6.7 24.1 8.9 6.2 1.5 2.2 2.9 1.6 
pAkt(T308) 3.8 12.3 5.7 3.2 1.3 2.4 1.6 3.2 
pPRAS40 1.5 3.8 3.8 2.8 1.4 2.4 2.3 2.0 
pP70S6K 1.2 1.5 1.8 2.5 1.1 1.6 3.4 4.3 
pFOXO1 1.7 1.1 1.5 2.0 1.0 2.0 1.1 2.2 

The mean pixel density of phosphoprotein and total protein bands was calculated using 
image studio and normalized to their respective α-tubulin loading controls. Relative 
phosphoprotein abundance was determined by normalizing phosphoprotein pixel 
density to that of the total protein.  The fold increase (blue) or decrease (red) in 
phosphoprotein abundance after treatment with SB-699551 at various time intervals is 
shown. 
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Figure 8. Selective antagonists of PI3K/Akt/mTOR pathway effectors phenocopy the 
effects of SB-699551. 
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SUPPLEMENTAL MATERIALS 
 

Supplementary Table 1. Determining the maximum tolerated dose of SB-699,551 in 
combination with docetaxel (10 mg/kg). 

Cohort / 
Subject 

Dose 
(mg/
kg) 

Body m 
(g) at 

Endpoint 

% m of 
Control Observations 

Vehicle 1 
Vehicle 2 0 21.9 

21.7 N/A Phenotype normal, active 

12.5 mg/kg 1 
12.5 mg/kg 2 12.5 19.7 

19.5 
Down 
11% Phenotype normal, active 

25 mg/kg 1 
25 mg/kg 2 25 18.5 

18.6 
Down 
15% 

Slight fur ruffling, slight 
decreased body condition, 

extremely active 

37.5 mg/kg 1 
37.5 mg/kg 2 37.5 16.6 

19.5 
Down 
18% 

Slight ruffling of fur; decreased 
body condition; extremely active. 
Condition deteriorated initially in 
16.6g mouse (diarrhea), but mice 

recovered. 

50 mg/kg 1 
50 mg/kg 2 50 14.6 

17.4 
Down 
27% 

Mice steadily lost body condition 
and mass throughout the 

experiment. Low activity. 

Mice received an intraperitoneal injection of docetaxel on the first day of treatment 
and then SB-699551 (or DMSO) at each listed dose for the first 5 days. After a two-
day recovery period, the treatment regimen was repeated. Mice were weighed and the 
% weight loss was assessed. Phenotypic observations were recorded during the 
treatment regimen. 
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Supplementary Figure 1. Enantiomer selectivity of Guanidine-type HTR5A antagonists 
measured by PrestoBlue reduction. 
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Supplementary Figure 2. Signaling schematic. 
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Supplementary Figure 3. PPA low (A) and high (B) exposure. 
 
 
 

A 

B 

1  2     3  4   5   6     7  8   9  10                                    11 12 1314  15 16  17 18 

A   
B  
    C 
D 
E 
F 
G 
    



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 197 

Supplementary Table 2.  Legend key for PPA 
Membrane 
Coordinate Target Phosphorylation 

Site 
Membrane 
Coordinate Target Phosphorylation 

Site 

A-A1, A2 Reference 
Spot ___ A-E1, E2 Fyn Y420 

A-A3, A4 p38α T180/Y182 A-E3, E4 Yes Y426 

A-A5, A6 ERK1/2 T202/Y204, 
T185/ Y187 A-E5, E6 Fgr Y412 

A-A7, A8 JNK 1/2/3 T183/Y185, 
T221/ Y223 A-E7, E8 STAT6 Y641 

A-A9, A10 GSK-3α/β S21/S9 A-E9, E10 STAT5b Y699 
B-A13, A14 p53 S392 B-E11, E12 STAT3 Y705 

B-A17, A18 Reference 
Spot ___ B-E13, E14 p27 T198 

A-B3, B4 EGF R Y1086 B-E15, E16 PLC-γ1 Y783 
A-B5, B6 MSK1/2 S376/S360 A-F1, F2 Hck Y411 
A-B7, B8 AMPKα1 T183 A-F3, F4 Chk-2 T68 
A-B9, B10 Akt 1/2/3 S473 A-F5, F6 FAK Y397 
B-B11, B12 Akt 1/2/3 T308 A-F7, F8 PDGF Rβ Y751 
B-B13, B14 p53 S46 A-F9, F10 STAT5a/b Y694/Y699 
A-C1, C2 TOR S2448 B-F11, F12 STAT3 S727 
A-C3, C4 CREB S133 B-F13, F14 WNK1 T60 
A-C5, C6 HSP27 S78/S82 B-F15, F16 PYK2 Y402 

A-C7, C8 AMPKα2 T172 A-G1, G2 Reference 
Spot ___ 

A-C9, C10 β-Catenin ___ A-G3, G4 PRAS40 T246 

B-C11, C12 p70 S6 
Kinase T389 A-G9, G10 

PBS 
(Negative 
Control) 

___ 

B-C13, C14 p53 S15 B-G11, G12 HSP60 ___ 

B-C15, C16 c-Jun S63 B-G17, G18 
PBS 

(Negative 
Control) 

 

A-D1, D2 Src Y419 
A-D3, D4 Lyn Y397 

   A-D5, D6 Lck Y394 
A-D7, D8 STAT2 Y689 
A-D9, D10 STAT5a Y694 

B-D11, D12 p70 S6 
Kinase T421/S424 

B-D13, D14 RSK1/2/3 S380/S386/S377 
B-D15, D16 eNOS S1177 

Information in this table was accessed via the 
weblink: 
https://www.rndsystems.com/products/proteome-
profiler-human-phospho-kinase-array-
kit_ary003b 
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FIGURE AND TABLE LEGENDS  
 
Figure 1. Selective antagonists of HTR5A inhibit tumorsphere formation by human 

breast tumor cell lines. (A) Panel of structurally distinct antagonists of HTR5A. SB-

699551 is the only compound that is commercially available (B) IC50 curves of sphere 

forming assays with enantiopure guanidine-like HTR5A antagonists (C) enantiomeric 

selectivity of the guanidine-type HTR5A antagonists at their approximate IC50s. 

Table 1. Selective 5-HT Receptor 5A antagonists inhibit TMS-formation by human 

breast tumor cell lines. Sphere forming assays were performed with each compound and 

analyzed by quantitation of tumorspheres and assessment of cell viability. IC50 were 

determined using non-linear regression (GraphPad Prism 7.0). 

Figure 2. SB-699551 affects tumorsphere-formation by an irreversible mechanism. 

(A) The primary number of tumorspheres that formed after exposure to the vehicle or 

approximate IC50 and IC90 concentrations of SB-699551. (B) The number of secondary 

tumorspheres that arose in drug-free media. 

Figure 3. Ex vivo exposure to SB69951 inhibits BTIC activity by HCC1954 TMS-

derived cells. (A) HCC1954 TMS were incubated with four different concentrations (300 

nM, 400 nM, 500 nM or 600 nM) of SB699551 or the vehicle (DMSO) for 3-4 days. TMS 

that arose were dissociated and 10,000 viable tumor cells were transplanted subcutaneously 

into NOD/SCID mice (n=10 mice for each of the vehicle, 400 nM and 500 nM cohorts, 6 

mice for the 300 nM cohort and 4 mice for the 600 nM cohort). (B) Tumor-free survival 

was assessed using Kaplan Meier survival analysis and significance was determined using 

the log-ranks test (individual p-values in legend). (C) Tumor volume was monitored once 
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tumors arose and until endpoint. (D) At endpoint, tumors were resected and weighed, and 

significance was assessed using a one-way ANOVA followed by pairwise comparisons 

using posthoc Tukey’s tests. 

Figure 4. SB-699551 reduces the growth of tumors when administered independently 

and inhibits their growth when administered in combination with docetaxel 

chemotherapy. (A) We injected ~25,000 HCC1954 breast tumor cells into the mammary 

fat pad of immune-compromised mice. After four weeks mice bearing tumor xenografts 

that reached a volume between 50-100 mm3 were randomized into four cohorts and treated 

according to the regimen outlined. (B) Tumor volume was monitored every four days with 

digital calipers and xenograft volumes were plotted over the course of 18 days. (C) The 

ratio of the final tumor volume compared to the starting tumor volume was calculated for 

each individual xenograft bearing mouse. (D) The mean difference in tumor volume was 

analyzed for statistical significance using a One-way ANOVA and post-hoc Tukey’s tests. 

Figure 5. In vivo treatment with SB-699551 and docetaxel induces a marked increase 

in apoptotic cells. (A) Histological sections of 3 tumors from each cohort were prepared 

and stained with hematoxylin and eosin. The red arrows indicate fibrotic areas that are 

devoid of tumor cells. The green arrows identify cells undergoing apoptosis with a 

characteristic shrunken appearance and pyknotic nuclei. The top three rows were imaged 

at 200X magnification, whereas the bottom row was imaged at 400X.  (B) Tumor sections 

were stained using the TUNEL assay and imaged under the DAPI channel (top row), the 

FITC channel (middle row) and merged (bottom row). Images were taken at 100X. 

Figure 6. SB699551 signals via canonical Gi coupling and through the PI3K/Akt/ 
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/mTOR axis. (A) Schematic outlining the procedure followed for the proteomic profiler 

array. (B) The dot blots corresponding to the most notable phosphoproteins whose 

abundance changed after treatment with SB-699551. (C) Mean pixel densities of candidate 

phosphoproteins. 

Figure 7. SB699551 inhibits signaling pathways downstream of HTR5A. MCF7 (A) 

and MDA-MB-157 (B) breast tumor cells were incubated with DMSO (vehicle; V) or 

SB699551 (SB; 4µM) for the indicated time intervals. The total and phosphorylated species 

of each phosphoprotein was then determined by Western blotting. We used α-tubulin (α-

Tub) to serve as a protein loading control.  

Table 2. Quantifying differences in abundance of intracellular phosphoproteins after 

treatment with SB-699551. The mean pixel density of phosphoprotein and total protein 

bands was calculated using image studio and normalized to their respective α-tubulin 

loading controls. Relative phosphoprotein abundance was determined by normalizing 

phosphoprotein pixel density to that of the total protein.  The fold increase (blue) or 

decrease (red) in phosphoprotein abundance after treatment with SB-699551 at various 

time intervals is shown. 

Figure 8. Selective antagonists of PI3K/Akt/mTOR pathway effectors phenocopy the 

effects of SB-699551. IC50 curves of quantitative sphere forming assays and PrestoBlue 

cell viability assays generated from non-linear regression of sphere forming assays in (A) 

MDA-MB-157 cells and (B) MCF-7 cells. Graphs were created using GraphPad Prism 7.0 

and error bars indicate standard error for triplicate technical replicates. 
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Supplementary Table 1. Determining the maximum tolerated dose of SB-699,551 in 

combination with docetaxel (10 mg/kg). Mice received an intraperitoneal injection of 

docetaxel on the first day of treatment and then SB-699551 (or DMSO) at each listed dose 

for the first 5 days. After a two-day recovery period, the treatment regimen was repeated. 

Mice were weighed and the % weight loss was assessed. Phenotypic observations were 

recorded during the treatment regimen. 

Supplementary Figure 1. Enantiomer selectivity of guanidine-type HTR5A 

antagonists measured by PrestoBlue reduction. PrestoBlue assays corresponding to the 

sphere-forming assays shown in Figure 1. (A) IC50 curves of enantiopure guanidine-type 

HTR5A antagonists. (B) Enantiomer selectivity at IC50 concentration of each compound.  

Supplementary Figure 2. Signaling schematic. A proposed mechanism whereby SB-

699551 affects signalling downstream of HTR5A. 

Supplementary Figure 3. PPA low and high exposure. X-ray film from the PPA taken 

at low (A) and high (B) exposures. 

Supplementary Table 2. Legend key for PPA. The phosphor-protein corresponding to 

each dot in Supplementary Figure 3. Data was obtained from the appendix accessed via 

https://www.rndsystems.com/products/proteome-profiler-human-phospho-kinase-

array-kit_ary003b. 
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CHAPTER 6: VALIDATING HTR5A AS A MOLECULAR TARGET FOR 
ANTICANCER DRUG DEVELOPMENT USING CRISPR CAS9. 
 
PREAMBLE 

In the chapter 3 discussion we described an unsuccessful attempt to knockout the 

gene encoding SERT (SLC6A4) using the CRISPR-Cas9 gene editing technology. We 

sequenced the sgRNA binding region of cellular DNA from hundreds of mutant clones 

derived from two human breast tumor cell lines but we were unable to isolate a single clone 

with a homozygous loss of SLC6A41. Whereas technical issues may have impeded our 

fulfillment of this objective, another interpretation of the data is that SERT is required for 

the growth and survival of human breast tumor cells. Consistent with the latter we found 

by searching the published literature that shRNAs targeting transcripts encoding SERT, 

TPH1 and each of several HTRs dropped during the in vitro propagation of human breast 

tumor cell lines2.  

In consequence we sought to validate HTR5A as the molecular target of the HTR5A 

selective antagonists described in chapter 5. In light of the fact that HTR5A might be 

essential for cell survival we isolated human breast tumor cell lines capable of inducibly 

expressing sgRNAs targeting the HTR5A (inducible knockout; iKO). We similarly derived 

iKO cell lines targeting TPH1 because it is a the likely source of endogenous serotonin in 

breast tumorspheres, which when propagated in defined media lacks the exogenous 

serotonin found in serum3. We reasoned that a genetic knockout of genes encoding TPH1 

and HTR5A should phenocopy the effect of their selective antagonists using functional 

assays of BTIC activity. 

WDG designed and performed all experiments; AGG assisted with tissue culture. 
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INTRODUCTION 

Inducible knockout (iKO) cell lines were isolated using lentivirus mediated delivery 

of two plasmids encoding each of the necessary components4. The first plasmid, Lenti-

iCas-Neo (LIN) (Figure 1A) encodes a Cas9-GFP fusion protein linked by a self-cleaving 

P2A peptide under the transcriptional control of the tetracycline-responsive element 

(TRE2). LIN also encodes the reverse tetracycline-controlled transactivator (rtTA). The 

second plasmid Lenti-Multi-Guide (LMG) (Figure 1B) can encode up to six sgRNA 

sequences each under the transcriptional control of the human U6 promoter. Induction of 

knockout of a target gene can be achieved by adding an analogue of tetracycline 

(doxycycline; dox) to the media or to the drinking water of mice. Upon entering the nucleus 

of an iKO cell dox alters the structure of the rtTA such to enable it to bind to the TRE2 thus 

triggering transcription of the Cas9-GFP fusion protein, which in turn cleaves cellular DNA 

at sgRNA-targeted sites. 

RESULTS  

Development and characterization of human breast tumor cell lines capable of 

inducibly expressing Cas9.  

To achieve the inducible knockout of HTR5A and TPH1 we initially isolated human 

breast tumor cell lines capable of inducibly expressing the Cas9-GFP fusion protein. iCas9 

cell lines were first established from the MCF-7 human breast tumor cell line by 

transducing the cells with LIN. We verified Cas9-GFP expression after dox induction in 3 

polyclonal populations of cells (derived from a pooled transduction) and 30 clonal cell lines 

(derived from single cells) using fluorescence microscopy. Whereas expression of Cas9-
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GFP in the polyclonal populations was less than 50%, some of the clonal cell lines 

expressed a very high frequency of GFP+ cells upon induction with dox (data not shown). 

We isolated protein lysates from 8 clonal cell lines grown with or without the addition of 

dox and then analysed Cas9 expression by Western immunoblotting using a primary 

antibody specific for Cas9. In 6 out of 8 clones Cas9 was detected in the protein lysates 

isolated from dox-treated cells at the predicted molecular mass of 167-kDa (Figure 2).  

To determine whether the MCF-7 iCas9 cell lines comprise tightly regulated 

expression of Cas9-GFP, we used fluorescent activated cell sorting (FACS) to determine 

the frequency of GFP+ cells before and after the addition of dox to the cell culture media. 

We chose the three iCas9 cell lines (1-17, 1-6, and 1-14) with the highest expression of 

Cas9 after induction for these experiments. When these cell lines were grown in the absence 

of dox the frequency of GFP+ cells were 0.44% (1-17), 0.06%, (1-6) and 0.07% (1-14) 

(Figure 3A). After the addition of dox to the cell culture media the frequency of GFP+ cells 

rose to 81%, 75%, and 93% of the total cells, respectively.  

Our attempt to isolate HCC1954 iCas9 cell lines was tedious. Despite our analysis 

of nearly 30 clones, none of the clones expressed GFP in more than 50% of cells after dox-

induction and the cells were heavily vacuolated (data not shown). Modifications to our 

selection protocol and expanding our repertoire of candidate clones to nearly 100 allowed 

us to successfully isolate 8 clonal HCC1954 iCas9 cell lines that express Cas9-GFP in less 

than 0.1% of total cells in the absence of dox and more than 98% of cells after induction 

(example shown in Figure 3B). We also derived a clonal iCas9 cell line from the TNBC 
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cell line MDA-MB-157, which we isolated after analyzing 10 clones by FACS (Figure 

3C).  

Single-step cloning of a lenti-multi-guide sgRNA expression cassette to engineer iKO 

breast tumor cell lines. 

 In the interest of engineering TPH1 and HTR5A iKO breast tumor cell lines, we 

cloned 3 sgRNAs amendable to targeting multiple exons of each gene into the LMG vector. 

We verified the proper orientation of each plasmid by restriction digestion and Sanger 

sequencing before packaging each plasmid into lentivirus particles for transduction. In 

parallel with these experiments we derived a non-targeting control plasmid encoding three 

scrambled sgRNA sequences that share no complementarity with any human gene5. We 

transduced the MCF-7 1-6, 1-14, and 1-17 iCas9 cell lines at a MOI of 0.3. After selection 

with puromycin, we isolated polyclonal populations of TPH1 and HTR5A iKO cells. We 

also isolated 4 clonal TPH1 iKO cell lines and 25 clonal HTR5A iKO cell lines for 

subsequent analysis. 

To provide proof-of-principle that our iKO system functioned as expected we 

performed a series of experiments to determine the targeting efficiency of each sgRNA. In 

these experiments, we varied conditions such as the concentration of dox used for 

induction, the duration of induction, and the use of FACS to enrich for GFP+ cells after dox 

induction. We isolated genomic DNA from each condition and sequenced the DNA 

harboring sgRNA binding sites using next generation sequencing (NGS) (schematic in 

Figure 4A). The sgRNA sequences of each plasmid are listed in Figure 4B. Examples of 

INDELs generated after induction with doxycycline are displayed Figure 4C. For a 
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negative control we sequenced these genomic loci in iCas9 cells harboring a non-targeting 

scramble plasmid and did not detect any INDELs in any of the sgRNA binding sites in the 

HTR5A or TPH1 gene (data not shown).  

Isolation and analysis of iKO cell lines targeting TPH1. 

We first analyzed a polyclonal population of TPH1 iKO cells derived from MCF-7 

1-17 iCas9 cells (Table 1). We compared the INDEL frequencies of cells treated with dox-

free media to those treated with dox at 0.1 or 1.0 µg/mL for 48 hours There were no 

appreciable differences between INDEL frequencies in cells treated with either 

concentration of dox compared to the cell line that was not exposed to dox. Moreover, we 

detected INDELs in the absence dox, albeit at a low frequency (6-10%), suggesting some 

leakiness associated with Cas9 expression.  

To determine whether the INDEL frequency increased with longer induction 

periods, we sequenced the sgRNA binding sites after a 48-, 96-, and 144-hour incubation 

period in dox-free or dox-containing media. Interestingly, the frequency of INDELs at the 

sg1 binding sites increased in a time-dependent fashion reaching a maximum of nearly 50% 

after 144 hours (Figure 5A). By contrast, INDEL frequencies at the sg2 and sg3 binding 

sites increased for the first 96 hours before plateauing just below 30% (Figure 5B-C). 

These data suggest that INDEL frequencies can be maximized in iKO cells by increasing 

the duration of dox induction. 

We also determined whether enriching for GFP+ cells after dox-induction altered 

the frequency of INDELs that were incurred in this cell fraction. Hence, we sorted the tumor 

cell populations after dox induction using FACS. We did not observe any appreciable 
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change in the frequency of INDELs between unsorted and sorted tumor cell populations. 

This result was expected as the 1-17 iCas9 cell line expressed Cas9-GFP in 83% of cells 

after dox induction and hence FACS sorting would only remove a minor fraction 

(maximally 17%) of GFP-negative cells.  

Due to the relatively low targeting efficiency observed after dox-induction of 

polyclonal iKO cell populations we cloned iKO clonal cell lines from the polyclonal cell 

population. In short, we plated these cells at a low density after transducing them with LMG 

vector and then isolated and expanded individual colonies. We sequenced the DNA from 

clonal TPH1 iKO cell lines derived from MCF-7 1-14 and 1-17 iCas9 cell lines. The INDEL 

frequencies in the sgRNA binding sites of four of these clones are displayed in Table 2. 

Isolation and analysis of iKO cell lines targeting HTR5A. 

We also cloned iKO clonal cell lines from the polyclonal cell populations. We 

sequenced genomic DNA from 25 clonal HTR5A iKO cell lines derived from MCF-7 1-6, 

1-17 and 1-14 iCas9 cells before and after the addition of dox. We first sequenced the sg3 

binding site in all clones and then subsequently the sg1 and sg2 sites in clones of interest 

(Table 3-5).  

Curiously despite expressing the necessary antibiotic resistance markers encoded 

by LIN and LMG a substantial number of iKO clones did not have the capacity to target 

any of the sgRNA binding sites. These data likely explain why the INDEL frequency 

plateaued in our time course analysis of polyclonal populations of iKO cells. Interestingly 

the activity of individual sgRNAs varied between clones but did not follow any discernable 

pattern. For example, some clones were active at one, two or all three sgRNA binding sites. 
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Altered chromatin structure at the different sites of provirus integration or other features of 

the clonal cell lines may account for these differences. 

iKO of HTR5A or TPH1 inhibits serial propagation of human breast tumor cell lines 

grown as tumorspheres. 

We wondered whether inducible mutation of HTR5A or TPH1 would affect the 

frequency of tumorsphere initiating cells, which can be determined using quantitative 

sphere forming assays6. To assess this phenotype in real time we established tumorsphere 

cultures from the TPH1 and HTR5A iKO clonal cell lines, which were derived from MCF-

7 1-14 iCas9 cells, in the absence of dox. These clonal cell lines (HTR5A: 2-2, 2-3, 2-8 and 

3-2; TPH1: 1-1) displayed tightly regulated targeting of one or more of the sgRNA binding 

sites (Table 2 and 5). MCF-7 1-14 iCas9 cells transduced with the non-targeting control 

plasmid were used as controls. We quantified the number of primary, secondary and tertiary 

spheres that formed during serial passaging in dox-containing or dox-free media. 

Whereas the frequency of tumorsphere forming cells decreased in all four HTR5A 

iKO cell lines (Figure 6A) and the TPH1 iKO cell line (Figure 6B)  during successive 

passages in dox-containing chemically-defined media (dashed bars), their frequency did 

not change appreciably in any of the iKO cell lines grown in dox-free media (6A-C solid 

bars). Similarly the non-targeting control tumorspheres successfully maintained a high 

frequency of tumorsphere initiating cells throughout successive passaging in dox-free or 

dox-containing media (Figure 6C). Notably, the induction period used in these experiments 

accumulated during 3 successive passages over the course of 12 days. Hence INDEL 

frequencies likely increased in a time-dependent fashion as established previously (Figure 
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5). Taken together these observations suggest that mutations in the HTR5A and TPH1 genes 

accumulate during tumorsphere propagation resulting in the loss of tumorsphere initiating 

cells, which phenocopies the effect selective antagonists in these assays. 

Ex vivo assays to assess how loss of HTR5A affects BTIC activity. 

We expected that inducible mutation of HTR5A would affect the frequency of BTIC 

in the tumor cell population. To address the latter, we passaged iKO breast tumor cells as 

tumorspheres in the presence or absence of dox for two passages and then isolated dispersed 

tumor cells. We transplanted 10,000 (Figure 7A) or 25,000 viable tumor cells (Figure 7B) 

from each condition into cohorts of 4 NOD/SCID mice and monitored the mice for tumor 

growth. We similarly propagated and injected 10,000 or 25,000 viable tumor cells of the 

MCF-7 1-14 iKO cell line expressing the non-targeting control cells.  

All the mice that were injected with 25,000 cells presented with xenografts faster 

than those injected with 10,000 cells. Whereas the HTR5A iKO cells formed tumors at a 

reduced frequency and with a longer latency by comparison to the non-targeting controls, 

there was no correspondence between their appearance and the number of cells injected. 

For example, 3 out of 4 mice transplanted with 10,000 dox-induced 2-3 cells developed 

xenografts, whereas only 1 out of 4 mice transplanted with 25,000 cells developed a 

xenograft.  

The discrepancies in these data are difficult to account for but may be due to the 

low tumorigenicity of the MCF-7 1-14 iCas9 cell line. Tumors were very small even after 

30 days of growth and were difficult to detect by palpation. These data suggest that whereas 

MCF-7 1-14-derived clonal iKO cell lines were tightly regulated for the targeting of 
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HTR5A, they were not very tumorigenic and were not as suitable for ex vivo assays as other 

cell lines that we have used previously such as the HCC1954 cell line, which rapidly forms 

large xenografts in a synchronous and predictable fashion1. Notably, MCF-7 cells were 

isolated from pleural effusions7 and thus represent a phenotypically heterogeneous 

population of tumor cells. Hence, the low tumorigenicity could be an idiosyncrasy of 1-14 

iCas9 cell-of-origin.  

MATERIALS AND METHODS 
 
Cell Culture 

HCC1954 (ER-PR-HER2+), MCF-7 (ER+PR+HER2-) and MDA-MB-157 (ER-PR-

HER2-) breast tumor cell lines were obtained from the ATCC and were cultured adherently 

in RPMI/10% FBS and DMEM/10% FBS respectively. When cells became confluent (3-4 

days), they were passaged into fresh media. 

Cloning of Lenti-multi-guide 

We PCR-amplified the U6 and sgRNA scaffold encoded in the LMG vector with 

ultramer primers (IDT) comprising unique sgRNA sequences yielding a multi-guide 

expression cassette. After BsmBI-mediated restriction digestion, the sgRNA cassette was 

cloned downstream of the hU6 promoter and upstream of the sgRNA scaffold in a single 

ligation reaction. sgRNA sequences were generated using the Stanford CRISPR Era online 

design software available from http://crispr-era.stanford.edu/. To verify that all three 

sgRNA sequences were present in the recombinant plasmids we digested the plasmid DNA 

with NotI and XhoI restriction enzymes and compared the products of digestion to the 

empty LMG as described in reference4. We also sequence-verified the constructs by Sanger 
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sequencing using four primers that span the entire multiguide construct.  

Lentivirus Production 

Lentiviral particles were packaged using the following protocol. Five million 

HEK293T cells growing in 10 cm diameter plates were transfected with 15 µg of the 

transfer plasmid, 10 µg of psPAX2, and 5 µg of pMD2.G using 75 µL Lipofectamine 2000 

(ThermoFisher). Supernatants were collected and concentrated using the LentiX 

concentrator (CloneTech). The titer of the virus was determined by limiting dilutions of the 

virus preparation and colony forming assays. We used the MCF-7 cell line to titer the virus. 

In short, serial dilutions of the virus were prepared. MCF-7 cells were transduced in 12-

well dishes, in triplicate. After selection in the appropriate antibiotic, wells were stained 

with crystal violet and the number of colonies was counted. 

Generating iCas9 and iKO cell lines 

MCF-7, HCC1954 and MDA-MB-157 breast tumor cell lines were infected with 

LIN at a multiplicity of infection (MOI) of 0.3. We isolated approximately 30 clones from 

the MCF-7 cells transduced with LIN and induced them with 1.0 µg/mL dox for 48 hours 

and then imaged the live cells using fluorescence microscopy. We selected clones that 

displayed a high proportion of GFP+ cells in the presence of dox and a low fraction in its 

absence for analysis by FACS and Western blotting. iKO cells were similarly generated by 

infecting iCas9 iKO cell lines with the LMG plasmid at an MOI of 0.3. 

Fluorescence activated cell sorting 

Tumor cells were resuspended in PBS containing 2mM EDTA. The GFP+ cell 

frequency was determined by FACS using the MoFlo XDP instrument. FCS plots were 
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generated using Summit software version 5.4. Untransduced cells were used to set the 

gating for the GFP+ fraction. 

Western blotting 

Western blots were performed as previously described1,8. To identify Cas9 in the 

protein lysates isolated from MCF-7 iCas9 cell lines we used a mouse monoclonal antibody 

(ThermoFisher) specific for Cas9. a-tubulin was used as a loading control. 

Next-Generation sequencing to assess iKO INDEL frequency 

We seeded T25 flasks with approximately 100,000 iKO cell lines, which were 

induced with dox, and then lysed to isolate genomic DNA (gDNA) to serve as a template 

for NGS. To generate crude gDNA lysates, approximately 100,000 cells were pelleted and 

lysed in food safety buffer (ThermoFisher) that had been diluted in ultrapure water (1:3 

v/v). Proteinase K was added to the DNA samples to destroy intracellular proteins. 

Ultramer oligonucleotide sequencing primers were commercially synthesized (IDT). They 

comprised a 20-nucleotide sequence complementary to regions approximately 75 base pairs 

upstream and downstream from the sgRNA binding sites. Illumina indexing sequences 

were included in the ultramer oligonucleotides and were thus incorporated into amplicons 

generated by PCR.  

PCR products were purified using the PCR cleanup kit (ThermoFisher), eluted in 

ultrapure water, multiplexed and then sequenced using 5% of an Illumina MiSeq 

sequencing reaction (McMaster Farncombe Institute). Approximately 50,000-100,000 

sequenced reads were then assembled to a wildtype consensus sequence obtained from 
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NCBI Genebank using Geneious 8.0 software. The number of wildtype reads was then 

quantified to determine the INDEL frequency.  

iKO sphere-forming and ex vivo assays 

We seeded T25 flasks with 300,000 viable tumorsphere-derived cells on day 0, and 

then propagated the tumorspheres in either dox-free or dox-containing, chemically-defined 

media for three sequential passages every 4 days. At each passage a 200µL aliquot of cells 

was plated in the wells of 96-well dishes in triplicate to determine the number of 

tumorspheres. We quantified the number of tumorspheres that arose at each of 3 passages. 

For ex vivo assays we isolated viable tumor cells after the third passage and transplanted 

each of 10,000 and 25,000 viable tumor cells into cohorts of four NOD/SCID mice. Tumor 

incidence was then monitored over several subsequent weeks by palpating the mice twice 

weekly. 
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Figure 1. Two-plasmid system for engineering iKO cell lines. 
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Figure 1. A sensitive and efficient inducible CRISPR/Cas9 system. (A) Schematic representation of the Lenti-iCas9-neo plasmid. LTR, long terminal
repeat; PSI, retroviral ! packaging element; RRE, Rev response element; TRE2, TRE2 promoter; P2A, a 2A self-cleavage peptide from porcine teschovirus-
1; Ubc, Ubiquitin C promoter; rtTA3, reverse tetracycline-controlled transactivator 3; IRES, internal ribosome entry site; Neo, neomycin resistance. (B)
The indicated cells were transduced with Lenti-iCas9-neo and LentiGuide carrying the indicated sgRNA. Cells were then treated with or without 1 !g/ml
doxycycline (DOX) for 72 h and analyzed by western blots. (C) Overview of the FACS sorting strategy. (D) Unsorted and sorted HeLa/iCas9 cells were
treated with or without 1 !g/ml DOX for 24 h and GFP expression was analyzed by FACS. (E–G) SKBR3 (E), Hela (F) and MCF10A (G) iCas9 cells
before or after FACS sorting were transduced with LentiGuide carrying control or KDM5C sgRNA. Cells were then treated with or without 1 !g/ml
DOX for 72 h and analyzed by western blots.

ure S1 and Table S2). BsmBI sites were introduced to these
primers to allow reconstitution of the guide RNA sequence.
BsmBI sites and an overhang sequence were also intro-
duced to the first forward primer and the last reverse primer
to allow ligation into Lenti-multi-Guide or Lenti-multi-
CRISPR (Figure 2B; Supplementary Figure S1b and Table
S2). The resulting Lenti-multi-Guide based plasmids can be
used in iCas9 cells for inducible multi-targeting, while the
Lenti-multi-CRISPR based constructs can be used for con-
stitutive multi-targeting.

To take advantage of the validated sgRNA delivery plas-
mids, we also developed another vector, Lenti-entry-puro

(Supplementary Figure S2a) and a similar method to gen-
erate multiple sgRNA delivery plasmids based on pre-
generated single sgRNA delivery plasmids. Briefly, sgRNA
cassettes, including promoter, 20 nt targeting sequence and
sgRNA scaffold, were amplified by PCR from one to six
individual delivery vectors, such as LentiCRISPR or Len-
tiGuide with the sgRNA cassette. BsmBI sites and a dif-
ferent overhang sequence were introduced to primers to al-
low sequential ligation of multiple sgRNA cassettes (Sup-
plementary Figure S2b and Table S3).

With both strategies, we were able to obtain constructs
for delivery of multiple sgRNAs efficiently. It is worth

PAGE 5 OF 10 Nucleic Acids Research, 2016, Vol. 44, No. 19 e149

Figure 2. A one-step method to generate a multiple sgRNA delivery plasmid. (A) Schematic representation of the Lenti-multi-Guide and Lenti-multi-
CRISPR plasmids. LTR, long terminal repeat; U6, U6 promoter; Lac, Lac promoter; Cmr, Chloramphenicol resistance; ccdB, toxin ccdB gene; sg Scaffold,
sgRNA scaffold sequence; EF1a, EF1! promoter; Cas9, spCas9; Puro, puromycin resistance; WPRE, Woodchuck hepatitis virus post-transcriptional
regulatory element. Retroviral ! packaging element and Rev response element were not shown. (B) Overview of the cloning strategy.
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Figure 2. iCas9 cell lines express Cas9 upon doxycycline induction. 
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sgRNA Binding Site PAM

 
 

 
 

HTR5A sgRNA Sequences: 
 

sg1 GGTGGAAGGTGCGTACACGG 
sg2 ACGAAGAGCACCACACAGAG 
sg3 AGCCAGAAGGGGACACGTGG 

 
TPH1 sgRNA Sequences: 

 
sg1 TAAATATTGTGGATATCGGG 
sg2 TCCTGTGGCTGGTTACTTAT 
sg3 TTCTCTTGGCGCTTCAGAGG 

 
Non-targeting sgRNA Sequences: 

 
sg1 GTAGCGAACGTGTCCGGCGT 
sg2 GACCGGAACGATCTCGCGTA 
sg3 GGCAGTCGTTCGGTTGATAT 

 
 
 
 
 
 

 
Figure 4. A next-generation sequencing method of determining the frequency of INDELs 
in iKO sgRNA binding-sites. 
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Table 1. Assessing targeting efficiency of polyclonal TPH1 iKO cells using Illumina 
NGS. 

iCas9 
Cell Line 

sgRNA 
Locus 

 
FACS 
Sorted 

[DOX] 
(µg/mL) 

WT 
Reads 

Total 
Reads % INDEL 

1-17 

1 No 0 37,103 39,420 5.9 

2 No 0 26,385 29,450 10.4 

3 No 0 30,728 33,700 8.8 

1 No 0.1 31,252 40,999 23.8 

2 No 0.1 34,474 41,230 16.4 

3 No 0.1 32,754 40,425 19.0 

1 No 1.0 21,006 26,770 21.5 

2 No 1.0 26,584 33,073 19.6 

3 No 1.0 29,441 38,699 23.9 

1 Yes 1.0 28,323 35,424 20.0 

2 Yes 1.0 23,195 30,009 22.7 

3 Yes 1.0 27,903 36,012 22.5 

sgRNA-binding regions were PCR amplified from crude gDNA lysates and sequenced 
using NGS. Approximately 30,000-50,000 total reads from each sample were aligned to 
the consensus sequence of TPH1 using Geneious software. The % INDEL frequency was 
determined by quantifying the number of wildtype reads relative to the total number of 
reads. 
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Figure 5. INDELs occur in a time-dependent fashion in 1-17 TPH1 iKO cells treated 
with dox. 
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Table 2. Assessing the targeting efficiencies of clonal TPH1 iKO cell lines derived 
from MCF-7 1-14 and 1-17 cells. 

iCas9 
Line Clone sgRNA 

Uninduced Induced 
WT 

Reads 
Total 
Reads 

INDEL 
% 

WT 
Reads 

Total 
Reads 

INDEL 
% 

1-14 

1-1 

1 44820 46502 3.6 19067 48069 60.3 

2 40958 41543 1.4 38672 39325 1.7 

3 52247 63225 17.4 5171 46606 88.9 

1-2 

1 39689 40851 2.8 28496 45261 37.0 

2 40670 41175 1.2 36853 37956 2.9 

3 56303 57936 2.8 44605 46095 3.2 

1-17 

1-1 

1 39029 40851 4.5 26201 44683 41.4 

2 40913 40913 1.4 33220 34272 3.1 

3 55875 41475 3.0 46774 49168 4.9 

1-2 

1 44611 46165 3.4 22413 36958 39.4 

2 34056 42046 19.0 23820 37921 37.2 

3 61381 63658 3.6 41988 44903 6.5 

sgRNA-binding regions were PCR amplified from crude gDNA lysates and sequenced 
using NGS. Approximately 30,000-50,000 total reads from each sample were aligned to 
the consensus sequence of TPH1 using Geneious software. The % INDEL frequency was 
determined by quantifying the number of wildtype reads relative to the total number of 
reads. 
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Table 3. Assessing the targeting efficiencies of clonal HTR5A iKO cell lines derived 
from MCF-7 1-6 cells. 

iCas9 
Line Clone sgRNA 

Uninduced Induced 

WT 
Reads 

Total 
Reads 

INDEL 
% 

WT 
Reads 

Total 
Reads 

INDEL 
% 

1-6 

A1 3 27,668 78,363 64.7 13,634 85,330 84.0 

B2 3 69,861 76,619 8.8 54,584 76,207 28.4 

D2 3 89,959 93,451 3.7 82,492 85,739 3.8 

D1 3 66,328 74,697 11.2 70,508 84,769 16.8 

E2 3 19,349 80,966 76.1 12,970 85,724 84.9 

E5 3 66,977 69,243 3.3 73,366 77,153 4.9 

E1 3 5,160 74,778 93.1 3,448 93,172 96.3 

E4 3 72,440 73,510 1.5 77,086 78,312 1.6 
sgRNA-binding regions were PCR amplified from crude gDNA lysates and sequenced 
using NGS. Approximately 80,000 to 100,000 total reads from each sample were aligned 
to the consensus sequence of HTR5A using Geneious software. The % INDEL frequency 
was determined by quantifying the number of wildtype reads relative to the total number 
of reads. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 223 

Table 4. Assessing the targeting efficiencies of clonal HTR5A iKO cell lines derived 
from MCF-7 1-17 cells. 

iCas9 
Line Clone sgRNA 

Uninduced Induced 

WT 
Reads 

Total 
Reads 

INDEL 
% 

WT 
Reads 

Total 
Reads 

INDEL 
% 

1-17 

D2 3 90,120 93,546 3.7 75,766 78,724 3.8 

E6 

1 44,064 44,910 1.9 34,083 34,816 2.1 

2 21,679 33,917 36.2 3,585 42,181 91.5 

3 73,581 79,620 7.6 36,848 75,942 51.5 

C2 3 73,741 76,707 3.9 75,597 78,579 3.8 

D1 3 75,176 78,125 3.8 71,426 74,967 4.7 

E2 3 76,788 79,870 3.9 74,535 77,211 3.5 

B4 3 79,178 82,295 3.8 77,638 80,603 3.7 

E5 3 84,199 85,261 1.3 73,049 74,075 1.4 

E3 

1 40,051 40,898 2.1 33,897 34,520 1.8 

2 33,144 34,217 3.1 39,925 41,429 3.6 

3 68,356 69,991 2.3 57,798 73,797 21.7 

E4 3 69,618 71,179 2.2 61,529 64,220 4.2 

C1 3 63,380 65,762 3.6 71,615 81,277 11.9 

B1 

1 38,029 38,758 1.9 40,303 41,129 2.0 

2 16,369 17,256 5.2 41,662 43,383 4.0 

3 67,679 69,931 3.2 65,091 90,952 28.4 
sgRNA-binding regions were PCR amplified from crude gDNA lysates and sequenced 
using NGS. Approximately 30,000 to 100,000 total reads from each sample were aligned 
to the consensus sequence of HTR5A using Geneious software. The % INDEL frequency 
was determined by quantifying the number of wildtype reads relative to the total number 
of reads. 
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Table 5. Assessing the targeting efficiencies of clonal HTR5A iKO cell lines derived 
from MCF-7 1-14 cells. 

iCas9 
Line Clone sgRNA 

Uninduced Induced 

WT 
Reads 

Total 
Reads 

INDEL 
% 

WT 
Reads 

Total 
Reads 

INDEL 
% 

1-14 

2-2 

1 50,971 50,971 3.1 19,558 56,424 65.3 

2 52,675 52,675 9.9 14,340 48,980 70.7 

3 61,065 61,065 2.3 46,851 58,801 20.3 

2-3 

1 57,104 59,943 4.7 45,436 79,997 43.2 

2 54,233 55,050 1.5 55,321 56,238 1.6 

3 56,999 59,373 4.0 48,630 65,165 25.4 

2-8 

1 42,634 51,706 17.5 9,877 58,742 83.2 

2 51,035 51,800 1.5 59,105 60,394 2.1 

3 53,459 55,597 3.8 39,653 54,009 26.6 

3-2 

1 72,338 72,948 0.8 64,201 64,959 1.2 

2 74,484 75,339 1.1 69,587 70,441 1.2 

3 77,342 81,341 4.9 44,760 68,283 34.4 

3-5 

1 50,892 51,988 2.1 51,628 52,584 1.8 

2 13,882 58,200 76.1 4,380 51,305 91.5 

3 57,322 58,849 2.6 55,461 56,781 2.1 

3-7 

1 27,767 64,279 56.8 21,841 69,198 68.4 

2 16,110 60,884 73.5 15,121 56,735 73.3 

3 39,488 57,801 31.7 29,027 64,607 55.1 
sgRNA-binding regions were PCR amplified from crude gDNA lysates and sequenced 
using NGS. Approximately 50,000 to 80,000 total reads from each sample were aligned to 
the consensus sequence of HTR5A using Geneious software. The % INDEL frequency was 
determined by quantifying the number of wildtype reads relative to the total number of 
reads. 
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Figure 6. iKO of HTR5A or TPH1 in MCF-7 cells reduces the frequency of TMS-forming 
cells during serial passaging 
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Figure 7. Analysis of BTIC frequency in HTR5A iKO cells using functional ex vivo 
assays. 
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FIGURE AND TABLE LEGENDS 

Figure 1. Two-plasmid system for engineering iKO cell lines. Plasmid maps of the Lenti-

iCas9-Neo (A) vector and Lenti-multi-guide vector (B). 

Figure 2. iCas9 cell lines express Cas9 upon doxycycline induction. We isolated protein 

lysates from 8 MCF-7 iCas9 cell lines in the presence or absence of dox. Protein lysates 

were resolved on an 8% Bis-Tris polyacrylamide gel and Cas9 was by detected Western 

blotting using a mouse monoclonal antibody. Cas9 appears as a 167 kDa band in the (+) 

dox lanes (indicated by the black arrow). 

Figure 3. Cas9-GFP is expressed at a low frequency in iCas9 cell lines grown in dox-

free media and in the majority of cells after dox-induction. iCas9 cell lines from MCF-

7 (A), HCC1954 (B) and MDA-MB-157 (C) were grown in dox-free (top rows) or dox-

containing (bottom rows) media and then the frequency of GFP+ was determined using 

FACS. GFP gating is indicated by the black square. 

Figure 4. A next-generation sequencing method of determining the frequency of 

INDELs in iKO sgRNA binding-sites. iKO cells were grown in dox-free or dox-

containing media for a defined period before being lysed for isolation of crude genomic 

DNA. Ultramer oligonucleotides containing Illumina adapter sequences were used to PCR 

amplify sgRNA binding sites. Libraries of 20 samples were multiplexed and then 

sequenced using MiSeq. Sequencing reads were aligned to the consensus sequence of the 

gene using Geneious for calculation of the INDEL frequency (A). sgRNA sequences 

contained within each lenti-multi-guide plasmid (B). Example of INDELs resulting from 
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induction with doxycycline and determined by alignment of NGS reads to the wildtype 

consensus sequence of the gene of interest (C). 

Table 1. Assessing targeting efficiency of polyclonal TPH1 iKO cells using Illumina 

NGS. sgRNA-binding regions were PCR amplified from crude gDNA lysates and 

sequenced using NGS. Approximately 30,000-50,000 total reads from each sample were 

aligned to the consensus sequence of TPH1 using Geneious software. The % INDEL 

frequency was determined by quantifying the number of wildtype reads relative to the total 

number of reads. 

Figure 5. INDELs occur in a time-dependent fashion in 1-17 TPH1 iKO cells treated 

with dox. We isolated crude genomic DNA from 1-17 TPH1 cells grown in dox for 48, 96, 

and 144 hours or in its absence. The three sgRNA binding sites were analyzed in each 

sample at each time point by NGS and the percentage of INDELs was plotted. The red line 

indicates INDEL frequencies in the presence of dox, whereas the blue line identifies the 

INDEL frequency at each time point in the absence of dox. 

Table 2. Assessing the targeting efficiencies of clonal TPH1 iKO cell lines derived from 

MCF-7 1-14 and 1-17 cells. sgRNA-binding regions were PCR amplified from crude 

gDNA lysates and sequenced using NGS. Approximately 30,000-50,000 total reads from 

each sample were aligned to the consensus sequence of TPH1 using Geneious software. 

The % INDEL frequency was determined by quantifying the number of wildtype reads 

relative to the total number of reads. 

Table 3. Assessing the targeting efficiencies of clonal HTR5A iKO cell lines derived 

from MCF-7 1-6 cells. sgRNA-binding regions were PCR amplified from crude gDNA 
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lysates and sequenced using NGS. Approximately 80,000 to 100,000 total reads from each 

sample were aligned to the consensus sequence of HTR5A using Geneious software. The 

% INDEL frequency was determined by quantifying the number of wildtype reads relative 

to the total number of reads. 

Table 4. Assessing the targeting efficiencies of clonal HTR5A iKO cell lines derived 

from MCF-7 1-17 cells. sgRNA-binding regions were PCR amplified from crude gDNA 

lysates and sequenced using NGS. Approximately 30,000 to 100,000 total reads from each 

sample were aligned to the consensus sequence of HTR5A using Geneious software. The 

% INDEL frequency was determined by quantifying the number of wildtype reads relative 

to the total number of reads. 

Table 5. Assessing the targeting efficiencies of clonal HTR5A iKO cell lines derived 

from MCF-7 1-14 cells. sgRNA-binding regions were PCR amplified from crude gDNA 

lysates and sequenced using NGS. Approximately 50,000 to 80,000 total reads from each 

sample were aligned to the consensus sequence of HTR5A using Geneious software. The 

% INDEL frequency was determined by quantifying the number of wildtype reads relative 

to the total number of reads. 

Figure 6. iKO of HTR5A or TPH1 in MCF-7 cells reduces the frequency of TMS-

forming cells during serial passaging. Four HTR5A iKO cel lines (A) one TPH1 iKO cell 

line (B) derived from MCF-7 1-14 iCas9 cells were propagated in dox-free chemically 

defined media (solid bars) or dox-containing media (dashed bars). The number of TMS 

arising after each passage was quantified for each condition. MCF-7 1-14 iCas9 cells 

transduced with non-targeting sgRNAs (C) served as a control. 
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Figure 7. Analysis of BTIC frequency in HTR5A iKO cells using functional ex vivo 

assays. HTR5A iKO cell lines 2-3 (A) and 2-8 (B) were propagated as tumorspheres in 

chemically defined media with or without dox for two passages. Tumorspheres were then 

dissociated and an equal numbers of viable tumor cells was transplanted subcutaneously 

into NOD/SCID mice (4 per condition). Mice were monitored for tumor growth over a 70-

day period. The dotted line indicates tumor-free survival of mice that were injected with 

dox-treated cells, whereas the solid line indicates tumor-free survival of mice that were 

injected with untreated cells. 
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CHAPTER 7: DICUSSION  
 

Despite advancements in screening technologies and the development of novel, 

targeted therapies, breast cancer mortality rates have not changed appreciably in decades2. 

Data accumulated from numerous clinical trials clearly demonstrates that a considerable 

proportion of individuals diagnosed with breast cancer experience disease recurrence after 

undergoing treatment and that these individuals invariably succumb to systemic 

metastasis21,22,28–31. Whereas the discovery of BTIC has illuminated a viable therapeutic 

strategy to more effectively treat breast cancer, identifying agents capable of eradicating 

these cells has been challenging. 

We utilized BTIC-enriched75 MMTV-Neu tumorspheres to screen more than 35,000 

small molecules for their capacity to reduce tumor cell viability72. One class of compounds 

identified in the screen are FDA-approved antagonists of neurotransmitter activity, 

including several antagonists of dopamine receptors, HTRs and SERT. This finding led to 

establishing a connection between 5-HT signaling and BTIC. We accomplished the latter 

by determining whether the proteins comprising the 5-HT signaling system are expressed 

in mouse and human breast tumors and whether their inhibition affects BTIC activity using 

multiple orthogonal assays. 

7.1 Breast tumor cells express components necessary for 5-HT synthesis, activity and 
metabolism. 
 

Whereas 5-HT exists in serum at an approximate concentration of 300 nM106, the 

chemically-defined media used to culture breast tumor cells as tumorspheres is serum 

free46. Hence, if the 5-HT signaling system is active in these cells, then its synthesis would 

need to occur endogenously. In accordance with the latter, we established that TPH1 is 
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expressed in the cytoplasm of cells comprising tumorspheres and grafts established from 

both the MMTV-Neu primary breast tumors72 and the human breast tumor cell lines74. 

The development of antibodies specific for 5-HT also allowed us to establish that the 

tumor cells indeed synthesize 5-HT and the punctate staining pattern of 5-HT in the 

cytoplasm of breast tumor cells is consistent with its vesicular sequestration107. The 

H+/ATPase-dependent vesicular monoamine transporters (VMAT1 and VMAT2) are 

responsible for packaging 5-HT into intracellular vesicles, which precedes its release into 

the extracellular space. We determined that breast tumor cell lines express each of these 

transporters using Western blotting with primary antibodies specific for each isoform 

(unpublished; blots shown in Figure 2).  

Transport of 5-HT across the plasma membrane is regulated by SERT78. We determined 

that SERT is expressed in tumor cells comprising tumorspheres and engrafted tumors72,74 

using a previously validated SERT-specific antibody92. IHC analysis of sections from 

PDXs revealed a membranous staining pattern of SERT in the tumor cells comprising the 

xenografts74. Western blotting experiments confirmed that SERT was present in breast 

tumor cell lines at the appropriate molecular masses corresponding to the glycosylated and 

unglycosylated species. We also analyzed transcriptomic data from primary patient tumors 

and found that the abundance of transcripts encoding SERT is statistically significantly 

higher in human breast tumors than healthy breast tissue. Moreover, analysis of copy 

number alterations of SLC6A4 revealed that a fraction of primary patient tumors possesses 

amplifications of the gene, whereas 0% of patient tumors possessed homozygous 

deletions74. The latter is consistent with our inability to isolate homozygous SERT-null 
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clones after CRISPR-Cas-mediated knockout of SLC6A4, despite sequencing the DNA of 

hundreds of mutant cell lines.  

We expanded our proteomic analysis to include other proteins involved in the 5-HT 

signaling system. The breakdown of 5-HT intracellularly is catalyzed by the mitochondrial-

associated MAOs93. We analyzed expression of MAO-A and MAO-B in human breast 

tumor cell lines. Whereas MAO-A is expressed in a fraction of human breast tumor cell 

lines grown adherently, its expression increases at both the mRNA and protein level when 

cells are grown as tumorspheres, irrespective of the breast cancer subtype that the cell line 

models. MAO-B was also expressed in a small fraction of the cell lines that we analyzed 

but its expression between conditions followed no discernable pattern.  

Collectively, our expression analyses imply that the cells comprising MMTV-Neu 

primary breast tumors and human breast tumor cell lines have the necessary components 

required for the synthesis, packaging, transport and metabolism of 5-HT.  

The connection between 5-HT synthesis and breast cancer was first established by 

Nelson Horseman and his colleagues, who determined that 5-HT paradoxically stimulates 

the proliferation of human breast tumor cells rather than initiating their apoptosis as seen 

after exposure of normal mammary epithelial cells to 5-HT81. Analysis of 288 primary 

breast tumors revealed increased expression of TPH1 compared with normal samples, and 

the level of TPH1 expression increased along with disease progression and metastasis. 

More recently, the analysis of thousands of primary tumor samples in the METABRIC 

cohort identified a cluster of genes involved in 5-HT biosynthesis as a metabolic feature of 

tumors from patients that experienced a poor prognosis108. Consistent with these findings, 
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clinical studies have described a positive association between the circulating level of 

plasma 5-HT and cancer progression in both breast cancer and colon cancer109,110. In these 

studies, the concentration of 5-HT in the plasma of patients with advanced staged cancer 

far exceeded that of patients with localized disease or healthy individuals, suggesting that 

measuring 5-HT biosynthesis by cancers of epithelial origin has prognostic value. 

7.2 Inhibition of 5-HT signaling, transport, and metabolism affects BTIC activity in 
multiple orthogonal assays. 

7.21 SERT. 

Among the hits identified in the HTS were two FDA-approved drugs of the SSRI class: 

paroxetine and sertraline. We established that these two compounds were among several 

others of the same class that reduced the frequency of tumorsphere formation by mouse72 

and human74 breast tumor cells, which we and others have used previously as a surrogate 

assay of BTIC activity68,111,112. Moreover, the reduced frequency of tumorsphere forming 

cells observed in drug-containing media was maintained after passage into drug-free media, 

suggesting the phenotype was blocked by an irreversible mechanism. Members of our lab 

have previously shown that agents that irreversibly target tumorsphere formation similarly 

target BTIC68,111. 

BTIC are functionally defined by their capacity to initiate tumor growth in mice113. To 

learn whether the reduced tumorsphere forming capacity of breast tumor cells exposed to 

SSRI was accompanied by a reduction in BTIC, we utilized ex vivo assays. We found that 

transplantation of equal numbers of viable cells isolated from mouse and human 

tumorspheres treated with IC50 or IC90 doses of sertraline reduced the frequency of 

allografts and xenografts, extended tumor-free survival and reduced tumor growth rate 
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compared with vehicle-treated cells. We and others have previously shown that each of 

these properties are dictated by the frequency of BTIC in the transplanted cell 

population75,114. 

We established antitumor efficacy of two different SSRIs using an in vivo preclinical 

mouse models of breast cancer72,74. We found the that both compounds synergized with 

docetaxel chemotherapy to shrink mouse breast tumor allografts and human breast tumor 

xenografts by inducing tumor cell apoptosis. Interestingly, viable tumor cells isolated from 

the allografts of mice that received a combination of both agents had a reduced frequency 

of tumorsphere forming cells, indicative of a reduced BTIC frequency in those tumors. We 

also demonstrated that sertraline and docetaxel synergize to reduce the tumorsphere 

forming capacity of MMTV-Neu primary breast tumor cells, using the principle of Bliss 

additivity115. In keeping with the literature, treatment of multidrug resistant (MDR) MCF-

7 breast tumor cells with an SSRI restores their sensitivity to cytotoxic chemotherapies in 

vitro and in vivo116. Moreover, extrusion pump-mediated MDR is a phenotype that has been 

previously ascribed to BTIC25,57,59,61.  

We attempted to knockout the gene encoding SERT (SLC6A4) reasoning that its loss 

of function should phenocopy the effect of SSRI in functional assays. Whereas we analysed 

over 100 clones from two different human breast tumor cell lines bearing INDELs in 

SLC6A4, we were unable to isolate a single homozygous SERT-null cell line. This finding 

implies that these mutant cells experienced negative selection during propagation of the 

clonal lines. Hence, for the remaining studies we opted to use a platform capable of 
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conditionally knocking out the gene of interest so that we were able to determine the 

functional consequences of loss of serotonergic pathway proteins. 

7.22 HTRs. 

 In the HTS several antagonists of HTRs inhibited the formation of BTIC-enriched 

MMTV-Neu tumorspheres but only two of the compounds were selective for a single 

HTR72. To identify those HTRs required for BTIC activity we procured a panel of over 20 

different selective antagonists of numerous HTRs and tested their capacity to inhibit 

tumorsphere formation using human breast tumor cell lines modeling the different clinical 

and molecular subtypes of breast cancer. We found that the selective HTR5A antagonist 

SB-699551 inhibited tumorsphere with the highest potency, with IC50 values in the 200-

300 nM range74. Whereas we also identified FDA-approved antipsychotic medications that 

inhibit the activity of HTRs, their lack of selectivity may cause unwanted side effects and 

hence they were not pursued further. Moreover, SB-699551 and other selective antagonists 

of HTR5A have shown tolerable safety profiles in animals and relieve the symptoms 

associated with schizophrenia in rodent models of this disease117,118. 

 In our most recent study we demonstrated that 4 non-commercially available and 

structurally distinct antagonists of HTR5A inhibited BTIC activity using the same 

orthogonal assays used in our previous studies72,74. We found that SB-699551 affected the 

growth of human breast tumor xenografts in vivo and similarly to our previous observations 

with SSRIs, it shrank xenografts when administered alongside cytotoxic chemotherapy. 

Moreover, histological analysis and TUNEL staining of sections from these xenografts 

revealed a marked increase in the frequency of apoptotic cells. Importantly, much of the 
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data gathered from these experiments are suggestive of on-target activity of the antagonists. 

Our phosphoproteomic analysis demonstrated that inhibition of HTR5A with selective 

antagonists affected intracellular signaling pathways reported to be downstream of 

HTR5A78. Moreover, the enantiomeric selectivity of the guanidine-type HTR5A 

antagonists correlates with their affinity for HTR5A119. 

 To validate the molecular target of the HTR5A antagonists by a more definitive 

means, we utilized a lentiviral based system to engineer human breast tumor cell lines in 

which we could conditionally knockout HTR5A upon dox induction of Cas9 expression. 

Whereas the expression of Cas9 initially appeared to be tightly regulated by dox-induction, 

next-generation DNA sequencing analysis revealed that it was not. Most of the clonal cell 

lines harbored INDELs in the sgRNA binding regions of their genome when cultured in the 

absence of dox. Despite this shortcoming we were able to isolate four different MCF-7 cell 

lines where the knockout of HTR5A was tightly regulated. Serial propagation of these cells 

as tumorspheres in dox-containing media led to a progressive decline in the frequency of 

tumorsphere formation implying that knocking out HTR5A phenocopied the effect of 

HTR5A antagonists. 

7.23 MAO-A. 

Our analysis of serotonergic gene expression revealed that MAO-A mRNA and protein 

abundance is markedly higher in tumorspheres derived from breast cancer cell lines and 

primary patient tumors compared with their adherently grown counterparts and occurred 

independent of the subtype modeled by the cell lines. We further established that MAO-A 
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activity is required for tumorsphere formation by demonstrating that its inhibition with 

selective antagonists was sufficient to block this process.  

To explore the possibility that MAO-A regulates other phenotypes attributed to BTIC, 

we analyzed transcriptomic datasets collected from several studies and found that drug-

resistant breast tumor cell lines express MAO-A transcripts at a higher level than their drug-

sensitive counterparts58,120,121. This association was shown to be clinically relevant, as high 

expression of MAO-A predicted poor outcomes in patients experiencing high-grade ER- or 

TNBC tumors. The findings discussed in this chapter are analogous to existing reports in 

hormone refractory-prostate cancer, where decreased activity of the transcriptional 

repressor REST stimulates expression of MAO-A, which endows the tumor cells with TIC 

properties122–124. 

The anxiolytic and antidepressant properties of SSRIs are thought to stem from their 

capacity to inhibit SERT, increasing the concentration of 5-HT in the synaptic cleft and 

stimulating HTRs in the plasma membrane of post-synaptic neurons78. Whereas our finding 

that inhibition of HTRs, SERT or MAO-A similarly reduce the activity of BTIC in 

functional assays72,74 may therefore seem paradoxical, there is ample evidence suggesting 

that these proteins indeed function co-operatively to drive 5-HT-stimulated mitogenesis in 

peripheral tissues98,99,125–127. 

In bovine pulmonary smooth muscle cells, activation of HTR1B by 5-HT results in the 

phosphorylation of ERK, which stimulates proliferation98. 5-HT transported intracellularly 

via SERT results in increased ROS production by MAO126,127, which is necessary for the 

nuclear translocation of phosphorylated ERK128. Hence, SERT and MAO function in 
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concert with HTR1B in a mitogenic capacity. The latter occurs similarly in cardiac 

myocytes via the synergistic and cooperative action of HTR2B, MAO-A and SERT99. 

Interestingly, selective antagonists of both HTR1B and HTR2B inhibited tumorsphere 

formation by human breast tumor cell lines74. Moreover, HTR1B was recently linked to 

leukemic CSC activity129 in a study that utilized the same selective HTR1B antagonist (SB-

224289) identified in our HTS.  Other studies have established that SERT transactivates 

PDGFRb during 5-HT-stimulated mitogenesis of smooth muscle cells96,97. Moreover, 

different research groups have identified multiple SERT-interacting proteins including 

GTPases, phosphatases and kinases, suggesting that SERT may fulfill a signaling 

function94,95.  

The notion that GPCR signaling may fuel the development of cancers was first 

demonstrated by the discovery of the human Mas oncogene130. DNA-mediated transfer of 

carcinoma-derived genomic DNA into 3T3 fibroblasts followed by their transplantation 

into immune-compromised mice led to the growth of tumors. Sequencing of DNA isolated 

from resultant xenografts identified Mas as a member of the GPCR superfamily. 

Subsequent experiments used a similar method to demonstrate that ectopic expression of 

three different HTRs (HTR1A, HTR2A and HTR2C) transforms 3T3 fibroblasts as 

established by focus-forming assays131–133. HTR-mediated focus formation increased after 

stimulation with 5-HT and was blocked by selective HTR antagonists. Collectively, these 

data imply that 5-HT signaling via HTRs can be oncogenic.  

One interpretation of these data is that 5-HT signaling maintains the activity of TIC. A 

therapeutically relevant characteristic of TIC is their increased capacity to resist treatment 
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with anticancer therapies25,26,61. For example, overexpression of HTR2C in melanoma cell 

lines provides resistance to MEK kinase inhibitors134, whereas overexpression of HTR1D 

in lung cancer cell lines confers increased resistance to EML-ALK inhibitors135.  

Interestingly, a recent study utilized a machine-learning algorithm to extract features of 

stemness from non-transformed pluripotent stem cells and their differentiated progeny and 

then applied the algorithm to delineate biological mechanisms associated with tumor cell 

anaplasia136. Connectivity mapping identified HTR1A, HTR2A and HTR2C as druggable 

TIC targets. Each of these receptors acts as protooncogenes in focus-forming assays131–133 

and HTR2C provided resistance to MEK inhibitors134, as recounted previously.  

7.3 Challenges and Future Directions. 
 

In summary, we have utilized mRNA and protein expression analyses and functional 

assays of BTIC activity to establish a connection between 5-HT signaling and breast cancer. 

Collectively, this thesis work provides a valuable contribution in establishing the 

connection between 5-HT signaling and breast cancer. 

We encountered a few noteworthy experimental limitations during these studies. Firstly, 

the engineering of human breast tumor cell lines to conditionally knockout serotonergic 

genes by CRISPR-Cas9 was tedious due to the leaky nature of Cas9 expression. This 

limitation was not evident until our next generation sequencing analysis of genomic DNA 

isolated from different clones. Secondly, we realised the lack of effective commercially 

available antibodies targeting HTRs such as HTR5A. Hence, future studies should optimize 

the activity of HTR5A-binding antibodies to allow the isolation of HTR5A-rich and 

HTR5A-poor fractions of human breast tumor cells for subsequent phenotypic and 
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molecular characterization. The development of such antibodies would allow us to 

determine whether CRISPR-Cas9-generated INDELs indeed result in a loss of function of 

HTR5A. Moreover, experiments could be performed to determine whether the expression 

of HTR5A is correlated with that of established BTIC markers like ALDH1 and CD44. 

The data recounted in chapter 4 demonstrates that MAO-A is differentially upregulated 

in tumorspheres derived from human breast tumor cell lines and that inhibitors of MAO-A 

activity is sufficient to inhibit this phenotype. We also showed that MAOA expression is 

associated with acquired resistance to anticancer therapy and predicts poor prognosis in 

ER- patients whom are often treated with such agents. Hence, whereas these data are partly 

observational, future experiments could be performed to determine the functional 

consequences of induction or inhibition of MAOA expression in human breast tumor cell 

lines. Such experiments would help determine the functional role of MAO-A in human 

breast cancer. 

The preclinical efficacy demonstrated by our experiments involving several serotonergic 

antagonists including the FDA-approved SSRI warrants further study. Our observation that 

these agents synergized with chemotherapy to affect the growth of tumor allografts and 

xenografts suggests that such a regimen might be repurposed to treat breast cancer. The 

optimization of dosing regimens, selectivity and pharmacokinetic/pharmacodynamic 

parameters in preparation for an early-phase trial in a breast cancer clinical setting would 

be an appropriate focus of future studies. Whereas selective HTR5A antagonists like SB-

699551 are not FDA-approved for any indication, these compounds might be developed as 

novel anticancer agents.  
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APPENDIX I: Introduction and Discussion Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of serotonergic signaling in a human breast tumor cell.  
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Figure 2. Human breast tumor cell lines express VMAT1 and VMAT2. Protein lysates 
isolated from (1) HCC1954 (2) MCF-7 (3) BT474 and (4) T47D breast tumor cell lines 
were resolved on an 8% Bis-Tris polyacrylamide gel and then probed for VMAT1 (A) and 
VMAT2 (B) using rabbit polyclonal antibodies that bind each protein (Alomone Labs). 
Bands corresponding to VMAT1 were detected at their expected approximate molecular 
weight of 55 kDa. We detected bands whose molecular masses correspond to the 
glycosylated and native forms of VMAT2, which migrate at 75 kDa and 45 kDa, 
respectively. a-Tubulin was used as a loading control 
 
 
 
 
 
 
 
 

75 (kDa) 
 
63 
 
48 

1              2            3            4            

75 (kDa) 
 
63 
 
48 

A            

B            



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 252 

APPENDIX II: COPYRIGHT STATEMENTS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 253 

APPENDIX III: ACCOMPLISHMENTS 
 

AWARDS 
 

2019 – Faculty of Health Sciences – Graduate Program’s Outstanding Achievement 
Award 
2019 – Faculty of Health Sciences – Graduate Program’s Excellence Award 
2018 – Faculty of Health Sciences – Graduate Program’s Outstanding Achievement 
Award 
2018 – Faculty of Health Sciences – Graduate Program’s Excellence Award 
2017 – Comprehensive Examination – Pass with Distinction 
2017 – McMaster Interdisciplinary Health Idea Competition (MIHIC) Finalist 
 
                                              

FUNDING/SCHOLARSHIPS 
 

2016 – Canadian Breast Cancer Foundation Doctoral Fellowship.                      [$105,000]   
2016 – Ontario Graduate Scholarship                                   [$10,000] 
2016 – The Douglas C. Russell Memorial Scholarship                                    [$5,000] 
2016 – Medical Sciences Graduate Program Travel/Conference Award                 [$1,000] 
2016 – Stem Cell Network of Canada Travel Award              [$1,200]      
2015 – CIBC Graduate Bursaries in Breast Cancer Research                                  [$5,000] 
2014 – Stem Cell Network of Canada Travel Award                                               [$1,200]  
2013 – McMaster University Faculty of Health Sciences Entrance Scholarship     [$3,000] 
 

PUBLICATIONS 
 
Published Manuscripts: 
 

1. Mitchell Elliott, Dr. Katarzyna Jerzak, Dr. Jessica Cockburn, Zhaleh Safikhani, 
William Gwynne, Dr. John A Hassell, Dr. Anita Bane, Mrs. Jennifer Silvester, 
Dr. Kelsie Thu, Dr. Benjamin Haibe-Kains, Dr. Tak Mak. (2018). The 
Antiarrhythmic Drug, Dronedarone, Demonstrates Cytotoxic Effects in Breast 
Cancer Independent of Thyroid Hormone Receptor Alpha 1 (THRα1) 
Antagonism. Scientific Reports. 

 
2. Gwynne, W. D., Hallett, R. M., Girgis-Gabardo, A., Giacomelli, A. O., Bisson, J. 

N. P., Jensen, J. E., … Hassell, J. A. (2017). Serotonergic system antagonists 
target breast tumor initiating cells and synergize with chemotherapy to shrink 
human breast tumor xenografts. Oncotarget. 
 

3. Hallett, R. M., Girgis-Gabardo, A., Gwynne, W. D., Giacomelli, A. O., Bisson, J. 
N. P., Jensen, J. E., … Hassell, J. A. (2016). Serotonin transporter antagonists 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 254 

target tumor-initiating cells in a transgenic mouse model of breast cancer. 
Oncotarget.  

 
Unpublished Manuscripts: 
 

4. Gwynne, W. D., Mirza S. Shakeel, Jianhan Wu, Robin M. Hallett , Anna 
Dvorkin-Gheva, Adele Girgis-Gabardo and John A. Hassell. (2019). Monoamine 
oxidase A activity is required for clonal tumorsphere-formation by human breast 
tumor cells. Cellular and Molecular Biology Letters – Reviewed, revised, 
revisions under review (pp 1-24). 
 

5. Gwynne, W.D., and Shakeel M.S. et al. (2019). Selective Antagonists of 
Serotonin Receptor 5A Target Human Breast Tumor Initiating Cells. Manuscript 
in preparation (pp 1-12). 

 
Published Abstracts: 

1. Gwynne, W. D., Mirza S. Shakeel, Jianhan Wu, Robin M. Hallett, Anna Dvorkin-
Gheva, Adele Girgis-Gabardo and John A. Hassell. (2018). Expression of 
monoamine oxidase a is correlated with threedimensional tumorsphere-formation 
by human breast tumor cells lines. European Journal of Cancer. Volume 103, 
Supplement 1, Page e70. 
 

2. Gwynne, W., Hallett, R., Girgis-Gabardo, A., Dvorkin-Gheva, A., and Hassell, J. 
(2016). Serotonergic antagonists target breast tumor-initiating cells in mouse 
models of human breast cancer. A. European Journal of Cancer.  Volume 69, 
Supplement 1, Page S83. DOI: http://dx.doi.org/10.1016/S0959-8049(16)32842-8. 

PRESENTATIONS 
 

Oral Presentations: 
 

1. (2019). Hamilton RIOT – Let’s Talk Cancer Panel Member 
 

2. William D. Gwynne (2019). McMaster University department of biochemistry & 
biomedical sciences - Guest Lecturer: CRISPR-Cas9 Genome Editing: Target 
Validation in Anticancer Drug Discovery. 

 
3. John A. Hassell, William D. Gwynne, Mirza S. Shakeel (2018). Biochemistry 

departmental seminar. Serotonin and Breast Cancer Stem Cells 
 

4. William D. Gwynne (2017). McMaster University school of interdisciplinary 
sciences - Guest Lecturer: Molecular target validation in drug discovery.  

 



PhD Thesis McMaster University 
William D. Gwynne Medical Sciences Graduate Program 

 255 

5. William D. Gwynne (2015). Department of Oncology: Research in Progress 
Seminar, Hamilton, ON. Oral presentation: Repurposing Serotonergic Antagonists 
to Target Breast Cancer Stem Cells.  

 
Poster presentations: 
 

1. Gwynne, W. D., Shakeel, M.S., Wu, J., Hallett R. M., Girgis-Gabardo, A., 
Dvorkin-Gheva, A., and Hassell, J. A. (2018). 30th EORTC-NCI-AACR 
SYMPOSIUM in Dublin, Ireland – Poster Presentation: Expression of monoamine 
oxidase a is correlated with three dimensional tumorsphere-formation by human 
breast tumor cells lines.  
 

2. Gwynne, W. D., Hallett R. M., Girgis-Gabardo, A., and Hassell, J. A. (2017). 
McMaster University Biochemistry and Biomedical Sciences 50th Anniversary 
Celebration in Hamilton, ON – Poster Presentation: Serotonergic antagonists 
target breast tumor-initiating cells in mouse models of human breast cancer. 
 

3. Gwynne, W. D., Hallett R. M., Girgis-Gabardo, A., Dvorkin-Gheva, A., and 
Hassell, J. A.  (2016). 28th EORTC-NCI-AACR SYMPOSIUM in Munich, 
Germany – Poster Presentation: Serotonergic system antagonists target breast 
tumor initiating cells and synergize with chemotherapy to shrink breast tumor 
xenografts.  
 

4. Gwynne, W. D., Hallett R. M., Girgis-Gabardo, A., Dvorkin-Gheva, A., and 
Hassell, J. A. (2016). Till & McCulloch Meetings in Whistler, BC – Poster 
Presentation: Serotonergic system antagonists target breast tumor initiating cells 
and synergize with chemotherapy to shrink breast tumor xenografts.  
 

5. Gwynne, W. D., Hallett R. M., Girgis-Gabardo, A., Dvorkin-Gheva, A., Jensen, 
J., Bisson, J., Moffatt, J. and Hassell, J. A. (2014). Till & McCulloch Meetings in 
Ottawa, ON – Poster Presentation: Antagonists of 5-HT Signaling Target Breast 
Tumor-initiating Cells. 
 

 


