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Abstract 

Triple negative breast cancer (TNBC) is associated with aggressive features and poor prognosis. 

Despite recent research leading to new therapeutic options, the clinical outcomes for TNBC 

patients are complicated by limited treatment options. TNBC patients cannot be treated with 

hormone therapy or anti-HER2 target therapy because they lack the expressions of ER, PR and 

HER2. Accumulating evidence has shown that TNBC cells are enriched in breast cancer stem 

cells (BCSCs), which are thought to be responsible for therapy failure and tumor relapse. We 

investigated the molecular mechanism by which TGFβ ligands regulate stemness in TNBCs. We 

found that TGFβ acts as a cancer stemness promoter in TNBC. Bone morphogenetic protein 4 

(BMP4) was revealed as one of the top transcriptional downstream targets of TGFβ signaling in 

our transcriptome profiling of TGFβ in TNBC cells. Moreover, BMP4 proved to efficiently 

inhibit breast cancer stem cells (BCSCs) and act as a differentiation factor in TNBC. At the 

molecular level, downregulation of BMP4 by TGFβ is through the Smad-dependent pathway. 

BMP4 was proved a pro-differentiation factor promoting mammary acinar formation in 3D cell 

culture assays of normal mammary epithelial cells. The immediate threat for TNBC patients 

remains the limited treatment options and paclitaxel is one of few chemotherapeutical agents 

commonly used to treat breast cancer. Thus, we conducted a combined in vitro/in vivo genome-

wide CRISPR screening in a TNBC cell line model to identify molecular targets responsible for 

paclitaxel resistance. The analysis integrating in vitro and in vivo data revealed that the genes 

ATP8B3, FOXR2, FRG2, HIST1H4A act as cancer stemness negative regulators. Loss-of-

function mutations in these genes can induce resistance to paclitaxel and promote cancer 

stemness in TNBC. More importantly, deletion of the FRG2 gene was proven to prevent 

paclitaxel efficacy and promote tumor metastasis in the preclinical mouse models. 
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Overexpression of FRG2 efficiently sensitized TNBC tumors to paclitaxel treatment and 

inhibited their metastatic abilities. TNBC patients heavily depend on chemotherapy-based 

treatment while lacking molecule-targeted therapies, which poses a potential risk once the TNBC 

patients develop resistance to chemotherapy. Therefore, to maintain our primary objective of 

exploring clinical options for TNBC, we next investigated the therapeutic potential of CDK4/6 

inhibitors such as palbociclib in TNBC by identifying molecular biomarkers predictive of drug 

response. TNBC is a heterogeneous disease and stratification of TNBC patients using molecular 

biomarkers could be predictive of palbociclib response. The main aim of the third study is to 

identify potential molecular markers associated to palbociclib response in TNBC. To achieve our 

research objective, our first step was to define palbociclib response signatures genes 

(sensitization and resistance signatures) using the Computational Analysis of Resistance (CARE) 

system. The analysis identified palbociclib signatures including 1398 sensitization and 1105 

resistance signature genes. The gene sets ‘MYC targets’, ‘G2M checkpoint’ and ‘E2F targets’ 

are highlighted in functional enrichment analysis. Integrating transcriptome profiling of 

palbociclib revealed that sensitization signatures are more likely downregulated and resistance 

signature genes tend to be upregulated in the path to acquired resistance to palbociclib. Finally, 

functional validation using genome-wide CRISPR screening identified a set of 43 validated 

palbociclib response genes. Overexpression of these genes proved to be predictive of palbociclib 

efficacy and loss-of-function mutations in these genes induced resistance to palbociclib in 

TNBC.  

Our findings in this thesis defines BMP4 as a potent differentiation factor of BCSCs, and 

highlights molecular markers responsible for paclitaxel and palbociclib using genome-wide 

CRISPR screening. Altogether, the study has expanded our understanding of the mechanism of 
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TGFβ regulating BCSCs and further identified several molecular targets that could overcome 

chemoresistance in TNBC.   
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Résumé 

Le cancer du sein triple négatif (CSTN) est associé à des caractéristiques agressives et à un 

mauvais pronostic. Malgré des récentes découvertes ayant mené à de nouvelles options 

thérapeutiques, le pronostic pour les patients atteints de CSTN demeure faible dû aux options de 

traitement limitées. Les patientes atteintes d'un CSTN ne peuvent pas être traitées par 

hormonothérapie ou par thérapie ciblée anti-HER2 car elles ne présentent pas les récepteurs ER, 

PR et HER2. Des preuves de plus en plus nombreuses indiquent que les cellules CSTN sont 

enrichies de cellules souches cancéreuses (CSC) qui sont souvent responsables de l'échec du 

traitement et de cas de rechute chez les patientes. Nous avons tout d'abord étudié le mécanisme 

moléculaire par lequel le ligand TGFβ régule les cellules souches cancéreuses dans le CSTN. 

Nous avons découvert que TGFβ agit comme un promoteur de la tige cancéreuse dans les 

tumeurs cancéreuses non à petites cellules. La protéine «bone morphogenetic protein 4» (BMP4) 

s'est révélée être l'une des cibles transcriptionnelles de la  signalisation de TGFβ dans notre 

profilage transcriptomique de TGFβ dans les cellules CSTN. De plus, il a été prouvé que BMP4 

inhibe efficacement les CSC et agit comme facteur de différenciation dans les cellules CSTN. Au 

niveau moléculaire, la régulation négative de BMP4 par TGFβ passe par la voie des protéines 

Smad. Le BMP4 s'est avéré être un facteur de pro-différenciation favorisant la formation d'acini 

mammaires des cellules épithéliales mammaires saines dans des essais de culture cellulaire en 

3D. Le nombre faible d’options thérapeutiques demeure la plus grande menace pour les patientes 

atteintes de CSTN.  Nous avons donc réalisé deux criblages à l'échelle du génome en utilisant la 

technologie CRISPR dans un modèle de lignée cellulaire CSTN in vitro et dans un modèle in 

vivo afin d'identifier les cibles moléculaires responsables de la résistance à la chimiothérapie 

paclitaxel. L'analyse intégrant les données in vitro et in vivo a révélé que les gènes ATP8B3, 
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FOXR2, FRG2 et HIST1H4A agissent comme régulateurs négatifs d’auto-renouvellement chez 

les CSC. L’inactivation de ces gènes a provoqué une résistance au paclitaxel et favorisé la 

prolifération des CSC dans un contexte de CSTN. De plus, il a été démontré que la délétion du 

gène FRG2 empêche l'efficacité du paclitaxel et favorise les métastases dans un modèle 

préclinique. L'activation de l'expression du gène FRG2 a permis de sensibiliser les tumeurs du 

CSTN au paclitaxel et d'inhiber leurs capacités métastatiques. Les patients atteints de cancer du 

sein dépendent fortement des traitements à base de chimiothérapie et ne disposent pas de 

thérapies ciblées, ce qui les rend même plus à risque de récidive lorsqu’ils développent de la 

résistance à la chimiothérapie. Par conséquent, l’objectif principal de cette thèse s’agit d’explorer 

de nouvelles options de traitement pour le cancer du sein. Nous étudions, entre autres, le 

potentiel thérapeutique des inhibiteurs de CDK4/6 tels que le palbociclib pour traiter le cancer du 

sein en identifiant des biomarqueurs moléculaires de la réponse au traitement. En sachant que le 

cancer du sein est une maladie hétérogène, la stratification des patients atteints de cancer du sein 

en fonction de leurs niveaux d’expression de ces biomarqueurs pourrait permettre de mieux 

prédire la réponse au palbociclib. L'objectif principal de la troisième étude est donc d'identifier 

des marqueurs moléculaires associés à la réponse au palbociclib dans le CSTN. Nous avons donc 

commencé par définir la signature génétique de la réponse au palbociclib (une signature chaque 

pour la sensibilisation et la résistance au palbociclib) à l'aide du système CARE (Computational 

Analysis of Resistance). L'analyse a permis d'identifier des signatures comprenant 1398 gènes de 

sensibilisation et 1105 gènes de résistance au palbociclib. En particulier, nous avons trouvé que 

ces signatures étaient enrichies des ensembles des gènes ciblant MYC, le point de contrôle G2M 

et les cibles E2F. L'intégration du profilage du transcriptome de palbociclib a révélé que la 

signature composée de gènes de sensibilisation est plus susceptible d’être régulée à la baisse et 
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que la signature composée de gènes de résistance a tendance à être régulée à la hausse lorsqu’une 

résistance acquise au palbociclib se développe. Enfin, la validation fonctionnelle à l'aide d'un 

criblage CRISPR à l'échelle du génome a permis d'identifier un ensemble de 43 gènes de réponse 

au palbociclib. La surexpression de ces gènes dans des cellules du CSTN indique que celles-ci 

devraient être sensibles au palbociclib, tandis que des mutations induisant une perte de fonction 

dans ces gènes pourraient les rendre résistantes au palbociclib.  

Dans l'ensemble, les études présentées dans cette thèse définissent BMP4 comme étant un 

puissant facteur de différenciation des CSC et présentent des marqueurs moléculaires 

responsables du paclitaxel et du palbociclib à l'aide de criblages CRISPR à l'échelle du génome. 

 

 

 

 

 

 

 



12 | P a g e  

 

Acknowledgments 

I would like to express my deepest gratitude for people who helped and encouraged me during 

my PhD studies: 

Jean-Jacques Lebrun: I would like to thank my supervisor for giving me the opportunity to 

work in his lab. I am grateful for your invaluable mentorship, patience, and understanding 

through my PhD. It wouldn’t be possible for me to complete my research projects without your 

support and involvement. Your critical input and feedback enlightened me when I had 

difficulties with my research projects. The research during my PhD under your supervision has 

taught me how to think critically on the project. The experience of working with you always 

guides me to be a better researcher and an individual.   

I also would like to express my gratitude to my academic advisor Dr. Cristian O’Flaherty for 

his professional advice guiding my committee meetings. Thanks to my committee members Dr. 

Jacques Lapointe and Dr. Suhad Ali for their support and precious research suggestions. 

I would like to thank all past and present Lebrun lab members for creating a friendly and 

supportive work environment during the past years. Thoughtful discussion and technical support 

help me push forward my projects.   

I am grateful to our previous research associate Meiou Dai, your expertise and enthusiasm for 

science and research enlightened and guided me through my research. It was a privilege to work 

alongside an experienced mentor.  

I also thank Ni Wang, our research associate, for your contribution to my projects. Your 

expertise and technique on in-vivo experiments make invaluable contributions to my research.  



13 | P a g e  

 

I thank our PhD fellow, Sophie Poulet, for your patience and kindness. I am highly impressed 

with your writing skills and your selfless support for my manuscript is invaluable to complete 

my project.  

I also thank all the other members for your kind help through my graduated study. I would like to 

thank my fellow lab members both present and past, Girija Dalia, Julien Boudreault, Jun 

Tian, Mostafa Ghozlan, Nadège Fils-Aimé, Dr. Karine Pasturaud, Halema Haiub. 

And finally, this PhD achievement would not be possible without my family and friends. To 

My parents, and my uncle and aunt. Thanks for your infinite and unconditional love and support. 

Thanks for accepting the decisions I took. Finally, to my friends, the friendship with you is an 

invaluable asset in my life. Thanks for your support and understanding in my decision. I am so 

happy to have the friendship no matter where we are.  

 

 

 

 

 

 

 



14 | P a g e  

 

Preface  

Manuscript-based thesis format 

This thesis was written based on the thesis guidelines specified by the Faculty of Graduate and 

Postdoctoral Studies of McGill University. The thesis was prepared in the manuscript-based 

format and consists of five chapters. Chapter I is a general introduction containing background 

review of literature. Chapter II is the publication of TGFβ/cyclin D1/Smad-mediated inhibition 
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revealed that TGFβ signaling regulates fundamental biological process including cell migration, 
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BMP4 expression levels are significantly downregulated by TGFβ stimulation through a smad-

dependent pathway in TNBC cell lines. I further presented that BMP4 acts as a differentiation 

factor and inhibits breast cancer stemness. BMP4 differentiates mammary epithelial cells into an 
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1.1 Overview of the mammary gland 

1.1.1 Mammary gland structure and development 

The mammary gland is a highly dynamic organ responsible for milk synthesis and secretion1. A 

fully developed mammary gland is structurally composed of the ductal epithelium tree and the 

stromal matrix of endothelial cells, fibroblast, adipocytes and macrophages surrounding it2. The 

stromal matrix provides the development environment where the mammary gland epithelial cells 

can signal through hormones3. The ductal tree has a bilateral structure consisting of two types of 

cell lineages: an inner layer of luminal cells and an outer layer of myoepithelial cells (Figure 

1.1). The luminal cells are mainly responsible for milk production during lactation while the 

myoepithelial cells functions in milk ejection4. Together these cells go through multiple events of 

cell growth, cell differentiation, and cell death in repeated cycles during morphogenesis5.  

The majority of mammary gland development occurs after birth when it undergoes 

morphogenesis to give rise to a highly branched epithelium6. These multiple developmental 

processes occur during three major stages: the embryonic, pubertal and reproductive stages. The 

mammary epithelial buds are formed during the embryonic stage and are further transformed into 

fibroblast or mammary mesenchyme. The morphology of the mammary gland is dictated by the 

mammary mesenchyme7. At the pubertal stage, the stimulus from hormonal and growth factors 

facilitates mammary ductal branching and elongation. As a result, a mature epithelial ductal tree 

structure is formed within the mammary fat pad7. During pregnancy, the mammary gland is 

specially transformed for synthesis and secretion of milk through the formation of alveolar 

structure. At this stage, mammary cells dynamically undergo the cyclic changes of cell 

proliferation and differentiation8. 
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Figure 1.1 Cellular structures of the mammary gland, the mammary ductal structure consists of 

myoepithelial cell in outer layer (red color) and epithelial cells in inner layer (blue color)  

Adapted from Tiede, B., Kang, Y. From milk to malignancy: the role of mammary stem cells in 

development, pregnancy and breast cancer9. 

 

1.1.2 Mammary stem cells 

The sustained epithelial cell proliferation and differentiation during mammary gland 

development suggest the existence of stem or progenitor cell population with self-renewal 

abilities10. The first experiment to successfully confirm the existence of mammary stem cells can 

be traced back to 1959. After the normal mammary epithelium of donor mice transplanted into 

the host mice, a gland structure similar to the donor mice was developed in the host mice11.  A 

study conducted by Shackleton et al has provide detailed evidence of molecular biomarkers to 

identify and isolate mammary stem cells in mouse. A subpopulation of Lin- CD29hi CD24+ was 
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identified and proved enhanced regenerative capacity after mouse mammary fat pad 

transplantation12. Another study demonstrated the existence of a unique and distinct group of 

mammary stem cells that can give rise to more differentiated epithelial progenitor cells13.  

 

1.2 Overview on breast cancer 

Breast cancer is one of leading threats for women’s health worldwide. The USA has reported 

over 290,000 new breast cancer cases and 43,000 relevant deaths in 202214. As one of the most 

common cancers, breast cancer has long been a public health threat despite recent improvement 

in clinical outcomes15. Breast cancer has proved to be a heterogenous disease and distinct clinical 

features and diverse molecular expression profiling within primary breast tumors has 

complicated clinical outcomes for breast cancer patients16,17. The advancements of high-

throughput sequencing technology have revealed a complex landscape of genetic backgrounds in 

breast cancer18,19. In this section we mainly introduce molecular heterogeneity, classification, 

clinical features, and clinical treatment of breast cancer. 

Tumor samples often exhibit various morphologies and consist of different types of cells. For 

breast cancer, heterogeneity is mainly observed at the histological level. The well-established 

histological grading system consisting of morphological assessment of tumor samples provides 

important prognostic information20. High-throughput technologies such as microarray-based 

analysis and sequencing-based profiling has deepened our understanding of the molecular bases 

of tumor heterogeneity21,22. Molecular heterogeneity can exist within the same tumor or between 

different tumor samples. The newer, more advanced single cell-based analyses have revealed the 

extensive complexity and heterogeneity of human tumors at the single-cell resolution. A single-



30 | P a g e  

 

cell study profiling 515 cells from 11 patients identified heterogeneous gene expression patterns 

between different breast cancer subtypes and revealed heterogeneity within tumor-infiltrating 

immune cells23.  

To explain tumor heterogeneity, two theoretical models are widely accepted24. The clonal 

evolution model assumes that the breast cancer derives from normal cells which are transformed 

into neoplastic cells after genetic mutations or epigenetic modifications25,26. This model views 

the complex heterogeneity as a result of stochastic genetic mutation events. Another model 

suggests that some clones with survival advantages can expand themselves following the 

Darwinian rules27. The cancer stem cell hierarchical model proposes that the genetic alterations 

accumulated within the mammary stem or progenitor cells possibly lead to the formation of 

breast cancer stem or progenitor cells28. The cancer stem or progenitor cells obtain tumor-

initiating capacity while maintaining self-renewal ability29. However, both independent models 

have limitations and cannot fully explain the complex diversity of breast cancer. The clonal 

evolution model is insufficient to explain variations within the same subclone and those 

variations may be driven by nongenetic determinants. CSC model fails to account for distinct 

genetic subclones and views tumors as genetically homogeneous. Therefore, an updated view 

tries to integrate these two models and argues possible co-existence of the two models causing 

intratumor heterogeneity and driving cancer progression (Figure 1.2)30,31. For example, various 

subclones might exist within a tumor. Some subclones might possess cancer stemness abilities of 

self-renewal and tumor-initiation while others might possess fewer oncogenic mutations and lack 

tumor-initiating capacity30.    
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Figure 1.2 Integrated model of clonal evolution and cancer stem cells, some mutations can result 

some clones can be largely expanded due to favorable mutation in diverse clone population as 

showed on the top. Simultaneously, some clone may become highly tumorigenic with self-renew 

capacity during clonal expansion as showed on the bottom.   

Adapted from Kreso, A. and John E. Dick, Evolution of the Cancer Stem Cell Model. Cell Stem 

Cell30. 

 

1.2.1 The subtypes of breast cancer 

Intratumor heterogeneity has complicated clinical outcomes for breast cancer patients. 

Classifying breast cancer into several categories has lead to optimization of treatment strategy 

and improvement of clinical outcomes32. There are two well-established classification systems to 

address heterogeneity in breast cancer. The first system is more relevant to clinical 

characteristics as the classification is based on the expressions of the oestrogen receptor (ER), 
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progesterone receptor (PR) and HER2 (also known as ERBB2)33,34. These three molecular 

receptors are effectively predictive markers of response to endocrine targeted therapy and anti-

HER2 therapy. Breast tumors with the expression of either ER or PR are defined as hormone 

receptor positive (HR+)35. The second clinical subtype is HER2+ breast cancer, characterized by 

an overexpression of the HER2 gene36,37. Triple negative breast cancer (TNBC) is defined as the 

lack of expression of ER, PR, and HER2, and is the most aggressive subtype with poor 

prognosis38. The molecular classification system has been successful during the past several 

decades. The approach has guided clinical practice, increased patients’ survival rate and reducing 

cancer mortality39.  

Despite improving clinical outcomes, the conventional system relying on these three molecules 

is insufficient to guide more precise and individualized therapy. High-throughput technologies 

such as microarrays and deep-sequencing have provided new insight into breast cancer 

classification. Gene expression profiling by microarray revealed complex and heterogeneous 

mRNA expression patterns within breast cancer21. Correspondingly, a new classification system 

was developed, where breast cancers were classified into five subtypes, including luminal A, 

luminal B, basal, HER2+ and normal-like40. This has been supported by high-throughput 

sequencing technology41. However, the two classification systems are interrelated rather than 

independent of one another (Figure 1.3)42. For instance, the HER2 subtype featuring 

overexpression of the HER2 protein kinase measured by immunohistochemistry is consistent to 

the amplification of HER2 gene located in chromosomal region 17q1243. It is worthy to note that 

although the classification based on gene expression level is widely recognized, its utility in  

real-world clinical decision-making remains limited44.   
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Figure 1.3 The two subtype systems of breast cancer relate to each other and each clinical 

subtypes contains several molecular subtypes.  

Adapted from Zagami, P., Carey, L.A. Triple negative breast cancer: Pitfalls and progress. npj 

Breast Cancer 8, 95 (2022)42. 

 

1.2.2 Triple negative breast cancer 

The assessment of the three essential molecular markers ER, PR and HER2 determines the 

clinical subtype of a given breast cancer patient as well as their corresponding treatment plan. 
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TNBC has been described as the most aggressive subtype as it is associated with greater tumor 

size, tumor grade and rate of node positivity45. Due to these aggressive clinical features and the 

lack of molecular markers for targeted therapies, TNBC patients frequently suffer worse 

prognosis than patients with other breast cancer subtype45. An increased risk of distant 

recurrence and death among TNBC patients has been revealed in a study evaluating over 1500 

patients46. TNBC patients were likely to develop recurrence within the first three years after 

tumors decline46. TNBC also has a different pattern of recurrence as compared to other subtypes. 

Visceral organs rather than bone tissue are more common primary sites of relapse for TNBC 

compared to non-TNBC47. Immunohistochemistry (IHC) and/or fluorescence in situ 

hybridization (FISH) are the main laboratory methods used to assess the status of ER, PR and 

HER2 protein expression. Accurate assessment of these markers is the first essential step to 

diagnose patients. A misdiagnosis of a patient as TNBC would misinform the follow-up clinical 

decisions regarding the patient. The patient would very likely forgo treatment based on endocrine 

therapy and/or HER2-targeted drugs. Currently, clinical protocols and guidelines are optimizing 

the methods of diagnosis to improve the accuracy of assessing the molecular markers and patient 

classification 48,49. The more stringent and conservative cutoff of below 1% ER/PR-positive 

tumor cells are recommended to classify a patient as having TNBC50,51, which would reduce the 

number of patients improperly diagnosed with TNBC.  

TNBC is conventionally considered a homogenous entity of breast cancer. However, molecular 

profiling by high throughput sequencing technology has found there is a higher level of 

molecular heterogeneity in TNBC, which partially explain why it is the most aggressive breast 

cancer52,53. Over 95% of TNBCs are histologically classified as invasive mammary carcinomas, 

while a minority are invasive lobular carcinomas, metaplastic carcinomas, and spindle-cell 
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metaplastic carcinomas54. Compared to invasive mammary carcinomas, the other minority 

histological subtypes of TNBC have less aggressive features unlikely to metastasize to distant 

sites. As a result, adjuvant treatment is more frequently suggested for these patients54,55. Efforts 

in profiling the diverse molecular features of TNBC have been made to better identify genetic 

heterogeneity within TNBC. An early study by Lehmann et al. helped define six new TNBC 

subtypes based on gene expression profiling. This novel subtyping system classified TNBC into 

basal-like 1 (BL1) and basal-like 2 (BL2), mesenchymal (M) and mesenchymal stem-like 

(MSL), immunomodulatory (IM), and luminal androgen receptor (LAR) subgroups56. Basal-like 

breast cancer had previously been identified in earlier studies when breast cancer was classified 

based on gene expression57,58. BLBC has a similar gene expression profile as normal 

basal/myoepithelial cells. Both profiles feature the expressions of KRT5, KRT14, and KRT1738. 

The BLBC subtype is clinically relevant to TNBC. Over 90% of BLBC is TNBC while 55-81% 

of TNBC is identified as BLBC51,59. Endocrine therapy is generally not considered as part of the 

treatment plan for TNBC patients. However, the LAR subgroup, characterized by a high 

expression of the androgen receptor (AR), can be treated using agents targeting AR; as is done 

for prostate cancer patients56. The association between TNBC subtypes and pathological 

complete response (pCR) following neoadjuvant chemotherapy has been quantitatively assessed. 

The BL1 subtype had the highest pCR rate of 52% while the rates for BL2 and LAR were 0% 

and 10%, respectively60. In summary, TNBC subtype can act as an independent factor in 

predicting pCR status of TNBC patients who are to receive adjuvant chemotherapy.  

 

1.2.3 Metastatic breast cancer 
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Metastatic breast cancer (MBC) is not a conventional subtype defined by molecular features. It is 

classified as stage 4 breast cancer based on cancer progression at diagnosis61. MBC is 

responsible for greater than 90% of cancer deaths, as at this stage, cancer cells have spread to 

other visceral organs including lungs, liver and brain62. Immunotherapy is less effective against 

MBC. However, new combination therapies (conventional chemotherapies plus targeted 

therapies) approved by the United States Food and Drug Administration (FDA) has largely 

improved median survival. For example, a meta-analysis reviewing 15 MBC studies showed that 

median survival of patients after diagnosis of metastasis has changed substantially (21 months to 

38 months from 1990 to 2010)61. Despite recent advances, treating metastasis remains a huge 

challenge.   

Metastasis is multiple-step process including dissemination of cells from the primary tumor, 

migration, circulation and extravasation from the circulatory system before final localization at 

distant sites62. The multi-step nature of the metastatic process acts as a selection pressure on 

disseminated cancer cells, most of which are highly depleted during the process. Thus, cancer 

cell populations with higher heterogeneity are more likely to overcome metastatic barriers 

because they are more likely to consist of clones with better fitness to invade distant sites63. The 

residual cells which retain high tumor-regenerating abilities and good fitness in the local tissue 

microenvironment can reside and regenerate metastatic nodes64.  

Epithelial-mesenchymal transition (EMT) is one of the most frequently discussed events in the 

context of metastasis. In the EMT program, epithelial cells lose cell-cell adhesion and increase 

their motility, which underlie subsequent invasion by these cells. This phenotypic change is 

believed to be a key phenomenon indicating how primary cancer cells initiate the metastasis 

program65,66. EMT is considered a partial rather than complete state; that is, the transition shifts 
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the balance to a mesenchymal state while partially remaining in an epithelial state67. 

Furthermore, mesenchymal-epithelial transition (MET) enables cancer cells to reverse their 

mesenchymal phenotype when they begin to colonize in distant metastatic niches68. Another 

interesting question relevant to understanding metastasis is whether initial metastasis cells are 

transformed from cancer stem or progenitor cells because of their high plasticity. Some evidence 

has shown that the phenotype of metastatic cells is more similar to progenitor cancer cells, 

suggesting metastatic cells are probably a more differentiated lineage69,70. A key step in the 

metastatic process is the dissemination of cancer cells from primary sites to distant organs. The 

dissemination process mainly occurs through the circulatory and lymphatic systems. The blood 

circulation system is the most frequent path for cancer cell traffic to distant loci71. Interestingly, 

circulating tumor cells (CTCs) have been found to possess both phenotypes, expressing 

progenitor and EMT markers72. Despite their aggressive nature, CTCs are short-lived and the 

majority are eliminated upon the removal of primary tumor73. Although it is technically available 

and clinically beneficial to detect CTCs in cancer patients with localized primary tumor using 

imaging technology, the sensitivity of detection is still a limiting factor for its widespread use74. 

 

1.3 Treatment for breast cancer 

Although breast cancer is one of the leading causes of mortality in women, a recent report 

showed that in European countries the breast cancer mortality has decreased by around 8%, 

partly because of widespread access to early-stage detection and systematically effective 

therapies75. In the United States, 62% of breast cancers are confined in situ at diagnosis while 

31% of breast cancer diagnoses have already spread to regional lymph nodes76. For 

nonmetastatic breast cancer, eliminating tumors in-situ is the primary goal in clinical decision 
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making77. Theoretically, early breast cancer without signs of metastasis is surgically operable. 

Before the clinical strategy is decided, a thorough examination including mammography and 

ultrasound imaging should be performed. MRI is an additional examination method but meta-

analysis has revealed that routine MRI may not necessarily benefit patients or significantly 

improve clinical outcome78. The preoperative (neoadjuvant), or postoperative (adjuvant) radio- 

or chemotherapy is frequently included in the systemic therapy regimen for patients. In principle, 

the standard guidelines include (1) endocrine therapy for HR+ breast cancer, (2) targeted therapy 

against the Her2 biomarker for HER2+ patients, and (3) chemotherapy for TNBC patients39,79. 

Breast cancer frequently metastasizes to the visceral organs or the brain. For metastatic breast 

cancer, the clinical options are limited to chemotherapy or radiotherapy to prolong life and 

improve the survival rate of patients39. The most common endocrine therapies are selective 

estrogen receptor modulators and aromatase inhibitors. Anti-HER2 therapies mainly consist of 

monoclonal antibodies including pertuzumab and trastuzumab80. Anthracycline, topoisomerase 

inhibitors, alkylating agents and taxane-based therapies are the main types of chemotherapy81. 

Despite the short- and long-term risks, chemotherapy is the only systemic therapy with 

demonstrated efficacy in TNBC and is commonly used as a backbone in combination therapy 

with ERBB2-targeted therapy or endocrine-specific therapy81. A meta-analysis on 100 000 

female patients with early breast cancer revealed that an anthracycline-based chemotherapy 

regimen can significantly improve the 5-year survival rate while largely reducing 10-year breast 

cancer mortality compared to those who do not receive chemotherapy treatment82. 

 

1.3.1 Adjuvant and neoadjuvant chemotherapy 
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Chemotherapy is administered either in a neoadjuvant or adjuvant regimen; either before or after 

surgery, respectively. Neoadjuvant chemotherapy was originally used for advanced inoperable 

breast cancer patients to shrink tumor size favorable for surgery. The clinical procedure was 

extended to operable cancer patients facilitating surgical operation83. Adjuvant therapy using an 

alkylating agent was initially used to reduce recurrent occurrence after radical mastectomy84.  

Subsequent randomized studies have since reported significant benefit in reducing cancer 

recurrence, which further establishes adjuvant therapy as a common practice after surgery85,86.  

Anthracyclines 

Anthracyclines have been used to treat hematological and solid cancers since the 1960s87. 

Doxorubicin is one of well-known anthracycline drugs used in breast cancer treatment88,89. 

Although all the mechanisms by which doxorubicin kills cancer cells are not fully understood, 

the drug’s main mechanism of action is by targeting DNA. The primary mechanism of action 

involves the intercalation between the DNA base pairs, DNA strand breakage and inhibition of 

the topoisomerase II90,91. For patients with early-stage breast cancer, anthracycline- and taxane-

based chemotherapy are widely used in adjuvant and neoadjuvant therapy because of their 

effectiveness against cancer recurrence. However, concerns of their long-term side effects, 

particularly in generating cardiotoxicity, have been raised92. 

 

Topoisomerase inhibitors  

Topoisomerase (TOP) is an essential enzyme for DNA reproduction in mammalian cells. The 

enzyme relaxes the 3D structure of supercoiled DNA generated during transcription, replication 

and chromatin remodelling93. TOP has two main forms: type I (TOP I) and type II (TOP II). 
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More extensive coverage of topoisomerase origin and evolution can be found in the 

references94,95. TOP I cuts single-stranded DNA while TOP II cuts double-stranded DNA. 

Camptothecin is the first identified inhibitor of TOP1, with TOP1 being the only known action 

target. Topotecan and irinotecan are derivative products of camptothecin used to treat ovarian, 

lung cancers and colorectal cancer96. As TOP is essential for cell survival, disrupting or blocking 

it using  an inhibitor is lethal for embryonic development in mice97. The mechanism of action 

relies on the TOP-DNA complex binding with camptothecin to block DNA ligation during 

replication and transcription. The subsequent damaged genomic structure by the residue single- 

or double-strand DNA breaks will activate apoptosis and necrosis mechanisms98. Topotecan is 

approved as second-line treatment for small cell lung cancer and irinotecan is used to treat 

patients with metastatic colon or rectal carcinoma in combination with 5-fluorouracil99,100. TOP 

inhibitor is not the first line option for breast cancer as compared to anthracyclines and taxanes. 

However, irinotecan has been tested in MBC that is resistant to anthracyclines and taxanes. The 

objective response rate for single agent administration is between 5% and 23% while 

combination therapy indicated a better objective response rate between 28% to 58%101.  In 

pretreated MBC, topotecan has limited efficacy, with a response rate of 10%101. 

 

Alkylating agents  

Alkylating agents are used in combination chemotherapy as a necessary component of cancer 

treatment. Their mechanism of action mainly occurs through transferring alkyl groups (CnH2n+1) 

to DNA and forming a covalent linkage between them. Alkylation can lead to cross-linking of 

DNA, strand breakage and miscoding of DNA. Thus, cell division is blocked as a result of 

disrupting DNA synthesis, generating chromosomal aberrations and genetic mutations102,103. 
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Common examples of alkylating-like agents include oxaliplatin, cisplatin and carboplatin, which 

are widely used as backbone of combination therapy for cancer treatment. Cisplatin is the first-

generation example of platinum-based chemotherapy and has proven its efficacy in various types 

of cancer including breast and ovarian104,105. In a phase 2 study, the combination of cisplatin and 

gemcitabine has been recommended as the first-line therapeutic option for metastatic TNBC 

despite there being no standard first-line protocol for this aggressive type of breast cancer. The 

combination therapy led to favorable overall survival rates and progression free survival rates in 

patients106.   

A study revealed that in the adjuvant setting HER2 positive breast cancer patients with stage III 

primary breast cancer and four or more axillary lymph node metastases are refractory to 

alkylating agents, but high-dose alkylating agents can benefit HER2 negative patients by 

improving relapse-free survival outcomes107.  Currently anthracycline-taxane chemotherapy is 

recommend as first line treatment in the ESMO guidelines for advanced TNBC108.  Carboplatin-

based chemotherapy may be the secondary option109. Several clinical trials have investigated the 

use of platinum-based chemotherapy treatment for TNBC patients. However, they have shown 

conflicting results when platinum-based chemotherapy was used for metastatic TNBC. A 

retrospective study revealed that platinum-based chemotherapy improved progression-free 

survival (PFS) compared to non-platinum treatment for metastatic TNBC110. Another 

randomized trial of metastatic TNBC patients found only approximately 20% of patients 

responded to the combination of cetuximab and carboplatin111. A more comprehensive meta-

analysis found that platinum chemotherapy improved pCR rates in TNBC, thus proposing it as a 

viable option for TNBC patients in the neoadjuvant setting112.  
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Taxanes 

Paclitaxel was discovered and isolated from Taxus brevifolia and is the first taxane-based drug to 

have been developed112. Docetaxel was developed later, and is a water-soluble, semisynthetic 

analog of nature product isolated from Taxus baccate113. Both paclitaxel and docetaxel operate 

through similar mechanisms by targeting the β-tubulin protein on its GTP binding site. Taxane 

binding to microtubules through association with β-tubulin results in the stabilization of these 

microtubules, which then disrupts the microtubule dynamics and arrests the cell cycle in the 

G2/M phase. Apoptosis is activated as a result. This main mechanism of action has been well 

studied114. Due to its potent efficacy as an antitumor agent, taxanes have been used in 

neoadjuvant and adjuvant therapy as single agents or in combination therapy with other 

chemotherapies such anthracyclines or targeted therapies such as trastuzumab. The taxane-based 

therapies were approved by the FDA for treatment of various types of cancer including breast 

and ovarian cancer.   

Paclitaxel was initially evaluated for its efficacy against MBC in single-arm clinical studies115-

117. Paclitaxel has shown inferior efficacy as a single agent in comparison to doxorubicin in a 

clinical study of MBC patients118. In another clinical trial evaluating single-agent paclitaxel 

compared with non-anthracycline combination chemotherapy as front-line treatment in MBC, the 

results showed that the patients receiving paclitaxel have higher median survival duration (17.3 

month versus 13.9) with less severe side effects119. Paclitaxel has been investigated in 

combination therapy with doxorubicin as first-line chemotherapy for metastatic breast cancer. 

The clinical outcome of the combination has equivalent efficacy to the standard regimen of 

doxorubicin and cyclophosphamide120. Single-agent paclitaxel can be used in neoadjuvant 
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therapy for early-stage operable breast cancer patient. Paclitaxel exhibited comparable antitumor 

activity to the combination of fluorouracil, doxorubicin, and cyclophosphamide121. 

 

CDK4/6 inhibitors for breast cancer  

Cyclin-dependent kinases-4 and 6 (CDK4/6) are cell cycle regulators governing the G1/S 

transition of the cell cycle. Enhanced cell cycle activity is often due to the dysregulation of 

CDK4/6 in breast cancer122. Cyclin D1, a CDK4/6 regulator, is a transcriptional downstream 

target of ER and is overexpressed in almost 50% of breast cancers123-127. Selective inhibition of 

CDK4/6 induces cell cycle arrest and results in anti-tumor effects. Several inhibitors targeting 

CDK4/6 including palbociclib, ribociclib and abemaciclib have shown strong anti-tumor 

activities in clinical trials of HR+ breast cancer. This has led to the approval of palbociclib, 

ribociclib and abemaciclib by the US Food and Drug Administration (FDA)128-130.  

Palbociclib is the first FDA-approved CDK4/6 inhibitor and is administered in combination with 

letrozole, the third-generation aromatase inhibitors, as first-line treatment for MBC131. For HR 

positive breast cancer, the phase I clinical trial NCT00141297 established a standard 3/1 

schedule of 3-weeks-on/1-week-off at the dosage of 125 mg once daily to administer 

palbociclib132. Retinoblastoma (Rb), a tumor suppressor gene prevents cell cycle progression and 

its presence has been observed in breast cancer cells sensitive to palbociclib133.A phase II single-

arm clinical trial recruiting metastatic Rb-positive breast cancer patients was then conducted 

following this recommended guidance. Overall increase of median progression-free survival 

(PFS) was 3.7 months, significantly longer for HR+ versus HR- patients134. Palbociclib in 

combination with letrozole has shown an improved median PFS of 24.8 compared to 14.5 
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months in letrozole alone group for ER-positive/HER-negative patients131. The phase III clinical 

trial PALOMA-3 revealed significant PFS improvement for the patient group treated with 

palbociclib combined with fulvestrant (anti-estrogen drug) compared to the group treated with 

fulvestrant alone (9.5 versus 4.6 months)135. The FDA has approved palbociclib in combination 

with fulvestrant for advanced  HR-positive, HER2-negative breast cancer patients. HER2-

positive breast cancer is characterized by  over-active phosphoinositide-3Kinase (PI3K-Akt) 

signaling as a downstream effect of  activated HER2 receptor136. In addition to that, cyclin 

D1/CDK4/6/pRB signaling enhanced due to HER2 activation, with increased cyclin D1 activity 

having been reported to induce resistance to trastuzumab137. The intracellular interplay between 

these key effectors raises the possibility that inhibition of CDK4/6 could re-sensitize tumor cells 

to anti-HER2 therapy. Indeed, preclinical data suggest promising anti-tumor efficacy of 

palbociclib in combination with anti-HER2 agents137. A phase II clinical trial to investigate 

palbociclib combined with trastuzumab with or without letrozole is underway138. Preliminary  

data has shown promising survival outcomes for advanced ER-positive/HER2-positive breast 

cancer138. Moreover, the NA-PHER2 clinical trial aims to assess the combination therapy of 

trastuzumab, pertuzumab, palbociclib and fulvestant for HER-positive breast cancer in 

neoadjuvant settings139. Although there is limited clinical data supporting palbociclib’s efficacy 

in TNBC patients, some preclinical studies have reported luminal androgen receptor (LAR) 

enriched  TNBCs may be more responsive to CDK4/6 inhibition140. A single-arm phase IB/II 

trial has been designed to test palbociclib in combination with  binimetinib in advanced TNBC 

patients141. It is also worthy to note that a phase I clinical trial demonstrated the safety of 

sequentially alternating palbociclib/paclitaxel for patients with RB+ advanced breast cancer. This 
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clinical trial opens avenues for follow-up clinical studies of the combination of palbociclib and 

paclitaxel142.   

 

1.4 Breast cancer stem cells 

As we have discussed previously, mammary gland is a highly dynamic organ undergoing 

multiple stages of morphogenic changes during its life span143,144. Mammary stem cells and 

progenitor cells orchestrate mammary development by maintaining homeostasis of the organ. 

Breast cancer is a heterogeneous disease and its heterogeneity is linked to a stem-like 

subpopulation with abilities of self-renewal and differentiation29,145. The subpopulation is 

conventionally defined as breast cancer stem cells (BCSCs) because they drive the malignant 

transformation and give rise to the bulk of a tumor215. A BCSC population was first isolated from 

tumorigenic breast cancer cells using cell surface markers of CD24-/CD44+/Linneg 146. The 

subpopulation exhibited more aggressive properties and a higher tumorigenic capacity in 

immunodeficient mouse models146. A different BCSC population was isolated and identified 

using its high rate of aldehyde dehydrogenase (ALDH) activity. ALDH is an enzyme catalyzing 

oxidation of aldehydes to their corresponding carboxylic acid147. There is a small overlap 

representing less than 1% of total cancer cell population between ALDH positive and CD24-

/CD44+/Linneg populations. A higher enriched tumorigenic capability was observed in the cells 

with both phenotypes despite more evidence being needed to prove its association with cancer 

stemness in breast cancers147. The endothelial protein C receptor (EPCR) is a transmembrane 

receptor activating protein C for anticoagulation process. EPCR has been found to be highly 

expressed in aggressive basal-like subtype breast cancer and the high expression of EPCR 

positive correlates with breast cancer stemness145. A study has proven that breast cancer cells 
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with high expression of EPCR have an enhanced tumor-initiating capacity compared to cells 

with an EPCR-low or -negative subpopulation. Blocking EPCR can reduce cancer cell 

proliferation rate and decrease tumor take in in-vivo model148. The discovery is also supported 

by another study showing that overexpressing EPCR in breast cancer cells can significantly 

increase tumor growth149. 

 

1.4.1 Breast cancer stem cells and chemotherapeutic resistance 

Chemotherapy is the primary tool used to prevent cancer progression and to ultimately achieve a 

cure for cancer patients. Drug resistance prevents therapeutic agents from achieving their 

effectiveness. Resistance to chemotherapy is generally classified into two types: inherent and 

acquired resistance150. Inherent resistance exists in cancer cells before patients begin receiving 

treatment. Acquired resistance more likely develops after patients’ exposure to therapeutic 

agents150. The cancer patients become refractory or resistant to the initial treatment strategy after 

an initial response. There is an unintended risk that some patients could fail to respond to new 

chemotherapeutic drugs once resistance to the previous treatment has been established151. The 

clinical solution to overcome chemo-resistance is to adjust the initial treatment plan by switching 

from treatment with a single-agent to treatment with a combination chemotherapy. It is worth 

noting that resistance to chemotherapy poses a more serious threat to TNBC patients because 

they rely so heavily on chemotherapy-based treatments152.  

The identification and isolation of BCSCs using well-established cell surface markers have 

enabled the investigation of the response of BCSCs to chemotherapeutic agents. The 

CD44+/CD24−/low cancer stem subpopulation was significantly increased after the administration 
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of chemotherapy in breast cancer patients, which indicated a strong association between BCSC 

and resistance to chemotherapy153. A similar discovery found that combination therapy including 

paclitaxel and epirubicin enabled enrichment of the ALDH+ cell subpopulation154. Furthermore, 

the transcriptional profiling of residue tumor cells after conventional chemotherapy revealed a 

similar molecular signature with CD44+/CD24− tumor-initiating subpopulation155.  

On a molecular level, BCSCs can acquire chemotherapeutic resistance through a variety of 

mechanisms including mutation of drug targets, enhanced DNA repair capacity and elimination 

of drugs within cells. ATP-binding cassette (ABC) transporters can translocate different 

substrates such as amino acids, ion, polypeptides and proteins across the cellular membrane 

using the energy generated by ATP hydrolysis156. Multidrug Resistance (MDR) and ATP binding 

cassette subfamily G member 2 (ABCG2) can protect cells from pharmacokinetic toxicity by 

excreting substrates across cellular membranes157. Indeed, specific downregulation of SOX2 and 

ABCG2 using encapsulated nanoparticles can sensitize TNBCs to paclitaxel and decrease the 

percentage of ALDH+ cell population158.  

Several signaling pathways including the Wnt pathway, the Hedgehog pathway and the Notch 

pathway are involved in governing stem-cell fate159. For instance, activation of Notch1 is 

associated with aggressive phenotype in breast cancer cells. Notch signaling has been implicated 

in conferring chemoresistance to cells by inhibiting the p53 pathway160. Cyclin D1 is required for 

mammary tumorigenesis induced by Notch signaling as overexpression of cyclin D1 can enhance 

Notch activity161,162. Moreover, activation of Hedgehog signaling was observed in BCSCs 

characterized as CD24-/CD44+/Linneg and this signaling has been suggested to be necessary for 

BCSC survival during treatment with chemotherapy163,164.   
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1.5 TGFβ superfamily and its signaling pathway. 

TGFβ superfamily consists of 33 functional protein members classified into several subfamilies 

including the TGFβs, bone morphogenetic proteins (BMPs), growth and differentiation factors 

(GDFs), the activins, the inhibins, nodal, and anti-Mullerian hormones165. Each polypeptide of 

the superfamily is composed of a signal peptide, a long pro-polypeptide, and the mature 

polypeptide. TGFβ superfamily members are initially encoded as large precursor proteins which 

are further cleaved to secreted proteins containing mature domain166,167. TGFβ superfamily 

proteins are recognized by a conserved cysteine sequence that determines the structural folding 

and dimerization168. TGFβ subfamily consists of three isoforms TGFβ1, TGFβ2, and TGFβ3 

which are secreted as functional homodimers or heterodimers167 while BMPs, as one large 

subgroup of the TGFβ superfamily, currently have 16 members identified166. The majority of the 

TGFβ superfamily proteins are deposited in the extracellular matrix (ECM) despite these proteins 

may freely diffuse while basement membranes and cartilage and bone matrices also can act as 

reservoirs169. Both two types of receptors are serine/threonine transmembrane kinases that have 

ectodomain, transmembrane region, a short juxtamembrane sequence, and a cytoplasmic kinase 

domain170. The mature ligand binds and activates receptor complexes consist of two type I and 

two type II receptors. The signaling cascade is initiated with ligand binding to the TGFβ type II 

serine/threonine kinase receptor, a constitutively active receptor that then recruits and trans-

phosphorylates the type I receptor. The resulting stable receptor complex subsequently leads to 

downstream intracellular signal transduction either by means of Smad-dependent or Smad-

independent route (Figure1.4)171. Each ligand of the TGFβ superfamily binds to specific type I 

and type II receptors. Seven type I receptors have been identified including activin receptor-like 

kinase (ALK)1-7 and ActRIIA, ActRIIB, BMPRII, AMHRII, and TβRII act as type II 
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receptors170. The complex of type I receptor ALK5 and type II receptor TβRII activates Smad2/3 

in multiple cell types. For BMP subfamily, type I receptors ALK2/3/6 complex with BMPRII, 

ActRII and ActRIIB activate Smad1/5/8 in the intracellular signal transduction172. 

 

1.5.1 Canonical signal transduction 

The canonical signaling relies on the Smad proteins which are categorized into three sub-groups: 

the receptor-activated Smads (R-Smads), the common mediator Smad (Co-Smad), and the 

inhibitory Smads (I-Smads)173. In particular, the R-Smads consist of Smad1, Smad2, Smad3, 

Smad5, and Smad8/9 and they are directly phosphorylated by the active form of TβRI. 

Phosphorylated R-Smads can partner with Smad4, the only known Co-Smad, by forming hetero-

trimerized Smad complexes174,175. The complexes are then translocated into the nucleus and 

recruit co-regulator in transcriptional regulation176. I-Smads consist of Smad6 and Smad7 have 

an antagonistic effect on the activity of R-Smads. Both TGFβ and BMP signaling has a similar 

signal transduction pattern. While TGFβ activates Smad2/3 R-Smads, BMP signaling is 

mediated through  Smad1/5/8177. Moreover Smad7 specifically inhibits the TGFβ signaling 

pathway while Smad6 works to inhibit BMP signaling178. 

 

1.5.2 Non-canonical signal transduction 

Beyond conventional signal transduction in a Smad-dependent manner, TGFβ superfamily can 

activate signaling pathways independently of Smads including the ERK-MAPK and 

phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) pathway179.  
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ERK-MAPK pathway: TGFβ can activate ERK signaling pathway through the Src 

homology/collagen adaptor (ShcA) protein. TGFβ first induces Tyr phosphorylation of TGFβ type 

II/I receptors and ShcA is recruited and phosphorylated by the phosphorylated TGFβ 

receptors180,181. Consequently, the phosphorylation of ShcA by TGFβ leads to the formation of 

ShcA-Grb2-SOS complexes, which sequentially activate the receptor tyrosine kinase Ras182. The 

activation of MEK1/2, and ERK occurs in a downstream cascade as result of Ras activation182. Of 

note, TGFβ-induced ERK signaling was discovered before the canonical Smad-dependent 

pathway. Moreover, multiple studies have found that TGFβ-induced epithelial-to-mesenchymal 

transition (EMT), cell migration and invasion require the activation of the ERK pathway in breast 

cancer progression 183-186.  

 

JNK/p38 pathway through TAK1: JNK and p38 pathways are alternative signaling cascades that 

are regulated by TGFβ family proteins in the non-Smad manner187-192. Respectively, JNK 

activation occurs through the MAPK kinase MKK4 and p38 activation occurs via the MAPKKs 

MKK3 or MKK6193,194. These MKKs are activated as a result of the phosphorylation of MAPKK 

kinase TGFβ-activated kinase 1 (TAK1) following TGFβ stimulation195. TAK1 not only functions 

in TGFβ signaling, but also as part of multiple other signal transduction pathways in response to 

inflammation or stress such as interleukin-1 (IL-1), and tumor necrosis factor (TNF)195. It should 

be noted that the type I receptor kinases phosphorylation is not required in these signaling 

events196. The JNK and p38 signal transductions by TGFβ stimulation involves many processes 

such as EMT, cell migration, cell differentiation, and cell apoptosis197-201.   

 

PI3K/Akt pathway:  
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The PI3K/Akt signaling pathway is another significant intracellular transduction pathway induced 

by TGFβ202. This signal transduction is initiated by the activation of the TGFβ type I receptor. 

Mechanistically, interaction of TβRI with the PI3K subunit p85 results in downstream inhibition 

of the tuberous sclerosis complex (TSC) upon TGFβ stimulation. Effectors of AKT and mTOR 

were found to be activated by TGF-β, independent of the Smad pathway203. However, the 

participation of both the TβRII and TβRI receptors in response to TGFβ were found in several cell 

systems204. Among the multiple downstream effectors of AKT, mammalian target of rapamycin 

(mTOR) is essential and can regulate transcription factors involved in the process of cell 

differentiation205. A relevant study has found the activated AKT can enhance Snail1 activity and 

the EMT process by stabilizing Snail1206. mTOR participates in multiple pathways and regulates 

cell proliferation, differentiation, apoptosis, and autophagy207. mTOR has been found to play an 

essential role in tumor initiation and development in cancer types featuring AKT-activated 

signaling208. In particular, mTOR has been found to contribute to the process of TGFβ inducing 

increased cell size during EMT by phosphorylating the S6 kinase and the eukaryotic initiation 

factor 4E-binding protein 1203.  
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Figure 1.4 overview on Smad-dependent and -independent TGF-β signaling pathway. TGF-β 

signaling can be activated through Smad-dependent pathway (left). TGF-β also induces 

downstream signal transductions of MEK1/2, PI3K/AKT, JNK/p38 and NKκB (right) 

Adapted from Rik Derynck Erine H. Budi, Specificity, versatility, and control of TGF-β family 

signaling.Sci. Signal.12, eaav5183(2019)168 

 

1.5.3 TGF-β signaling pathway in breast cancer. 

TGF-β signaling controls epithelial cell proliferation and regression during normal mammary 

gland development, and mice have been found to suffer impaired mammary gland development 

due to disruption of TGF-β pathway209. TGF-β3 in particular induces cell death in mammary 

epithelial cells during mammary gland involution210. In breast cancer, the TGFβ signaling pathway 

plays dual roles either as a tumor suppressor inhibiting early-stage tumor growth or as a tumor 

promoter enhancing cell motility and metastatic capacities on late-stage tumor development211.  

For instance, initial breast tumor growth due to a carcinogenic substance 7,12-dimethylbenz[α]-

anthracene can be significantly inhibited by constitutively overexpressing TGFβ1 in the mammary 

epithelium in a transgenic mouse model212. Similarly, early-stage tumorigenesis initiated by 

overexpressing ErbB2/HER2 was efficiently suppressed by constitutively active TGFβ1 ligand 
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and its type I receptor213-215. However, the tumor-promoting functions of TGFβ in late stages of 

breast cancer are more complex. TGFβ ligands can be expressed and activated in extracellular 

matrix by platelets, myeloid, mesenchymal and cancer cells and the ligands can act on the cells in 

paracrine and autocrine manners216-218. The occurrence of distant metastasis coincides with 

increasing turnover of the TGFβ ligand, which can promote tumor formation by inducing EMT, 

cell migration, cell invasion, angiogenesis, and transformed microenvironment219-222. Tumor stage 

is one of several contexts in which TGFβ acts on tumor in either tumor-promotive or suppressive 

direction. Moreover, pro-metastatic role is found to be associated with breast cancer subtypes. For 

instance, a study on TGFβ responsive gene signature discovered that the activity of TGFβ is 

correlated with risk of lung metastasis in ER- but not ER+ breast cancer possibly due to the 

different mRNA expression profiling of lung metastasis signature223. More specifically, one of the 

well-established processes regulated by TGFβ is EMT, a critical mechanism of tumor 

progression224. Breast cancer cells can develop several features critical for tumor metastasis such 

as stem-like characteristics, and migration and invasion capacities225. During EMT, breast cancer 

cells will lose epithelial structures, alter their polarity, modify cell-cell adhesion, and become more 

isolated and motile226. The EMT process results in mesenchymal phenotype with enhanced 

migration capacity because of actin reorganization, induction of N-Cadherin, intermediate filament 

vimentin and ECM protein collagens and fibronectin227. The resulting mesenchymal features 

increases the risk of disseminating primary cancer cells and invading into distant organs.  

 

1.5.4 BMP4 in breast cancer 

BMP4 was originally discovered in bone extracts and stimulates bone formation in adult animals. 

BMP4, along with BMP2 and BMP7, defined as the osteogenic BMPs, induce bone formation 
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and repair bone defects228. BMPs can also act as important regulators of cellular lineage fate, 

morphogenesis, differentiation and proliferation229. In particular, BMP4 has been found to 

positively coordinate with vascular endothelial growth factor (VEGF) in bone formation and the 

presence of VEGF can significantly enhance BMP4’s effect on bone formation228. In addition, 

BMP4 has been shown to act as a key initiator in the ossification process through BMP4 

signaling regulating the FOXC1 transcriptional factor230. Beyond its fundamental role in bone 

formation, BMP4 is critically required for embryo differentiation during early human embryonic 

development, as reported by a study  showing that BMP4 can induce the differentiation of human 

embryonic stem cells to trophoblasts231. BMP4 has a fundamental role in neurogenesis, as shown 

in a study where BMP4 facilitate in maintaining neural stem cells and preventing the depletion of 

them232. However, BMP4 is more often perceived as a differentiation factor for neural stem cells 

and a study revealed that BMP4 can induce differentiation via the ERK signal transduction233.  

TGFβ signaling is involved in multiple biological functions and was originally found to stimulate 

cell proliferation and growth, embryonic development and adult tissue homeostasis234. TGFβ 

signaling can also play multiple essential roles in immune suppression, cancer stemness, 

angiogenesis, apoptosis, EMT in cancer progression235.  

BMP4, as a member of the TGFβ superfamily, has been reported to play an essential role in 

breast cancer. BMP signaling seems to have contradictory roles in cancer, according to different 

studies. One study reports that BMP4 induced by NDGR2 expression inhibits metastatic 

capacities in the cell line MDA-MB-231 through suppressing MMP-9 activity236. BMP4 has 

been reported to inhibit proliferation through inducing G1 arrest, while high expression of BMP4 

reportedly leads to cell migration in TNBC cell lines such as HCC1954, MDA-MB-231, and 

MDA-MB-361. These phenotypic changes mainly occur through the canonical Smad-dependent 
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transduction237. As with breast cancer, the pro-metastatic effect is also found in colon cancer238 

and melanoma cells239. The lungs are one of the primary distant sites of breast cancer metastasis. 

After breast cancer cells extravasate in lungs, stroma-derived BMP proteins inhibit cancer cells’ 

proliferation abilities by inducing anti-metastasis signaling. One study found that BMP signaling 

blocks cancer metastasis by suppressing cancer stem cell properties of self-renewal and tumor-

initiation240. The NOGGIN protein is an antagonist of BMPs. The overexpression of NOGGIN 

facilitates metastatic activities of breast cancer cells in bone colonization by suppressing BMP 

signaling 241. A more recent study revealed similar findings concerning BMP4, showing that 

BMP4 expression can alter the metastatic gene profiling signature to suppress metastatic 

capacities of breast cancer. This anti-metastatic role is largely attributed to signaling transduction 

via thecanonical Smad-dependent pathway242. The complex roles of BMP4 in breast tumor 

proliferation, migration, and invasion indicate that the effect of BMP4 can play various functions 

depending on cancer type but also the presence of other modulators.  

 

1.6 CRISPR/Cas9 and Genetic Screen 

1.6.1 Overview on CRISPR/Cas9 system 

The discovery of CRISPR/Cas (clustered regularly interspaced short palindromic repeats/ 

CRISPR-associated protein) has made a massive breakthrough in genetic engineering. CRISPR-

based technology provides a programmable and powerful gene editing tool that can be applied in 

cells, tissues and organisms243-245. The CRISPR-Cas system exists in a prokaryotic adaptive 

immunity system protecting bacteria against viruses. The CRISPR/Cas system can establish 

immune memory by integrating fragments of foreign nucleic acids into its CRISPR arrays246. 
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Transcription of the CRISPR array containing inserted fragments generates the mature CRISPR 

RNAs that guide the Cas protein to the loci of foreign genomes. The Cas protein is an 

endonuclease targeting and degrading the foreign nucleic acid247,248. The classification of 

CRISPR systems continues to evolve with the discovery of novel CRISPR systems249-251. 

According to the most recent literature, CRISPR-Cas systems can be divided into class I and 

class II systems. The major difference between the two classes is the number of effector Cas 

proteins. The class I systems contain multiple Cas proteins forming a functional complex while 

the class II systems have a single Cas protein but multiple domain effector protein. Based on the 

types of Cas proteins, class I includes type I, III and IV and class II has type II, V and VI251 

(Figure 1.5).  

CRISPR/Cas9 belongs to the type II system employing a single DNA nuclease, Cas9, that 

cleaves a target DNA sequence. Another important component is a scaffold-structured non-

coding RNA sequence contains a small piece of RNA (approximately  20 bases) called guide 

RNA (gRNA)252. The gRNA sequence is designed to be complementary to the target DNA and 

thus directs the Cas9 protein to desired locations in the genome (Figure 1.6)246,253. The 

endonuclease of Cas9 further generates a site-specific double-strand break (DSB) to be repaired 

by one of two main mechanisms (Figure 1.7). One primary repair mechanism is homology-

directed repair (HDR), an error free repair mechanism relying on exogenous DNA as a template 

to perform precise repair. The other is non-homology end-joining (NHEJ) which directly ligates 

the break ends without referring to exogenous templates in an error-prone way254. Compared to 

HDR’s precise genome repair, NHEJ results in insertions and/or deletions (indels) causing a 

premature stop codon and corrupted protein products255,256.  
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Figure 1.5 Classification of CRISPR–Cas systems. Effector protein in Class 1 system consists of 

multiple Cas enzymes while effector complex in Class 2 system is a single and multidomain 

protein. The Class 1 system can be categorized into Type I, Type 2 and Type IV and The Class 2 

system has Type 2, Type 5 and Type 6 subsystems based on Cas protein composition and 

sequence differences.    

Adapted from Makarova, K.S., Wolf, Y.I., Iranzo, J. et al. Evolutionary classification of 

CRISPR–Cas systems: a burst of class 2 and derived variants. Nat Rev Microbiol 18, 67–83 

(2020). 
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Figure 1.6 The components of CRISPR/Cas9 system required for gene editing. CRISPR/Cas9 

system contain two components a guide RNA (gRNA) and a CRISPR-associated protein (Cas9).  

Adapted from marius walter(https://commons.wikimedia.org/w/index.php?curid=103390868) 

 

 

Figure 1.7 Two DNA repair mechanisms induced by the CRISPR/Cas9 system. Double-strand 

break induced by CRISPR/Cas9 can be repaired via the error-free HR pathway or error-prone 

NEHJ pathway.  
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Adapted from Ding, Y., et al., Recent Advances in Genome Editing Using CRISPR/Cas9. 

Frontiers in Plant Science, 2016. 7257. 

 

1.6.2 Application of CRISPR/Cas9 in the study of cancer 

Cancer is a genetic disease and aberrant changes in the genome transform normal cells into 

cancerous cells258,259. While most genetic mutations seem have little impact on neoplastic 

transformation, the driver mutations of TP53, BRCA, and RAS have profound effects on tumor 

initiation and development through disrupting DNA repair mechanisms or promoting tumor 

proliferation260-262. Artificial manipulation of gene expression using the CRISPR/Cas9 gene-

editing tool has powered the study of cancer by modeling driver mutations such as these263,264. 

CRISPR/Cas9 has been applied to not only gene-editing in genomic DNA, but also modifications 

on transcriptional regulators265. A CRISPR system using deactivated Cas9 (dCas9), which lacks 

nuclease activity, and a guide RNA can recognize specific promoter regions and interrupt the 

transcription process when it is used in cells. dCas9 can be fused to transcriptional activators 

such as VP64 in a CRISPR activation system that can potently induce gene expression266,267. The 

CRISPR interference system can efficiently inhibit the expressions of multiple genes and the 

interference can be reversed268. 

Thanks to the programmability and efficiency of CRISPR/Cas9 system, genetic screens powered 

by CRISPR/Cas9 technology have been applied to cancer studies in a broad range of 

applications269. A genome-scale genetic screen can easily be carried out and endpoint samples 

can be read out by high-throughput sequencing270-272. The analysis pipeline has also been 

developed and used for mapping single guide (sgRNA) sequence readouts to the original sgRNA 
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library, generating sgRNA counts for each sgRNA and the significance level of  every gene273. 

The major challenge relating to the ease of use of the CRISPR/Cas9 system as a screening tool 

lies in the sgRNA library design and production. In a study conducted by the Sabatini and 

Lander team, a library of approximately 73,000 sgRNAs targeting 7114 genes’ coding exons 

(~10 sgRNAs per gene) was used against nucleotide analog 6-thioguanine or DNA 

topoisomerase II (TOP2A) poison etoposide. Impressively, the nucleotide analog 6-thioguanine 

screen identified members which were expected to be involved in the DNA mismatch repair 

pathway while the topoisomerase II (TOP2A) poison etoposide screen revealed the TOP2A gene 

itself as the top candidate in the screen272. In another study, the Feng Zhang team designed a 

genome-scale CRISPR/Cas9 knockout (GECKO) library containing 64,751 sgRNAs targeting 

18,080 genes. They identified known essential genes in cancer cells and pluripotent stem cells. In 

the RAF inhibitor selection in the melanoma cells, the screen results revealed known player 

genes such as NF1 and MED12 along with novel candidates such as NF2 and TADA1270. These 

initial screen studies paved the way for large-scale CRISPR/Cas9 screen by setting principles of 

library design, simplifying a library delivery system and standardizing experimental 

procedures274-276. These pioneering studies demonstrated the technical feasibility and biological 

relevance of large-scale CRISPR/Cas9 screens. Many subsequent CRISPR/Cas9 screening 

studies have followed the established workflow and have uncovered novel mechanisms 

responsible for different biological phenotypes277-281.  
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1.7 Rationale and objective 

TNBC is characterized by its lack of expression of ER, PR and HER2, and accounts for 

approximately 15% of all invasive breast cancers. TNBC is proven to be associated with an 

aggressive phenotype and poor prognosis. The unique molecular features of TNBC largely limit 

TNBC patients to chemotherapy-based treatment options. However, TNBC patients suffer high 

rates of tumor relapse and metastasis following administration of chemotherapy. Some patients 

could become refractory to subsequent chemotherapeutic treatment after initial response. These 

molecular and clinical features have worsened clinical expectations for TNBC patients. 

Therefore, the main goal of my doctoral study is to elucidate molecular mechanisms underlying 

the aggressiveness of TNBC and identify molecular markers responsible for resistance to 

chemotherapy and targeted therapy that can be translated into new potential therapeutic options.  

 

Aim1: Investigating potential downstream target of TGFβ signaling in regulating breast 

cancer stemness in TNBC.  

The aggressive features of TNBC are largely due to the presence of breast cancer stem cells. 

TGFβ signaling pathway plays a pro-tumorigenic role in TNBC and is activated in the cancer 

stem cell population, CD44+/CD24−/low. Profiling of the TGFβ-regulated transcriptome revealed 

that BMP4 is one of the important downstream targets in TGFβ signaling activity. BMP4 plays a 

fundamental role in bone morphogenesis and also acts as a stem cell differentiation factor. Thus, 

we hypothesize that TGFβ promotes BCSCs by inhibiting BMP4 expression and that such 

intracellular signalling occurs is through canonical Smad-dependent signal transduction.  
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Aim2: Investigating paclitaxel resistance/sensitivity by performing genome-wide CRISPR 

Screens. 

Chemotherapy is the main therapeutic option for TNBC patients and paclitaxel is frequently used 

in first-line treatment either as a single agent or in combination therapy. However, development 

of resistance to chemotherapy has complicated paclitaxel efficacy in TNBC. Thus, it is critical to 

define molecular mechanisms and identify target genes inducing resistance to paclitaxel in 

TNBC. Genetic screens powered by CRISPR/Cas9 gene editing technology has proven to be a 

powerful tool to identify molecular markers and mechanisms leading to cancer vulnerabilities 

and drug response. Having access to this technology allowed us to perform a genome-wide 

CRISPR screen using paclitaxel as a selection pressure in TNBC. Therefore, we hypothesize that 

genome-wide CRISPR screening is an efficient tool to identify novel regulators of paclitaxel 

resistance/sensitivity and that the candidates identified will be potential therapeutic targets to 

overcome paclitaxel resistance in TNBC.  

Aim3. Identifying palbociclib sensitivity gene signature in triple negative breast cancer 

using Integrative multi-omics analysis 

CDK4/6 inhibitors (CDK4/6is) have been approved by the FDA for treatment of HR+ metastatic 

breast cancer. However, CDK4/6is such as palbociclib have limited efficacy in TNBC patients, 

who heavily rely on conventional chemotherapies. Therefore, defining gene signatures predicting 

CDK4/6i response could lead to potential therapeutic options for TNBC patients. The objective 

is to identify palbociclib response signatures using the Computational Analysis of Resistance 

(CARE) model. Integrating transcriptome profiling of palbociclib with this data revealed that 

palbociclib treatment induced upregulation of resistance genes while downregulating sensitivity 

genes. The signature gene set was further validated in a genome-wide loss-of-function CRISPR 
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screen using palbociclib as a selection pressure in TNBC cells. We hypothesize that intersecting 

these three methodologies will identify signature genes as therapeutic vulnerabilities for 

palbociclib in TNBC. 
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2.1 Preface: 

The aggressive phenotype of TNBC is associated with the subpopulation of breast cancer stem 

cells (BCSCs) which make up part of the breast tumor. The TGFβ signaling pathway is involved 

in a wide range of biological functions including cell proliferation, differentiation, cell apoptosis 

and EMT. Activation of TGFβ signaling has been observed in BCSCs, suggesting this signaling 

can regulate self-renewal and differentiation abilities in BCSCs. However, the molecular 

mechanisms responsible for this are not fully understood, particularly in TNBC. Therefore, 

identifying downstream targets of TGFβ signaling transduction is essential to understand the 

mechanism of TGFβ’s pro-oncogenic effect. Transcriptome profiling of TGFβ identified BMP4 

as one of the downstream targets of TGFβ signal transduction. Interestingly, BMP4, a member of 

the TGFβ superfamily, is well known for its fundamental function in bone morphogenesis. 

Moreover, BMP4 can act as a differentiation factor of cancer stem cells. The converging 

evidence of both TGFβ and BMP4 effects’s on cancer stemness raises the hypothesis that TGFβ 

regulates breast cancer stem cells through inhibition of BMP4 in TNBC. In this chapter, we thus 

investigated the underlying mechanism of TGFβ and BMP4 in regulating BCSCs.  

 

 

 

 

 

 



66 | P a g e  

 

2.2 Abstract 

Basal-like triple-negative breast cancers (TNBCs) display poor prognosis, have a high risk of 

tumor recurrence, and exhibit high resistance to drug treatments. The TNBC aggressive features 

are largely due to the high proportion of cancer stem cells present within these tumors. In this 

study, we investigated the interplay and networking pathways occurring between TGFβ family 

ligands in regulating stemness in TNBCs. We found that TGFβ stimulation of TNBCs resulted in 

enhanced tumorsphere formation efficiency and an increased proportion of the highly tumorigenic 

CD44high/CD24low cancer stem cell population. Analysis of the TGFβ transcriptome in TNBC 

cells revealed bone morphogenetic protein4 (BMP4) as a main TGFβ-repressed target in these 

tumor cells. We further found that BMP4 opposed TGFβ effects on stemness and potently 

decreased cancer stem cell numbers, thereby acting as a differentiation factor in TNBC. At the 

molecular level, we found that TGFβ inhibition of BMP4 gene expression is mediated through the 

Smad pathway and cyclin D1. In addition, we also found BMP4 to act as a pro-differentiation 

factor in normal mammary epithelial cells and promote mammary acinar formation in 3D cell 

culture assays. Finally, and consistent with our in vitro results, in silico patient data analysis 

defined BMP4 as a potential valuable prognosis marker for TNBC patients. 
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2.3 Introduction 

Triple negative breast cancers (TNBCs) represent 10%–20% of all breast cancers and are 

characterized by negative or low estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2) expression282. Based on their gene expression profiles, 

the majority of TNBCs are classified as basal-like breast cancers. This molecular subtype is often 

associated with larger tumor size, higher tumor grade, greater lymph node spread, and a higher 

rate of distant metastasis283,284. Classification based on gene expression analyses revealed that 

TNBC can be categorized into six subgroups including basal-like (BL1 and BL2), mesenchymal 

(M), mesenchymal stem-like (MSL), immunomodulatory (IM) and luminal androgen receptor 

(LAR)56. The basal-like (BL1 and BL2) subtypes are highly enriched in gene expression patterns 

associated with proliferation and DNA damage-related genes while the mesenchymal (M and MSL) 

subtype shows high expression of epithelial-to-mesenchymal transition related genes56,285. The 

immunomodulatory subtype presents gene ontologies for immune cell processes, including 

cytokine signaling as well as antigen processing and presentation286,287. Finally, the LAR subtype 

shows enrichment in genes related to the androgen receptor (AR) signaling and has been associated 

with better prognosis compared to other TNBC subtypes288,289. Despite initial response to adjuvant 

chemotherapy, TNBC patients typically develop distant recurrence within 5 years of diagnosis284. 

Due to the molecular heterogeneity of TNBC and the absence of well-defined molecular targets, 

efficacious treatments for TNBC patients remain largely unavailable. Cancer stem cells (CSCs) or 

tumor initiating cells represent a distinct subpopulation of cancer cells within the tumor, that 

possess stem cell-like properties290. These cells exhibit a long-term, self-renewal capacity and can 

divide through asymmetric division, thereby continuously regenerating and propagating the 

heterogenous tumor291. CSCs have been implicated in tumor growth and progression, drug 
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resistance, as well as in cancer recurrence292. Breast cancer stem cells (BCSCs) were initially 

identified as a small subpopulation of patient-derived breast cancer cells expressing CD44+/CD24-

/low cell surface markers293. Tumor-derived CD44+/CD24-/low cells are able to form tumorspheres 

in vitro when cultured under anchorage-independent conditions in serum-free medium294. In 

contrast, cells that do not express these markers do not generate tumorspheres and have lower 

tumorigenic potential295. BCSCs are frequently detectable in metastatic pleural effusions of breast 

cancer patients or early-disseminated cancer cells in the bone marrow and are resistant to 

chemotherapy treatment in breast cancer patients296,297. Of note, tumor cells derived from basal-

like or triple negative breast cancers are enriched in CD44+/CD24-/low subpopulations298. Thus, the 

stem cell-like properties of BCSCs may account for the poor prognosis, high tumor recurrence and 

chemotherapy resistance in TNBC patients.  

The TGFβ superfamily of growth factors include over 30 members that can be categorized under 

the TGFβ/Activin, bone morphogenetic protein (BMP) and distant members main subgroups299. 

All members of the TGFβ superfamily exert pleiotropic effects throughout the body299. TGFβ itself, 

the founding member of this family plays an important role in regulating BCSCs300-305. Human 

mammary epithelial cells undergoing epithelial-to-mesenchymal transition in response to TGFβ 

and Wnt signaling have been shown to acquire stem cell-like features217. Moreover, TGFβ 

signaling is specifically activated in CD44+/CD24-/low BCSCs, leading to a mesenchymal and 

migratory phenotype306. It was also shown that TGFβ-induced tumorsphere formation occurs 

predominantly in claudinlow breast cancer (also known as basal-b subtype), as opposed to other 

breast cancer molecular subtypes307. Despite the accumulating evidence for the role of TGFβ in 

the regulation of BCSC function, the downstream targets and signaling pathways that mediate the 

TGFβ effects remain to be fully understood. BMP4, another member of the TGFβ superfamily 
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plays fundamental roles in osteogenesis but also act as a multipotent stem cell differentiating 

factor308. BMP4 has been shown to exert antitumor effects and to be able to re-sensitize tumors to 

therapy by differentiating stem-like cells in a glioma309. 

The cell cycle regulator, cyclin D1 can promote stem cell expansion and inhibit differentiation of 

several embryonic, hematopoietic and normal mammary progenitor cells310,311. Cyclin D1 also 

plays an important role during mammary gland development, as cyclin D1-knockout mice fail to 

generate lobuloalveoli in the mammary glands during pregnancy312. Interestingly, cyclin D1 is 

frequently overexpressed in human breast, melanoma, prostate, lung, and oral squamous cell 

carcinomas313-315. Moreover, elevated cyclin D1 expression associates with a high incidence of 

tumor metastasis and poor survival outcome316, and its overexpression has been shown to promote 

the initiation and development of breast cancer317. We have previously shown that cyclin D1 acts 

downstream of TGFβ to regulate breast cancer cell migration and invasion, two key features of 

CSC activity318. Moreover, our lab recently found that the cyclin D1 associated kinase, CDK4 can 

regulate cancer stemness in TNBC319. We thus, hypothesized that cyclin D1 may also regulate 

BCSC self-renewal activity, downstream of TGFβ.  

In this study, we show that TGFβ promotes stemness and negatively regulates BMP4 expression 

in TNBC through the canonical Smad pathway and cyclin D1. We further found cyclin D1 to be 

highly expressed in tumorspheres compared to cells in monolayer cultures, consistent with a role 

in promoting stemness. Conversely, we show that BMP4 potently inhibited tumorsphere formation 

and reduced CD44+/CD24-/low numbers in BC cells. Interestingly, BMP4 also promoted 

differentiation of normal mammary epithelial cells, highlighting BMP4 as a potent pro-

differentiation factor in both normal and breast cancer cells. Together these results define an 

antagonistic feedback loop and signaling network between TGFβ superfamily members, whereby 



70 | P a g e  

 

TGFβ/Smad/Cyclin D1 signaling leads to increased cancer stem cell numbers while BMP4 oppose 

these effects acting as a potent differentiation factor. 

 

2.4 Methods 

Cell lines 

All TNBC SUM cell lines were obtained from Stephen Ethier (The Medical University of South 

Carolina). The SCP2 cell line was kindly provided by Dr. Joan Massagué (Sloan Kettering 

Institute). All the cell lines were routinely tested by Diagnostic Laboratory from Comparative 

Medicine and Animal Resources Centre (McGill University). 

Cell culture 

Human breast cancer cell line SUM159PT, SUM149PT, and SUM229PE were cultured in Ham’s 

F-12 nutrient mixture (Sigma-Aldrich) supplemented with 5% fetal bovine serum (FBS), 5 µg/ml 

insulin, and 1 µg/ml hydrocortisone. Human breast cancer cell line SCP2 was cultured in DMEM 

(Sigma-Aldrich) containing 10% FBS and 2 mM L-glutamine. For cell transfection, please refer 

to Supplementary Materials and Methods. 

Tumorsphere formation and flow cytometry assays 

SUM159PT cells were seeded at 10,000 cells per well in 12-well low-attachment plates and grown 

for 5–7 days in Ham’s F-12 nutrient mixture supplemented with B27, 10 ng/ml EGF, and 10 ng/ml 

bFGF. For detailed tumorsphere scoring and flow cytometry analysis, please refer to 

Supplementary Materials and Methods. 

Real-time PCR 
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SUM159PT, SUM149PT, SUM229PE, and SCP2 cells were lysed by TRIzol reagent (Invitrogen), 

and the total RNA was extracted following the standard procedures. For detailed reverse 

transcription and PCR steps, please refer to Supplementary Materials and Methods. 

Western blot analysis 

Antibodies and reagents were obtained from Thermo Scientific and Santa-Cruz. For detailed 

information, please refer to Supplementary Materials and Methods.  

Luciferase assay 

The series of 5’- progressive deletion of the human BMP4 gene promoter fused to the luciferase 

gene (3.36kb-BMP4-luc, 3.17kb-BMP4-luc, 2.10kb-BMP4-luc, 1.7kb-BMP4-luc and 0.46kb-

BMP4-luc) were kindly provided by Dr. Daniel Chung320. For complete steps refer to 

Supplementary Materials and Methods 

3D cell culture 

The morphology of mammary epithelial organoids was evaluated after 72 hours of different 

treatments. For complete steps refer to Supplementary Materials and Methods 

Immunofluorescence staining and confocal microscopy 

mammary organoids in 3D culture were fixed in 4% PFA and permeabilized in 0.5% Triton X-

100/1XPBS (PBST) before immunostaining. For complete procedures refer to Supplementary 

Materials and Methods 

Gene expression profiling 
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SCP2 cells were serum-starved for overnight and treated with 100 pM TGFβ1 for 24 hours in 

serum-free medium. Total RNA samples were extracted using the TRIzol reagent (Invitrogen). For 

complete steps refer to Supplementary Materials and Methods 

Online data analysis 

GOBO, TCGA-BRCA datasets were used to assess BMP4 expression levels in different breast 

molecular subtypes. The GOBO database was further applied to analyze BMP4 expression levels 

according to the ER status and tumor grade. The patient numbers in each category are indicated in 

the corresponding figures. Kaplan–Meier plotter was used to evaluate the association between 

BMP4 and TGFβ mRNA level and clinical outcome represented as relapse-free survival (RFS).  

Statistical analyses 

All results are presented as the mean ± SEM for at least three repeated individual experiments. The 

difference between groups was analyzed using Student’s t-test, and *P <0.05 was considered 

statistically significant. 

 

2.5 Results 

TGFβ transcriptomic analysis in TNBC cells 

To start analyzing the TGFβ role on BCSC biology in TNBC, we first examined the TGFβ effects 

on tumorsphere formation. In this type of assay, cancer stem/progenitor cells are enriched in 

serum-free, nonadherent culture conditions, allowing for proper identification and quantitation of 

cancer stem cell numbers. We used TNBC SUM159PT cells, a TNBC cell line derived from a 

patient with anaplastic carcinoma321. SUM159PT cells were seeded at moderate seeding density 
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(10,000 cells) in the presence or the absence of TGFβ (100 pM), under low-attachment culture 

conditions, as described in “Methods”. Tumorsphere forming efficiency (TFE) was determined as 

the number of tumorspheres divided by the number of single cells seeded, expressed as a 

percentage. As shown in Fig. 2.1a, TFE tumorsphere numbers were significantly increased in cells 

treated with TGFβ compared to control. This effect is mediated through the classical TGFβ 

receptor signaling pathway, as the addition of a specific TGFβ receptor I kinase inhibitor (TβRIin) 

significantly blocked TGFβ-induced tumorsphere formation (Fig. 2.1a). These data indicate that 

activation of the TGFβ signaling pathway promotes BCSC activity and self-renewal in TNBC. 

To further address the molecular mechanisms by which TGFβ regulates tumor initiation in TNBC, 

we performed a microarray analysis, using the Illumina Human HT-12 Gene Expression BeadChip 

in TNBC cells treated or not with TGFβ for 24 h. The high screen efficiency and sample correlation 

were reflected by the high Pearson correlation coefficient (>0.99) (Fig. 2.1b) and overall consistent 

signal intensity across biological replicates (Fig. 2.1c). As shown in Fig. 2.1d, differential gene 

expression (DGE) analysis using a threshold cutoff (FDR < 0.05) revealed 290 TGFβ-regulated 

downstream target genes, with 157 upregulated and 133 downregulated targets. A gene ontology 

enrichment analysis (GOEA) was then performed using EnrichR 

322,323(https://amp.pharm.mssm.edu/Enrichr/) and highlighted cell migration, extracellular matrix 

organization, cell motility, cell proliferation and cell differentiation as top ranking biological 

functions among the 290 identified targets (Fig. 2.1e). Collapsing biological process (BP) terms 

based on functional similarity allowed for the visualization of various gene expression profiles 

specific to each biological function (Fig. 2.1f). These results are consistent with the well described 

effects of TGFβ signaling on cell migration, motility, invasion and proliferation in cancer 

cells299,324, further demonstrating the stringency and relevance of our microarray analysis. 

https://amp.pharm.mssm.edu/Enrichr/
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Interestingly, besides the hallmark TGFβ effects, negative regulation of cell differentiation also 

came out as a top-ranking biological function for the 290 identified TGFβ target genes. This is 

consistent with our data showing TGFβ as a potent stemness factor in TNBC (Fig. 2.1a) and 

suggested that TGFβ may exert its antidifferentiation effects through downregulation of cell 

differentiation genes. In particular, we found TGFβ to potently downregulate the expression of 

BMP4, a known cell differentiation factor, while upregulated the BMP4 antagonist Noggin (Fig. 

2.1f). BMP4 is also a member of the TGFβ superfamily, thus suggesting the existence of a negative 

feedback loop between TGFβ family members to regulate the balance between cancer stemness 

and differentiation. 

 

TGFβ inhibits BMP4 gene expression 

As described in the introduction, BMP4 plays a role as a differentiation factor in glioma309. We 

thus hypothesize that TGFβ could promote BCSC numbers and stemness through inhibition of 

BMP4 signaling in TNBC. Using our microarray data, we first investigated the specificity of the 

TGFβ effects on all BMP family members gene expression in TNBC and found that TGFβ only 

regulates BMP4 expression and that no other BMP family members were significantly regulated 

by TGFβ (Fig. 2.2a). Interestingly, our transcriptomic analysis also revealed that TGFβ could 

significantly upregulate the expression of the BMP4 inhibitor, Noggin (NOG). To avoid the 

limitation of the use of a single-cell line, we then examined the TGFβ effects on BMP4 and NOG 

expression in a panel of human triple-negative breast cancer cell lines (SUM159PT, SUM149PT, 

SUM229PE, SCP2). SUM159PT is derived from an anaplastic carcinoma with mesenchymal 

phenotype; SUM149PT is derived from an invasive ductal carcinoma, inflammatory histotype, 

with Basal B phenotype; and SUM229PE is derived from a pleural effusion related to breast cancer 
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with Basal B phenotype. The SCP2 cell line is a single-cell-derived progeny (SCP) derived from 

the in vivo selection of bone-specific metastatic cells from the human breast cancer TNBC cell 

line MDA-MB-231325. SCP2 cells are capable of bone metastasis and pre-exist within the MDA-

MB-231 parent line, which was originally established as the total outgrowth of cells derived from 

a pleural effusion of a patient who relapsed years after removal of the primary tumor326. We found 

that TGFβ could potently inhibit BMP4 expression while increasing Noggin in all cell line tested, 

as early as 2 h following stimulation of the cells (Fig. 2.2b). This effect appears to be mediated at 

the transcriptional levels, as TGFβ could significantly repress the activity of a series of progressive 

BMP4 gene promoter deletion constructs fused to luciferase reporter constructs (Fig. 2.2c). TGFβ 

efficiently inhibited activity of the shortest promoter construct (460bp) further indicating that the 

TGFβ regulatory sequences are located within the proximal region of the BMP4 gene promoter, 

close to the 5’ transcription initiation start site. 

TGFβ classically regulates expression of its target genes through the canonical Smad pathway, 

through Smad2, 3 and 4299. To then assess whether the TGFβ effects on BMP4 and NOG 

expression were Smad-dependent, TNBC (SUM159PT) cells were transfected with specific 

shRNAs targeting Smad2, 3 or 4 or a scrambled shRNA as negative control. As shown in Fig. 2.2d, 

the efficacy and specificity of each shRNA was assessed by immunoblotting using specific 

antibodies against the Smads. Effects of the Smad knockdowns on BMP4 and Noggin expression 

were then assessed and quantified by qPCR and revealed that all Smad individual knockdowns 

significantly blocked TGFβ-mediated inhibition of BMP4 expression and TGFβ-induced NOG 

expression (Fig. 2.2e). Together, these results showed that TGFβ/Smad signaling strongly 

antagonizes BMP4 signaling through multiple pathways, including direct repression of BMP4 

gene expression with concomitant up-regulation of the BMP4 inhibitor, Noggin. 
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Cyclin D1 is a downstream mediator of TGFβ induced BMP4 downregulation 

We previously identified cyclin D1 as an important player downstream of TGFβ signaling in 

TNBC and showed that TGFβ itself could upregulate cyclin D1 expression318. Besides acting as a 

cell cycle regulator, cyclin D1 was also shown to act as an important proto-oncogene. In fact, 

cyclin D1 is frequently deregulated in multiple tumor types and overexpressed through copy 

number variation in over 50% of breast cancer patients327. To then address whether TGFβ-

mediated regulation of BMP4 and stemness also involves cyclin D1 in TNBC, we knockdown 

cyclin D1 expression by means of RNA interference (Fig. 2.3a). Interestingly, as shown in Fig. 

2.3b, the TGFβ-mediated inhibition of BMP4 gene expression was strongly impaired in the 

absence or reduced levels of cyclin D1. Similarly, when cyclin D1 was knockdown, the TGFβ 

inhibitory effects on BMP4 gene promoter activity were significantly reversed (Fig. 2.3c), 

indicating that TGFβ-mediated regulation of BMP4 requires cyclin D1. Having shown that TGFβ 

inhibits BMP4 while promotes stemness, we next assessed the role and contribution of cyclin D1 

in controlling cancer stem cell numbers. The two main CSC populations present in breast cancer 

are of epithelial stem-like (ADLH+) and mesenchymal stem cell-like phenotype 

(CD44high/CD24low) origins. Importantly, while ADLH+ CSCs are enriched in the HER2+ subtype, 

they only represent a minority CSC population in TNBC. Indeed, the most prominent CSC 

population in TNBCs are the mesenchymal CD44high/CD24low cancer stem cells, which are known 

to drive the aggressive nature of TNBC tumors. Thus, to start to investigate and characterize the 

TGFβ/BMP4 signaling cross-talk/network and stemness/pro-differentiation effects in TNBC, we 

examined these growth factors effects on tumorsphere formation (to reflect global CSC numbers) 

and specifically analyzed their effects on the predominant CD44high/CD24low CSC subpopulation 

in those tumors. As shown in Fig. 2.3d, TGFβ strongly increased tumorsphere numbers in TNBC 
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but these effects were significantly reduced in the absence of cyclin D1. As indicated above, a 

major CSC group in TNBC is represented by the CD44high/CD24-/low cancer stem cell population. 

CD44high/CD24-/low breast cancer cells display greater stem cell-like features and tumorigenic 

capacity compared to CD44- and CD24+ cells146. We thus examined the TGFβ and cyclin D1 

knockdown effects on this CSC population using flow cytometry, as we previously described305,319. 

As shown in Fig. 2.3e, while TGFβ significantly increased the CD44high/CD24-/low cell numbers, 

this effect was blocked in the absence of cyclin D1. The flow cytometry results are in line with our 

tumorsphere assay data and further indicate the requirement of cyclin D1 for TGFβ to promote 

stemness in breast cancer.  

 

BMP4 acts as a differentiation factor and inhibits TGFβ-induced stemness 

We next sought to further characterize the BMP4 pro-differentiation role in TNBC and investigate 

the antagonistic effects played by TGFβ/BMP4 in the regulation of stemness in TNBC. For this, 

SUM159PT cells were treated or not with different concentrations of BMP4 for 7 days, as indicated 

in Fig. 2.4a before being assessed for tumorsphere efficiency and cell numbers (after tumorspheres 

were dissociated into single tumor cells). As shown in Fig. 2.4a, we found increasing BMP4 

concentrations to concomitantly decrease tumorsphere efficiency and cell numbers for up to 50% 

and 75%, respectively when using the highest BMP4 dose (100 ng/ml). Conversely, as shown in 

Fig. 2.4b, TGFβ could increase both tumorsphere efficiency and tumor cell numbers but these 

effects were antagonized and reversed when both TGFβ and BMP4 were added, suggesting that 

restoring BMP4 signaling and cell differentiation could block TGFβ-mediated stemness. Similarly, 

when assessing these growth factor effects on the CD44+/CD24-/low cancer stem cell population, 

we found that BMP4 acted as a differentiation factor, able to decrease both basal and TGFβ-
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induced BCSC numbers (Fig. 2.4c). Altogether, these results indicate that the two family members, 

BMP4 and TGFβ antagonize each other effect in the regulation of cancer stemness and highlight 

BMP4 as a potent pro-differentiation factor in TNBC. 

BMP4 differentiates mammary epithelial cells into an acinar structure in 3D cell culture 

We next evaluated whether BMP4 could act as a differentiation and a polarity morphogenic factor 

in normal mammary epithelia cells to induce the formation of mammary acinar structures. For this 

we performed ex vivo acini morphogenesis assays as described previously328 using primary 

mammary epithelial cells isolated from female virgin mice. As indicated in Fig. 2.5a, BMP4 

stimulation strongly induced the formation of organized mammary acini with well-established 

apical/basal polarity as indicated by the apical localization of ZO-1 and basal/lateral localization 

of E-cadherin. On the other hand, control and TGFβ stimulated cells did not show any organized 

acini-like structures. Interestingly, stimulation of the cells with TGFβ, in addition to BMP4, 

strongly antagonized the BMP4 effects on acinar morphogenesis. Having shown the BMP4/TGFβ 

effects on acinar structures, lumen formation and polarity, we then quantified the numbers of acini 

observed in the different conditions. As shown in Fig. 2.5b, the acinar formation efficiency 

(percentage of acini/colonies) was significantly increased by BMP4 treatment and this effect was 

antagonized in the presence of TGFβ. Together, these results highlight BMP4 as a potent 

differentiation factor in normal mammary epithelial cells, able to promote the formation of well-

organized 3D acinar structures and show that TGFβ can efficiently antagonize these BMP4 

differentiation effects.  

 

BMP4 expression correlates with least aggressive breast cancer subtypes and is associated 

with beneficial clinical features.   
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Having shown that BMP4 acts as a differentiation factor in both normal and cancer cells, able to 

decrease BCSC numbers, we then investigated its potential as a predictive molecular marker for 

breast cancer patients. For this, we performed bioinformatics analysis using GOBO329 and TCGA-

BRCA online databases to identify any correlation between BMP4 gene expression and breast 

cancer clinical features. We first analyzed BMP4 mRNA expression levels across different breast 

cancer molecular subtypes. As shown in Fig. 2.6a, analysis of the GOBO database revealed BMP4 

expression levels to be the highest in the least aggressive luminal A subtype, while being the lowest 

in the most aggressive, invasive basal subtype. Analysis of the TCGA-BRCA dataset revealed a 

similar pattern (Fig. 2.6b) indicating that the lowest BMP4 expression levels correlate with the 

most aggressive breast cancer subtypes. Moreover, as shown in Fig. 2.6c, BMP4 expression was 

significantly higher in ER+ tumors compared to ER- tumors, consistent with the fact that cancer 

stem cell markers are usually associated with ER-status and predictive of a poor survival outcome 

in ER- patients330. Tumor grade represents a clear indicator of the differentiation stage and growth 

rate of tumor cells. Whereas grade 1 tumors are well-differentiated with a slow growth index, grade 

2 tumors are moderately differentiated with an intermediate growth index, while grade 3 tumors 

exhibit high CSC content and very poor differentiation states with features favoring rapid 

growth331,332. Interestingly, as shown in Fig. 2.6d, BMP4 expression levels inversely correlated 

with the increasing tumor grade. To further explore the relationship between BMP4 gene 

expression and patient clinical outcomes, we also performed Kaplan-Meier analysis333, using a 

large cohort of 3557 breast cancer patients. As shown in Fig. 2.6e, low BMP4 expression 

significantly correlated with poor relapse-free survival, while TGFβ expression showed the 

opposite trend (Fig. 2.6f). The opposing clinical outcomes for BMP4 and TGFβ are consistent with 

our findings, whereby expression of pro-differentiation factors, such as BMP4 efficiently reduces 
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CSC stemness and correlates with less aggressive tumors and much improved patient survival 

outcomes, opposite to what observed with stemness factors, such as TGFβ. 
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2.6 Discussion 

Cancer stem cells are emerging as an attractive clinical therapeutic target for many types of cancer. 

In breast cancer, many reports have indicated that BCSCs are associated with resistance to 

conventional therapies such as chemotherapy or radiotherapy, and have the ability to regrow 

tumors resulting in later relapse of breast cancer patients334,335. In particular, the TNBC molecular 

subtype is highly enriched in cancer stem cells and exhibit a high incidence of distant relapse 

disease following chemotherapy treatment284. To date, there is no efficient targeted therapy for this 

type of cancer, thus defining a clear unmet medical need for these TNBC patients. As such, a better 

understanding of the molecular mechanisms underlying the regulation of stem-like properties of 

BCSCs and identification of the upstream growth factor signaling pathways that control these 

events will be instrumental for the development of novel clinical therapeutic strategies against 

TNBC.  

Components of the TGFβ signaling cascade, including its receptors and downstream target genes, 

are highly expressed in ER- breast tumors, enriched in CD44+/CD24-/low cancer stem cells and their 

expression are associated with a significant shortening of distant metastasis-free survival 

outcome305,336. In this study, we found that TGFβ significantly promotes the self-renewal activity 

of cancer stem cells in TNBC and that blocking TGFβ type I receptor kinase activity with a specific 

small molecule inhibitor efficiently prevented these effects. These results indicate that TGFβ 

signaling plays a prominent role in perpetuating stemness in breast cancer, and are in line with the 

previously established pro-migratory/invasive/metastatic role exerted by this growth factor in 

advanced, aggressive TNBC tumors318,337,338-340. Thus, targeting specific components of the TGFβ 

signaling pathways represents an interesting option for efficiently targeting cancer stem cells and 

for treating TNBC patients with recurrent loco-regional or metastatic tumors.    
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Cyclin D1 is one of the critical regulators of embryonic, hematopoietic and mammary stem 

cells310,341-343. Deregulation of cyclin D1 expression has been observed in many types of human 

cancers344. A correlation between overexpression of cyclin D1 and poor clinical outcomes has also 

been established345,346. We previously showed that cyclin D1 cooperates with p21 to regulate 

TGFβ-mediated breast cancer cell migration and tumor local invasion through transcriptional 

regulation of Smad activity in a CDK4-independent manner347. We showed here that cyclin D1 is 

required for TGFβ-mediated stem cell activity and self-renewal in TNBC cells. Interestingly, 

cyclin D1 was previously found to be required for the self-renewal of mammary stem and 

progenitor cells that are targets of MMTV-ErbB2 tumorigenesis343. Thus, cyclin D1 may play a 

broader role in regulating activity and self-renewal properties of various progenitor cells in various 

breast tumors of different molecular subtypes. Our results also strengthen previous findings 

highlighting cyclin D1 as an important therapeutic target in cancer348.  

Within the TGFβ superfamily, the TGFβs maintain embryonic stem cell pluripotency and self-

renewal capacity by modulating gene expression of pluripotent transcriptional factors (Nanog, 

Oct4, Sox2), while other members, such as the BMPs, act as embryonic stem cell differentiation 

factors349,350. In cancer, BMP4 was shown to promote CSC differentiation, leading to diminished 

tumorigenic capacity and increased sensitivity to chemotherapy drugs in hepatocellular carcinoma 

and colorectal cancer models351,352. However, BMP4 role and contribution to tumorigenesis remain 

controversial as some studies also suggested that BMP4 could exert a dual role and exhibit pro-

migratory and pro-invasive functions in breast cancer353,354. We show here that BMP4 acts as 

potent differentiation factor and prevent cancer stemness by inhibiting tumorsphere formation and 

reducing CD44+/CD24- CSC numbers in TNBC. Consistent with this, we found that BMP4 

expression is lower in basal-like, ER- and high-grade breast tumors, all of which being enriched 
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in BCSC and have the worst prognostic features. Considering the difference in CSC content 

observed between the different molecular breast cancer subtypes34, this suggests that BMP4-

targeting therapies should be primarily developed and be more efficient for CSC enriched/driven 

tumors, such as basal-like or TNBC. Finally, using normal mammary epithelial 3D cell culture 

assay we also showed that BMP4 acts as differentiation factor in normal cells and can induce 

formation of 3D acinar structures, further broadening its role as a differentiation factor in normal 

and cancer cells. These effects of BMP4 on mammary acini morphogenesis, suppression of breast 

cancer stemness and association of its expression with differentiated low-grade breast cancer 

subtypes are reminiscent of another key mammary differentiation factor, the prolactin hormone. 

Indeed, prolactin and its receptor were also shown to mediate mammary acini morphogenesis328 

and their expression was also observed to correlate with less aggressive breast cancer phenotypes, 

including low grade tumors and luminal breast cancer subtype355,356. Interestingly, we also 

previously found antagonistic cross-talk between TGFβ and prolactin in breast cancer357. 

Altogether, these findings provide evidence supporting the notion that mammary differentiation 

factors may provide opportunities for the development of much needed cancer stem cells targeted 

therapeutics.   

In summary, we defined a novel interplay between TGFβ family members in the regulation of 

cancer stemness. As represented in Fig. 2.7, we showed that TGFβ could act in a powerful feedback 

loop to repress BMP4 expression while inducing expression of the BMP4 inhibitor, Noggin, and 

as a result promote CSC self-renewal in TNBC. We further found TGFβ and BMP4 to antagonize 

each other effect on cancer stemness in high-grade, invasive basal-like tumors and show that their 

relative expression (high TGFβ/low BMP4 levels) correlated with poor prognosis and survival 

outcomes. This study opens up new avenues for developing anti-CSC therapies targeting TGFβ 
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signaling (i.e. small kinase inhibitors) and/or using BMP4 mimics that could prove efficient as 

novel targeted therapies for TNBC patients. 
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2.10 Supplementary materials and methods 

 

Cell transfection: 30 nM scramble (control), cyclin D1 siRNAs (Sigma) was transfected into 

SUM159PT or SCP2 cells using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA) for 

overnight in serum-free medium, according to the manufacturer’s protocol. Post-transfection 24 

hours, cells were then treated with 100 pM TGFβ1 (Peprotech Cat#100-21).  

15 µg shRNAs targeting scramble(control), Smad2, Smad3, Smad4 (sigma), and packaging 

plasmids of 12 µg psPAX2 (Addgene, 12260) and 4.5 µg pMD2.G (Addgene, 12259) were 

transfected into HEK293T cell using 80 µl of 1 mg/ml polyethylenimine PEI (Sigma) for overnight 

in a 10 cm plate. psPAX2 and pMD2.G were a gift from Didier Trono. The medium was then 

changed with fresh 10 ml DMEM with 10% FBS. ShRNA lentiviruses were collected from cell 

supernatants after 24 hours. SUM159PT and SCP2 cells were infected with shRNA lentiviruses 

with 8µg/ml polybrene for overnight. Post-infection 36 hours, cells were then selected by 

puromycin for 2 days.    

Tumorsphere formation assay: Tumorspheres were imaged by microscopy. Tumorsphere-

forming efficiency was calculated as the number of mammospheres divided by the number of 

singles cells seeded, expressed as a percentage. Where indicated, the TGFβ1 and BMP4 (Peprotech 

Cat#120-05) recombinant ligands and 10 µM TGFβ type I receptor (TβRI) inhibitor (SB431542, 

Sigma, cat#S4317) were added at the final concentration presented in the figures based on 

experimental design.  

Flow cytometry analysis: Monolayer cells were dissociated into single cells and filtered through 

a 40 µm cell strainer. 500,000 cells were incubated in prechilled PBS with 2% FBS for half an 

hour at 4 ℃.Samples were further incubated with anti-CD44 conjugated to APC (APC mouse anti-

human CD44, BD Bioscience Cat#559942), anti-CD24 conjugated to PE (PE mouse anti-human 
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CD24, BD Bioscience Cat#555428) for 30 minutes. Isotype-matched conjugated non-immune 

antibodies were used as negative controls. Cells were then washed 3 times with FACS buffer and 

analyzed with Accuri C6 flow cytometer (BD Biosciences) and Flowjo software (Tree Star Inc.).  

Real time PCR: Random hexamers and M-MLV Reversed Transcriptase (Invitrogen) were used 

in the reverse transcription. The real-time qPCR was performed with SsoFastTM EvaGreen® 

Supermix (Bio-Rad) using a RotorGene 6000 PCR thermocycler. The RT-qPCR steps are: 95 °C 

for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C for 20 s. The primers of BMP4 and Noggin were 

used to quantify their mRNA expression levels.  

Western blot analysis: Monolayer or mammosphere cells lysis were extracted using chilled RIPA 

buffer containing 10 mM Tris-HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, 30 mM sodium 

pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 1% Triton X-100 and 

protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 µg/ml leupeptin hydrochloride, 10 

µg/ml aprotinin and 10 µg/ml pepstatin A) at 4°C. Total protein concentration was quantified using 

a BCA protein assay kit (Thermo Scientific, Cat#23227). Cell lysate samples were incubated in 

6×sodium dodecyl sulfate (SDS) buffer for at 95 ℃ for five minutes and immunoblot analysis was 

performed using antibodies against Smad2/3 (Santa Cruz Biotechnology, Cat#sc-6032), Smad4 

(Santa Cruz Biotechnology, Cat#sc-7966), cyclin D1 (thermo scientific Cat. #MS-210-P0). The 

anti-beta Tubulin antibody (Santa Cruz Biotechnology, Cat#sc-5274) as loading control.  

Luciferase assay: Cells were transfected with 0.5 µg individual BMP4 promoter plasmid and 0.1 

µg pCMV-β-GAL for overnight. Post-transfection 24 hours, cells were then treated with 100 pM 

TGFβ1 for 24 hours. Cell samples were lysed by extraction buffer containing 1% Triton X-100, 

15 mM MgSO4, 4 mM EGTA, 1 mM DTT and 25 mM glycylglycine. Cell lysates were mixed 
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with a cocktail containing 0.1 M ATP, 0.5 M KH2PO4 and 1 M MgCl2. Luciferase activity was 

quantified using luminometer and normalized to β-galactosidase activity.  

3D cell culture: The Poly-D-Lysine coated 8-well culture slides (BD Biosciences) were used for 

3D culture. Concisely, each well of the culture slide was coated with 100 µl growth factor reduced 

Matrigel® (BD Biosciences). 4,000 cells were plated in each well. Cells were grown and 

maintained in RPMI growth medium with 5% Matrigel® for 48 hours. The morphology of 

mammary epithelial organoids was evaluated after 72 hours of different treatments: (1) control 

(Ctrl): 2% FBS, (2) TGFβ: TGFβ 100 pM and 2% FBS, (3) BMP4: BMP4 100 ng/ml and 2% FBS 

or (4) BMP4/TGFβ: BMP4 100 ng/ml , TGFβ 100 pM and 2% FBS. Mouse primary MECs were 

isolated and prepared from virgin C57BL/7 (Jackson Mice) females in RPMI media with 10% FBS 

using a kit, STEMCELL Technologies INc. (Canada).  

Gene expression profiling: All procedures for RNA purification, RNA quality control and 

concentration determination were performed at McGill University and Genome Quebec. RNA 

samples were amplified, labeled and further hybridized on Illumina HumanHT-12 v3 Expression 

BeadChip microarrays according to the manufacture’s protocol. The raw data were obtained by 

preprocessing the image data with Illumina software. The raw data were normalized and further 

analyzed for differential gene expression profiling using Limma package (version 3.44).  

Immunofluorescence staining and confocal microscopy: mammary organoids in 3D culture 

were fixed in 4% PFA for 1 hour at room temperature. Organoids then were permeabilized in 0.5% 

Triton X-100/1XPBS (PBST) for 5 minutes and blocked with 5% normal donkey serum in 0.5% 

PBST for 1 hour. Organoids were subsequently immunostained with primary antibodies of anti-E-

Cadherin rat monoclonal antibody (Sigma #U3254), anti-ZO1 mouse monoclonal antibody Alexa 

Fluor® 488 (Introgen #339188) for an overnight period at 4ºC followed by secondary antibody of 
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goat anti-rat IgG (H+L) Fluor 555 (Invitrogen #A21434) and DAPI for 1 hour at room temperature. 

Samples were mounted in FluorSaveTM (CALBIOCHEM®). Samples were imaged on a Zeiss 

510 or 780 LSM confocal microscope with an Axivert 200M microscope and a C-Apochromat 

63x/1.2W Core lens. 
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2.11 Figures and Legends 

Figure 2.1 
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Figure 2.1: TGFβ transcriptomic analysis in TNBC cells. (a) TGFβ effects on tumorsphere 

formation. Data are expressed as mean ± standard error. * p < 0.05, n.s. not significant. (b) Pearson 

correlations and (c) normalized counts across all bioreplicates. (d) Volcano plot of differential 

expressed genes (red and blue indicate up- and down-regulated genes, respectively (FDR < 0.05). 

(e) Gene ontology enrichment analysis of 290 candidate genes (FDR<0.05) using EnrichR. (f) 

Heatmaps of the TGFβ-regulated biological processes.  
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Figure 2.2 
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Figure 2.2: BMP4 and NOG are inversely regulated by TGFβ. (a) Heatmap representing the TGFβ 

effects on BMP family members and NOG expression with log fold change and adjusted P-value. 

(b) QPCR analysis of BMP4 and NOG in various TNBC cell lines. Data represent means ± SEM 

of triplicate experiments. * p≤0.05 and n.s. not significant. (c) TGFβ effects on progressive 

deletion constructs of the BMP4 gene promoter fused to luciferase. Data were normalized to 

control group and graph are means ± SEM from triplicate data. * p≤0.05; n.s., not significant. (d) 

Immunoblots of the Smad knockdown efficiencies. (e) Smad knockdown effects on TGFβ-

mediated BMP4 and NOG expression.  
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Figure 2.3 

 

 



95 | P a g e  

 

Figure 2.3: Cyclin D1 is required for TGFβ inhibition of BMP4. (a) Immunoblot analysis to assess 

cyclin D1 knockdown efficiency. (b) Cyclin D1 knockdown effects on TGFβ-mediated BMP4 

expression. (c) Cyclin D1 knockdown effects on TGFβ-mediated BMP4 gene promoter inhibition. 

(d, e) Cyclin D1 knockdown effects on TGFβ-mediated tumorsphere formation (d) and TGFβ 

induced CD44high/CD24-/low cell numbers (e). Data represent means ± SEM of triplicate 

experiments. * p≤0.05; n.s.: not significant. 
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Figure 2.4 

 

Figure 2.4: BMP4 acts as a differentiation factor and inhibits TGFβ-induced stemness. 

Tumorsphere formation assay showing that BMP4 inhibits basal (a) and TGFβ-induced (b) 

cancer stem cell activity. Data represent means ± SEM of triplicate experiments. * p≤0.05.  (c) 

Flow cytometry to assess TGFβ and BMP4 effects on CD44high/CD24-/low CSC numbers. Data 

represent means ± SEM of triplicate experiments. * p≤0.05 
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Figure 2.5 

 

 

Figure 2.5: BMP4 induces mammary acinar structure in 3D cell culture. (a) 3D culture of mouse 

primary mammary epithelial cells stained with ZO-1 (green) and E-cadherin (red) and Dapi (blue). 

b) percentage of mammary acini total colonies (>100 colonies in triplicates). Graph shows mean 

± SEM of triplicates of three independent experiments *p ≤0.05 and ns: not significant. 
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Figure 2.6 
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Figure 2.6: BMP4 expression correlates with least aggressive breast cancer subtypes and is 

associated with beneficial clinical features. (a-b) Boxplot of BMP4 expression across different 

breast cancer subtypes using GOBO (a) and TCGA-BRCA (b) datasets. The number of patients 

for each subtype is indicated. (c, d) Boxplot of BMP4 expression in breast cancer patients classified 

by ER status (c) and tumor grades (d). (e) Kaplan-Meier survival analysis for RFS by splitting 

patients into low and high BMP4 expression groups. (f) Kaplan-Meier relapse free survival 

analysis for BMP4 and TGFβ 
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Figure 2.7 

 

 

Figure 2.7: Graphical representation of the TGFB, BMP4 and noggin fed-back loop mechanism 

in regulating cancer stem cell self-renewal activity in TNBC. 

 

 

 



101 | P a g e  

 

 

  

 

 

Chapter 3 

 

 

Combined in vitro/in vivo Genome-wide CRISPR Screens in triple 
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3.1 Preface 

TNBC patients are limited to conventional chemotherapies and paclitaxel has been used as first-

line therapy either as a single agent or in combination therapy to treat breast cancer patients. Some 

TNBC patients will become less responsive and ultimately refractory to chemotherapeutic 

administration following initial response to these cytotoxic agents. Resistance to chemotherapy 

has complicated clinical outcomes for TNBC patients, as a lack of response to treatment often 

results in cancer progression, relapse and even metastasis. Identifying the molecular mechanisms 

and markers which regulate chemotherapy response is a critical step to overcome chemoresistance. 

Forward genetic screens powered by CRISPR/Cas9 technology have proven to be an efficient and 

powerful tool for identifying cancer vulnerabilities and molecular targets controlling drug response. 

Thus, we performed a combined in vitro/in vivo genome-wide CRISPR screen using paclitaxel as 

a selection pressure in TNBC to identify the potential regulators of paclitaxel resistance. 
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3.2 Abstract 

Triple negative breast cancer (TNBC) is defined as lacking the expressions of estrogen receptor 

(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). TNBC 

patients exhibit relatively poor clinical outcomes due to lack of molecular markers for targeted 

therapies. As such chemotherapy often remains the only systemic treatment option for these 

patients. While chemotherapy can initially help shrink TNBC tumor size, patients eventually 

develop resistance to drug, leading to tumor recurrence. We report a combined in vitro/in vivo 

genome wide CRISPR synthetic lethality screening approach in a relevant TNBC cell line model 

to identify several targets responsible for the chemotherapy drug, paclitaxel resistance. 

Computational analysis integrating in vitro and in vivo data identified a set of genes, for which 

specific loss-of-function deletion enhanced paclitaxel resistance in TNBC. We found that several 

of these genes (ATP8B3, FOXR2, FRG2, HIST1H4A) act as cancer stemness negative regulators. 

Finally, using in vivo orthotopic transplantation TNBC models we showed that FRG2 gene 

deletion reduced paclitaxel efficacy and promoted tumor metastasis, while increasing FRG2 

expression by means of CRISPR activation efficiently sensitized TNBC tumors to paclitaxel 

treatment and inhibit their metastatic abilities.  In summary, the combined in vitro/in vivo genome 

wide CRISPR screening approach proved effective as a tool to identify novel regulators of 

paclitaxel resistance/sensitivity and highlight the FRG2 gene as a potential therapeutical target 

overcoming paclitaxel resistance in TNBC. 
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3.3 Introduction  

Triple Negative Breast Cancer (TNBC) has the worst clinical prognosis of all breast cancer 

molecular subtypes. These tumors do not express hormone receptors or human epidermal growth 

factor receptor-2 (HER-2). They account for around 15-20% of all breast cancer and do not respond 

to targeted therapies such as endocrine therapy. As such, chemotherapy, which can be administered 

first-line or in the adjuvant and neoadjuvant settings often remains the only option for TNBC 

patients38,154. Taxol’s (paclitaxel and docetaxel) are microtubule-stabilizing agents which exert 

strong anti-tumor effects through blocking activation of the spindle checkpoint, also called mitotic 

checkpoint, further leading to mitotic arrest and apoptosis without cell division358. Taxol’s are used 

for clinical treatments for ovarian, breast, lung, cervical, and pancreatic cancer patients. In 

particular and in the context of breast cancer, paclitaxel is often used first-line for the treatment of 

TNBC patients359. 

While chemotherapy (i.e. paclitaxel) remains the main resort for TNBC, patients often fail to 

respond to sustained treatments and eventually develop resistance to the drug. Previous studies in 

various tumor types indicated that chemoresistance could arise from both pre-existing clonal 

cancer cell populations and from acquired mutations360-363. As a result, despite showing strong 

initial antitumor effects, paclitaxel efficacy is often limited or reduced due to resistance 

mechanisms364. This represents a major limitation of the use and efficacy of chemotherapy in 

TNBC patients. As such, it is critical to define the molecular mechanisms and target genes 

underlying paclitaxel resistance in breast cancer, particularly TNBC. A recent study showed that 

TNBC chemoresistance is likely determined by pre-existing selective advantages in various 

subclones although transcriptional reprogramming takes place in response to chemotherapy365. In 

particular, induction of the ATP-dependent efflux pump P-glycoprotein (ABC1 or MDR1) was 
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found to mediate chemoresistance in ovarian and breast cancer366,367. Cancer stem cells (CSCs) or 

tumor initiating cells represent a unique subpopulation of cancer cells that have the capacity to 

self-renew. CSCs are highly resistant to drug treatments and also contribute to chemoresistance by 

overexpressing P-glycoprotein efflux pump368. Other examples of transcriptional reprogramming 

leading to chemoresistance involve activation of the oncogene, EGFR369, deletion of the tumor 

suppressor (TP53)370, and promotion of epithelial-mesenchymal transition (EMT)371. Thus, to 

overcome paclitaxel resistance and improve TNBC patient clinical outcomes, it is vital to identify 

those genes and mechanisms providing TNBC cells with selective advantages towards paclitaxel 

treatment.  

CRISPR-Cas9 technology has come to rise as a new gene editing tool that can efficiently generate 

loss-of-function mutations by introducing double strand breaks (DSBs) at the genomic level. As 

such, the use of unbiased, forward genetic in vivo CRISPR screening approaches, at the genome-

wide scale has proven to be a powerful tool to identify cancer vulnerabilities372-374. In this study 

we performed genetic loss-of-function in vitro and in vivo CRISPR screens in TNBC, at the 

genome wide scale, using paclitaxel as a positive selection pressure. Bioinformatics and data 

analysis cross-referencing in vitro and in vivo genome-wide screen datasets uncovered 34 common 

candidate genes in the positive selection. We further showed that CRISPR-induced specific loss-

of-function deletion of these genes led to paclitaxel resistance in TNBC cells. Interestingly, we 

found several of these genes (ATP8B3, FOXR2, FRG2, HIST1H4A) to act as cancer stemness 

regulators, able to regulate cancer stem cell self-renewal activity and expression of the endothelial 

protein C receptor (EPCR), a specific stemness marker for TNBC145,375. We also showed that 

FRG2 gene deletion reduced paclitaxel efficacy and promoted tumor metastasis in an in vivo 

orthotopic transplantation TNBC model. Moreover, we found, FRG2 over-expression through 
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specific activation of the endogenous FRG2 gene promoter, using CRISPR/dCas9 Synergistic 

Activation Mediator (SAM) system, efficiently sensitized TNBC tumors to paclitaxel treatments 

and inhibited their metastatic abilities, further highlighting FRG2 gene as a potential therapeutic 

target to overcome paclitaxel resistance in TNBC. 

 

3.4 Results 

In vitro and in vivo Genome-wide Pooled sgRNA Library Screens in Triple Negative Breast 

Cancer. To start identifying novel potential genes contributing to resistance against paclitaxel, we 

performed pooled genome-wide CRISPR/Cas 9 loss-of-function screens both in vitro and in vivo 

using highly tumorigenic SUM159PT (hereafter referred to as SUM159) TNBC cells. SUM159 is 

a mesenchymal TNBC cell line carrying both TP53 and PI3KCA mutations, the two most 

frequently mutated genes in TNBC patients372,376,377, with an estimated prevalence of 74% and 17% 

respectively372,378. Moreover, most TNBC patients with PIK3CA mutations also carry TP53 

mutations, accounting for 12% of all TNBC patients372. Interestingly, these patients harboring both 

mutations also exhibit the worst overall survival outcomes372. As such, the SUM159 cell line 

adequately reflects the most aggressive genetic features of TNBCs. These further highlight the 

representation power of the SUM159 cell line as a TNBC model and hence our findings. We 

previously used this TNBC model system to identify new cancer vulnerabilities and a novel 

potential targeted therapy for TNBC372. 

Both CRISPR screens were performed at the genome wide level, using the GeCKOv2 lentiviral 

library (detailed information is included in the Methods), as previously shown372. For each screen 

(in vitro/in vivo), three independent experiments were performed. Briefly, as illustrated in Fig. 
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3.1A, SUM159 cells were subjected to spin-infection at a multiplicity of infection (MOI) of ~0.3. 

Infected cells were selected in the presence of puromycin of 2µg/ml for 7 days. Samples were 

collected after puromycin selection for cell representation, while the rest of the cells were used for 

the in vitro and in vivo screens.  

In vitro screen: Forty million cells were treated with 10nM paclitaxel or vehicle (DMSO) as a 

selection pressure and maintained in cell culture for another 2 weeks. As shown in Fig. 3.1B, cell 

viability was assessed every 3 days and cell survival rate was calculated by normalizing paclitaxel 

treated to DMSO treated cells. Nine days following the start of paclitaxel treatment cells exhibited 

resistance to the drug. Drug treatment was extended for another week, to ensure the stability of 

paclitaxel resistance before cells were collected. 

In vivo screen: Thirty million cells infected with the GeCKOv2 lentiviral library were transplanted 

subcutaneously in NOD SCID Gamma (NSG) immunodeficient mouse. Once tumor became 

palpable (1 week following transplantation) mice were separated into two groups (6 mice per group) 

and the drug selection pressure was applied with either paclitaxel (15mg/kg; intraperitoneal 

injection) or vehicle alone, once per week for 3 weeks. Tumor growth and volumes were monitored 

at regular intervals (Fig. 3.1C). Paclitaxel treatment efficiently and significantly reduced tumor 

growth to reach a plateau 25 days post-transplantation, after which tumor sizes and volumes 

remained constant under paclitaxel treatment. Drug injections continued for another week to 

ensure that drug treatment did not further reduce tumor volumes. At experimental endpoint (30 

days), tumors were excised and collected. At all-time points tumor size was significantly reduced 

in paclitaxel injected animals compared to controls (Fig. 3.1D).  

Sample processing: Following collection of cell and tumor samples, genomic DNA was extracted 

from all samples including the cell representation group and prepared for next generation 
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sequencing (NGS). The quality of the screens was assessed and quantified by mapping sequencing 

data to the GECKO V2 library (cell/tumor samples vs library representation). Sequencing data 

analysis revealed a sgRNA library mapping rate at over 99% with a Gini index below 0.1 for the 

cell representation samples, indicative of sufficient library presence and of an equal sgRNA 

distribution before the start of drug selection (Figs. 3.1E & F). These data indicated that all 

sgRNAs are well represented, ensuring that specific dynamic changes observed for individual 

sgRNA are the result of the drug selection pressure rather than the lack of representation during 

tumor development. As expected, paclitaxel treated samples (cell paclitaxel and tumor paclitaxel) 

exhibited higher Gini index compared to vehicle treated samples (Cell DMSO/Tumor Vehicle) 

reflecting a statistical dispersion of the library distribution, following enrichment or depletion of 

specific sgRNAs, under paclitaxel selection pressure (Fig. 3.1F).  

 

Overlapping in vitro and in vivo datasets identifies 34 candidate genes as paclitaxel sensitizers. 

In vivo and in vitro screen were analyzed separately using MAGeCK (Model-based Analysis of 

Genome-wide CRISPR-Cas9 Knockout) and sgRNAs were ranked according to false discovery 

rate (FDR) values379. Cut-off criteria for selection of potential sgRNA candidates included 1)- 

FDR˂ 0.05; 2)- control average read counts above 10 and 3)- removal of conflicting sgRNAs 

(sgRNAs targeting one specific gene but appearing in opposite rank lists (positive or negative). 

The positive selection identified enriched sgRNAs in cell (in vitro) and tumor (in vivo) samples 

(10750 and 141 sgRNAs, respectively). These sgRNAs prevented paclitaxel from working 

efficiently, thereby defining the genes they target as potential drug sensitizers. The negative 

selection identified dropout sgRNAs corresponding to genes potentially inducing resistance to 

paclitaxel (Fig. 3.2A, sgRNA lists and quantitative analysis tables in Supplementary file). No 
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significant dropouts were found in the in vivo screen. Thus, further analysis specifically focused 

on potential paclitaxel sensitizing genes from the positive selection. To then shortlist our top 

candidates the in vivo and in vitro datasets were cross-referenced and overlapped, leading to the 

identification of 34 common target genes (Figs. 3.2A & B).  

Because these candidate genes represent potential drug sensitizers, we postulated that their 

respective expression levels should reflect TNBC cells’ response to paclitaxel. To address this, we 

integrated two public datasets from CCLE (Cancer Cell Line Encyclopedia) and PRISM (Profiling 

Relative Inhibition Simultaneously in Mixtures) projects and investigated the linear relationship 

between mRNA expression and paclitaxel response in breast cancer cell lines380,381. As shown in 

Fig. 3.2C, for most genes (24 of 34), low target mRNA expression negatively correlated with 

paclitaxel EC50, suggesting that decreased expression of these genes likely caused paclitaxel 

resistance, further highlighting them as potential paclitaxel sensitizers.  

To experimentally validate this, and as a proof-of-concept, we individually knocked-out 

(CRISPR/Cas9) the top ranking 18 genes and assessed the paclitaxel (10nM) response in SUM159 

TNBC cells, using a PrestoBlue fluorescence cell viability assay. A non-targeting (NT) gRNA KO 

was used as negative control. As shown in Fig. 3.2D, most specific individual KOs (15 out of 18) 

treated with paclitaxel showed a significant increase in cell survival rate compared to NT sgRNA, 

confirming these gene KOs contributed to paclitaxel resistance.  

Several candidate genes are involved in cancer stemness. Breast tumors are heterogenous and 

contain a unique and rare subpopulation of cancer cells that have the ability to self-renew and 

exhibit tumor-initiating capacity. This breast cancer stem cell (BCSC) subpopulation features the 

expression of stem cell markers such as CD24low/CD44High, aldehyde dehydrogenases 

(ALDH)154,382 and largely contribute to tumor propagation, drug resistance and tumor relapse383. 
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Previous studies have emphasized the essential role played by cancer stem cells in chemotherapy 

resistance384-386 and the use of chemotherapy on breast cancer cells was found to lead to an 

enrichment in breast cancer stem cells387. Interestingly, we also previously found that BCSC 

enrichment in TNBC can lead to paclitaxel resistance and that targeting BCSCs cells could 

overcome chemoresistance and sensitises TNBC cells to chemotherapy388. To thus investigate 

whether our identified candidate target genes were involved in regulating breast cancer stemness, 

we assessed the capacity of their individual KOs to regulate BCSC self-renewal ability, using 

tumorsphere assay in SUM159 cells. The tumorsphere assay is a standard in vitro method to 

measure and quantify the tumor-initiating capacity of cancer cells, cultured in a growth factor-

defined medium under low attachment conditions389. Interestingly, as shown in Figs. 3.3A, B, 

quantitative analysis revealed that gene silencing of 4 of the 15 genes (ATP8B3, FOXR2, FRG2 

and HIST1H4A) significantly increased tumorsphere forming efficiency compared to non-

targeting sgRNA KO, highlighting these genes as potential breast cancer stemness regulators. We 

further analyzed the effects of these 4 genes on stemness, by assessing their effects on endothelial 

protein C receptor (EPCR). EPCR also known as activated protein C receptor (APC receptor) is a 

protein encoded by the PROCR gene in humans390,391. EPCR is a transmembrane receptor involved 

in the anticoagulation process that can trigger anti-inflammatory and anti-apoptotic responses392. 

EPCR was identified as a marker of multipotent mouse mammary stem cells (MaSCs). 

EPCR+ cells exhibit a mesenchymal phenotype and enhanced colony-forming abilities393. In the 

breast cancer context, EPCR+ TNBC cells exhibit stem cell-like properties and show enhanced 

tumor-initiating activity148.  EPCR is highly expressed in aggressive basal-like breast cancer and 

used as a specific marker for cancer stem cells in TNBC145,375. Interestingly, all individual ATP8B3, 

FOXR2, FRG2 and HIST1H4A KOs significantly increased EPCR positive (EPCR+) cell numbers 
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(Figs. 3.3C, D). These results are also consistent with our tumorsphere assay data (Figs. 3.3A, B) 

as well as with previous studies linking enhanced breast cancer stemness to paclitaxel treatment 

failure154,394,395. Collectively, and combined with our findings, showing increased paclitaxel 

resistance in these gene KOs (Fig. 3.2), our results define ATP8B3, FOXR2, FRG2 and 

HIST1H4A as cancer stemness negative regulators, consistent with a role for these genes as 

potential drug (paclitaxel) sensitizers (Fig. 3.2).  

 

Candidate gene KOs block paclitaxel response and increase metastasis in vivo. Having shown 

that ATP8B3, FOXR2, FRG2 and HIST1H4A KOs increased paclitaxel resistance and cancer 

stemness in vitro, we next investigated whether these KOs could also regulate paclitaxel effects in 

vivo. For this, SUM159, FOXR2, HIST1H4A, ATP8B3 and FRG2 KO cells were orthotopically 

transplanted in the mammary fat pad (MFP) of immunodeficient NSG mice, as previously 

described372. Non targeting (NT) gRNAs were used as negative controls. After 3 weeks, when 

tumor became palpable, mice were treated with paclitaxel (10mg/kg) or vehicle alone, twice a 

week. Interestingly, as shown in Fig. 3.4A, while paclitaxel treatment led to significant decrease 

in tumor volume in all control animals (NT1, NT2), the ATP8B3, FOXR2, and FRG2 knockouts 

showed a complete reversal of the paclitaxel treatment effects. Only HIST1H4A knockout did not 

show significant reversal effects, although it did show a trend in this direction. Fig. 3.4B, 

representing individual tumor size distribution across all animals in the different groups at 

experimental endpoint show results consistent with our in vitro data. These results indicate that 

FOXR2, ATP8B3, and FRG2 gene silencing significantly blocks response to paclitaxel treatment 

in vitro as well as in preclinical in vivo models of TNBC xenografts.  
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From a clinical perspective, drug resistance is the leading cause of treatment failure and subsequent 

distant metastasis occurrence. Because drug resistance leads to enhanced migratory capacity of 

tumor cells and increased metastatic rates396,397, and because cancer stem cells are a main cause 

for cancer metastasis, we next investigated whether FOXR2, HIST1H4A, ATP8B3, FRG2 KOs 

could also modulate the metastatic process and lung colonization. For this, NSG mice were 

inoculated intravenously (tail vein) with NT or FOXR2, HIST1H4A, ATP8B3, FRG2 KOs 

SUM159 cells. Four weeks following injection, animals were sacrificed, and lungs were resected 

to assess metastasis, by counting metastatic nodules post-Bouin solution fixation, as we previously 

showed372,398. As shown in Figs. 3.4C and D, by study endpoint, both HIST1H4A and FRG2 gene 

silencing significantly (Mann-Whitney U test) increased lung metastatic nodule counts, while the 

FOXR2 and ATP8B3 KOs both also showed a trend towards increased lung nodules, but not 

reaching significance. These results highlight the FRG2 and HIST1H4A genes as potent metastatic 

regulators in TNBC. 

Endogenous activation of FRG2 gene expression sensitizes tumor to paclitaxel and inhibits 

metastasis. The several candidate genes identified in our screens and study, FRG2 was the most 

potent at regulating paclitaxel response and metastasis (Fig. 3.4). As such, to further explore FRG2 

therapeutic potential and gain further insights into its role and contribution towards paclitaxel 

resistance, we applied a complementary, alternative gain-of-function approach through 

endogenous activation of the FGR2 specific promoter, using the CRISPR/dCas9 Synergistic 

Activation Mediator (SAM) system, as shown previously372. Three distinct specific lentiSAM 

CRISPR sgRNAs targeting the FRG2 gene promoter were used in TNBC SUM159 cells (NT 

gRNA was used a negative control). As shown in Fig. 3.5A, all 3 sgRNAs targeting the FRG2 

gene promoter significantly increased FRG2 mRNA levels, compared to NT control. CRISPRa 
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FRG2 sg3 showed the strongest increase in FRG2 mRNA expression and was further selected for 

the subsequent in vivo experiments. FRG2-activated (CRISPRa FRG2sg3) and NT SUM159 cells 

were orthotopically transplanted into NSG mice and animal were treated with a low dose of 

paclitaxel (5 mg/kg) or vehicle. As shown in Fig. 3.5B, at that low dosage, paclitaxel does not 

significantly reduce tumor size or volume in control (NT) animals. Interestingly, however, the 

paclitaxel response was significantly potentiated in the presence of increased FRG2 levels (Fig. 

3.5C). Tumors were resected at end point showed a significant decrease in tumor volume 

distribution of the CRISPRa FRG2sg3 group treated with low dose of paclitaxel as compared to 

the NT control group (Fig. 3.5D).  

Having shown that the FRG2 KO increased lung metastasis (Fig. 3.4), we next assessed whether 

FRG2 overexpression could prevent or inhibit metastatic lung colonization preclinical models of 

lung metastasis. As shown in Figs. 3.5E, activation of the FRG2 endogenous promoter potently 

inhibited tumor metastasis and strongly reduced the numbers of lung metastatic nodules in 

SUM159 TNBC. These effects were extended to another model of TNBC lung metastasis, using 

the MDA-MB-231 cells (Fig.5F). These results indicate that activation of the endogenous FRG2 

gene promoter significantly decrease the numbers of lung metastatic nodules by 62% and 43% in 

SUM159 and MDA-MB-231 TNBC tumors, respectively. 

Altogether, these results suggest that FRG2 could be potentially used as a prognostic marker to 

predict patients’ response to paclitaxel treatment and indicate that any means of increasing FGR2 

endogenous expression levels could efficiently overcome paclitaxel resistance by sensitizing 

TNBC cells to drug treatment as well as limit the metastatic spread. As such, FRG2 can represent 

a valuable therapeutic target for the treatment of TNBC. 
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3.5 Discussion 

Taxane-based chemotherapy (i.e. paclitaxel) has been widely used in treatment for various types 

of cancer such as prostate, breast, lung cancer399-401. However, despite initial response, patients 

often start developing resistance to the drug, ultimately failing follow-up taxol treatments. The 

development of taxol drug insensitivity or resistance also increases potential risks of tumor relapse 

or distant metastasis, leading to poor clinical outcome402,403. While several molecular mechanisms 

have been shown to contribute to chemoresistance (i.e. increased transporter pump activity, 

stemness, genetic alteration, altered DNA repair, epithelial-mesenchymal transition (EMT), and 

cancer stemness, the complete landscape contributing to paclitaxel resistance is not fully 

understood404. Thus, there is  strong need for novel therapies targeting specific molecular features 

of TNBC to compensate for chemotherapy resistance for TNBC patients405.  

 

While RNA interference (RNAi) technology has proven useful in identifying chemotherapy 

regulators406, it also has limitations as residual target expression may suffice to carry on biological 

functions407. Recently, CRISPR-based gene editing approaches gained lots of attention in forward 

genetic screens, due to their higher efficacy in knocking out specific genes, compared to more 

traditional RNAi knock-down approaches408. Recent large-scale genome-wide CRISPR screens 

performed in various types of solid tumors, including breast cancer, allowed for the identification 

of novel cancer vulnerabilities and the development of novel potential therapeutic treatment 

strategies for cancer patients372,409. In this study we interrogated a genome wide CRISPR library, 

under paclitaxel selection pressure, to identify potential drug sensitizer/resistance genes. CRISPR 

loss-of-function genetic screens were performed both in vitro and in vivo, allowing for the 

identification of specific genes involved in TNBC resistance and sensitivity to the paclitaxel 
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treatment. Interestingly, we found several of our top targets to play a regulatory role in TNBC 

stemness. While breast tumors are heterogeneous in nature, they contain small subpopulations of 

stem-like breast cancer cells (BCSCs) that have been previously shown to be largely responsible 

for chemotherapy resistance368. Moreover, BCSC numbers are significantly increased in chemo-

resistant cells or following chemotherapy treatment388. BCSCs exhibit tumor forming and self-

renewal abilities as well as efficient DNA damage repair mechanisms, providing them with a 

survival advantage in cytotoxic environments384. Because BCSCs have high expression of 

adenosine triphosphate binding cassette (ABC) transporters, leading to high drug efflux they are 

also prone to evade apoptosis induced by chemotherapy drug treatments410. We found that 

ATP8B3, FOXR2, FRG2 and HIST1H1A gene silencing significantly enhanced TNBC cells 

tumor-initiating capacity as well as expression of the TNBC stemness marker, EPCR, thereby 

defining a new role for these genes in stemness regulation. Moreover, ATP8B3, FOXR2, FRG2 

also decreased tumor response to paclitaxel in vivo, in preclinical models of TNBC tumorigenesis. 

Together, these results indicate that these newly identified stemness regulators act to prevent 

BCSC self-renewal activity and suggest that these genes could potentially enhance TNBC tumor 

response to paclitaxel and chemotherapy treatments. 

 

Chemo-resistant breast cancer cells can induce cancer stemness while enhanced cancer stemness 

potentiates chemoresistance383,388. The reciprocal association between these two evolved features 

results in high risk of tumor propagation as demonstrated by BCSCs which are a leading cause of 

distant metastasis411-413. Stem related gene expression signatures have been found in metastatic 

cancer, and chemoresistance and metastasis are two tightly associated events during cancer 

development414,415. We thus, assessed whether our newly identified stemness regulatory genes 
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could affect the metastatic process in TNBC. Using a preclinical, tail vein injection TNBC model 

of lung colonization, we found all 3 genes (ATP8B3, FOXR2, and FRG2) KOs to promote TNBC 

metastasis, suggesting these genes play a role as suppressors of metastasis in TNBC. This is 

particularly true for the FRG2 gene for which gene silencing resulted in the strongest prometastatic 

response. Given the strategy by which these genes were identified, through their ability to inhibit 

paclitaxel resistance, we suggest that the relationship between chemoresistance and suppression of 

metastasis can be further explored. 

 

FRG2, facioscapulohumeral muscular dystrophy (FSHD) Region Gene 2, is a gene that was found 

transcriptionally activated in FSHD patients416,417. Our results uncovered new functions for FRG2 

in the contexts of breast cancer and chemotherapy. We found that FRG2 potently regulates breast 

cancer stemness, sensitizes breast tumors to chemotherapy treatments and prevents tumor 

formation and progression in TNBC. The proposed role of FRG2 as a potent suppressor of 

stemness is evidenced by the strong increase in cancer stem cell numbers and TBNC stemness 

marker expression when the FRG2 gene is silenced. Interestingly, the FRG2 gene was found to be 

induced in differentiated muscle cells418. Our results further suggest that FRG2 could act as a 

differentiation factor in breast cancer and prevent cancer stemness. Consistent with a role as a 

stemness suppressor, we further found that FRG2 also acts as a potent suppressor of tumor 

metastasis by efficiently preventing secondary lung metastatic nodule formation in preclinical 

models of TNBCs. Finally, we show that FRG2 can be used as a therapeutic target to overcome 

paclitaxel resistance and sensitize breast cancer cells to chemotherapy. Activating the endogenous 

FRGR2 promoter to induce FRG2 gene expression significantly restored chemotherapy responses 

in resistant TNBC cells and led to a strong decrease in tumor volume following treatment with 
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paclitaxel. Altogether, these results underscore the potential therapeutic value of FRG2 for 

chemotherapy treatments and prevention of metastasis in TNBC tumors.  

 

3.6 Materials and Methods 

Cell lines and Cell culture: Human breast cancer cell lines SUM159 were cultured in Ham’s F-

12 nutrient mixture (WISENT INC.) containing 5% fetal bovine serum (FBS, Gibco), 5 µg/mL 

insulin, and 1 µg/mL hydrocortisone. Cell lines MDA-MB-231 and HEK293T were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM, WISENT INC.) supplemented with 10% FBS. 

The SUM159 cell line was obtained from Stephen Ethier (The Medical University of South 

Carolina). Detailed information of the SUM159 cell line is available at Breast Cancer Cell Line 

Knowledge Base (www.sumlineknowledgebase.com).  MDA-MB-231 was purchased from ATCC. 

HEK293T was obtained from Genhunter. All the cell lines were routinely tested by Diagnostic 

Laboratory from Comparative Medicine and Animal Resources Centre (McGill University). 

GeCKO v2 library cloning and library virus production: Human CRISPR Knockout Pooled 

Library A (GeCKO v2, #1000000048) was obtained from Addgene. The Library A contains a total 

of 65,383 sgRNAs (3 sgRNAs for 19,050 genes, 4 sgRNAs for 1,864 miRNAs and 1000 non-

targeting control sgRNAs). The library virus was produced according to the published protocol. In 

brief, the library plasmids were electroporated into Stbl3 bacteria (Invitrogen), then transformed 

bacterial cells were plated on bioassay ampicillin plates for 14-hour bacterial culture at 32 °C. The 

colonies were collected and the plasmids were isolated and purified using Maxiprep kits (Qiagen). 

HEK293T cells were transfected with library plasmids, packaging vector psPAX2 and envelope 

vector pMD2.G. The virus-containing medium was harvested 48-72 hours after transfection.  

http://www.sumlineknowledgebase.com/
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CRISPR Library virus transduction and drug screen 

In each independent experiment, we infected approximately 150 million SUM159 at MOI of 0.3-

0.5; corresponding to a cell survival rate of 30-40%. Briefly, 3 million SUM159 cells were plated 

into each well of 12-well culture plates with 8 µg/ml of polybrene (EMD Millipore Corp. #TR-

1003-G). The library virus was added based on the previously optimal tittered concentrations 

allowing for a 30-40% cell survival rate. The plated cells were spin-infected at 1000×g for 2 hours 

at 32°C and incubated at 37°C overnight. Puromycin selection (2 µg/ml) was then performed for 

7 days before the cells be divided into three groups. (1) 30 million transduced cells were collected 

for sequencing to assess library representation. (2) For in vitro drug screen, 40 million infected 

cells were cultured in T225 flasks in the presence of paclitaxel (10 nM) while another 40 million 

cells were cultured with vehicle (DMSO) treatment. Cell number counting was performed every 3 

days for two weeks. (3) For each round of the in vivo screening, 30 million cells/mouse were 

transplanted subcutaneously into 4 mice. Once tumors were palpable, mice were treated with either 

paclitaxel (15 mg/kg) or vehicle. Paclitaxel and vehicle were administered once per week over 3 

weeks. The mice were then sacrificed, and tumors were snap frozen at -80°C for subsequent 

genomic DNA extraction and deep-sequencing.  

Genomic DNA extraction from in vivo and in vitro samples. 

Genomic DNA was extracted using Qiagen Blood & Tissue Kit (Qiagen) and reference kit protocol 

was followed. Briefly, 6 mL of NK lysis buffer containing 50 mM Tris, 50 mM EDTA, 1% SDS 

@ pH 8 and 30 µl of 20 mg/mL Proteinase K (Qiagen) was used for the lysis of 30 million cells 

or 200 mg of grinded tumor samples. Cells were then incubated for 1 hour at 55°C. Tumors were 

incubated overnight at 55°C.Cell lysates were incubated for another 30 minutes with RNAse A 

(Qiagen) at the final concentration of 0.05 mg/mL and then placed on ice for 10 minutes. After 
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adding 2 mL of ice cold 7.5 M ammonium acetate (Sigma), the samples were vortexed and then 

centrifuged at 4000×g for 10 minutes. The supernatants were collected and precipitated by mixing 

with isopropanol and then centrifuged at 4000×g for 10 minutes. The pellets were kept and washed 

in 70% cold ethanol, air dried and resuspended in 500 µL 1 × TE Buffer at 65°C for 1 hour. The 

genomic DNA concentration was measured using Nanodrop (ThermoFisher).  

Library preparation for next generation sequencing 

Two-step PCR was performed to prepare the samples for sequencing. The key principle for the 

first PCR reaction (PCR1) is that the input amount of genomic DNA for each sample must be 

sufficient to maintain the 300× coverage of the GECKO library. Each sample for sequencing was 

prepared in PCR1 reactions as follows:  98°C for 2 min, 98°C for 10 s, 60°C for 20 s, 72°C for 30 

s, and 72°C for 2 min for 18 cycles. Each 100 µL PCR1 reaction contained 20 µL Herculase 5× 

Buffer, 1 µL of 100mM dNTP, 2.5 µL of Forward Primer F, 2.5 µL of Reverse Primer, 1 µL 

Herculase II Fusion Enzyme (Agilent), 10 µg of the extracted DNA and PCR grade water. The 

adaptors specific to Illumina sequencing were attached in the second PCR (PCR2). Each 100 µL 

PCR2 reaction (20 µL Herculase 5× Buffer, 1 µL of 100mM dNTP, 2.5 µL of Forward Primer, 2.5 

µL of Reverse Primer, 1 µL Herculase II Fusion Enzyme, 5 µL of PCR1 amplicon and 68 µL of 

PCR grade water) was performed in the same way as PCR1 reaction. The resulting PCR products 

were run on a 2% agarose gel, then gel extracted and purified using PCR & Gel Cleanup Kit 

(Qiagen). The library-ready samples were sequenced at Génome Québec 

(https://www.genomequebec.com/) and 20 million reads capacity was assigned to each sample.  

Individual CRISPR knockout and activation plasmid cloning and lentivirus production 

https://www.genomequebec.com/
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For knockout lentivirus, LentiCRISPR v2 backbone vector was obtained from Addgene (plasmid 

# 52961). For activation lentivirus, LentiSAM v2 (plasmid #75112) and LentiMPH v2 (plasmid # 

89308) were obtained from Addgene. Both knockout and activation sgRNA plasmid cloning 

procedures followed the Golden Gate cloning protocol419. Briefly, the pair of oligo primers for 

each gene was phosphorylated and annealed in presence of T4 PNK enzyme. Reactions were then 

incubated at 37 °C for 30 minutes, 95 °C for 5 minutes and ramped down to 25 °C at 5 °C/min on 

a thermal cycler (Bio-Rad). The annealed oligos were diluted 1:10. Golden Gate assembly reaction 

was performed on the thermal cycler (Bio-Rad). Each reaction contained T7 ligase (Enzymatics), 

Restriction enzyme (NEB), BSA (NEB), rapid ligase buffer (Enzymatics), annealed oligos, and 

backbone vector. Each cycle was run at 37 °C for 5 minutes and 20 °C for 5 minutes and repeated 

for a total of 15 cycles. The cloned vectors were further transformed into Stbl3 bacteria (Invitrogen) 

and seeded on LB agar plates with ampicillin at 33°C for overnight. HEK293T cells were 

transfected with cloned vector, pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260). After 

overnight incubation, the culture medium was changed with fresh medium. The supernatant was 

collected from the culture plates after another 24-hour incubation.   

Knockout Primers Sequence 

ARHGEF39_F_KO caccgCCGGAGGTTTGTACGGCTTC 

ARHGEF39_R_KO aaacGAAGCCGTACAAACCTCCGGc 

ATP8B3_F_KO caccgTCCTCTTCATCCGTGCCACC 

ATP8B3_R_KO aaacGGTGGCACGGATGAAGAGGAc 

DHRS7_F_KO caccgAACCAGTGTCGGTCAGGTCA 
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DHRS7_R_KO aaacTGACCTGACCGACACTGGTTc 

DIO3_F_KO caccgCACATCCTCGACTACGCGCA 

DIO3_R_KO aaacTGCGCGTAGTCGAGGATGTGc 

FOXR2_F_KO caccgCACGAGTCTCCTCCCAAAAG 

FOXR2_R_KO aaacCTTTTGGGAGGAGACTCGTGc 

FRG2_F_KO caccgACAGATCTCCTTTACAGAAA 

FRG2_R_KO aaacTTTCTGTAAAGGAGATCTGTc 

HIST1H4A_F_KO caccgGATCTCTGGTCTGATCTACG 

HIST1H4A_R_KO aaacCGTAGATCAGACCAGAGATCc 

HRG_F_KO caccgCATCAGCAATCCGCAGCAAT 

HRG_R_KO aaacATTGCTGCGGATTGCTGATGc 

HSPA13_F_KO caccgGATGACCATCGCGTGAACAG 

HSPA13_R_KO aaacCTGTTCACGCGATGGTCATCc 

IFNE_F_KO caccgCCAGTCCCATGAGTGCTTCT 

IFNE_R_KO aaacAGAAGCACTCATGGGACTGGc 

ITGB6_F_KO caccgGGCATCGTCATTCCTAATGA 

ITGB6_R_KO aaacTCATTAGGAATGACGATGCCc 
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NDUFC2_F_KO caccgTCGCCAGCTTCTATATATTA 

NDUFC2_R_KO aaacTAATATATAGAAGCTGGCGAc 

NOTCH2_F_KO caccgTTGATGACTGCCCTAACCAC 

NOTCH2_R_KO aaacGTGGTTAGGGCAGTCATCAAc 

PDLIM2_F_KO caccgAGTGCTGGCGACTCGCTTCC 

PDLIM2_R_KO aaacGGAAGCGAGTCGCCAGCACTc 

PHACTR1_F_KO caccgGGCGTCACCTTCCGTTGCTA 

PHACTR1_R_KO aaacTAGCAACGGAAGGTGACGCCc 

RGN_F_KO caccgCCCGCCGGGAGGTACTTTGC 

RGN_R_KO aaacGCAAAGTACCTCCCGGCGGGc 

SLC36A3_F_KO caccgCAACAAGCCGGCATTCTTTA 

SLC36A3_R_KO aaacTAAAGAATGCCGGCTTGTTGc 

SOGA2_F_KO caccgCCTCCACCGTCTTAAGTTCG 

SOGA2_R_KO aaacCGAACTTAAGACGGTGGAGGc 

 

Activation Primers Sequence 

FRG2a_sg1_F caccgGAGCACAGGGACCGGAAAAT 
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FRG2a_sg1_R aaacATTTTCCGGTCCCTGTGCTCc 

FRG2a_sg2_F caccgGCACAGGGACCGGAAAATCG 

FRG2a_sg2_R aaacCGATTTTCCGGTCCCTGTGCc 

FRG2a_sg3_F caccgTTGAGGCTCTAAGAAGCGGC 

FRG2a_sg3_R aaacGCCGCTTCTTAGAGCCTCAAc 

 

In vivo Xenograft studies and drug treatments 

All animals were housed and handled in accordance to the approved guidelines of the Canadian 

Council on Animal Care (CCAC) “Guide to the Care and Use of Experimental Animals”. All 

experiments were performed under the approved McGill University Animal Care protocol (AUP 

# 7497 to JJL). All transplantation procedures were undertaken using isoflurane anesthesia. 

SUM159 cells infected with GECKO library were prepared in PBS (Phosphate Buffered Saline 

1X, WISENT INC.) and transplanted into NSG mice by the means of subcutaneous injection. For 

single KO cell transplantation, 1 million SUM159 cells were initially diluted in 20 µl PBS and 20 

µl Matrigel (BD Bioscience) and then transplanted into mammary glands of NSG mice. When the 

tumors became palpable, after 3-4 weeks, paclitaxel (Sigma) and vehicle (control) were 

intraperitoneally administered twice per week. Paclitaxel was dissolved in 10% DMSO (Sigma), 

40% PEG300 (Sigma), 5% Tween-80 (Sigma) and 45% saline. The mice were treated for 2-3 

weeks before tumors reached maximum volume of 1000 mm3 and then were euthanized. Tumor 

volumes were documented. For tail vein injection, 1 million cells were prepared in 100 µL PBS 

and injected into the median tail vein. The mice were euthanized after approximately 4 weeks and 
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the lung tissues were collected and stained in Bouin’s solution (Sigma) for at least 48 hours. Lung 

metastatic nodules were counted under a microscope.  

Cell viability assay 

Infected SUM159 cells were seeded into 96-well plates at the density of 5000 cells per well. Cells 

were treated with DMSO (control) or Paclitaxel (10 nM) after 24 hours cell attachment. After 72 

hours treatment, 7% PrestoBlue Cell Viability Reagent (Invitrogen) was prepared in complete 

medium and 100uL of the prepared reagent was added to each well. The cells were incubated at 

37 °C for 1 hour. Fluorescence was measured using the microplate reader (Tecan) at 535 nm 

excitation and 615 nm emission.     

Tumorsphere assay 

SUM159 cells were seeded into the ultra-low-attachment 24-well plate at the density of 10,000 

cells/well. The culture medium contains HAM’s F12 medium (WISENT INC.), 10 ng/ml EGF 

(Invitrogen), 10 ng/ml bFGF (Invitrogen) and 1×B27 (Invitrogen). After 7 days culture, number 

of tumorspheres were counted. Sphere-forming efficiency was calculated as: SFE (%) = number 

of spheres / number of cells plated × 100%. 

Flow cytometry 

Monolayer cells were dissociated into single cells and filtered through a 40 µm cell strainer. 

500,000 cells were incubated in prechilled PBS with 2% FBS for half an hour at 4 ℃. Cell samples 

were further incubated with anti-EPCR for 30 minutes. The non-stained or single-stained samples 

were used as negative controls. Cells were then washed 3 times with FACS buffer and analyzed 

with BD FAC SCanto II cytometer (BD Biosciences) and Flowjo software (Tree Star Inc.).  
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Real-time PCR 

Cells were lysed by TRIzol reagent (Invitrogen), and the total RNA was extracted following the 

standard procedures. In brief, Reverse Transcription (RT) was performed in each reaction 

containing RT buffer, 0.1M DTT, Random hexamers, dNTP, ultrapure water (GIBCO) and M-

MLV Reversed Transcriptase (Invitrogen). The real-time PCR was performed with SsoFastTM 

EvaGreen® Supermix (Bio-Rad) using a RotorGene 6000 PCR thermocycler. The RT-PCR steps 

are: 95 °C for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C for 20 s. The paired primers are listed as 

follows. 

FRG2_forward AAAGGCAAGCAGGATCGGAG 

FRG2_reversed AGCCCTGGAATGTCCCCTAT 

 

Data processing and bioinformatic analysis   

The bioinformatic tool, Cutadapt (https://cutadapt.readthedocs.io/en/stable/index.html), was 

initially used to demultiplex raw FASTQ files. Processed FASTQ files containing only the 20-

nucleotide sgRNA sequence were then aligned to the library using MAGeCK count command. 

MAGeCK robust rank aggregation (RRA) was adopted to analyze abundance change of the 

sgRNAs and genes.  

Correlational analysis of mRNA and paclitaxel response 

PRISM drug response and mRNA data were downloaded from DepMap portal 

(https://depmap.org/portal/). Paclitaxel drug response (EC50) and mRNA profiles of the target 

genes were extracted from the breast cancer datasets. Integrating EC50 and mRNA data results a 

https://cutadapt.readthedocs.io/en/stable/index.html
https://depmap.org/portal/


126 | P a g e  

 

file containing 34 genes’ mRNA across 42 breast cancer cells and paclitaxel EC50 (supplementary 

files). For each gene, correlation was calculated between mRNA and paclitaxel EC50 across breast 

cancer cell lines. 

Statistical analyses 

Student’s t-test or Mann-Whitney U test was used to evaluate significance between groups. At 

least three independent experiments were performed and P < 0.05 was considered significant. n.s. 

p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001. 

 

 

3.7 Abbreviations 

TNBC: Triple negative breast cancer 

ER: Estrogen receptor 

PR: Progesterone receptor 

HER2: Human epidermal growth factor receptor2 

ABC1 or MDR1: ATP-dependent efflux pump P-glycoprotein 

CSCs: Cancer stem cells 

TP53: Tumor suppressor 

EGFR: Epidermal growth factor receptor 

EMT: Epithelial-mesenchymal transition 
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DSBs: Double strand breaks 

EPCR: Endothelial protein C receptor 

SAM: CRISPR/dCas9 Synergistic Activation Mediator 

GeCKOv2: Human CRISPR Knockout Pooled Library 

MOI: multiplicity of infection 

NSG: NOD SCID Gamma immunodeficient mouse 

MAGeCK: Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout 

FDR: false discovery rate 

CCLE: Cancer Cell Line Encyclopedia 

PRISM: Profiling Relative Inhibition Simultaneously in Mixtures 

EC50: Half maximal effective concentration 

NT: Non-targeting  

BCSC: Breast cancer stem cell 

ALDH: aldehyde dehydrogenases 

CD24: Cluster of differentiation 24 

CD44: Cluster of differentiation 44 

MaSCs: mouse mammary stem cells 

MFP: Mammary fat pad 
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3.9 Figures and legends 

Figure 3.1 
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Figure 3.1. In vitro and in vivo genome-wide pooled sgRNA library screens in triple negative 

breast cancer.  

A. Graphical overview of the genome-wide CRISPR/Cas9 loss-of-function screen performed in in 

vivo and in vitro. 

B. The in vitro cell survival rates of the library infected cells after paclitaxel treatment every 3 

days in three independent experiments. Survival rate was calculated by normalizing paclitaxel 

treated to DMSO treated cells. Data are presented as mean ± SD and Student’s t-test is used to 

determine the p-value between the survival rates of Day9, Day12, and Day15 (n = 3). 

C, D. 30 million library-infected SUM159 cells were subcutaneously transplanted into each NSG 

mouse followed by weekly treatment of paclitaxel (15 mg/kg) or vehicle for three weeks. (C) 

Tumor growth curve of NSG mice treated with vehicle or paclitaxel in three independent 

experiments and data are presented as mean ± SEM (n = 6, 2 replicates for each experiment). (D) 

The individual tumor volume at each timepoint (n = 6). Student’s t-test is used to determine the p-

value. 

E, F. Quality measurements of the cell and tumor sequencing samples. (E) The sgRNA-mapping 

percentage of the cell (n = 3) and tumor (n = 6) sequencing samples at the endpoint. (F) The Gini 

index of the cell and tumor sequencing samples. Data are presented as mean ± SD. 

n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001. 
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Figure 3.2 
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Figure 3.2. Overlapping in vitro and in vivo datasets identifies 34 candidate genes as 

paclitaxel sensitizers. 

A. The outline of data analysis by integrating in vivo and in vitro sequencing data.  

B. The -Log10(FDR) of the common candidate genes identified by overlapping the in vivo (left) 

and in vitro (right) positive selection. The data was ranked by in vitro data significance level (FDR). 

C. The distribution of the correlations between mRNA expression and paclitaxel response (EC50) 

of 34 genes. mRNA expression of the 34 genes is obtained from CCLE mRNA data and paclitaxel 

EC50 is from PRISM projects. Blue color indicates negative correlation while red color indicates 

positive (detailed in Methodology).  

D. The cell viability assay to evaluate cell survival rate of the 18 candidate individual knockouts 

and non-targeting (NT) control with or without paclitaxel treatment (10nM). Cell survival rate of 

each single KO was calculated by normalizing paclitaxel-treated cells to DMSO-treated. Student’s 

t-test is used to determine the significance level (p-value) between each KO’s survival rate and 

NT’s. 

n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001. 
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Figure 3.3 
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Figure 3.3. Several candidate genes are involved in cancer stemness. 

A, B. SUM159 cells were infected with NT or the KO lentivirus individually targeting 15 candidate 

genes. Tumorsphere assay was performed in the presence of 20 ng/ml EGF, 20 ng/ml bFGF, and 

B27 for 7 days. Tumorsphere forming efficiency was calculated as number of spheres divided by 

number of cells seeded. Tumorsphere forming efficiency was further normalized to NT cells. (A) 

Representative images of tumorsphere assay. (B) Quantification of tumorsphere assay.  

C. D. Flowcytometry of SUM159 cells of ATP8B3 KO, FOXR2 KO, FRG2 KO, HIST1H4A KO, 

and NT. An anti-EPCR conjugated to PE was used in flowcytometry assay. Percentage of the 

EPCR positive (EPCR+) subpopulation was graphed (C) and quantified (D) using FlowJo.  

All experiments are performed in three independent times (n=3). The data are presented as mean 

± SD and Student’s t-test is used to determine the p-value (n = 3). n.s. p > 0.05, * p < 0.05, ** 

p < 0.01, *** p < 0.001, or **** p < 0.0001. 
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Figure 3.4 
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Figure 3.4. Candidate gene KOs block paclitaxel response and increase metastasis in vivo. 

A, B. The in vivo orthotopic model of breast cancer to assess the FOXR2, ATP8B3, HIST1H4A, 

FRG2 individual KO and NT (NT1 and NT2) cells’ response to paclitaxel treatment in NSG mice. 

Within each KO group, mice were divided into vehicle and paclitaxel treatment arms (5 to 7 mice 

for each arm) with similar average tumor volume. The mice were subjected to vehicle or paclitaxel 

treatment (10mg/kg) twice per week. Tumor growth curve (A) at different timepoints is 

represented as mean ± SEM. Individual tumor volume (B) at experiment endpoint.  The p-values 

are calculated by the two-sided Student’s t-test. n.s. p > 0.05, * p < 0.05. 

C, D. The individual KO cells of FOXR2, ATP8B3, HIST1H4A, FRG2 and NT were intravenously 

transplanted via tail vein injection. The image (C) and quantification (D) of NT, FOXR2 KO, 

ATP8B3 KO, HIST1H4A KO and FRG2 KO lung metastatic nodules. Data are presented as 

individual dot plots and mean ± SD (n = 6). The p-value is calculated by the Mann-Whitney U test. 

n.s. p > 0.05, * p < 0.05. 
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Figure 3.5 
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Figure 3.5. Endogenous activation of FRG2 gene expression sensitizes tumor to paclitaxel 

and inhibits metastasis. 

A. FRG2 mRNA expression level of SUM159 quantified by RT-PCR. Data are presented as mean 

± SD (n = 3). The p-value is calculated by the two-sided Student’s t-test.  

B-D. CRISPRa FRG2 sg3 and NT control SUM159 cells were transplanted into NSG mice. Mice 

were split into vehicle and paclitaxel treatment group by averaging tumor volumes (7 or 8 mice 

for each group). Vehicle or paclitaxel (5mg/kg) was intravenously injected twice per week. (B, C) 

Tumor volumes at different day points are represented as mean ± SEM.  (D) The individual tumor 

volumes at experiment endpoint. The p-values are calculated by the two-sided Student’s t-test. 

E, F. NT, CRISPRa FRG2 sg3 SUM159 and NT, CRISPRa FRG2 sg3 MDA-MB-231 cells were 

injected intravenously in NSG mice to assess lung metastatic nodule formation. Data are 

represented as individual dot plots and mean ± SD (n = 7 per group for SUM159, n=8 per group 

for MDA-MB-231). The p-value is calculated by the Mann-Whitney U test.  

n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001. 

 

 

 

 

 

 



139 | P a g e  

 

 

 

Chapter 4 

 

Integrative analysis identifies palbociclib sensitivity gene signature 

in triple negative breast cancer.    

 

Authors :  Gang Yan1,2, Meiou Dai1,2, Sophie Poulet1, Ni Wang1, Girija Daliah1, Jean-Jacques 

Lebrun1,* 

 

Affiliations:  

1Department of Medicine, McGill University Health Center, Cancer Research Program, 

Montreal, Quebec, Canada, H4A 3J1. 

2These authors contributed equally 

*To whom correspondence should be addressed:  JJ.Lebrun@mcgill.ca. 

 

mailto:JJ.Lebrun@mcgill.ca


140 | P a g e  

 

4.1 Preface 

TNBC patients heavily rely on conventional chemotherapies as opposed to targeted therapies. 

CDK4/6 inhibitors such as palbociclib have shown promising clinical efficacy in HR+ advanced 

breast cancer. Despite a lack of clinical data supporting the effectiveness of palbociclib in 

TNBC, preclinical data has suggested that the luminal androgen receptor (LAR) subtype of 

TNBC patients can benefit from administration of palbociclib. To this end, we carried out an 

integrative approach to identify gene signatures specific to palbociclib response that could 

expand potential therapeutic options for TNBC patients. Our results highlight that functional 

gene sets relevant to the cell cycle, including G2M checkpoint, E2F target, MYC target genes, 

can provide therapeutic vulnerabilities for palbociclib treatment in TNBC. A response gene 

signature of 43 genes was obtained by intersecting genes obtained from different profiling 

methods. We found these genes could sensitize cancer cells to palbociclib, while lower 

expression or gene deletion could induce resistance to palbociclib.  

 

 

 

 

 

 

 

 



141 | P a g e  

 

4.2 ABSTRACT 

Triple negative breast cancer (TNBC) has the worst clinical prognosis among all breast cancer 

patients and conventional chemotherapy remains the mainstay option for these patients. While 

promising targeted therapies using CDK4/6 inhibitors (CDK4/6i) have been recently FDA-

approved for treatment of hormone receptor positive (HR+) metastatic breast cancer, there is very 

limited clinical data supporting their efficacy in TNBC patients. Initial clinical trials were 

inconclusive, likely due to the heterogeneous nature of the TNBC disease. Thus, identifying 

specific gene signatures that could predict for CDK4/6i resistance and/or sensitivity would benefit 

better TNBC patient stratification and therapeutic options. In this study, we first defined CDK4/6i 

sensitive and resistant gene signatures using the Computational Analysis of Resistance (CARE) 

model. We further reasoned that exposure to CDK4/6i drug treatment would also lead to acquired 

resistance through increased expression of CDK4/6i resistance genes and decreased expression of 

sensitivity genes. We thus cross-referenced the CDK4/6i CARE dataset with transcriptomic 

RNAseq data obtained from TNBC cells treated with the CDK4/6i palbociclib. We further 

validated the identified potential CDK4/6i resistance and sensitivity genes by performing an in 

vitro genome-wide loss-of-function CRISPR screen in TNBC cells, where palbociclib was applied 

as a selection pressure. The integrative analysis resulting from the combination of these three 

methodologies highlighted relevant and functional sets of cell cycle regulatory genes (G2M 

checkpoint, E2F and MYC targets) as therapeutic vulnerabilities for palbociclib response in TNBC. 

Intersection of the different profiles further identified a 43-gene response signature that could 

sensitize TNBC cancer cells to palbociclib treatment. Finally, intersecting this gene signature with 

a clinical trial dataset obtained from a cohort of breast cancer patients who received palbociclib 
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treatment outlined 15 of these genes as potent CDK4/6i sensitizers/good prognosis predictors, in 

a clinically relevant setting.  

 

 

4.3 INTRODUCTION 

Triple negative breast cancer (TNBC) is defined by the lack of expression of hormone receptors 

(ER/PR) and human epidermal growth factor receptor-2 (HER2)38. TNBC is the most aggressive 

of all breast cancer molecular subtypes and accounts for about 15% of all breast cancer cases420. 

TNBC patients have a poor prognosis, high metastasis rates, and tumor recurrence and show high 

resistance to conventional therapies152,421. To date, while a few potential targeted therapy avenues 

are being explored, conventional chemotherapy remains the main therapeutic option for TNBC 

patients. This highlights a clear medical gap and unmet clinical need for these patients422. 

 

D-type cyclins and their binding partners, the cyclin-dependent kinases CDK4/6 are early G1 

phase regulators that govern entry into the cell cycle and act downstream of many oncogenic 

signals to promote tumorigenesis123-127. CDK4/6 genes are often amplified and their expression is 

commonly dysregulated in human cancers122. In breast cancer, several CDK4/6 inhibitors have 

been approved by the United States Food and Drug Administration (FDA) for the treatment of 

ER/PR+ metastatic tumors423. Cyclin D1-CDK4/6 complexes impact TNBC tumorigenesis 

through modulation of a wide range of cellular functions, including promotion of cell migration 

and stemness, tumor cell metabolism, and late-stage metastatic processes in preclinical 

models318,319,424,425,398,426,427. In addition, CDK4/6 is highly expressed in TNBC tumors and 

correlates with poor overall and relapse-free survival outcomes in TNBC patients318,319,337. While 
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the CDK4/6 inhibitor (CDK4/6i) palbociclib proved to be more effective in ER/PR+ than TNBC 

patients, recent studies showed a subgroup of TNBC potentially responding to CDK4/6 

inhibition428,429. However, the therapeutic value of CDK4/6 inhibitors remains largely unknown in 

TNBC and needs to be fully evaluated. 

 

Furthermore, although palbociclib is effective against ER/PR+ breast cancer and has been 

approved as first-  and second-line treatment131,430, patients eventually acquire resistance to the 

drug treatment, representing a main limitation for the therapeutic efficacy of palbociclib431.  

 

The tumor suppressor RB is a primary target of CDK4/6 inhibition and loss of RB can predict for 

palbociclib resistance in hormone receptor-positive breast cancer.432. Furthermore, breast cancer 

patients may develop acquired resistance to palbociclib through progressive loss of RB, which is 

considered an escape mechanism in response to CDK4/6i433. Overactivation of CDK2 was also 

reported to enable cancer cells to transit from G1 to S phase independently of CDK4/6  inhibition 

in TNBC cell lines 140. Mutation in the c-MYC gene represents a prevalent driver mutation in 

TNBC and MYC upregulation can activate CDK6, further promoting the cell cycle434. As such, 

counteracting MYC-induced oncogenic addiction, cancer cells depending on tumorigenic protein 

and pathway to maintain their malignancy, through MYC downregulation can restore CDK4/6i 

efficacy434. Acquired CDK6 amplification positively associates with resistance to CDK4/6i and 

loss of ER signaling in breast cancer435. More genes are currently under experimental and clinical 

investigation as molecular markers specific to CDK4/6i, including cyclin-E1432, FAT436, AKT1, 

FGFR2, HER2 and aurora kinase A433. Due to the complex heterogeneity of breast cancer, the 

identification of specific molecular signatures underlying CDK4/6i drug resistance mechanisms 
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will be invaluable for novel clinical diagnosis innovations and treatment for breast cancer, 

particularly TNBC patients.  

 

To identify the molecular signatures modified in response to CDK4/6i, we first defined 

palbociclib-sensitive and -resistant signature sets using the Computational Analysis of Resistance 

(CARE) model across all cancer types437. The CARE computational analysis is designed to infer 

genome-wide transcriptional signatures to any targeted therapy, using public datasets generated 

from multiple drug screens in cancer cell lines438. CARE analysis quantifies how specific drug 

targets interact with other genes to affect drug efficacy at the genome scale and incorporates these 

interaction datasets into a multivariate model to define drug sensitivity and resistance gene 

signatures. Having defined the CDK4/6i-sensitive and -resistant gene signatures using CARE, we 

reasoned that exposure to palbociclib would also result in increased expression of CDK4/6i 

resistance genes while decreasing expression of sensitivity genes, contributing to acquired 

CDK4/6i resistance in TNBC cells. To that end, we cross-referenced the palbociclib CARE data 

set with the transcriptomic gene profile, obtained from a TNBC cell line (SUM159) treated with 

palbociclib. By next performing a genome-wide loss-of-function CRISPR screen in TNBC cells, 

with palbociclib as a selection pressure, we validated potential CDK4/6i resistance/sensitivity 

vulnerabilities. By integrating in silico drug-target response datasets, drug response transcriptomic 

data and functional genomic approaches at the genome-wide level, we were able to uncover a 43-

gene signature whose upregulation could promote palbociclib response in TNBC cells. Finally, 

intersecting this gene signature with a clinical trial dataset from a cohort of breast cancer patients 

treated with palbociclib highlighted 15 genes whose expressions positively associated with better 

palbociclib patient response, in a clinically relevant setting.  
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4.4 RESULTS 

Identification of palbociclib sensitive and resistant signature sets in human cancer cell lines. 

To identify palbociclib signatures in TNBC, we first sorted out genes associated with palbociclib 

sensitivity and resistance in the Cancer Cell Line Encyclopedia (CCLE) dataset using the 

Computational Analysis of Resistance (CARE) model437. The CARE system utilizes compound 

screens in multiple cancer cell lines to infer genome wide transcriptomic signatures that can predict 

clinical efficacy of any given drug. By defining how the primary drug target interacts with other 

secondary genes to affect the drug’s efficacy, the CARE model identifies the genes whose 

expression levels can predict sensitivity and resistance to the drug at the genome-wide level. A 

negative CARE interaction coefficient (t-score) defines the variable (the secondary gene) to be 

associated with drug resistance. In contrast, a positive CARE interaction score indicates that the 

variable associates with better drug efficacy/sensitivity. This multivariate model of CARE analysis 

generates better overall prediction of response than analysis of an individual gene’s effect in 

response to drug treatment437. As such, the CARE system can allow for efficient identification of 

molecular signatures for palbociclib across ~500 cell lines covering multiple solid tumor types 

including glioma, melanoma, breast, kidney, colorectal, ovarian, liver, and lung cancers.  

 

RB and CDK6, whose expressions positively correlate with palbociclib drug response, were 

selected as primary palbociclib targets. As shown in Figure 1a, CARE analysis revealed similar 

numbers of genes associated with palbociclib resistance (negative t-scores; p-value < 0.05) and 

sensitivity (positive t-scores; p-value < 0.05), when using RB and CDK6 as primary targets in the 

CCLE cancer cell lines dataset. Interestingly, only few gene mutation states with significant t-

scores (KMT2C_damage mutation, KMT2C_Mutation, FGFR1OP_Mutation, 

NFATC1_Mutation, and END1_Mutation) were observed (Fig.1a, light blue dots), as opposed to 
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a much larger number of transcriptomic signatures (red dots). These data suggest that 

transcriptomic states but not mutation status of the tumor cells could serve as a predictor of 

palbociclib drug response (Figure 1a). Cross-referencing the RB and CDK6 profiles revealed a 

large proportion of the overall associated genes to be overlapping between the two profiles (Figure 

1b). Heatmap analysis of the specific negative and positive t-score gene profiles obtained with 

RB1 and CDK6 further revealed a highly consistent set of gene signatures between the two targets 

(Figure 1c). The overlapping candidate genes defining these CARE palbociclib (palbo-CARE) 

signatures were used for subsequent analyses in this study. Pathway enrichment analysis of the 

sensitive palbo-CARE signature revealed Myc targets, G2-M checkpoint, and E2F targets as the 

top ranked gene sets associated with palbociclib sensitivity (Figure 1d). This is consistent with the 

fact that G2/M-checkpoint proteins and cell cycle regulators have been suggested to govern 

resistance to palbociclib439 and suggest that G2M checkpoints could provide therapeutic 

vulnerabilities for palbociclib treatment in TNBC. Pathway enrichment analysis of the resistant 

palbo-CARE signature pathways revealed several functional gene sets including epithelial 

mesenchymal transition (EMT), glycolysis, and TNF-alpha signaling via NF-kb (Figure 1e). 

Overall, the CARE analysis represents an efficient computational model for profiling palbociclib 

transcriptomic signatures at genome-scale to further identify RB/CDK6 specific molecular 

signatures associated with palbociclib drug resistance and sensitivity in multiple cancer types. 

 

 

 

Differential transcriptomic profiles of the palbociclib response correlate with CARE 

sensitivity/resistance gene signatures in TNBC. 
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While cancer patients often initially respond well to drug treatment, they eventually develop 

acquired resistance mechanisms, limiting the drug’s efficacy. Cancer cells can adapt to drug 

inhibition and acquire resistance to CDK4/6i through transcriptomic alterations435,440. We thus 

reasoned that CDK4/6i drug treatment would lead to increased expression of CDK4/6i resistance 

genes while decreasing expression of the sensitivity genes, as part of an acquired resistance 

mechanism in TNBC.  

 

We previously described the CDK4/6i palbociclib transcriptomic profile (defined as palbo-seq) in 

the TNBC cell line, SUM159398. As shown in Figure 2a, pathway enrichment analysis of the 

differentially expressed genes (FDR<0.05), using the ‘Hallmark gene sets’ highlighted E2F 

targets, G2-M checkpoint, Myc targets, TNF-alpha signaling and EMT as top ranked gene sets. 

Interestingly, these results nicely recapitulated and overlapped with those defined by palbociclib 

signatures using CARE, highlighting the strong interrelation between the two analyses and 

profiles. We thus next cross-referenced the CDK4/6i CARE and palbociclib-treated transcriptomic 

RNAseq data sets from TNBC cells. For this, we integrated and compared t-scores of the palbo-

CARE with the log fold change (LFC) of the palbo-seq. Results in Figure 2b showed a negative 

correlation and an overall inverse relationship between LFC and t-scores, indicating that 

palbociclib sensitivity genes are more likely to be downregulated by the drug treatment while 

resistance genes would be upregulated. Zooming this integrative analysis into the top enriched 

common pathways identified between the CARE and RNAseq datasets, we further found that all 

individual genes from the 3 gene signatures conferring CDK4/6i sensitivity (Myc targets, G2-M 

checkpoint and E2F targets) were downregulated in response to palbociclib treatment (Figure 2c). 

Inversely, genes belonging to gene signatures conferring resistant to palbociclib (EMT, TNF-alpha 



148 | P a g e  

 

and Glycolysis) were in fact upregulated in response to palbociclib (Figure 2d). Our protein 

interaction network analysis revealed a functional clustering between the G2M checkpoint, E2F 

targets and MYC targets functional gene sets and Ki67, an essential cell proliferation biomarker, 

further emphasising the functional relevance of these genes sets for the regulation of cell 

proliferation (Figure 2e)441. These results are also consistent with previous report in pancreatic 

cancer suggesting the G2M checkpoint, E2F and MYC targets gene sets to be predictive to multiple 

therapeutic agent responses, including gemcitabine, paclitaxel and palbociclib.442. Of note, the 

three functional gene sets also strongly clustered with each other with multiple overlapping genes 

(Figure 2f). 

 

In summary, these data suggest that the molecular paths leading to acquired resistance to 

palbociclib involve upregulation of resistance genes and downregulation of the sensitivity genes. 

They also indicate that these palbociclib targeted gene signatures (sensitivity and resistance) could 

potentially represent molecular markers of the palbociclib response in TNBC. As such, these gene 

signatures could be used as predictors of the CDK4/6i response and allow for better TNBC patient 

stratification.  

 

Genome-wide CRISPR screen identifies multiple sensitive signatures of palbociclib in 

TNBC. 

To functionally examine and further characterize potential signatures which could confer 

sensitivity to palbociclib, we next performed an in vitro genome-wide CRISPR loss of function 

screen under palbociclib selection pressure in SUM159 cells. Indeed, genome-wide CRISPR 
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knockout (KO) screens coupled with specific drug response and selection pressure represent a 

powerful approach to identify genes associated to drug sensitivity and resistance443-445.  

 

Briefly, we infected TNBC SUM159 cells (SUM159-Gecko) with a pooled lentiviral CRISPR 

knockout library (GeCKO V2) that targets 19,050 genes, with 3 specific gRNA constructs for each 

gene as well as 1000 non-targeting control gRNAs446. SUM159-Gecko cells were infected with a 

MOI 0.3 and a 500 × coverage of the genome library in three-independent experiments. SUM159-

GeCKO cells were then selected with puromycin for 9 days before being subjected to 400 nM 

palbociclib selection pressure in vitro for another 15 days. Cell growth was measured every three 

days, concomitant with cell passaging and palbociclib treatments. As shown in figure 3a, 

SUM159-GeCKO cells showed increased resistance to palbociclib, starting 6 days post-treatment. 

We observed a high degree of reproducibility between biological replicates, as shown by the 

Pearson correlation (figure 3b). In addition, all samples reached over 99% coverage of the genome-

wide sgRNA library (figure 3c). Altogether, these results highlight the high stringency of the in 

vitro CRISPR screen performance.  

 

Importantly, volcano plot analysis showed that in vitro exposure to palbociclib resulted in 965 

(FDR <0.05) positively enriched hits, of which most were targeted by 2 or 3 sgRNAs (Palbo-

CRISPR) (figure 3d & e). These enriched hits include a total 904 ranked genes and 61 miRNAs 

whose loss-of function result in resistance to palbociclib in SUM159 cells. Hence, corresponding 

genes are associated with better palbociclib response sensitivity and could represent good 

predictors of the drug response. Hallmark gene set enrichment of the 904 gene hits significantly 

ranked Myc target, E2F target, G2M checkpoint, and DNA repair as the top gene set targets (Figure 
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3e). Importantly, the top 3 ranking CRISPR gene sets are highly consistent and overlapping with 

those obtained with our CARE analysis and palbociclib transcriptomic profiling (figures 1 and 2).  

 

Finally, by intersecting our three omics datasets (palbo-CARE, palbo-Seq, and palbo-CRISPR), 

we identified 43 overlapping genes that could define a potential gene signature for palbociclib 

response (Figure 3f). As shown in Figure 3g, these 43 genes have a positive CARE t-score, 

indicating their high expression positively associates with palbociclib sensitivity. Furthermore, 

these genes are transcriptionally downregulated by palbociclib and their gene deletion (KO) does 

induce resistance to palbociclib, both reflective of an acquired resistance mechanism in TNBC 

cells. 

 

 

Identification of CDK4/6i sensitizers/good response predictors, using a clinically relevant 

single-arm phase II neoadjuvant trial. 

The above identified 43-gene set signature for palbociclib resistance in breast cancer was defined 

by integrative analyses performed using in-vitro settings. These combined omics analyses thus 

represent an easy and affordable method to efficiently profile drug signatures at genome-scale 

using large scale genomic datasets. To then examine the transability potential on our gene signature 

into the clinic, we examined the correlation between the 43-gene dataset and response to 

palbociclib, using available clinical trial data. Since clinical studies aiming at treating TNBC 

patients with palbociclib are not widely available we adopted a single-arm phase II neoadjuvant 

trial assessing the palbociclib antiproliferative activity in estrogen receptor positive (ER+) breast 

cancer447. In brief, eligible patients underwent tumor biopsy (C0D1) and began to receive cycle 0 
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anastrozole (1mg daily) for 4 weeks. Palbociclib was then sequentially administrated in a 3/1 week 

schedule (3weeks administration followed by 1 week rest, for 1 cycle. Tumor biopsy was 

performed on day1 (C1D1) and day15 (C1D15) of cycle 1. Moreover, the palbociclib response 

status has been assigned to each patient according to assessment of Ki67 proliferative index. 

Patients were defined as palbociclib-sensitive if Ki67 ≤ 2.7% at day point C1D15 and otherwise 

assigned to the palbociclib-resistant group if Ki67 > 2.7%.  

 

The availability of gene expression data characterized by the microarray analysis allowed us to 

examine and compare the signatures’ gene expression between palbociclib-sensitive and resistant 

groups. As the 43-gene signature positively associates with palbociclib sensitivity we hypothesized 

that expression of some of these genes will be higher in the palbociclib sensitive patients’ group, 

compared to patients from the palbociclib resistance group. Interestingly, as shown in Fig.4, we 

found that 15 of these genes (ARHGAP19, C7orf26, CTCF, HNRNPA1, HNRNPF, INTS7, 

MAK16, POLR1B, RFXAP, RIOK2, RSL24D1, SENP1, SERBP1, TOMM22 and WDR43) were 

indeed expressed at higher levels in sensitive versus resistant patients, at both time points (C0D1, 

C1D15). Due to the low number of patients in the palbociclib resistant group, sufficient statistical 

power could not be attained to reach significance, even though the trend was clearly established 

for all 15 genes (Fig.4). In summary, intersecting our palbociclib response gene signature with a 

clinical trial dataset from breast cancer patients having received palbociclib treatment highlighted 

15 genes as potent CDK4/6i sensitizers/good prognosis predictors, in a clinically relevant setting. 
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4.5 Discussion 

Hyperproliferation due to cell cycle dysregulation represents a hallmark characteristic of cancer. 

For instance, amplifications of CDK4 and CCND1 are believed to be associated with endocrine 

resistance in  breast cancer448. The alteration frequency of cell cycle signaling in basal subtype is 

51%, higher than any other breast cancer subtypes449. Thus, direct targeting cell cycle by inhibiting 

CDKs is an attractive approach and as such, several CDK4/6i (palbociclib, ribociclib and 

abemaciclib) have shown promising clinical efficacy in metastatic hormone receptor-positive 

breast cancer131. However, there is few evidence supporting CDKs inhibitors’ efficacy in TNBC450. 

TNBC is regarded as a homogenous disease and mainly treated with conventional 

chemotherapy152. Nonetheless, some TNBC tumors, such as the luminal androgen receptor subtype 

were previously found to be responsive to CDKs inhibition in preclinical study140. Such evidence 

highlights the need for better patient stratification and for the identification of CDK4/6i drug 

sensitivity/resistance vulnerabilities in TNBC and other breast cancer subtypes. 

 

In this study, we described a multi-omics combinatorial approach to identify potential drug 

sensitivity/resistance gene signatures in TNBC. We used the computational analysis of resistance 

(CARE) model to profile drug signature specific to the palbociclib response. The CARE system 

integrates large scale public gene expression and drug response datasets across hundreds of cancer 

cell lines to efficiently model the relationship between gene expression and drug efficacy in a 

multivariate model at genome scale. Using this approach, we were able to identify palbociclib-

specific sensitive and resistant gene signatures, including 1398 and 1105 genes, respectively.  
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Transcriptional dysregulation is one of the major mechanisms of cancer cells to resist cell 

apoptosis and death induced by anti-tumor agents451. Interestingly, by integrating transcriptomic 

profiling data from palbociclib-treated TNBC cells with our CARE dataset, we were able to further 

identify sensitivity/resistance genes that are down/up-regulated by palbociclib, defining possible 

molecular paths to acquired palbociclib resistance. Genome-wide CRISPR/Cas9 screens have been 

widely used to investigate molecular mechanisms and identify molecular markers in contexts of 

tumor development and drug response. Using this approach, we were able to functionally validate 

and define a palbociclib specific signature composed of 43 genes that are transcriptionally 

repressed by palbociclib and for which expression positively correlates with palbociclib 

sensitivity. 

 

Hallmark gene set enrichment analyses highlighted G2M checkpoint, E2F targets and MYC 

targets, as main targeted pathways through all three datasets. The functional sets of G2M 

checkpoint, E2F targets and Myc targets are known for their involvements in cell proliferation 

regulation. Consistently identifying cell proliferation relevant functional sets suggests that G2M 

checkpoint, E2F and MYC targets pathways can provide therapeutic vulnerabilities able to 

sensitize TNBC to CDK4/6is. The dysregulation of G1/S transition such as RB loss, overactivation 

of CDK2 and CCND1 but not G2M checkpoint are believed to induce resistance to CDK4/6i452. 

Cancer cells rely on the G2M checkpoint and DNA damage response to resist endogenous and 

exogenous damage providing additive treatment vulnerabilities. Indeed, inhibition of  ataxia-

telangiectasis mutated (ATM) has been found to sensitize cancer cells to DNA-damaging agents 

such as topoisomerase inhibitors453. Similarly, another essential G2M checkpoint regulator, ataxia 

telangiectasia and rad3-related protein (ATR), is critical for survival of cancer cells with high 
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degree of DNA replication stress, and inhibiting ATR signaling pathway is lethal to these cancer 

cells454,455. Therapeutic inhibition of WEE1, a G2M checkpoint regulator, was shown to suppress 

cell proliferation and enhance sensitivity to palbociclib in palbociclib-resistant breast cancer 

cells439,456.    

 

Using a single-arm phase II neoadjuvant clinical trial performed in estrogen receptor positive (ER+) 

breast cancer patients, we were able to identify and functionally validate 15 genes out of 43-gene 

palbociclib sensitivity signature set as potent CDK4/6i sensitizers/good prognosis predictors in 

TNBC and breast cancer in general. We acknowledge there remain several limitations on this 

clinical dataset assessment, including the low number of patients in the palbociclib resistant group 

which limited the statistical power of the analysis and the fact that palbociclib was not administered 

alone, but provided sequentially following 4 weeks of anastrozole treatment. It is also noteworthy 

to mention that ER+/HER2-, not TNBC patients were recruited in this clinical trial. While this 

obviously limits the assessment and functional validation of the 15 palbociclib sensitivity genes 

specifically in the TNBC subtype, it also further expands the impact of our findings and combined 

with our multi-omics data, highlights these 15 genes as potential good makers for breast cancer in 

general. 

 

Together, our results intersecting CARE analysis, transcriptional profiling, and genome-wide 

CRISPR screen analysis have highlighted a set of palbociclib sensitivity signature, some of which 

indicate that higher expression is correlated with sensitive response of palbociclib in a clinical 

dataset. Future studies are critically needed to investigate the molecular mechanism of the 

identified signatures gene regulating palbociclib response in TNBC.   
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4.6 Methods: 

Cell lines and Cell culture: Human breast cancer cell line SUM159 was cultured in Ham’s F-12 

nutrient mixture (WISENT INC.) supplemented with 5% fetal bovine serum (FBS, Gibco), 5 

µg/mL insulin, and 1 µg/mL hydrocortisone. Cell line HEK293T was cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM, WISENT INC.) supplemented with 10% FBS. The SUM159 

cell line was obtained from Stephen Ethier (The Medical University of South Carolina). HEK293T 

was obtained from Genhunter. All the cell lines were routinely tested by Diagnostic Laboratory 

from Comparative Medicine and Animal Resources Centre (McGill University). 

 

CRISPR/Cas9 library cloning and virus production: Human CRISPR Knockout Pooled 

Library A (GeCKO v2, #1000000048) was obtained from Addgene. There are in total 65,383 

sgRNAs (3 sgRNAs for 19,050 genes, 4 sgRNAs for 1,864 miRNAs and 1000 non-targeting 

control sgRNAs) for Library A. The library virus preparation followed the published protocol. The 

detailed steps can be found in our previous publication372. 

 

CRISPR library virus transduction and drug screen 

150 million SUM159 cells were spin-infected at 1000×g for 2 hours at 32°C, achieving a MOI of 

0.3-0.5 for each independent experiment. The library infected SUM159 cells were incubated at 

37°C overnight. Puromycin (2 µg/ml) was added for 7 days. 30 million transduced cells were 

collected as the library representation sample. For the in vitro palbociclib-induced screen, 40 

million infected cells were cultured in T225 flasks in the presence of palbociclib (400 nM) while 

another 40 million cells were cultured with DMSO as control. Cell numbers were counted every 
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three days for two weeks. At the endpoint, cell samples were collected and frozen at -80°C for 

subsequent genomic DNA extraction and deep-sequencing.  

Genomic DNA extraction and sequencing library preparation  

Genomic DNA was extracted using Qiagen Blood & Tissue Kit (Qiagen) and kit reference protocol 

was followed. Two-step PCR was performed to prepare the samples for sequencing. The detailed 

procedure can be found in our previous publication372 

 

Dataset and analysis 

CARE palbociclib signature 

Palbociclib response signature profiles by Computational Analysis of Resistance (CARE) were 

obtained from (http://care.dfci.harvard.edu/?selection_drug=5330286&selection=Continue) 

 

Genome-wide CRISPR/Cas9 screens  

The bioinformatic tool, Cutadapt (https://cutadapt.readthedocs.io/en/stable/index.html), was 

used to demultiplex raw FASTQ files. Processed FASTQ files containing only the 20-nucleotide 

sgRNA sequence were then aligned to the library using MAGeCK count command. MAGeCK 

robust rank aggregation (RRA) was adopted to analyze change in abundance of the sgRNAs and 

genes.  

 

Transcriptome profiling of palbociclib 

RNA-seq data was generated and analyzed as described in previous publications457. 

Microarray gene expression analysis of the clinical dataset 

http://care.dfci.harvard.edu/?selection_drug=5330286&selection=Continue
https://cutadapt.readthedocs.io/en/stable/index.html
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Microarray data was obtained with GEO accession number of GSE93204 using R package GEO 

query. Gene expression was normalized using R package limma.  

 

Enrichment Analysis 

Enrichment Analysis was performed using Enrichr (https://maayanlab.cloud/Enrichr/) web 

database. MSigDB_Hallmark_2020 (https://maayanlab.cloud/Enrichr/#libraries) was selected as 

representative enrichment library.  

 

Software and packages 

R version 4.0.5 

tidyverse 1.3.0 

ComplexHeatmap 2.6.2 

 

 

 

 

 

 

 

 

 

 

 

https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/#libraries
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4.7 Figures and Legends 

Figure 4.1 
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Figure 4.1 Identification of palbociclib sensitive and resistant signature sets in human 

cancer cell lines. 

(a) Plots of significant signature genes (p < 0.05) when targeting CDK6 (left) or RB1 (right) as 

primary target site. Red dot represents transcriptional signature (gene expression) and light 

blue dot represents gene mutation, X-axis represents CARE t-score, y-axis is -Log10(P-

value). 

(b) Venn diagram of overlapping genes targeting RB1 (left) and CDK6 (right), drawn from 

CARE dataset. 

(c) Heatmap of CARE t-score of overlapped signature genes targeting RB1 and CDK6. 

(d) Enrichment analysis of sensitive signatures (left) and resistant signatures (right) of CARE 

palbociclib. The enriched gene sets are ranked by their significance level (FDR). 

MSigDB_Hallmark_2020 was used as the enrichment database. 
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Figure 4.2 
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Figure 4.2 Differential transcriptomic profiles of the palbociclib response correlate with 

CARE sensitivity/resistance gene signatures in TNBC. 

(a) Enrichment analysis of significantly palbociclib-regulated genes (FDR < 0.05). The enriched 

gene sets are ranked by their significance level (FDR). MsigDB_Hallmark_2020 was used as 

the enrichment database. 

(b) The correlations of log fold change of palbo-seq and t-scores of CARE data targeting RB1 

(left) and targeting CDK6 (right). palbo-seq, RNA-seq data obtained from the TNBC cell line 

treated with palbociclib. CARE@CDK6, CARE dataset targeting CDK6. CARE@RB1, 

CARE dataset targeting RB1. 

(c) The heatmaps show log fold changes of signature genes in palbo-seq data and in CARE t-

scores targeting either CDK6 orRB1 for the functional gene sets relating to MYC V1 (left), 

G2M checkpoint (center), and E2F targets (right). 

(d) The heatmaps show log fold changes of signature genes in palbo-seq data and in CARE t-

scores targeting either CDK6 orRB1 for the functional gene sets relating to EMT (left), TNF-

alpha (center), and Glycolysis (right). 

(e) STRING network of the proteins involved in the combination of MYC V1, G2M checkpoint, 

and E2F targets gene sets. 

(f) The matrix indicates presence of specific genes (purple: present, white: absent) in the three 

gene sets: MYC V1, G2M checkpoint, and E2F targets. 
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Figure 4.3 
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Figure 4.3 Genome-wide CRISPR screen identifies multiple sensitive signatures of 

palbociclib in TNBC. 

(a) The relative cell numbers counted at indicated days through 15-day palbociclib screen. 

(b) Correlations between each sample. DMSO1,2,3: DMSO treated sample bioreplicate1,2,3. 

Palbociclib1,2,3: Palbociclib-treated sample bioreplicate1,2,3. 

(c) The sgRNA mapping percentages of the individual samples.  

(d) Scatter plot of the genes from palbociclib CRISPR screen (x-axis: log2 fold change, y-axis: -

log10(FDR)). The candidate genes with significance level (FDR < 0.05) are red-colored. 

(e) Number of genes with 1,2 or 3 significantly enriched sgRNAs 

(f) Enrichment analysis of the significant genes (FDR < 0.05) from palbociclib CRISPR screen. 

MSigDB_Hallmark_2020 was used as the enrichment database. 

(g) Venn diagram of overlapping palbociclib RNA-seq, CARE targeting CDK6 and RB, and 

palbociclib CRISPR screen (Palbo-CRISPRKO) datasets. 

(h) Bar plot of log2 fold change and CARE t-score, classified by CRISPR screen (palbo-

CRISPRKO), RNA-seq (Palbo-Seq), and palbo-CARE (CARE@RB1, CARE@CDK6). 
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Figure 4.4 
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Figure 4.4 Identification of CDK4/6i sensitizers/good response predictors, using a clinically 

relevant single-arm phase II neoadjuvant trial. 

(a) Gene expressions of the 15 genes in the palbociclib sensitive signature were examined 

between palbociclib-sensitive and -resistant patients defined in the NeoPalAna clinical study 

aiming at ER+ primary breast cancer patient.  
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A recent report has estimated that there are 290,000 breast cancer patients and 43,000 breast 

cancer-related deaths in the USA in 202214. Breast cancer remains a major public health threat 

for women. Clinical outcomes for breast cancer patients have greatly improved because of an 

increased variety of treatments made available, including radiotherapy, chemotherapy, endocrine 

therapy, targeted therapy and immunotherapy24. TNBC is an aggressive breast cancer subtype 

characterized by high tumor grade and a high proliferation capacity and prognosis outcomes of 

TNBC patients are complicated by limited treatment options38. Therefore, the objectives of my 

thesis are to interpret mechanisms underlying aggressive clinical features of TNBC and identify 

molecular biomarkers regulating drug resistance, which could be translated into potential 

therapeutic targets for TNBC patient treatment.  

 

TGFβ signaling in TNBC.  

The study in Chapter 2 is an extension of our previous findings, which suggest a pro-

migratory/invasive role played by TGFβ signaling in aggressive TNBC tumors458,459. TGFβ 

signaling may act as a tumor promoter by promoting tumor cell proliferation and enhancing 

EMT in various types of cancer460. Through tumorsphere formation and flow cytometry assays, 

we have shown that TGFβ stimulation potently enhanced tumorsphere formation efficiency and 

increased BCSC subpopulation of CD44+/CD24−/low (figure 2.1a & figure 2.4c), in line with 

previous studies suggesting TGFβ has a role in promoting or sustaining CSC populations in 

breast cancer461-463. TGFβ signaling is specially activated in CD44+/CD24−/low BCSCs, leading to 

a mesenchymal and migratory phenotype306. Of note however TGFβ signaling seems to play dual 

roles in inhibiting and promoting CSCs464. In a study by Tang et al, TGFβ was reported to reduce 

CSC/early progenitor cells by promoting differentiation of highly proliferative cells into less 
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proliferative progenitor cells 465. One possible explanation is that TGFβ switches from a tumor 

suppressive role during early tumor growth to a tumor promoting role in late-stage disease, 

highlighting the context-dependent nature of the roles played by TGFβ in breast cancer466. A 

transcriptome analysis in a mouse mammary tumor cell line revealed that the TGFβ-induced 

EMT process acted as extracellular promoters of EMT467. However, there are few reports on the 

TGFβ-regulated transcriptome in TNBC. Thus, we performed microarray analysis using a TNBC 

cell line stimulated with or without TGFβ. Our transcriptome profiling (Figure 2.1d&e) revealed 

that TGFβ is involved in a range of biological activities including cell migration, proliferation, 

differentiation, and adhesion and extracellular matrix organization, which is in line with the 

previous definition of the biological functions of TGFβ468,469. Aberrant TGFβ signaling in cancer 

can induce changes of extracellular matrix. Tumor cells with increased TGFβ signaling activity 

are associated with an enhanced extracellular matrix deposition470. TGFβ can inhibit cell 

proliferation in less invasive cancer cells, but enhance cell proliferation in late stage invasive 

cancer cells through activation of canonical or non-canonical signaling pathways468,471. TGFβ has 

been revealed to promote the EMT process by inducing the expression of SNAIL and SLUG to 

repress expression of the E-cadherin gene through Smad signal transduction472. Moreover, the 

transcriptome profiling highlighted that TGFβ participates in the regulation of cell differentiation 

in TNBC. Taken together, this highlights TGFβ’s promotive effect on cancer stem cells and its 

involvement in cell differentiation. We hypothesized that TGFβ signaling could regulate BCSCs 

by negatively regulating downstream differentiation factors. Indeed, the TGFβ signaling pathway 

can transcriptionally regulate a plethora of genes controlling cell fate mainly through a canonical 

Smad-dependent manner473. Thus, to identify transcriptional downstream targets is key step to 

understand the mechanism by which TGFβ promotes BCSCs in TNBC.  
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BMP4 is a pro-differentiation factor of cancer stem cells in TNBC.  

BMPs were initially defined by their role in bone morphogenesis and were later found to play an 

important role in embryogenesis474,475. BMPs can act as key regulators of stem cell fate as 

BMP2-activated signaling promotes embryonic stem cell differentiation into lineage with 

endoderm-like properties476. However, BMP-induced inhibitor of differentiation (ID) proteins 

maintain a state of self-renewal mouse embryonic stem cells by inhibiting differentiation477. 

Profiling of the TGFβ-regulated transcriptome revealed that BMP4, but not other BMPs, was 

significantly downregulated by TGFβ signaling. Moreover, TGFβ can significantly upregulate 

Noggin, an antagonist of BMP4 (figure 2.2a). To further examine the effect of TGFβ 

downregulation on BMP4 mRNA expression, we turned to multiple TNBC cell lines including 

SUM159PT, SUM149PT, SUM229E, and SCP2. All these cell lines are derived from high grade 

and poorly differentiated tumors which recapitulate the major clinical features of TNBC38,478. 

These multiple cell lines also reflect the heterogeneous phenotypes of TNBC. SUM149PT was 

derived from an inflammatory breast cancer and SUM229PE from a pleural effusion, both 

representing the basal B molecular phenotype. SUM159PT is a cell line derived from an 

anaplastic carcinoma with a mesenchymal phenotype. As shown in the results of figure 2.2b, RT-

PCR analyzing gene expression showed that TGFβ potently inhibited BMP4 expression in all 

cell lines while increasing Noggin expression. These results confirmed our hypothesis that 

BMP4 is one of the targets downregulated by TGFβ. Indeed, BMP4 has been reported to induce 

CSC differentiation in hepatocellular carcinoma and overcome resistance to chemotherapy479. 

Similarly, in human glioblastomas BMP4 was found to reduce the CD133+ tumor-initiating cell 

population and in vivo administration of BMP4 effectively inhibited tumor growth in mouse 

xenograft models480. These studies defined BMP4 as a potential differentiation factor of CSCs, 
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which is contrary to TGFβ. TGFβ positively and negatively regulating cell differentiation is 

cellular context dependent. For instance, TGFβ induces differentiation by repressing inhibitor of 

differentiation 1 (ID1) but blocks differentiation by increasing ID1 gene in metastatic breast 

cancer481. This is consistent with the defined role we propose for TGFβ in TNBC, considering 

this cancer subtype is characterized by an aggressive phenotype. The opposing roles played by 

TGFβ and BMP4 further support our hypothesis that TGFβ and BMP4 have opposite effects on 

BCSCs in TNBC. We further assessed BMP4’s effect on cancer stemness in a tumorsphere 

assay. As shown in figure 2.4a&b, BMP4 stimulation can potently inhibit sphere forming 

efficiency in a dose-dependent manner. The effect on BCSCs of BMP4 can be partially blocked 

by the addition of TGFβ. A similar observation has been made in colorectal cancer. BMP4 was 

found to be expressed in the CD133- cell subpopulation but not in the CD133+ cell subpopulation. 

Addition of BMP4 can induce differentiation of colorectal cancer stem cells482. More 

importantly, 3D cell culture assay in normal mammary epithelial cells clearly indicated that 

BMP4 stimulation induced the formation of mammary acini, which was antagonized by the 

addition of TGFβ. These results further confirm and highlight BMP4 as a pro-differentiation 

factor and TGFβ as an anti-differentiation factor.  

Our study recognized BMP4 as a pro-differentiation factor on BCSCs, highlighting BMP4 as a 

potential therapeutic target for the treatment of TNBC. However, the definitive role of BMP4 in 

tumorigenesis is still controversial483,484. Indeed, multiple studies reported that BMP4 can 

suppress cell proliferation while simultaneously promoting cell migration and metastasis237,485. It 

has been shown that BMP4 can suppress breast cancer metastasis by inhibiting NF-κB activities 

that further suppress T-cell activation and proliferation486. The inconsistent results BMP4’s role 
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on cell proliferation, differentiation and migration may be determined by molecular subtypes or 

mutational status.  

 

The implications of CSCs in chemoresistance 

We have shown that TGFβ cytokines can promote breast cancer stem cells. An increasing body 

of evidence suggests that BCSCs are associated with tumor relapse after initial response to 

chemotherapy146,487,488. Chemotherapy treatment can induce TGFβ signaling activities, which 

further promote CSC expansion. The expansion of CSCs can be blocked by inhibiting the TGFβ 

pathway463. As we have discussed, TNBC patients suffer the worst prognosis due to limited 

treatment options152. Paclitaxel, one of the most widely used chemotherapeutic agents, is 

effective against both solid and liquid tumors. The drug has been used in treatment of ovarian 

and breast cancer as a single agent or in combination therapy489,490. While TNBC patients are 

highly dependent on chemotherapy, patients frequently develop resistance to treatment after an 

initial response. The solution to chemotherapy resistance is the administration of a combination 

of multiple anti-tumor agents491. Simultaneously, efforts have been made to understand drug 

resistance in terms of biological determinants at the molecular level. CSCs are believed to be one 

of the leading factors inducing drug resistance, and a unique subpopulation of CSCs can 

transform bulk tumors into being less responsive to chemotherapy treatment492. Moreover, our 

previous results have shown that paclitaxel-resistant TNBC cells displayed a higher 

tumorsphere-forming capacity compared to non-resistant TNBC cells, indicating that resistance 

to paclitaxel is associated with BCSCs388. Dasatinib, a SRC kinase family inhibitor, is a potent 

suppressor of breast cancer stem cells and has been shown to re-sensitize paclitaxel-resistant 

TNBC to subsequent paclitaxel treatment388. Another study found that patient-derived BCSCs 
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present a higher potential of chemo-resistance and pro-migratory capacities when compared with 

differentiated breast cancer cells413. CDK4, a cell cycle regulator, has been identified as a cancer 

stemness regulator and inhibiting CDK4 activity can prevent the self-renewal capacity of 

CSCs493. Indeed, as we present in Chapter 3, single knockouts of ATP8B3, FOXR2, FRG2 and 

HIST1H4A, which we identified as preventing paclitaxel efficacy, show an enhanced potential 

for tumorsphere formation in a tumorsphere assay. Moreover, analysis using flow cytometry 

revealed that the single KOs of ATP8B3, FOXR2, FRG2, and HIST1H4A promote the EPCR-

positive cancer stem-like subpopulation. EPCR has been used as a molecular marker to select 

stem-like cell populations and EPCR is expressed in basal-like breast cancer subtypes145. EPCR 

expression level is higher in the CD44+ subgroup of human breast cancer cells, as the CD44+ cell 

population is more enriched in cancer stem cells145. More importantly, EPCR expressing cells 

have been found to enhance tumor formation148,494. CSC populations are regarded as unique 

entities contributing to drug resistance495. One unique feature of CSCs is their relatively low cell 

growth rate, which makes CSCs better at evading chemotherapy agents as compared to rapidly 

dividing cells496. There are several mechanisms explaining how CSCs can survive and expand 

despite treatment with chemotherapeutic agents. The ABC transporters are a well-studied family 

of transporter proteins that act as drug efflux pumps protecting against extracellular toxicity157. 

ABC transporter genes are frequently overexpressed in CSCs and can induce multi-drug 

resistance, including chemotherapy resistance, in cancer cells156. However, inhibitors against the 

ABCB1 transporter have failed to achieve clinical potency, as they engendered cardiotoxicity in 

clinical trials497. The WNT/ β-catenin signaling pathway has also been identified as a cancer 

stemness regulator, and WNT/ β-catenin signaling can contribute to maintenance of  CSC 

state498,499. A in vitro study has found that β-catenin silencing can potentially suppress the 
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ALDH+ BCSC subpopulation and knockdown of β-catenin sensitizes TNBC cells to 

chemotherapeutic agents500. Other mechanisms such as ALDH activity, Notch signaling, and 

DNA damage response were also reported to be related to cancer stemness and 

chemoresistance147,159,501.  

The majority of breast cancer-related deaths are directly caused by distant metastasis. Once 

patients develop resistance to chemotherapy, the primary tumor eventually invades distant 

viscera. Metastasis is clinically and biologically linked to resistance to chemotherapy502. The 

EMT program can promote the invasive phenotype of CSCs and the metastatic process while 

metastatic cancer cells exhibit a stem-like phenotype146,503. The key EMT transcription factors 

such as SNAIL1, SNAIL2, ZEB1 and ZEB2 are major regulators driving the EMT process504,505. 

A study done on a cohort of breast cancer patients identified a strong association between an 

EMT-induced stroma-related gene signature and therapeutic resistance506. Another study using a 

mesenchymal-specific fluorescent marker switch system able to track the EMT process found 

that EMT significantly contributed to resistance to chemotherapy but is dispensable for lung 

metastasis for breast cancer371. Such a positive relation between paclitaxel-resistance and 

induction of EMT has been suggested in ovarian cancer507. Thus, this evidence indicates that 

targeting cancer stemness regulators could enhance chemotherapy response and decrease risk of 

metastasis.   

 

Targeting cell cycle for TNBC patients  

The cell cycle is an essential process governing DNA replication and cell division. Sustained 

proliferation due to deregulation of the cell cycle is one of the hallmark characteristics of cancer508. 
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Uncontrolled cell division is mainly driven by a defect in apoptosis and cell cycle exit mechanisms. 

Cyclins and CDKs are the essential regulators orchestrating the cell cycle and dysregulated cyclins 

and CDKs are frequently observed in a wide variety of tumors509,510. The alteration frequency 

(51%) of cell cycle signaling pathways in basal type breast cancer is the highest of all breast cancer 

subtypes449. Our previous study showed that CDK4 is highly expressed in TNBC and its 

overexpression is associated with aggressive clinical features493. Thus, therapeutically targeting 

cell cycle regulators such as CDKs is an attractive strategy for the treatment of cancer. Indeed, 

CDK4/6-specific inhibitors such as palbociclib, ribociclib and abemaciclib has been approved by 

the FDA due to their promising clinical efficacy in breast cancer patients129,130,511. However, CDK 

inhibitors are mainly administered in non-TNBC patients as the therapeutic efficacy is limited in 

TNBC patients. As we have discussed, TNBC patients heavily rely on conventional chemotherapy, 

but not targeted therapy. There is an unmet clinical need to exploit CDK inhibitors in TNBC. 

Moreover, some preclinical studies have shown that the LAR subtype of TNBC is responsive to 

CDK inhibition, suggesting stratification of TNBC using molecular markers and response 

signatures could better predict patients in whom CDK inhibition would be effective140.  

In the fourth chapter, we present an integrative study for identification of potential molecular 

markers regulating palbociclib response in TNBC. As shown in the figure, using the 

Computational Analysis of Resistance (CARE) system, we identified a set of gene signatures 

including with 1398 positive score (sensitive) and 1105 negative score (resistant). The cell cycle-

relevant functional gene sets including genes involved in theG2M checkpoint, E2F targets and 

Myc targets are highly enriched in palbociclib sensitive signatures. The same functional sets were 

identified by transcriptome profiling of palbociclib and in a CRISPR/Cas9 screen against 

palbociclib. Despite variations in methodologies, the three profiles identified common functional 
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gene sets suggesting that targeting signaling pathways involved in the G2M checkpoint, E2F and 

MYC transcriptional regulation could sensitize TNBC to palbociclib. Previous studies have mainly 

focused on regulators of G1/S transition as main targets underlying resistance to palbociclib. For 

instance, the well-established molecular palbociclib response signatures which include RB loss, 

overactivation of CDK2 and amplification of CDK6 are highly involved in the G1/S phase of the 

cell cycle and act to protect cancer cells against palbociclib-induced apoptosis and early exit of 

cell cycle439,512. Our study suggests the G2M checkpoint pathway can provide additional potential 

targets to overcome resistance to palbociclib. The G2/M checkpoint pathway prevents DNA-

damaged cells from progression into mitosis and activates DNA repair mechanisms prior to 

mitosis513. Indeed, some studies have shown that inhibiting the G2M checkpoint regulator WEE1 

suppressed cell proliferation and enhance sensitivity to palbociclib in palbociclib-resistant breast 

cancer cells439,456. E2F1 can induce apoptosis mediated by the p53 pathway, and DNA damage 

response can lead to an accumulation of E2F1 protein514,515. Targeting the G2M checkpoint and its 

associated regulators has proven to be  a potential treatment for cancer therapy516.   

 

CRISPR/Cas9 screen in cancer biology 

In Chapters 3 and 4, we presented genetic studies using genome-wide CRISPR screening to 

investigate the underlying mechanism contributing to paclitaxel and palbociclib drug resistance. 

The objective of these studies was to find potential therapeutic options for TNBC patients. 

CRISPR has been widely utilized as a powerful tool for interrogating cellular function. RNA 

interference (RNAi) is a conventional tool for gene perturbations but its use is limited by its off-

target activity and incomplete gene silencing407. Compared with RNAi technology, CRISPR 

approaches show higher efficacy and accuracy in gene silencing407. Theoretically, the occurrence 
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of a particular phenotype is driven by a certain mutagenesis of the genome. Genetic screening 

allows for the unbiased identification of the link between phenotype to genotype. Pooled forward 

genetic screens powered by CRISPR/Cas9 have become easy and efficient methods of 

identifying the possible causal linkage of phenotype to genotype274. In our study, we utilized the 

Genome-Scale CRISPR Knock-Out (GeCKO) library pooling 65,383 sgRNAs targeting 19, 050 

gene exons and additional 1000 non-targeting control sgRNAs. This is an early-stage CRISPR 

library utilized for genome-wide screens in human cells. The CRISPR screen using the GeCKO 

library in melanoma cells against the BRAF inhibitor vemurafenib found that loss-of-function 

mutations in the highly ranked gene candidates neurofibromin (NF1) and mediator complex 

subunit 12 (MED12) contributed to resistance to vemurafenib270. The library has proven capable 

of identifying therapeutic targets exploiting cancer vulnerabilities in multiple CRISPR screening 

studies517,518.  Of note, subsequently optimized libraries such as Avana and Brunello with better  

on-target activities and increased numbers of sgRNA have been shown to improve library 

performance519. CRISPR screens have facilitated the discovery of molecular mechanisms and 

genetic modulators underlying chemotherapy resistance. A functional CRISPR screen in 

pancreatic cancer cells challenged by gemcitabine or selinexor, two genotoxic chemotherapeutic 

agents, identified the mTOR pathway as a regulator of chemosensitivity and found that activating 

mTOR can induce chemosensitivity520. Moreover, a large-scale CRISPR/Cas9 screen performed 

in 342 cancer cell lines of various cancer types have identified cancer essentiality genes specific 

to cell lineages521. The extensive work has resulted in the creation of a ‘cancer dependency map’ 

revealing the comprehensive landscape of cancer vulnerabilities which could make worthwhile 

drug targets and help develop potential novel therapeutic strategies521.  
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Previous drug CRISPR screens were mainly conducted in vitro using various cell line models, 

representing an ideal approach in linking mutant phenotypes to their genetic basis265,522. In vitro 

studies can identify intracellular mechanism and molecular markers which are to be 

experimentally validated in vivo. However, compared with monolayer cells in culture plates, 

tissues and organs are more complex entities containing multiple heterogenous cell types 523. 

This is the basis for the challenge presented when moving from in vitro studies to in vivo studies. 

For instance, the microenvironment and cell-cell interactions, which are absent in in vitro 

studies, are known to play essential roles in regulating tumor growth, cancer invasion, and drug 

response524. The development of organoid culture has brought forth new in vitro models to study 

embryogenesis. However, organoids are still very limited in their ability to recapitulate the 

complex hierarchical structure present in vivo525. Thus, conducting CRISPR screens directly in 

vivo is an ideal practice to recapitulate bona-fide biological processes as this type of screen 

occurs in living animals, which enhances clinical and therapeutical relevance526. For example, 

parallel screens conducted both in vivo and in vitro identified transcription pause-release and 

elongation factors specific to the in vivo environment but not in vitro527. The primary challenge 

for in vivo screens is how to deliver a large scale CRISPR library into animal models. The 

delivery methods can be generally classified into direct or indirect delivery systems. The direct 

delivery method necessitates plasmid DNA, lentivirus, and adeno-associated virus (AAV)528. 

However, using a genome-wide library requires a large number of cells. Using direct delivery 

systems requires pooling cells or DNA from multiple animals. Despite this, it is still hard to 

reach the minimal abundance of100 times coverage per sgRNA for each sgRNA necessary for 

efficient drug selection. After considering the experimental feasibility and technical limitations, 

we decided to conduct indirect delivery of the CRISPR library into our mouse model. This 
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consisted of two steps (detailed in Chapter 3): (1) The chosen cell line (SUM159) was 

transduced with the full sgRNA library and subject to large scale expansion in vitro; (2) The 

transfected cells were further transplanted into immunodeficient mice by means of subcutaneous 

injection. This method has been adopted to investigate tumor growth and metastasis277,517. Before 

the study presented in Chapter 3, we had utilized this system to conduct a CRISPR screen to 

identify a promising combination therapy for TNBC372. In Chapter 3, we conducted both in vivo 

and in vitro CRISPR screens in parallel under paclitaxel treatment and integrated both sets of 

data generated to identify the overlapping genes of interest regulating paclitaxel response. It is 

worth noting that the in vivo screen was conducted by mean of subcutaneous transplantation 

rather than in situ orthotopic mammary fat pad transplantation. There were two main reasons for 

this choice: (1) a relatively low MOI was used to ensure the majority of cells would integrate  

only one sgRNA, which therefore  required a large number of cells to be transduced; (2) each 

sgRNA in the library must be represented multiple times (200~300 coverage per sgRNA) in 

order to increase detection accuracy, which also requires a large number of cells to be 

transduced. Given the limited number of cells which could be injected in a mouse mammary fat 

pad at once, in situ mammary fat pad transplantation would not have been feasible. We therefore 

chose subcutaneous transplantation as a compromise, but a proven suitable choice to conduct the 

screening process. In addition to the means of transplantation, the choice of cell line in which to 

conduct the screen was considered. The SUM159 cancer cell line was established as an ideal 

representative model for TNBC in our previous study. It is a mesenchymal cancer cell line 

carrying both TP53 and PI3KCA mutations, the highly frequent mutations present in the TNBC 

patients478,529. The fast proliferation rate of these cells made it easier to handle cell culture 

expansion. More importantly, SUM159 cells maintain a high tumor initiating capacity after 
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lentiviral infection and in vivo transplantation, which enables to conserve the majority of the 

original library during tumor development in the mouse model. As shown in figure 3.1E, control 

samples (‘cell rep’, ‘cell dmso’, ‘tumor vehicle’) demonstrated a high library mapping rate 

percentage and a sufficient library presence in the sequenced samples, ensuring that the observed 

change of individual sgRNAs is a true positive effect of drug selection pressure rather than 

insufficient sgRNA presentation. Here, we demonstrated that genome-wide CRISPR/Cas9 

screens are powerful tools to discover novel regulators of drug response. CRISPR library design 

and in vivo delivery methods should be optimized in our future CRISPR/Cas9 screening studies.  

While CRISPR/Cas9 technology has proven to be a costl efficient gene editing tool, , it is still 

limited byoff-target editing effects. which remains a challenge for translational medicine 

studies530. Off-target effects introduced by CRISPR/Cas9 system lead to false discovery of 

potential targets in genome-wide CRISPR/Cas9 screens. As such, generating individual 

knockouts is a necessary step for validating identified targets, following the screen519,531. 

Detection of indel mutation by Sanger sequencing technology has also been adopted to minimize 

unintended selection results due to off target effects532. Whole genome sequencing (WGS) can 

compare the genome sequences before and after gene editing when stringent detection of off-

target sites is a demand533,534. A more cost-efficient approach is based on ChIP-Seq (chromatin 

immunoprecipitation sequencing) technology that can detect potential binding sites of Cas9 

protein in the genome530. In addition to experimental methods, analysis of off-targeting editing 

by computational tools provides a convenient and experiment-free approach to predict off-target 

effects. However, the algorithms primarily depend on sgRNA sequences, which biases towards 

sgRNA-dependent off-target effects. Technologies to detect and assess off-targets of 

CRISPR/Cas9 have greatly advanced in the last decade. Limitations remain in balancing the 
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accuracy and efficiency in applying these technologies. The development of novel solutions 

addressing off-target editing could accelerate gene editing applied into clinical research. 

 

Future direction of the identified therapeutical targets.  

Our studies on the BMP4 signaling pathway highlighted this growth factor as a  potential 

therapeutic opportunity in ER+ breast cancer, although the role of BMP4 remains ambiguous, 

either tumor suppressor or tumor promoter in breast cancer535,536,537. A more recent Phase 1 study 

(NCT02869243) assessing administration of hrBMP4 in the manner of convection enhanced 

delivery has been conducted in recurrent glioblastoma538. The rational of the clinical trial is 

based on BMP4’s ability to induce differentiation program in glioblastomas, resulting anti-tumor 

effects, which is consistent with results from our study480. The primary objective is to evaluate 

the feasibility and safety of delivery increasing doses of hrBMP4 in the patients with progressive 

and recurrent glioblastoma multiforme (GBM). These patients have been diagnosed as malignant 

glioma (WHO grade III or IV) and have received conventional treatment including surgery, 

radiation therapy and chemotherapy. The clinical results have shown that local delivery of 

hrBMP4 is safe and well-tolerated for the patients. Two of 15 patients showed sustained, 

complete regression and longer survival538. The safety of hrBMP4 proved in the clinical study 

has warranted further study assessing its efficacy in glioblastoma CSCs. These encouraging 

results strongly support the possibility of administrating hrBMP4 in TNBC patients. However, 

possible induction of chemoresistance and metastasis through activation of BMP4 signaling 

should undergo extensive and context-specific investigation to minimize potential risks for 

patients539,540.        
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Compared to BMP4, FGR2 has been much less characterized and investigated. The FRG2 gene 

was reported to be associated with facioscapulohumeral muscular dystrophy disease541. Our 

genome-wide CRISPR/Cas9 screen proposed a novel role of FRG2 in regulating chemotherapy 

response, cancer stemness, and metastasis. Indeed, upregulation of FRG2 has been found in 

differentiating primary myoblast cells suggesting a possible differentiation role induced by 

FRG2418,541. Our results also show that endogenous activation of FRG2 expression can potentiate 

paclitaxel-induced anti-tumor effect and block metastasis. As such,the downstream molecular 

mechanisms and intracellular pathways that relay the FRG2 signals should be investigated in 

multiple cancer types ,as this could open new therapeuticapplications for different type sof solid 

tumors.   

In our study, we utilized CRISPR/dCas SAM system was utilized to efficiently increase gene 

expression of FRG2 by targeting its promoter. Moreover, strategies including delivery of gene 

editing nucleases, transposons, episomes, siRNA, shRNA are other molecular tools to modify 

gene expression542,543. These gene editing tools are sufficient for laboratory investigation but lack 

comprehensive safety data in clinical settings. Development of safe delivery tools, either by 

means of viral or non-viral vectors remain challenging but will accelerate gene therapy for 

clinical applications. 
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Summary and conclusion 

TNBC is the most aggressive breast cancer subtype and accounts for 15% of all breast cancer 

cases. TNBC patients have the worst clinical outcomes and suffer higher rates of metastasis and 

relapse. BCSCs are believed to be an essential factor promoting clinical aggressiveness and 

inducing therapeutic drug resistance in TNBC. Conventional chemotherapy is still the mainstay 

option for TNBC patients. Therefore, my thesis study aimed to understand the mechanisms 

responsible for aggressive features of TNBC and identify molecular biomarkers regulating drug 

resistance (paclitaxel and palbociclib), which could be translated into potential therapeutic 

options for TNBC patient treatment. To achieve this, we first demonstrated TGFβ signaling 

activity can promote BCSCs. The transcriptomic profiling revealed that BMP4 is one of the 

targets transcriptionally downregulated by TGFβ, highlighting a potential mechanism by which 

TGFβ regulates BCSCs in TNBC. To further address the unmet clinical need in TNBC 

treatment, we further utilized genome-wide CRISPR/Cas9 screening to identify potential 

regulators of paclitaxel response. An integrative analysis intersecting Computational Analysis of 

Resistance, RNA-seq profiling and genome-wide CRISPR/Cas9 loss-of-function screening data 

identified a set of molecular response signatures predictive of palbociclib response in TNBC. 

Overall, this work contributes to our understanding of aggressive clinical features of TNBC and 

provides potential therapeutic targets that could be translated into novel therapeutic options for 

TNBC patients.  
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