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Abstract 

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

of cancer deaths in women. As the most aggressive subtype of breast cancer, triple negative breast 

cancer (TNBC) is associated with an earlier age of onset, a higher risk of relapse and lower overall 

survival rates. Due to high intratumor and inter-patient heterogeneity, the treatment landscape for 

TNBC remains rather barren. Despite decades of research, chemotherapy remains the main 

systemic treatment option for TNBC patients and is often met with high rates of recurrence. It is 

therefore imperative that we propose effective, targeted treatment options for these patients. In 

recent years, CRISPR has revolutionized functional genomics and our ability to interrogate and 

identify new genetic vulnerabilities and interactions in disease models including cancer. Using 

CRISPR technology, the aim of my doctoral studies was to propose new therapeutic approaches 

for TNBC by identifying predictors of response to an existing therapy and by identifying new 

genetic vulnerabilities in TNBC in vivo.  

While CDK4/6 inhibitors such as palbociclib have become the gold standard for advanced 

hormone receptor-positive breast cancer treatment, clinically effective biomarkers of response and 

resistance are lacking, thereby limiting their potential use in other subtypes of breast cancer.  Using 

unbiased genome-wide screening, I identified predictive, actionable markers of sensitivity to 

CDK4/6 inhibitor therapy, informing new patient stratification strategies and defining a novel 

combination therapy for TNBC. I characterized TGF3 as a novel determinant of palbociclib 

response by defining its ability to synergize with the inhibitor in vitro and exploiting its therapeutic 

potential to generate strong anti-tumor effects with the CDK4/6 inhibitor palbociclib in TNBC. 

Mechanistically, I demonstrated that chronic palbociclib exposure depletes p21 levels, 

contributing to acquired resistance, and that administration of recombinant human TGFβ3 can 
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resensitize these cells to palbociclib by inducing transcription of p21. To increase the clinical 

translatability of our findings, recombinant TGFβ3 was used to treat pre-established TNBC tumors 

in vivo and it was found that this efficiently increased mammary tumor response to palbociclib 

treatment. These findings contribute to our understanding of the mechanisms of resistance to 

palbociclib, define TGFβ3 as a predictive marker that can inform patient stratification for 

palbociclib treatment, and provide a framework for the use of CDK4/6 inhibitor therapy in TNBC. 

Similarly, I used a genome-wide CRISPR screening approach to identify novel, druggable 

miRNA vulnerabilities in TNBC. I uncovered pro-oncogenic roles for miR-1204, miR-1207, miR-

3929, miR-6859 and miR-8086 and used miRNA-based inhibitors to antagonize their effects on 

tumor formation and progression in vivo. Notably, circulating levels of all five miRNAs were 

found to be higher in breast cancer patients, underscoring the potential predictive power of these 

miRNAs in liquid biopsies. These miRNA’s protein targets were experimentally identified through 

mass spectrometry and tumor suppressive functions for the identified proteins – BCLAF1, GLO1, 

DHX15, YWHAE, WARS1 and PSMA5 – were validated in xenograft models in vivo using a 

CRISPR-based approach. These findings highlight new druggable miRNAs and establish miRNA-

based inhibitors as a multi-targeted approach to treating TNBC.  

Altogether, the approach used, and the findings presented in this thesis attest to the power 

of large scale in vivo CRISPR screening to identify actionable biomarkers of drug response and 

disease state. Ultimately, by proposing novel strategies in the use of CDK4/6 inhibitors and in the 

use of multi-targeting miRNA-based inhibitors, the research presented here contributes to the 

evolving targeted treatment landscape in TNBC.  
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Résumé 

Le cancer du sein est le cancer le plus diagnostiqué à l’échelle mondiale. De plus, celui-ci 

cause également le plus grand nombre de décès chez la femme. Le sous-type de cancer du sein le 

plus agressif, le cancer du sein triple négatif (CSTN) représente le pronostic le plus défavorable 

avec un taux de survie faible. Malgré de nombreuses avancées dans la recherche au fil des dernières 

années, la chimiothérapie demeure le traitement le plus utilisé pour traiter ce cancer. 

L’hétérogénéité des tumeurs CSTN fait en sorte qu’il est difficile de cibler des caractéristiques 

propres au CSTN pour profiter d’une thérapie plus ciblée et donc efficace. Cependant, dans la 

dernière décennie, la mise au point d’une nouvelle technologie appelée CRISPR a permis de 

révolutionner notre compréhension du génome humain en nous permettant de modifier des gènes 

d’intérêt et d’en observer les effets. L’objectif de mes études doctorales était donc de proposer de 

nouvelles options thérapeutiques pour le CSTN en utilisant la technologie CRISPR in vivo pour 1. 

identifier des gènes responsables/prédictifs de l’efficacité d’une thérapie existante mais pas utilisée 

pour traiter le CSTN et pour 2. identifier de nouveaux gènes propres au CSTN et pouvant servir 

de cibles thérapeutiques.  

Malgré l’utilisation courante des inhibiteurs des CDK4/6 (comme palbociclib) pour traiter 

le cancer du sein hormonodépendant, il n’existe pas de biomarqueurs d’efficacité et de résistance 

fiables, ce qui limite leur potentiel d’utilisation pour traiter d’autres sous-types de cancer du sein. 

En utilisant le criblage par CRISPR pour inactiver systématiquement chacun des gènes à l’échelle 

du génome, j’ai pu identifier plusieurs gènes responsables pouvant modifier la sensibilité des 

cellules tumorales CSTN à l’inhibiteur palbociclib. Ces données pourraient être utilisées pour 

mieux stratifier les patients lors de futurs essais cliniques et servir comme base pour l’élaboration 

de nouvelles thérapies combinées dans le CSTN. J’ai démontré que les niveaux de la protéine 
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TGF3 peuvent influer sur l’efficacité de palbociclib et que TGF3 peut notamment créer une 

synergie avec cet inhibiteur in vitro et in vivo quand ses niveaux sont élevés pour réduire davantage 

la croissance des tumeurs CSTN. De plus, j’ai démontré que l’exposition chronique de cellules au 

palbociclib réduit de manière importante les niveaux de protéine p21 ce qui mène à la résistance 

acquise de ces cellules au palbociclib. Afin d’augmenter l’impact translationnel de ces résultats, 

nous avons démontré que d’administrer la protéine recombinante TGF3 en combinaison avec 

palbociclib améliore son efficacité dans des tumeurs de CSTN préétablies in vivo. Ces résultats 

contribuent à la compréhension des mécanismes de résistance au palbociclib, définissent le 

potentiel biomarqueur de TGF3 et décrivent une stratégie clinique pour encadrer et permettre 

l’utilisation potentielle des inhibiteurs des CDK4/6 dans le CSTN. 

 Par la suite, j’ai utilisé CRISPR pour effectuer un criblage à l’échelle du génome in vivo 

dans le but d’identifier de nouveaux microARNs (miARNs, miRs) essentiels à la tumorigenèse du 

CSTN. J’ai confirmé le potentiel oncogène des miR-1204, miR-1207, miR-3929, miR-6859 et 

miR-8086 in vivo en utilisant des inhibiteurs complémentaires aux miARNs. En outre, j’ai 

démontré que les niveaux circulants de ces miARNs dans le plasma est plus élevé chez les patients 

atteints de cancer du sein, soulignant le potentiel biomarqueur de ces molécules. Par la suite, nous 

avons utilisé la spectrométrie de masse pour mesurer les niveaux de protéines ayant été modifié 

par nos miARNs validés. Nous avons confirmé la fonction suppresseur de tumeur de ces protéines 

– BCLAF1, GLO1, DHX15, YWHAE, WARS1 et PSMA5 – in vivo en utilisant une approche 

basée sur CRISPR. Cette recherche translationnelle présente une nouvelle thérapie ciblée à base 

d’inhibiteurs de miARNs oncogènes pour traiter le CSTN.  

En somme, la recherche présentée dans cette thèse souligne la capacité de la technique de 

criblage du génome par CRISPR de mener à l’identification de nouvelles cibles moléculaires qui 
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peuvent servir à prédire l’efficacité d’une thérapie et le pronostic d’un patient. Ces travaux mettent 

en évidence deux nouvelles stratégies pour le traitement du CSTN, soit en améliorant la prise des 

inhibiteurs des CDK4/6 dans le CSTN et en proposant une option thérapeutique à base 

d’inhibiteurs de miARNs. 
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1.1. Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) 

Recent technological advances in molecular biology, computing, and imaging have revolutionized 

the way in which organisms are studied to enrich our underlying of the genetics of disease. Genome 

editing has made it possible to efficiently alter genes in order to better understand the processes 

underlying a wide variety of studied phenotypes. Genetic perturbation screens represent a valuable 

high-throughput method by which multiple genes can be surveyed simultaneously to determine 

how a given gene affects a model system. Whereas traditional genetic screens have largely relied 

on RNA interference (RNAi) to partially knockdown gene targets and assay resulting fitness 

defects, the advent of clustered regularly interspaced short palindromic repeat (CRISPR)-based 

technology has allowed for targeted and complete gene knockout and has led to a greater wealth 

of information to be drawn from such assays1.  

 

1.1.1. CRISPR as a genome-editing tool 

The CRISPR system was initially observed in bacteria, where a pattern of repetitive DNA 

sequences (CRISPRs) interspersed with non-repeating DNA sequences (spacers) was found in up 

to 40% of bacterial and 90% of archaeal genomes surveyed2. The spacer sequences found in 

bacterial genomes were eventually found to exactly match nucleic acid sequences from invading 

viruses upon a viral challenge in a given bacterium3,4. This hinted at an adaptive immunity system 

used to ward off bacteriophage invasion before it was ultimately confirmed that short CRISPR 

RNA (crRNA) sequences were transcribed from spacers and used to guide CRISPR-associated 

(Cas) proteins to selectively cut up invading phages3,5 (Fig. 1.1). The individual components of 

the CRISPR system were characterized, and crRNAs were found to depend on transactivating 

crRNAs (tracrRNAs) to form a Cas protein-RNA complex capable of cleaving DNA at target 
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sites6,7. Furthermore, it was found that the crRNA and tracrRNA could be fused into one 

engineered single guide RNA (sgRNA), opening up a realm of possibilities for easily modifiable 

targeting of CRISPR systems towards a desired site6. The ensuing application of the sgRNA-Cas 

protein CRISPR system to edit genes in eukaryotic cells revolutionized genome-editing and the 

field of biology8,9. 

 

1.1.1.1. Classes of CRISPR systems 

Numerous CRISPR systems have evolved in different microbes over time and with each system 

arises a different potential application as a genome-editing tool. Given the ongoing discovery of 

new Cas variants, the classification of CRISPR systems has evolved considerably since it was first 

established a decade ago10. Broadly, CRISPR systems can be delineated into two classes which 

differ based on the Cas protein structure and the sequence of Cas proteins in the effector modules 

– which dictate crRNA targeting and cleavage type – of the system11-13. The class 1 systems contain 

effector modules which are composed of multiple Cas proteins, in varying combinations and 

orders. The class 2 system effectors contain a single, large Cas protein; either Cas9, Cas12 or 

Cas1310. The relative simplicity of these class 2 CRISPR systems therefore makes them easier to 

repurpose into gene-editing tools14. Class 1 systems contain the type I, III and IV CRISPR systems, 

whereas class 2 systems contain the type II, V, and VI effectors10. While the class 1 system has 

remained relatively well established, the class 2 system has undergone major changes owing to the 

large number of computational studies and research efforts which have uncovered new class 2 Cas 

variants in the quest for new genome-editing tools. Although many Cas proteins have now been 

repurposed for gene editing, the most widely used tool uses type II effector modules, and is most 

often composed of Cas9 proteins. 
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1.1.1.2. Cas9 as a genome-editing tool 

In microbial CRISPR/Cas9 systems, the crRNA and tracrRNA form a ribonucleoprotein (RNP) 

complex with the Cas9 protein to both find its target within the phage genome upon phage 

reinvasion, and to create double-strand breaks (DSB) at the target site (Fig. 1.1). In engineered 

CRISPR/Cas9-based gene editing systems, one sgRNA is used to guide the Cas9 nuclease in the 

genome6. This sgRNA can be programmed/adapted to target specifically where the user desires in 

the genome, making the CRISPR/Cas9 system easily modifiable and flexible in its use. In this 

case, the only constraint for the design of the sgRNA is that its target be immediately proximal to 

a protospacer adjacent motif (PAM) sequence, which can be recognized by the Cas nuclease (Fig. 

1.1). For Streptococcus pyogenes Cas9 (SpCas9), this PAM sequence is NGG, but the sequence 

differs for other Cas9 and indeed, other Cas proteins. The simplicity of the SpCas9 PAM makes 

SpCas9 the most widely used Cas9 protein13,15. Cas9-based editing tools capitalize on endogenous 

repair mechanisms within the edited cell, knowing that the repair pathway most often borrowed 

by the cell is the readily available but error-prone non-homologous end-joining (NHEJ)16. As a 

result, NHEJ often leads to nucleotide insertions or deletions (indels) at the target site, which can 

result in a premature stop codon and abrogate protein function. Alternatively, the homology-

directed repair (HDR) pathway, which requires an available template homologous to the regions 

flanking the site of the DSB, leads to precise DNA repair (Fig. 1.1). However, this pathway can 

be co-opted to using an exogenous DNA insert of choice to serve as the repair template at the 

cutting site. As such, first-generation CRISPR/Cas9-based tools are genome-editing and generally 

lead to loss-of-function or functional knockout of a given target. 
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Figure 1.1 CRISPR-based adaptive immunity provides programmable genome editing tools, 

adapted from Wang and Doudna, 2023 
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1.1.1.3. Cas9 applications beyond genome-editing 

Given the promise observed with wild type Cas9, Cas9 has been reengineered to broaden the 

potential scope of its applications beyond genome-editing. The creation of a catalytically inactive 

(dead Cas9, dCas9) Cas9, which can still recognize its target site but lacks endonuclease activity, 

pioneered the exploration into Cas9-based transcriptional and translational regulation17. The 

binding between dCas9 and the its target locus interferes with endogenous transcription factor 

binding and RNA polymerase II binding to the gene target, which inevitably affects target 

transcription and leads to gene knockdown17. CRISPR interference (CRISPRi) systems exploit this 

model through the fusion of a dCas9 protein with a repressor domain such as the Krüppel-

associated Box (KRAB) which leads to stronger and more specific gene repression18. CRISPR 

activation (CRISPRa) systems arose when it was determined that dCas9 could be fused to 

activating domains such as VP64 (four tandem copies of the VP16 transactivating domain from 

the Herpes simplex virus) to induce gene expression19,20. Improved CRISPRa systems, use an 

adapted sgRNA scaffold to recruit additional effector domains to the dCas9-VP64 fusion complex 

(termed synergistic activation mediator (SAM) complex) to activate expression from the gene’s 

endogenous locus21. Novel applications for modified Cas-based systems include DNA 

methylation22, histone modification23,24, and DNA base editing25, among a rising number of newer 

uses. Probing prokaryotic genomes for the palindromic repeats found in CRISPR loci led to the 

discovery of the Cas12 and Cas13 enzymes, which have also been transformed into gene-editing 

tools that can be used in mammalian cells10,26. Cas12-based systems, which are smaller than Cas9-

based systems, recognize a TTTV PAM sequence and can be used for multiplexed targeting in the 

genome17. Cas13-based systems recognize and cleave single-stranded RNA, leading to the 

destruction of its target mRNA27. 
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1.1.2. CRISPR-mediated screening 

Large-scale forward genetic screens have contributed to our understanding of disease biology and 

tumor response to treatment and have spurred the development of new treatments and gene 

therapies for human disease. Given the simplicity and efficiency of the CRISPR/Cas9 system, 

CRISPR has been exploited as a tool for introducing genome-scale perturbations. 

All large-scale screens, including CRISPR-based screens, rely on a similar workflow; target 

perturbation, selection pressure in the chosen model system and perturbation readout1 (Fig. 1.2). 

In pooled CRISPR screens, a sgRNA library is introduced in bulk into cells, usually by lentiviral 

or retrovirus transduction, and cells are subject to a challenge such that cells having integrated a 

CRISPR-induced gene knockout are differentially affected by the challenge depending on the 

perturbation each cell received. Finally, high-throughput sequencing is often used to determine 

and quantify which sgRNAs remain in the pool of cells after the selection pressure. The identity 

of the sgRNAs remaining in different assay conditions, for example drug-treated versus untreated, 

can then be compared28.  
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Figure 1.2 Pooled CRISPR-based screening, adapted from Bock et al, 2022 

1.1.2.1. Model 

The appropriate study model for the CRISPR screen must be chosen and this involves choosing 

between an in vitro or in vivo model in which to perform the screen. While the majority of CRISPR 

screens are conducted in vitro using immortalized cell lines, in vitro models also include primary 

cells, immune cells and organoids28,29. In general, it is more feasible to scale-up screens conducted 

in vitro which gives the user more flexibility in their choice of library size30. However, the 

phenotypic differences observed in both 2D and 3D in vitro cultures and in vivo models are 

considerable30. In vivo models inevitably better recapitulate the complexity of the pathological 

state studied by respecting a given tissue’s architecture and allowing cells to interact with other 

cell types within its microenvironment. In fact, Miller et al. demonstrated that when an in vitro 
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RNAi screen was conducted in parallel to an in vivo screen in glioblastoma, the in vitro screen 

failed to identify genes essential for cell survival in vivo31. In vivo screens can be conducted either 

indirectly – through ectopic or orthotopic transplantation of a CRISPR/Cas library-transduced cell 

line in vivo – or directly – through the delivery of CRISPR-Cas components and sgRNAs directly 

into living animal tissues. 

The first genome-wide in vivo CRISPR screen was conducted indirectly through the transduction 

of a genome-scale CRISPR library in a cell line which was then transplanted subcutaneously in 

mice to assess the cells’ lung metastatic potential32. This provided a proof of concept for in vivo 

CRISPR screening and led to the adoption of this approach in a variety of contexts. 

 

1.1.2.2. Target perturbation 

Once the study model is well defined, the appropriate library can be designed. Most sgRNA 

sequences are computationally designed, often using established rules for optimization of guide 

efficiency and specificity using the multitude of bioinformatic tools available. Multiple sgRNA 

libraries using different CRISPR systems and engineered Cas enzymes are now available. 

GeCKOv233, Brunello34 and TKOv335 libraries have sgRNAs designed for loss-of-function 

screens, while hCRISPRi-v236 and hCRISPRa-v236 libraries allow for genome-wide CRISPRi and 

CRISPRa screening, respectively. Those libraries are designed with different rules, contain 

varying numbers of sgRNAs and target genes, and are for distinct applications. Guide efficiency 

in loss-of-function screens is estimated based on parameters such as nucleotide identity within the 

sgRNA, positions of high-frequency single nucleotide polymorphisms within the target locus, and 

position of the nuclease cutting site relative to the start codon and to the end of the coding 

region34,37,38. Potential off-target activity, assessed by modeling the number and position of 

potential gRNA sequence mismatches with DNA, can also be estimated using such computational 
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prediction algorithms34,39,40. Guide efficiency in CRISPR interference (CRISPRi) or CRISPR 

activation (CRISPRa) screening is sensitive to additional criteria, such as proximity to 

transcription start site and chromatin accessibility41. The CRISPR-based approach chosen will 

therefore guide which sgRNA design strategy to adopt. While most CRISPR screens target the 

protein-coding genome, the noncoding genome can also be targeted42,43. Additionally, libraries can 

be designed to include sgRNAs spanning the entire genome, or they can include only sgRNAs for 

a select gene set. Once selected, multiple sgRNA sequences for a given gene are each cloned into 

respective plasmids. These vectors, along with vectors encoding non-targeting control sgRNAs, 

are pooled into a library and most often packaged into lentiviruses which are then transduced into 

the cell line of choice at a high library coverage to reduce background noise during sgRNA 

readout1. Here, a low multiplicity of infection (MOI) is used to increase the probability that no 

more than one sgRNA is integrated per cell28. 

 

1.1.2.3. Selection pressure and read-out 

A sample of these library-transduced cells, prior to application of selection pressure, is reserved 

for sequencing and remaining cells are subject to the selection pressure of choice. The resulting 

phenotype is then studied. This may include simpler outcomes such as cell viability or cell 

proliferation, or more complicated outcomes such as resistance to a treatment or enrichment for a 

certain receptor or marker28. The selection pressure to be applied to the model system can vary 

from drug treatment, transplantation of cells into an in vivo environment, viral infection to any 

other functional assay of the user’s choice. Cells with the desired phenotype are selected during 

the fitness challenge, and a snapshot of sgRNA abundance is taken by extracting genomic DNA at 

the desired timepoint. Genomic DNA is amplified and the sgRNAs present in each sample are 

identified using high-throughput sequencing. Readouts of sgRNA abundance are compared 
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between samples before selection and samples subject to selection to identify sgRNAs whose 

abundance differs significantly. The duration of the fitness challenge can impact the eventual 

sgRNA readout. For example, it has been demonstrated that readouts of DNA extracted at earlier 

timepoints identify sgRNAs that encode for essential genes and genes involved in transcription, 

while readouts from DNA extracted at later timepoints tend to identify sgRNAs involved in more 

indirect processes related to the challenge28,44. Both positive selection and negative selection 

profiles can ultimately be obtained from a screen. Here, a positive selection profile corresponds to 

sgRNAs that were enriched by the selection pressure, whereas a negative selection profile 

corresponds to sgRNAs which were depleted by the applied selection pressure28. For example, in 

a CRISPR knockout screen using viability as a selection phenotype in a cancer cell line, knockouts 

of tumor suppressors would be enriched, while knockouts of oncogenes would be depleted. 

 

1.1.3. CRISPR in cancer research 

Cancer remains one of the leading causes of mortality worldwide, despite having been the focus 

of extensive research over the past decades45. Although much progress has been made in 

understanding oncogenic drivers and possible treatment targets, it remains difficult to prevent and 

treat cancer, owing to its complexity and uniqueness which depends on its host. The use of CRISPR 

to interrogate a whole host of cellular and molecular processes in cancer cells has transformed the 

way cancer biology is studied46. Arguably, the greatest contribution CRISPR has made to 

revolutionizing cancer research has been in the way genetic screens are performed47. The 

widespread adoption of CRISPR/Cas as a gene perturbation tool has even impacted our 

understanding of well-established concepts. For instance, the general concept of gene essentiality 

was borne of the study of the yeast genome, but the notion has since been largely refined due to 

more effective screening methods and improved computational tools such as machine learning 
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models for analyzing readouts48,49.  This has helped define genes which are considered ‘essential’ 

for general cell fitness in a majority of eukaryotic cells49. Within these ‘core fitness’ genes, a 

subpopulation of lineage-dependent or ‘context essential’ genes was defined. This subset includes 

genes which are essential for cell fitness in a given molecular context, for example neoplastic 

breast tissue, but not necessarily in another. These ‘context essential’ genes therefore make for 

better therapeutic targets, as they would be expected to generate less toxicity in normal tissues50. 

Given the reliability and power of CRISPR in conducting unbiased, large-scale interrogations of 

the genome, efforts by the Broad Institute and the Wellcome Sanger Institute have been made to 

define a cancer dependency map using CRISPR/Cas9-based essentiality screens in 342 cell lines 

from 30 cancer types50,51. While genome-scale in vitro screens in cell lines have made a notable 

impact in the way cancer is understood, the greatest potential for this technology lies in its use in 

more complex 3D organoid or in vivo screening approaches32,52-54. As such, CRISPR-based 

screening has shown great promise in accelerating the rate of discoveries of cancer vulnerabilities 

and improving diagnosis and cancer treatment46. 

 

1.2. Breast cancer 

Breast cancer is the most commonly diagnosed cancer in women worldwide and represents a 

leading cause of death in women45. While clinical outcomes of the disease have largely improved, 

due to earlier disease detection and more effective adjuvant therapies, incidence continues to 

increase45,55.  

1.2.1. The mammary gland 

The mammary gland is embryologically derived from the epithelium. The transformation into 

mammary tissue starts with an undifferentiated mammary stem cell (MaSC), which lacks the 
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expression of the hormone receptors (HR) – estrogen receptor (ER) and progesterone receptor (PR) 

– and of the human epithelial growth factor receptor 2 (HER2/ERBB2)56. The MaSC can self-

renew or differentiate into one of two progenitor cells; the basal progenitor or the luminal 

progenitor56. While the basal progenitor only gives rise to myoepithelial cells, the luminal 

progenitor ultimately gives rise to HR+ or HR- mature ductal and alveolar cells56. Together, these 

make up the glandular tissue in the breast. 

The breast is composed of adipose tissue and glandular tissue, which makes up a greater part of 

the mammary gland in female versus male mammary glands. The glandular tissue in female breasts 

is composed of ducts and 15-20 lobes which are further divided into clusters of lobules or alveolar-

like sacs that produce milk. Lobes are composed of secretory tissue and function to store milk 

during lactation. Breast ducts are composed of two layers of epithelial cells; luminal cells which 

define the duct lumen, and basal, contractile myoepithelial cells which line the basement 

membrane and direct the transport of milk to the nipple during lactation57. The early stages of 

lactogenesis are initiated early during pregnancy, where the mammary epithelial cells are 

converted from a nonsecretory to a secretory state, alveolar cells undergo enzymatic differentiation 

and cell polarity becomes evident58. A stark decrease in progresterone levels at parturition, coupled 

with a peak in levels of prolactin a few days later, stimulates the production of milk59. The 

precursors for milk components, initially present in the blood, are taken up from the extracellular 

fluid through the basolateral membranes of the mammary epithelial cells through their basolateral 

membranes58. Milk is then synthesized as an emulsion composed of macro- and micro- nutrients, 

as well as a variety of proteins and lipids, including casein, lactalbumin, lactoferrin and lysozymes, 

which have antimicrobial properties and protective effects60. The basal layer of myoepithelial cells 

has also been shown to contain MaSCs which can differentiate into mature luminal or 
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myoepithelial cells61. Together, these make up the functional unit of the breast: the terminal ductal 

lobular unit (TDLU), from which the majority of breast cancers arise61. The ductal and lobular 

tissue is embedded within adipose tissue and fibrous, connective tissue that are supplied by a 

network of blood vessels and lymph vessels57. Mapping the mammary gland structure and 

mammary cell lineages serves as a foundation for understanding how breast cancer arises, and 

therefore how best to classify and treat the disease (Fig. 1.2). 

 

Figure 1.3 Structure of the human breast, adapted from Nolan et al, 2023 
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1.2.2. Classification of breast cancer 

 

1.2.2.1. Histopathological classification 

At diagnosis, mammary carcinomas are classified based on their morphology, localization and 

spread within the breast. In situ carcinomas are regionally localized, whereas invasive carcinomas 

have cells which have spread into the stroma and surrounding tissue. The most commonly 

diagnosed form of pre-invasive breast cancer is ductal carcinoma in situ (DCIS), and only 10-30% 

of these cases will progress to invasive disease55. Invasive ductal carcinomas (IDC) “no special 

type” are the most diagnosed breast cancers, accounting for 60-75% of diagnoses, followed by 

invasive lobular carcinomas (ILC)55,62. ILCs are characterized by a distinctive growth pattern 

involving neoplastic cells invading the stroma single-file55,62. The remaining invasive histological 

subtype is considered “rare”, representing 0.1-7% of breast cancers, and is subdivided based on 

the carcinoma’s degree of differentiation, of proliferative activity and of lymphatic involvement55.  

 

1.2.2.2. Clinical classification 

Breast cancers are also clinically classified into three major clinical subtypes depending on the 

expression of ER, PR and HER2/ERBB2. These subtypes are HR+ (or ER+), HER2+ and triple 

negative breast cancer (TNBC), which is characterized by the lack of ER and PR, as well as a lack 

of gene amplification or overexpression of HER2. Standardized diagnostic evaluation of the 

expression of these receptors is dictated by international guidelines62. ER+ breast cancer – where 

ER-positivity is defined as ≥ 1% ER+ tumor cells – represents the majority of breast cancers (70%). 

Of note, ≥ 10% ER+ cells in a tumor is considered clinically relevant and predictive of patient 

response to ER-targeted therapies55. Tumor ER positivity between 1-10% is considered low, and 

while this tumor biology more closely resembles that of ER- or TNBC tumors, patients with low 
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ER expression are not eligible for TNBC therapeutic options. This remains an area of controversy 

in patient care62. HER2+ breast cancers, which can be subdivided into HER2+ ER+ (70%) and 

HER2+ ER- (30%), account for 15% of breast cancers. Here, HER2 positivity is defined first on 

the basis of overexpression by immunohistochemistry (IHC). If IHC results do not show clear 

HER2 positivity, but rather an inconclusive result, then HER2 status can also be tested by gene 

amplification using fluorescence in situ hybridization (FISH) to confirm the results. Finally, TNBC 

accounts for 10-15% of new breast cancer diagnoses but is overrepresented among Black and 

premenopausal women. TNBC is often diagnosed in women of a younger age than is HR+ breast 

cancer, and tumors are often of a higher grade at diagnosis. One remaining open question in the 

best way to administer patient care given clinical subtype classification is how to address 

differences in ER, PR and HER2 expression in primary tumors versus expression in residual 

disease. The current standard of care requires clinicians to follow a treatment regimen based on 

the initial diagnosis in the patient’s primary tumor, but the rationale for following this course of 

treatment is not fully resolved62.  

 

1.2.2.3. Intrinsic molecular classification 

In the early 2000s, the use of DNA-based microarray profiling allowed for deeper insight into 

breast cancer heterogeneity and allowed for the development of a more refined classification 

system. Five initial intrinsic molecular subtypes emerged: luminal A, luminal B, HER2-enriched, 

basal-like and claudin-low63-65. Luminal A tumors are HR+ with high luminal gene expression, 

which includes ER-regulated genes and luminal epithelial differentiation genes66, and are 

associated with the most positive clinical outcomes. Luminal B tumors are HR+, but with lower 

luminal gene expression, higher proliferation gene expression and therefore worse clinical 

outcomes than luminal A. HER2-enriched tumors are defined by their amplification of the 
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HER2/ERBB2 gene, as defined by gene expression profiling. Although these often overlap with 

tumors with HER2+ expression as defined by IHC or FISH, transcriptional changes in the ERBB2 

gene are not always reflected in HER2 expression. These tumors tend to be of higher grade than 

luminal tumors. Basal-like tumors are highly proliferative, expressing high levels of basal 

cytokeratins and low levels of luminal genes. Moreover, tumors with this gene expression profile 

tend to harbor breast cancer gene 1 (BRCA1) mutations leading to lower BRCA1 expression. 

BRCA genes are responsible for DNA repair through homologous recombination (HR) and cells 

that lack BRCA1 or BRCA2 are deficient in HR-mediated repair of DNA breaks, leading to high 

levels of genomic instability67,68. While approximately 50-75% of basal-like tumors are of the 

TNBC clinical subtype, not all basal-like tumors are triple negative, and so the terms ‘basal-like’ 

and ‘TNBC’ should not be used interchangeably69,70. Like HER2-enriched tumors, basal-like 

tumors tend to be of higher grade than luminal tumors. The majority of claudin-low tumors are 

invasive ductal TNBCs that, contrary to basal-like tumors, express surprisingly low levels of 

proliferation genes69. These tumors exhibit low levels of luminal genes and can be distinguished 

by their low expression of cell-cell adhesion genes and high expression of immune system 

response genes. They are enriched with MaSC properties and features of cancer stem cells 

(CSCs)69. 

The profiling of intrinsic molecular subtypes in breast cancer draws a striking resemblance to the 

molecular profiling of mammary cell lineages and MaSC hierarchy in normal cells (Fig. 1.3)56.  

This underscores the importance of continued research into mammary stem cell biology, as it can 

directly inform our understanding of breast cancer biology. 
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Figure 1.4 Model of the human mammary epithelial hierarchy in relation to breast cancer subtype, 

adapted from Prat and Perou, 2009 

 

1.2.2.4. Molecular subtype classification of TNBC 

TNBC is the clinical subtype of tumors with the most aggressive behavior and with which poorer 

prognosis is often associated – largely owing to its biologically heterogeneous nature which makes 

it difficult to treat71. In recent years, whole genome multiomics analyses of breast cancer patient 

tumors have delineated multiple subtypes of TNBC. TNBC can be divided into four molecular 

subgroups: two basal-like (BL-1, BL-2), mesenchymal (M), and luminal androgen-receptor 

(LAR)-expressing72,73. Lehmann et al. defined how these molecular subtypes correlate with 

differences in tumor grade, mutational and copy-number profiles, gene expression signatures, 

tumor extrinsic profiles and clinical prognosis72,73. Upon comparing PAM50 intrinsic molecular 
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subtyping with TNBC subtyping, it was found that most TNBC subtypes are of the basal-like 

intrinsic subtype (BL1 [99%], BL2 [95%], and M [97%])74. The LAR subtype was mainly 

composed of HER2-enriched (74%) and luminal B (14%) intrinsic molecular subtypes. While the 

distinction between BL-1 and BL-2 is less robust, the M subtype is characterized by a high 

enrichment of stromal cells in the tumor, and the LAR subtype shows a high expression of the 

androgen receptor (AR)75. A retrospective analysis performed on TNBC subtyped-patients having 

received anthracycline and paclitaxel chemotherapy found that the patients’ pathological complete 

response (pCR) rate was highest in the BL-1 subtype (52%), in contrast to BL-2 (0%) and LAR 

(10%). In this study, the M group had not yet been defined76. 

 

1.2.3. Systemic therapy 

The standard of care for therapy is still largely dictated by a patient’s clinical subtype of breast 

cancer, but advances have been made to better inform the treatment regimen by a given patient’s 

intrinsic molecular subtype55. On the whole, combination therapy approaches are being prioritized 

to enhance effectiveness and reduce dose-limiting toxicity of individual agents and to reduce 

resistance to monotherapy77.  

 

1.2.3.1. ER+  

Endocrine therapy using aromatase inhibitors (AIs), selective ER modulators (SERMs) and 

selective ER degraders (SERDs) has long been the standard of care for early and advanced ER+ 

breast cancer. However, in the last decade, combination therapy consisting of endocrine therapy 

(AI: letrozole or anastrozole; or SERD: fulvestrant) with a CDK4/6 inhibitor (CDK4/6i: 

palbociclib, ribociclib, abemaciclib) has become the mainstay of frontline therapy for ER+ breast 

cancer55. In fact, given the efficacy of combination CDK4/6i + endocrine therapy – and even of 
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single-agent endocrine therapy – these therapies should always be prioritized over chemotherapy 

for patients with advanced ER+ breast cancer78. A more in-depth description of the role of CDK4/6 

in the cell cycle and the rationale for targeting these kinases can be found in Chapter 1.3. Given 

the inevitable emergence of resistance to these widely used treatments, strategies to counter 

resistance are constantly in development. One such well-studied strategy targets PIK3CA, AKT 

and mTOR signaling78. The mTOR signaling inhibitor everolimus was approved for the treatment 

of AI-resistant HR+/HER2- patients78. Activating mutations in PIK3CA occur in approximately 

40% of HR+/HER2- breast cancer – more frequently than in any other subtype of breast cancer79. 

An oral inhibitor of the α subunit of the tyrosine kinase PI3K, the gene product of PIK3CA, was 

recently approved by the United States Food and Drug Administration (US F.D.A.) for the 

treatment of PIK3CA-mutant endocrine therapy-resistant HR+/HER2- breast cancer80. Given the 

meaningful efficacy of this drug, named alpelisib, which was observed in a small subset of patients 

having progressed on combination CDK4/6i and endocrine therapy, larger scale clinical trials 

exploring the use of alpelisib on CDK4/6i-resistant patients are warranted78.  

 

1.2.3.2. HER2+ 

The gold standard for treatment of HER2-enriched breast cancers involves HER2-directed 

humanized monoclonal antibodies. These include trastuzumab and pertuzumab which target 

different extracellular domains of HER2. The small molecule inhibitor neratinib, which inhibits 

multiple ERBB tyrosine kinases (EGFR, HER2, HER4), is also often used. The standard of care 

is currently dual anti-HER2 blockade using trastuzumab and pertuzumab, which shows the greatest 

efficacy in both neoadjuvant and adjuvant HER2+ breast cancer. Inevitably, resistance to anti-

HER2 therapy has emerged, notably through cyclin D1 and CDK4/6 activation and 

dysregulation81,82. However, given the superior efficacy of combination trastuzumab-CDK4/6i-
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endocrine therapy versus trastuzumab and chemotherapy in HR+/HER2+ breast cancer83, the use 

of combination therapy to combat anti-HER2 therapy resistance are being further explored. 

 

1.2.3.3. TNBC  

In recent years, the array of systemic therapeutic options for TNBC has drastically expanded 

beyond chemotherapy alone. While anthracycline-taxane-based chemotherapy remains the 

mainstay of drug-based treatment for early and advanced TNBC, the development of immune 

checkpoint inhibitors (ICIs), poly(ADP-ribose) polymerase (PARP) inhibitors and antibody-drug 

conjugates has led to this radical shift75,84. Due to the high levels of genomic instability and 

immune infiltrates in TNBC, the administration of ICIs targeted towards the programmed cell 

death protein 1 (PD-1) and the programmed cell death 1 ligand 1 (PD-L1) with a chemotherapy-

based backbone has been shown to provide considerable clinical benefit for the TNBC patient55. 

PARP inhibitors have proven beneficial in patients with germline or somatic mutations in 

BRCA1/2, which occur in approximately 10% of TNBCs, making this subpopulation of TNBC 

patients eligible for PARP inhibitor therapy85. Tumors harboring these mutations have a deficiency 

in HR-mediated repair of DSBs, which can make future DNA damage particularly lethal86,87. 

PARP inhibitors were designed to trigger synthetic lethality in cells which have this DNA damage 

deficiency by preventing cells from recognizing single-strand DNA breaks and repairing them86,87. 

The antibody-drug conjugate sacituzumab govitecan-hziy, which combines a trophoblast cell 

surface antigen 2 (TROP2) antibody with a DNA topoisomerase I inhibitor, was recently granted 

accelerated approval by the FDA for the third or later line of treatment for advanced TNBC88,89. 

TROP2 is involved in several pro-oncogenic signaling pathways and is highly expressed in 

TNBC90.  
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1.3. The cell cycle and cancer 

1.3.1. Cell cycle 

The cell cycle is the process which dictates timely and accurate cell reproduction. For a eukaryotic 

cell to reproduce, it must undergo two major activities; the duplication of its genetic material, and 

the subsequent division of this material into two daughter cells. Interphase is the process between 

two division stages (M phase or mitosis), in which cells double their cellular content in preparation 

for the next M phase. This interphase is composed of two gap phases (G1 and G2) which flank the 

DNA synthesis phase (S phase). G1 precedes the S phase and allows the cell to ensure intracellular 

conditions are favorable as it prepares for DNA synthesis. During the G1 phase, cells can exit the 

cell cycle and enter a resting state (quiescence or G0). At the end of G1, cells must decide whether 

to commit to S phase entry. The S phase is the time during which genomic DNA duplication is 

initiated. The G2 phase succeeds the S phase and allows cells to prepare for mitosis. At the end of 

G2, cells must decide whether to commit to entry into the M phase91. The M phase oversees the 

segregation of the duplicated DNA, and the division of this material into two identical daughter 

cells.  

 

1.3.2. What drives the cell cycle 

Progression through the cell cycle is driven by the timely variation in levels and activity of cyclins 

and their associated catalytic subunits, cyclin-dependent kinases (CDKs). In mammalian cells, 

there exist 20 CDKs which can be broadly categorized into a cell-cycle related family (Cdk1, Cdk4 

and Cdk5 subfamilies), and a transcriptional family (Cdk7, Cdk8, Cdk9, Cdk11, Cdk20 

subfamilies)92. Cyclin-CDK protein activity is initiated by mitogenic growth signals. CDKs 

control cell cycle division and regulate transcription in cells by binding to specific cyclins, with 
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cyclin specificity dictating the order of cell cycle events to take place92 (Fig. 1.4). Cyclin specificity 

is dictated in a number of ways; through variations in levels of cyclin transcription throughout the 

cell cycle, through differential binding specificity to inhibitors of their activity and through 

restriction of their expression in specific subcellular locations93. These cyclins/CDKs are 

negatively regulated by cyclin-dependent kinase inhibitors (CKIs) such as p15INK4B, p21Cip1, 

p27Kip2, p57Kip2, and E3 ubiquitin ligases. This progression is punctuated by cell cycle checkpoints 

which detect genetic errors and prevent their accumulation by stopping the cell from progressing 

through the cycle once the error is identified. These include the DNA damage checkpoint, which 

functions throughout interphase, the DNA replication stress checkpoint, which functions only 

during the S phase, and the spindle assembly checkpoint (also known as mitotic checkpoint) which 

functions only during M phase. The cells’ final fate is dependent on the severity of damage and 

the timing at which the damage occurs during the cell cycle, and cells can exit the cell cycle 

permanently by entering apoptosis or senescence or can exit reversibly by entering quiescence94. 

 

 

Figure 1. CDK and cyclin activity varies throughout the cell cycle, adapted from Matthews, 

Bertoli and de Bruin, 2017 
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1.3.3. Stages of the cell cycle  

 

1.3.3.1. G0/G1 

Cells in most adult tissues are arrested in G0 state which is either reversible (quiescence) or 

irreversible (terminal differentiation or senescence). During G1, cells enter a decision window 

during which they can decide to enter the cell cycle and ultimately initiate DNA replication during 

the S phase95 (Fig. 1.4). The decision to commit activates cyclin-CDK-dependent transcription and 

commits the cells to progression through the cell independently of outside signaling95. The D-type 

cyclins (cyclin D1, D2, D3) canonically associate with and activate CDK4 and CDK6, and are 

essential for both committing the cell to cell cycle entry and the cell’s advancement through G1. 

In early, prereplicative G1, E2F transcription factors are held inactive by pocket proteins 

(retinoblastoma protein (RB), p107 and p130). These pocket proteins function as transcriptional 

repressors. An increase in cyclin D-CDK4/6 activity leads to an inactivating phosphorylation of 

RB, liberating the transactivation domain on the E2F1, E2F2 and E2F3 transcription factors and 

leading to E2F-dependent transcription95,96. This leads to transcription of cyclin E which associates 

with CDK2 and helps further phosphorylate Rb, thereby creating a positive feedback loop and 

committing the cell to the cell cycle95. The increase in cyclin D-CDK4/6 activity also leads to 

sequestration of the CDK inhibitors p21 and p27 away from CDK2, leading to CDK2 activation97. 

Coupled with the simultaneous E2F-driven transcription of cyclin A, the cell ultimately progresses 

into the S phase transition96,98. This progression can only proceed if cells pass the DNA damage 

checkpoint between G1/S. Detection of any DSB in a cell’s DNA would trigger ataxia 

telangiectasia mutated (ATM) checkpoint kinase-mediated signaling and prevent entry into S 

phase99.  Here, ATM phosphorylates CHK2, which activates the transcription factor p53 which 

induces CKIs such as p21 or p27, leading to the inhibition of CDK2 complexes and allowing time 
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for DNA repair (Fig. 1.5). At this stage, DSB repair is largely based on NHEJ99. This decision to 

pass the G1/S restriction point is made irreversible by the inactivation of the anaphase-promoting 

complex/cyclosome (APC/CCDH1) as well as the destruction of p21 and p27100-102. 

 

1.3.3.2. S/G2 

Once cells have passed the restriction point in late G1, the continued accumulation of cyclin A due 

to transcription by the E2F1-3 transcription factors, the absence of APC/CCDH1, and the absence of 

p27 allows for increased cyclin A-CDK2 activity95,99 . An increase in destruction of cyclin E 

through the SCFFBW7 ubiquitin ligase complex ensures that CDK2 switches binding partners – 

from cyclin E to cyclin A99,103. This leads to the initiation of DNA replication along with the 

subsequent inactivation of E2F transcription, driven by cyclin A/CDK2 binding to E2F1 which 

prevents the binding of E2F1 to its target DNA104.  This replication initiation, or replication origin 

‘firing’ is carefully controlled to ensure that not all origins fire at once, and that replication of 

certain regions of the genome does not occur more than once99. As of yet, the relationship between 

completion of DNA replication in the S phase and the transition into the G2 phase is not fully 

understood99,105. As S phase progresses, transcription of cyclin A and cyclin B lead to their 

accumulation in the cell. By the start of G2, the cell has accumulated enough cyclin B for the cyclin 

B-CDK1 complex formation to be favoured. CDK1 is activated by binding with cyclin A and B 

and through the removal of inhibitory WEE1/MYT1 phosphorylations by the phosphatase cell 

division cycle 25 (CDC25) family (CDC25A, B and C). Activation of CDK1 leads the cell into a 

second decision window: the decision to enter mitosis. Of note, the evolutionarily conserved 

CDK1 is the only essential cell cycle-related CDK in mammalian cells, as other CDKs in this 

family have been found to be dispensable92.  
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Once cells commit to DNA replication, accurate cell division and assurance of genome stability is 

dependent on two checkpoints: the DNA damage checkpoint and the DNA replication stress 

checkpoint95. Before the cell can enter mitosis, all conditions must be perfect. In the case where 

rereplication does occur, the ensuing consequences include accumulation of DSBs or single strand 

DNA which leads to activation of the DNA damage checkpoint. Here, ATM and ataxia 

telangiectasia and Rad3 related (ATR) pathways are activated, leading to cell cycle arrest or cell 

death through apoptosis or senescence106. When the DNA damage checkpoint is defective, 

rereplication can lead to replication stress and genome instability.  

The DNA replication stress response checkpoint is activated by ATR and CHK1 when the DNA 

replication forks are obstructed or stall, leading to prolonged exposure of ssDNA. It is important 

to note that replication stress is not DNA damage. Accumulation of ssDNA leads to replication 

stress, which activates ATR signaling through CHK1, to prevent entry into the M phase before 

replication is completed107. This is achieved by inhibiting CDK activity as CHK1 phosphorylates 

both CDC25 and WEE1 (Fig. 1.5). This leads to phosphorylation-dependent CDC25 (especially 

CDC25B and CDC25C) binding to 14-3-3 proteins which sequesters CDC25 in the cytoplasm, as 

well as phosphorylation-dependent WEE1 activation which in turn phosphorylates CDK1/2, 

leading to their inhibition108-110. Overall, this leads to less cyclin A-CDK1/2  and cyclin B-CDK1 

activity94. It is not understood yet precisely how the cell knows to maintain activation of WEE1 

and inhibition of CDC25 before proceeding to M phase when DNA is undamaged in S or G2 

phase105. It also remains to be determined how the cell decides to transition from G2 phase into 

mitosis105,111. 
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1.3.3.3. M 

Once cells decide to enter mitosis, entry into the M phase is dependent on crossing the threshold 

of high CDK1 levels and activity, triggered by a CDC25-dependent dephosphorylation of CDK1, 

which induces cyclin B translocation into the nucleus112. This triggers the phosphorylation of over 

one thousand substrates by CDK1105. Once this threshold is crossed, CDK1 activity can decrease 

considerably before it crosses the threshold triggering mitotic exit111. The mitotic kinases PLK1, 

Aurora A and Aurora B are also activated, helping phosphorylate other mitotic substrates111. While 

the precise timing of these activations remains uncertain, the phosphatase CDC25B is thought to 

trigger the activation of cyclin B-CDK1 complexes, which then phosphorylate CDC25C, thereby 

allowing PLK1 binding and further CDC25C phosphorylation111,113. This creates a positive 

feedback loop, which initiates structural changes inside the cell to prepare it for the separation of 

its DNA and the division of its contents into new daughter cells. As cells enter prophase, cyclin A 

is associated with chromosome condensation, while cyclin B translocates to the nucleus before the 

nuclear envelope is broken down114. This allows the condensed chromosomes in the nucleus to 

come into contact with microtubules in the cytoplasm to form the mitotic spindle during 

prometaphase. During metaphase, the mitotic spindle attaches to the kinetochores of the condensed 

chromosomes until these are aligned at the center of the spindle. To ensure that replicated DNA is 

equally partitioned between daughter cells, the spindle assembly checkpoint (SAC) is activated 

during these phases. The SAC detects errors in kinetochore attachment and mitotic spindle 

formation, and when activated, acts as an inhibitor of APC/CCDC20 by preventing CDC20 from 

binding to the APC/C94. The SAC arrests cells in the M phase until the last kinetochore is properly 

attached to the spindle115. The transition from metaphase to anaphase is made by APC/CCDC20 

activation, which triggers sister chromatid separation and pulls them apart to opposite ends of the 

spindle. The increase in APC/CCDC20 activity ensures commitment to mitotic exit by targeting 
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cyclin B for ubiquitinylation, thereby abolishing cyclin B-CDK1 activity116 (Fig. 1.4). Throughout 

the remainder of the M phase, mitosis is largely driven by ubiquitin-mediated proteasomal 

degradation115. APC/C plays a role in degrading PLK1 and the Aurora kinases, but their 

degradation is largely dependent on phosphatases such as PP1 and PP2A115. The cell proceeds to 

telophase as the chromosomes decondense, and two daughter cells are formed. Here, APC/CCDC20-

mediated inactivation of cyclin-CDK activity resets the cell cycle to prereplicative G1 phase in 

both daughter cells94,115. 

 

 

Purple nodes denote positive regulators of cell cycle progression 

Blue nodes denote negative regulators of cell cycle progression 

P in red circles indicates phosphorylation 

P in dashed, grey circles indicates dephosphorylation 

 

Figure 1.6 Major regulatory proteins in the cell cycle, adapted from Otto and Sicinski, 2017 
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1.3.4. Where things can go wrong 

 

1.3.4.1. Interphase, DNA damage checkpoint and DNA replication stress checkpoint 

Sustained proliferative signaling is considered the hallmark of cancer117. Cells progressively 

evolve from normal to neoplastic by acquiring abilities to evade internal signals to stop growing 

and dividing, often despite genomic instability117,118. While it is often assumed that all cell cycle 

checkpoints are defective in cancerous cells, recent evidence suggests that mutations in 

checkpoints regulating S phase entry and cell cycle exit are more frequent than those regulating M 

phase entry and exit94. As such, mutations in the DNA damage checkpoint are more commonly 

found than mutations in the replication stress checkpoint or SAC, as proper functioning of these 

two checkpoints is crucial for all cell (normal and cancerous) viability94. 

During interphase, cell cycle arrest and exit as a result of DNA damage checkpoint signaling are 

largely p53-mediated119. Mutations in p53 are the most frequent mutation in cancer.  

All cells, including cancer cells, are dependent on a functional replication stress checkpoint. An 

accumulation of replication stress can be an important source of DNA damage, which can 

ultimately induce genome instability to an extent which causes cell death120. This is evident in cells 

which accelerate their transition into S phase due to hyperactive E2F-mediated transcription 

caused by overexpression of cyclin E or CDK2, to prolonged activation of cyclin E-CDK2 

complexes or loss of Rb. Cancer cells often have an increased dependence on the DNA damage 

kinases ATR and CHK1, as these kinases are central to their ability to tolerate ever-increasing 

levels of replication stress120,121. 
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1.3.4.2. M phase and spindle assembly checkpoint (SAC) 

Cancer cells also exhibit an increased tolerance for – and may in fact thrive on – genomic and 

chromosomal instability (CIN). Aneuploidy, which often leads to CIN, is the most common 

characteristic shared by human tumors116. CIN may drive tumor heterogeneity and evolution, but 

catastrophic levels of CIN can lead to cell death. While it can be assumed that errors occurring 

during spindle assembly or the SAC may lead to CIN and cancer, mutations in SAC components 

are infrequent. Such germline mutations in the SAC components have been detected as risk factor 

for colorectal cancer122, as have alterations in expression or activity of SAC signaling genes in 

some animal models of acute lymphoblastic leukemia and hepatocellular carcinoma116,123. 

However, on the whole, SAC signaling is rarely dysfunctional in cancer, as cells are particularly 

dependent on a functional SAC to allow enough time for proper chromosome segregation124. This 

indicates that weak SAC signaling or loss of SAC signaling likely is not a major driver of CIN or 

tumorigenesis94,124. 

 

1.3.5. Cell-cycle targeting therapies in cancer 

The cell cycle hyperactivity witnessed in cancer cells occurs as result of mutations or genetic 

alterations in cell cycle genes. Many studies have shown that inhibiting individual cyclins, CDKs 

or cell cycle effector proteins or their activity in mice can block tumorigenesis or decrease tumor 

burden. In most cases, these studies show that normal cells are minimally affected125,126. This 

suggests that certain tumor cells are more dependent on certain CDKs to drive their cell cycles, 

making inhibition of these proteins an interesting therapeutic strategy to arrest the cell cycle or 

cause cell cycle exit125,127. In contrast to halting the cell cycle, an alternative approach consists of 

accelerating transition into the next phase to generate catastrophic levels of DNA damage and 

genomic and chromosomal instability, thereby triggering cell death94,125. However, these types of 
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approaches have not yet been approved in the clinic94. Recent evidence has shown that cell cycle 

regulator proteins not only affect tumor growth, but the tumor microenvironment through 

modulation of antitumor immunity as well128,129.  

 

1.3.5.1. Cyclin-CDK inhibitors 

Early CDK inhibitors were not very selective and therefore considered pan-CDK inhibitors. Use 

of these drugs generally led to high toxicity at low doses, and thus was often plagued by these 

inhibitors’ low therapeutic indices, preventing its approval in the clinical setting127. This spurred 

the need for more selective CDK inhibitors, and in vitro as well as preclinical studies fueled the 

development and ultimate approval of CDK4 and CDK6 (CDK4/6)-specific inhibitors130. CDK4/6 

inhibitors were developed over two decades, without a specific therapeutic indication. In 2009, 

Finn and colleagues demonstrated the exceptional sensitivity of luminal ER+ breast cancer cells, 

as compared to basal or ER- cells, to the selective CDK4/6 inhibitor which would come to be 

commercialized as palbociclib131. While CDK4/6 have a clear, defined importance in all cells, they 

are essential in mediating mammary tumorigenesis81,132-134. The CDK4/6 inhibitors palbociclib, 

ribociclib and abemaciclib were approved by the FDA for the treatment of advanced HR+/HER2- 

breast cancers in combination with an endocrine therapy backbone135-137. These drugs have been 

shown to improve progression-free survival, with ribociclib and abemaciclib also showing 

improvements to overall survival in breast cancer patients138,139.  In 2021, a fourth CDK4/6 

inhibitor, trilaciclib, was approved for use in treating chemotherapy-induced myelosuppression in 

patients with extensive-stage small cell lung cancer140. The main challenge still surrounding the 

use of CDK4/6-targeted therapies is the emergence of resistance to these drugs141-143. The success 

observed with the use of CDK4/6 inhibitors in the clinic has driven the exploration of new 
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indications for these inhibitors, as well as research into the development of inhibitors for other 

CDKs127,143. 

 

1.4. Transforming growth factor beta (TGFβ) 

Transforming growth factor beta (TGFβ) family members are implicated in a plethora of 

fundamental processes governing cell proliferation, migration, self-renewal, and differentiation in 

a whole host of cell types144,145. The effects of TGFβ signaling are far-reaching and affect 

physiological processes ranging from embryogenesis, tissue homeostasis, immunity and tissue 

remodeling145. The TGF cytokine family encompasses over 40 members, divided into 

subfamilies, including TGF/Nodal, activins, bone morphogenetic proteins (BMPs), growth and 

differentiation factors (GDFs)146. Three highly conserved TGFβ isoforms, TGFβ1, TGFβ2, and 

TGFβ3 compose the TGF subfamily, of which TGF1 has been the most extensively studied and 

is considered the prototypic member147. Accordingly, TGF1 is often simply referred to as TGF, 

and much of what is known about TGF1 has been extrapolated to apply to all TGF family 

members147. It remains to be determined whether this is entirely appropriate.  Remarkably, the 

entire TGF family can trigger the wide range of physiological effects mentioned above by binding 

to the same receptors which directly activate signal through the same set of Smad transcription 

factors – although non-canonical (non-Smad) signaling does exist. Despite the frequently shared 

signaling pathways, TGF signaling can have opposite effects, as evidenced during 

tumorigenesis146,148. 
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1.4.1. Signaling 

TGF ligands are initially translated as proproteins consisting of the mature TGF cytokine bound 

to a latency-associated peptide (LAP), which conserves TGF in a latent form, incapable of 

interacting with its receptors149. In the endoplasmic reticulum, the TGF proproteins dimerize and 

become bound to a latent TGF-binding protein (LTBP), trapping them within large latent 

complexes (LLC) in the extracellular matrix149,150 (Fig. 1.6). The mature TGF homodimer must 

be liberated from the LLC and the LAP must be proteolytically cleaved from TGF to allow the 

mature protein to bind its receptors151. Once activated, the TGF isoforms induce signaling by 

binding a set of four receptor serine/threonine kinases. Mature TGF ligands first bind to two 

TGF type II receptors (TβRII), which then recruit and phosphorylate the Gly-Ser-rich (GS) region 

on two TGF type I receptors (TβRI)152. These receptors reside in both lipid raft domains, which 

are assemblies of lipids and proteins that float within the bilayers of the cell membranes, and non-

lipid raft domains in the cell membrane153,154. Within this transmembrane heteromeric complex, 

the activated TβRI selectively phosphorylates receptor-regulated Smad proteins (R-Smads), 

Smad2 and Smad3 on their C-terminal Ser. Smad1, Smad5, and Smad8 function as R-Smads in 

response to BMP and GDF binding to receptors. While TGF signaling can occur from the cell 

membrane, meaning internalization of the receptors is not essential for signaling, it has been shown 

that clathrin-mediated endocytosis can promote TGF-mediated R-Smad activation153,155. 

Phosphorylated Smad2 and Smad3 then associate with the common mediator Smad (co-Smad), 

Smad4, which does not need activation by TβRI, but is essential to the formation of most Smad 

transcriptional complexes156. This complex shuttles into the nucleus and can then directly bind 

specific sequences of DNA called ‘Smad-binding elements’ (SBE) to affect transcription156 (Fig. 

1.6). Different levels of binding specificity and affinity are achieved depending on the partner 
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transcription factors, coactivators or corepressors for a given promoter145,156,157. The duration of 

the Smad-mediated signaling in the nucleus seems to correspond to the duration of the TGF-

mediated stimulus, as the receptors are repeatedly internalized and recycled back to the cell 

surface, and the Smad proteins are repeatedly dephosphorylated and rephosphorylated while 

shuttling between the nucleus and cytoplasm155,158. Dephosphorylation of Smads by phosphatases 

or the interference of the inhibitory Smad (I-Smad), Smad7, with receptor-mediated R-Smad 

activation can therefore abrogate signaling156. Smad6 functions as an I-Smad in response to BMP 

signaling, while Smad7 responds to both TGF and BMP siganling147. It is currently accepted that 

the localization of the TGF receptors in lipid raft domains most often has a negative effect on 

TGF signaling, by triggering their degradation through Smad7-mediated signaling which leads 

to ubiquitination of the receptors 153,155.  Although the canonical Smad signaling defines TGF 

family signaling, other non-canonical (non-Smad) pathways can also be activated by TGF 

signaling. This includes the PI3K-Akt-mTOR159,160, ERK161,162, JNK163,164 and p38-MAPK165,166 

pathways among many less characterized non-canonical pathways147. 
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Figure 1.7 Regulation of TGFβ and its signaling, adapted from Robertson and Rifkin, 2016 and 

Derynck and Zhang, 2003 

 

1.4.2. Role in cancer 

With nearly all cell types responding to TGF signals, the potential for deregulated TGF 

signaling to engender serious consequences for cells and tissues is high. TGFβ is considered a 

growth inhibitor in healthy epithelial tissues, but it has a dual role in malignant cells – acting as 

both a tumor suppressor and an oncogene depending on the context148,167-171. This context-

dependence includes differences in tissue type and location, or stage of the tumorigenic process. 
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For example, in the normal mammary epithelium and early breast carcinoma, TGF acts as an 

important tumour suppressor, and decreased expression of components in this pathway lead to 

tumorigenesis169. In more advanced breast cancer cases, TGF promotes tumour progression and 

metastasis145,169,172. However, even within a given context, such as the early stages of 

tumorigenesis, differences in TGFβ-mediated effects have been observed. For example, using 

heterozygous TGFB1 null mice, Tang et al. demonstrated a tumor suppressive role for TGFβ in 

early stages of tumorigenesis where increased proliferation in liver cells and decreased apoptosis 

in lung and liver cells was observed173. However, Ingman and Robertson observed two opposing 

actions for TGF1 using TGFB1 null immunodeficient mice: autocrine inhibition and paracrine 

stimulation of mammary ductal cell growth168. This complicates our understanding of the 

multitude of effects governed by TGF signaling.  

In general, TGF exerts tumor suppressive effects by inducing cytostasis, triggering apoptosis and 

preventing cell differentiation174. Of note, TGF induces transcription of several cell cycle 

inhibitors, the CKIs p15INK4B, p21Cip1, p27Kip2, p57Kip2 175-178. Tumor cells can lose their 

responsiveness to TGF growth inhibitory signals while retaining functional components to the 

TGF pathway, such that cells can then respond to TGF by increasing proliferation, migration 

and invasiveness179-181. Moreover, these effects can then be amplified by increases in production 

and levels of TGF in a given microenvironment170,182. Therefore, this oncogenic role for TGF 

seems to accompany the acquisition of more aggressive features in breast cancer178. Additionally, 

albeit less frequently, cells can inherit mutations in TGF pathway components, altering their 

TGF signaling and responsiveness to inhibitory signals148. It is believed that this “switch” is the 

result of the different bioavailability of the various effectors of the pathway, but a better 

understanding of the molecular mechanisms governing those different responses is required.  
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1.5. miRNAs 

1.5.1. miRNA biogenesis 

The first microRNA (miRNA) was identified in 1993, only 30 years ago, when short temporal 

RNAs were found to regulate development in C. elegans183. miRNAs are endogenously expressed 

noncoding RNAs approximately 19-25 nucleotides in length. The functional, mature, miRNA is 

derived from a long, stem-loop structured precursor through a series of tightly regulated steps (Fig. 

1.7). First, the gene encoding the miRNA, often found in the introns of protein-coding genes, is 

transcribed into a primary transcript (pri-miRNA) by RNA Pol II184. This transcript is processed 

into a ~70 nucleotide precursor miRNA transcript (pre-miRNA) by the RNase III enzyme 

Drosha184-186. The pre-miRNA is exported into the cytoplasm, where it is further cleaved by the 

RNase III enzyme Dicer into a short, dsRNA miRNA:miRNA* duplex, consisting of the mature 

miRNA and its complement, the passenger strand miRNA, or miRNA*184,185. These mature 

miRNAs are then incorporated into the RNA-induced silencing complex (RISC) to repress or 

cleave translation of complementary RNA targets, while the miRNA* is most often discarded184.  
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Figure 1.8 Model of the biogenesis of human microRNAs, adapted from He and Hannon, 2004 

 

1.5.2. miRNA function 

miRNAs have been shown to have diverse roles in development, tissue homeostasis, cell growth, 

proliferation and human disease187-189. They exert their functional effects through pairing with their 

target mRNAs. Notably, miRNAs are estimated to regulate approximately two-thirds of mRNA 
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transcripts190,191. Once miRNAs are incorporated into the RISC, the removal of the passenger 

miRNA* strand is required for activation of this complex192. The RISC is a ribonucleic RNA-

silencing effector complex composed of an Argonaute (Ago) protein and a mature miRNA which 

directs the complex towards a complementary mRNA target. 

Canonical miRNA-target mRNA pairing is thought to occur through ‘seed’ sequence (5’ 

nucleotides 2-8 of the miRNA) pairing to the target RNA193. However, additional types of non-

canonical base-pairing have been observed. For example, when pairing lacking contiguous seed 

matches occurs, 3’ base-pairing (nucleotides ~13-16) and ‘centred’ base-pairing can compensate 

for these mismatches194,195. It remains unclear if miRNAs that bind non-canonically to their targets 

interact differently with Ago proteins in the RISC194. The net effect of miRNAs is to reduce the 

protein levels of their targets, with a reduction in mRNA levels often preceding this effect196-198. 

Although translational repression as a result of miRNA binding to mRNA was first observed when 

miRNAs themselves were discovered, the mechanism behind this repression long remained poorly 

understood. Recent evidence has shown that 5’ cap-dependent initiation is the main, and earliest, 

molecular event affected by miRNAs in repressing translation of their mRNA targets199-201. Indeed, 

by binding to the 5’cap, the Ago2 protein in the RISC interferes with the initiation of translation 

led by the eukaryotic translation initiation factor 4E (eIF4E) binding to the cap202. Moreover, many 

– but not all – miRNAs ultimately decay their targets through a successive process initiated by 

translational repression and succeeded by removal of the 3’ polyA tail (deadenylation) and the 

5’cap structure (decapping), which exposes the ends of the mRNA to degradation198,203,204. 

 

1.5.3. miRNAs in cancer 

miRNA expression is frequently altered in cancer. This can generally occur directly or indirectly. 

Using microarray-based genome-wide miRNA profiling, it was demonstrated that many miRNAs 
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are located in genomic regions known to be amplified, deleted or translocated in human cancers205. 

However, altered miRNA expression leading to tumorigenesis can also arise indirectly through 

improper primary miRNA transcription206 and impaired miRNA biogenesis proteins such as 

Dicer189,207,208, Drosha208,209, or Ago2207. 

Several studies have shown that dysregulated miRNA expression is associated with tumor 

formation, with a global decrease in miRNA expression most often leading to tumorigenesis208-211.  

Still, ample evidence supports both oncogenic and tumor suppressor roles for given miRNAs. 

Oncogenic miRNAs or oncomirs are more highly expressed in tumor tissue versus normal tissue, 

and their high expression leads to increased cancer cell fitness, as they often target tumor 

suppressor genes206,211. On the contrary, tumor suppressor miRNAs are expressed at lower levels 

in tumors as compared to normal tissues and often suppress oncogene expression196,211. 

 

1.5.4. miRNA-targeting therapies in cancer 

Given the frequent involvement of miRNAs in tumorigenesis and cancer progression, as well as 

the correlation between aberrant miRNA expression and cancer, miRNA-based therapies have 

been explored for the treatment of cancer. Antagomirs or antimiRs, single-stranded inhibitory 

RNA oligonucleotides complementary to mature miRNAs, can be directed towards oncomirs to 

limit their inhibition of tumor suppressor mRNAs. In contrast, miRNA mimics, synthetic RNA 

duplexes mimicking endogenous miRNAs with modifications to prevent their integration into the 

RISC212, can be used to silence oncogenic mRNAs through replenishing the number of circulating 

tumor suppressor-like miRNA molecules.  

In recent years,  improvements to the binding affinity, specificity, and stability of antimiRs and 

miRNA mimics have paved the way for inclusion of these therapies in clinical trials213.  In parallel, 

delivery systems for miRNA-based therapeutics have been optimized to allow for more targeted 
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distribution to chosen tissues, better safety profiles, and more efficient target mRNA silencing213. 

Still, given miRNAs’ pleiotropic nature, the potential for off-target effects following miRNA-

based therapy remains a challenge188,214. Additionally, it is generally accepted that miRNAs 

function through fine tuning of the expression levels of hundreds of mRNAs through varying 

degrees of mild functional repression, as opposed to complete degradation of their targets215,216. 

Depending on the desired inhibition level of the target mRNA or protein, miRNA-mediated 

therapy may therefore not be appropriate. To date, noncoding RNA-based therapeutics have been 

approved by the United States’ FDA and the European Medicines Agency (EMA), but all these 

therapies are based on siRNA or antisense oligonucleotide (ASO) chemistry217. Nonetheless, there 

are currently miRNA-based therapeutics in clinical trials, including candidates for the treatment 

of various types of cancer214,217. One distinct advantage of using miRNA chemistry as opposed to 

siRNA or ASO chemistry stems from the fact that miRNAs exist endogenously in all cells, which 

are already equipped with the machinery to process and direct these molecules towards their 

targets. Moreover, miRNAs target numerous mRNAs which may be part of a disease pathology, 

so the potential benefit is expanded213.   
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1.6. Rationale and objectives of research 

Breast cancer has now surpassed lung cancer as the most commonly diagnosed cancer 

worldwide45. It is also the deadliest cancer in women. Triple negative breast cancer (TNBC) is the 

most aggressive subtype of breast cancer, with the highest rate of diagnosis in younger, 

premenopausal women, and the worst overall prognosis. Despite recent advances, the treatment 

landscape for TNBC remains rather barren, with chemotherapy being the mainstay systemic 

treatment. It is thus imperative that we propose new treatment options for these patients.  

The overarching goal of this thesis centers around identifying and validating new targeted 

therapies for TNBC using two approaches: 1. expanding the therapeutic indication of an existing 

therapy to include TNBC, and 2. developing new therapies by identifying and targeting new 

genetic vulnerabilities in TNBC. To achieve these aims, we hypothesized that large scale CRISPR-

based functional genomics screening could be used to better delineate the genomic landscape of 

TNBC and identify key vulnerabilities which we could exploit to develop new treatments for 

TNBC. 

Each approach was further refined to increase the potential translatability of our results to the 

clinic: 

1. I studied CDK4/6 inhibitors – the current gold standard in HR+ breast cancer – to identify 

molecular determinants of sensitivity and resistance to these drugs in the context of TNBC. 

I hypothesized that using genome-wide CRISPR screening and applying CDK4/6 inhibitor 

(palbociclib) treatment as a selection pressure would identify molecular determinants of 

response to palbociclib, and that these could then be used as predictive biomarkers of 

response, or could be exploited to improve palbociclib efficacy. By better defining how to 
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use palbociclib, better patient stratification could be achieved and, importantly, TNBC 

patients could become eligible to receive palbociclib. 

2. Knowing how single-gene targeting strategies have known limited success in TNBC, I 

sought to evaluate a multi-gene targeting approach by leveraging the use of miRNA-based 

therapies. I therefore aimed to identify miRNAs with roles in TNBC tumorigenesis and 

tumor progression and hypothesized that these miRNAs could be targeted through short 

RNA-based therapy to modulate their effects in promoting tumor progression. To better 

understand these miRNAs, I sought to determine their targets by studying the proteins 

whose levels they alter through high-throughput proteomics. Ultimately, characterization 

of these miRNAs could provide the framework for novel miRNA-based therapeutic 

approaches to treat TNBC. 
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2.1. Abstract 

Triple negative breast cancer (TNBC) remains exceptionally challenging to treat. While 

CDK4/6 inhibitors have revolutionized HR+ breast cancer therapy, there is limited understanding 

of their efficacy in TNBC and meaningful predictors of response and resistance to these drugs 

remain scarce. We conducted an in vivo genome-wide CRISPR screen using palbociclib as a 

selection pressure in TNBC. Hits were prioritized using microarray data from a large panel of 

breast cancer cell lines to identify top palbociclib sensitizers. Our study defines TGF3 as an 

actionable determinant of palbociclib sensitivity that potentiates its anti-tumor effects. 

Mechanistically, we show that chronic palbociclib exposure depletes p21 levels, contributing to 

acquired resistance, and that TGF3 treatment can overcome this. This study defines TGF3 as an 

actionable biomarker that can be used to improve patient stratification for palbociclib treatment 

and exploits the synergistic interaction between CDK4/6 and TGF3 to propose a new 

combinatorial treatment for TNBC.  
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2.2. Introduction 

In normal tissue, cellular proliferation, cellular growth, stress management and survival are 

carefully controlled by stringent cell cycle checkpoints and robust DNA repair mechanisms. The 

complex transformation of a cell from normal to oncogenic is driven by its acquired abilities to 

sustain proliferation and to circumvent signaling aiming to stop proliferation, causing a 

deregulation of its cell cycle117.  

Cyclin-dependent kinases (CDKs) and their associated cyclins are evolutionarily 

conserved, central regulators of the cell cycle. Their activity is initiated by mitogenic signals and 

is tightly regulated by cyclin-dependent kinase inhibitors and activated cell cycle checkpoints. 

CDK4 and CDK6 (hereafter referred to as CDK4/6) have been shown to be essential in mediating 

breast tumor formation132,133. Cyclin D canonically associates with and activates CDK4/6, which 

mediates the transition from the G1-phase to the S-phase by phosphorylating and inactivating the 

retinoblastoma protein (Rb). This releases the E2F transcription factor and drives the transcription 

of genes responsible for the S-phase transition, including cyclin E96. Cyclin E, by binding to 

CDK2, increases its activity and results in Rb hyperphosphorylation, ultimately driving the cell 

into S-phase and DNA replication. This process is maintained by endogenous CDK inhibitory 

proteins of either the INK4 or Cip/Kip family. In breast cancer patients, amplification of the 

CCND1 gene may occur in up to 15% of patients, and overexpression of cyclin D1 protein is even 

more common, occurring in 50% of tumors218. For this reason, CDK4/6 has been explored as a 

potential therapeutic target for breast cancer.  

Breast cancer is classified into three major clinical subtypes depending on the expression 

of the hormone receptors (HR) – estrogen receptor (ER) and progesterone receptor (PR) – and the 

human epidermal growth factor receptor 2 (HER2). The recent FDA approval of three CDK4/6 
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inhibitors (CDK4/6is), palbociclib, ribociclib, and abemaciclib, has led to the rapid adoption of 

targeted treatment of CDK4/6 as first-line or second-line therapy in advanced ER+/HER2- breast 

cancer. The indication of these inhibitors for ER+/HER2- breast cancer can be attributed to the 

specific dependency of these tumors on cyclin D1 and CDK4/6219. As is the challenge with many 

anti-cancer drugs, resistance to CDK4/6 targeted therapies limits their use, ultimately leading to 

disease spread or relapse. Many studies have been conducted to allow for better clinical decision-

making, ranging from identifying the causes of intrinsic resistance, to seeking mechanisms 

responsible for acquired resistance, to searching for biomarkers of CDK4/6i efficacy. Patients with 

triple negative breast cancer (TNBC) have long been ineligible for CDK4/6i therapy because of 

the absence of ER expression and frequent Rb deletions in TNBC131. A phase II clinical trial by 

DeMichele et al. evaluating palbociclib monotherapy in Rb+ metastatic breast cancer found that 

all four TNBC patients included were refractory to treatment by the study endpoint220. Although 

sample size constraints of the study prevented significant conclusions from being drawn from the 

TNBC patients tested, the trial results highlight that much remains to be understood about the 

interplay between TNBC tumor biology and the cell cycle. While independence from CDK4/6 

signaling due to Rb deficiency is often linked to TNBCs’ resistance to CDK4/6is, only 

approximately 35% of TNBCs are Rb-deficient. This means that a great majority of these tumors 

are Rb-proficient and are thus potential candidates for CDK4/6i therapy221. Concordantly, we and 

others have shown that CDK4/6 inhibition by palbociclib reduces tumor growth in vivo in multiple 

Rb+ TNBC models222-224. These findings indicate that there is an avenue worth exploring for 

CDK4/6i therapy in TNBC; however, there is an unmet need for better biomarkers of response to 

CDK4/6is. Such predictive markers of drug effectiveness would allow for the identification of a 

new subset of patients with TNBC who would likely benefit from treatment with CDK4/6is. 
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This study aimed to identify and characterize predictive markers of sensitivity and 

resistance to palbociclib in TNBC, and to select actionable targets for improving palbociclib 

efficacy in both TNBC and the general context of breast cancer, through a combinatorial approach. 

Here, we conducted an in vivo genome-wide CRISPR loss-of-function screen in TNBC to identify 

genes that could sensitize cells to palbociclib treatment. The enriched gene set (205 genes) was 

then cross-referenced with microarray data from 38 breast cancer cell lines ranked based on their 

sensitivity/resistance levels to palbociclib and allowed us to ensure that the gene set is relevant to 

the broader context of breast cancer, and not limited only to the TNBC subtype. This is important 

considering the actual clinical context in which the drug is administered. 

We aimed to validate the top candidates in vivo using preclinical xenograft models of Rb+ 

TNBC, to confirm the corresponding genes as potential palbociclib sensitizers. We then showed 

that our top-ranking candidate gene, TGFB3, could synergize with palbociclib to generate strong 

antitumor effects both in vitro and in vivo. This synergy is largely achieved through a p21-

dependent mechanism, whereby the addition of TGF3 induces p21 expression, which further 

contributes to inhibiting still-active CDK4/6/Cyclin D1 and CDK2/Cyclin E1 complexes. To 

further translate our findings to the clinic, we also showed that recombinant human TGF3, 

comparable to avotermin, which has been used in several phase I and II clinical trials for the 

prophylactic treatment of tissue scarring of the skin, efficiently increased breast tumor response to 

palbociclib treatments in preclinical models of TNBCs. 

This study underscores the ability of TGF3 levels to predict sensitivity to palbociclib and 

highlights TGF3 as an actionable biomarker capable of improving palbociclib efficacy when 

administered in combination with palbociclib in TNBC. Our findings also highlight the robustness 

of the in vivo CRISPR screening and prioritization methods used to identify the effectors of 
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palbociclib sensitivity and pave the way for further investigation into combination treatment 

approaches. 

 

2.3. Materials and Methods 

Experimental design. This study used a genome-wide CRISPR/Cas9 loss-of-function screen to 

reveal markers of sensitivity and resistance to palbociclib in a CDK4/6 inhibitor-sensitive TNBC 

model. SUM159 TNBC cells were infected with a genome-wide CRISPR library and transplanted 

into NSG mice. Palbociclib was administered to mice as tumors grew, and tumors were extracted 

and sequenced. Biological and technical replicates were measured. The aim was to identify 

candidate genes which could predict sensitivity or resistance to palbociclib across all molecular 

types of breast cancer. Therefore, candidates identified by sequencing were cross-referenced with 

their respective expression levels in publicly available microarray data from 38 breast cancer cell 

lines, which were categorized based on known sensitivity to palbociclib. Using GSEA, top 

candidate genes were determined, and validation was performed orthotopically in vivo in NSG 

mice with daily injections of palbociclib. Loss of TGF3 using an individual CRISPR knockout 

in SUM159PT was shown to generate resistance to palbociclib. TGF3 was further explored for 

its role in mediating palbociclib resistance, and it was demonstrated that treating cells with 

recombinant human TGF3 synergized with palbociclib in vivo in another model of TNBC, using 

pre-formed orthotopic mammary tumors derived from MDA-MB-231. This was also shown in the 

context of multiple palbociclib-naïve and palbociclib-resistant TNBC cell lines, and found to be 

p21-dependent. All experiments were performed with a minimum of three biological replicates. 

Tumor volumes were measured blindly with a digital caliper. Tumors were always randomized 

into vehicle and treatment groups, before treatment began.  
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Cell lines and cell culture. SUM159PT and SUM229PE were cultured in Ham’s F-12, 1X 

(WISENT INC.) containing 5% fetal bovine serum (FBS, Gibco), 5 µg/mL insulin and 1 µg/mL 

hydrocortisone. MDA-MB-231 and HEK293T were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, WISENT INC.) supplemented with 10% FBS (Gibco). Cell lines were routinely 

tested by the Diagnostic Laboratory of the Comparative Medicine and Animal Resources Centre 

(McGill University) and are mycoplasma negative. 

 

Generation of 159-R cell line. SUM159PT cells were initiated to palbociclib isethionate 

(MedChemExpress, HY-A0065) exposure at a low concentration (100 nM) of the drug. Cells were 

passaged before reaching confluence and treated with incrementally higher concentrations of 

palbociclib (+ 100 nM every week for 12 weeks). After Week 12, the concentration was increased 

to 2 µM and was increased by 1 µM each week until 5 µM was reached.  

 

Genome-wide library (GeCKOv2) infection and in vivo transplantation. Human genome-scale 

CRISPR knockout pooled library (GeCKOv2, Addgene plasmid #1000000048) was amplified 

according to manufacturer’s instructions and as shown previously225. 3 × 106 SUM159PT cells 

were seeded per well in 12-well plates and polybrene (8 μg/mL) (EMD Millipore Corp. #TR-1003-

G) was added to complete medium. Cells were spin-infected with previously titered lentivirus 

(MOI 0.3-0.5) at 800 × g for 2 h at 32°C. Cells were then incubated overnight and subsequently 

detached, pooled and seeded into T225 flasks. 24 h following infection, puromycin (2 µg/mL) 

(InvivoGen) was added to medium and cells underwent selection over 9 days. 3 × 107 cells were 

then collected and frozen at -80°C for subsequent genomic DNA extraction. For each replicate of 
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the screen, 3 × 107 cells were transplanted subcutaneously in 4 nod-scid gamma (NSG) mice. 

Seven days later, once tumors were palpable, 2 mice were assigned to each treatment group. The 

vehicle (75% saline + 25% Tween-80) or palbociclib isethionate (MedChemExpress, HY-A0065) 

(30 mg/kg) dissolved in the vehicle was administered intraperitoneally 5 days/week for 23 days. 

Mice were sacrificed once it was no longer ethical to continue the experiment, when vehicle tumors 

became too large (experiment endpoint) and tumors were then collected and frozen at -80°C for 

subsequent genomic DNA extraction. 

 

Genomic DNA extraction. For each sample, 3 × 107 cells (cell representation sample) or 200 mg 

mechanically grinded tumor tissue (tumor sample) was lysed in 6 mL of NK Lysis Buffer (50mM 

Tris, 50mM EDTA, 1% SDS, pH 8) and 30 μL of 20 mg/mL Proteinase K (Qiagen). Cell lysates 

were incubated at 55 °C for 1 h (cell pellet) and tumor tissue was incubated overnight. RNAse A 

(QIAGEN) was added (0.05 mg/mL) and samples were incubated at 37 °C for 30 min, and then 

on ice for 10 min. 2 mL of ice-cold 7.5M ammonium acetate (Sigma) was added to each sample 

before samples were briefly vortexed and centrifuged (4000 × g for 10 min). Supernatants were 

collected and isopropanol was added for DNA precipitation. Samples were centrifuged and 

remaining pellets were washed in 70% cold ethanol and resuspended in 1× TE Buffer.  

 

Library preparation and deep sequencing. Next generation sequencing library was generated 

by two-step PCR. All PCR reactions were performed using Herculase II Fusion DNA Polymerase 

(Agilent). PCR1 reactions were prepared by mixing 20 μL Herculase 5× Buffer, 1 μL of 100mM 

dNTP, 2.5 μL of Adapter Primer F, 2.5 μL of Adapter Primer R, 1 μL Herculase II Fusion Enzyme, 

10 μg of gDNA and completing to 100 μL with PCR-grade water. After individual validation, 
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PCR1 reactions were pooled and stored at −20 °C. PCR2 reactions were prepared by mixing 20 

μL Herculase 5× Buffer, 1 μL of 100mM dNTP, 2.5 μL of Adapter Primer F, 2.5 μL of Adapter 

Primer R, 1 μL Herculase II Fusion Enzyme, 5 μL of PCR1 amplicon and completing to 100 μL 

with PCR-grade water. Final PCR products were migrated on a 2% agarose gel, extracted and 

purified using the QIAquick PCR & Gel Cleanup Kit (QIAGEN). Samples were sequenced (20 

million reads) at Génome Québec (https://www.genomequebec.com/).  

 

Data processing and bioinformatics. MAGeCK and MAGeCK-VISPR were used to perform 

read count mapping, normalization, quality control and to identify sgRNA/gene hits226. sgRNA 

enrichment profile was generated by filtering for sgRNAs with false discovery rate (FDR) < 0.05. 

sgRNAs with mean control reads < 10 were removed, to reduce the potential for false positive hits 

included in the profile. Significant hits were selected on the basis of having one or more specific 

gRNA out of the 3 sgRNAs/target present in the library, using a false discovery rate cutoff of < 

0.05. It was also ensured that for each significantly enriched sgRNA targeting a given gene, no 

other gRNA targeting this gene was found to be depleted. Non-targeting and miRNA-targeting 

sgRNAs were further excluded from the profile.  

 

Gene set enrichment analysis. Palbociclib sensitivity data from Finn et al. was used to rank 38 

breast cancer cell lines, generating two profiles of cell lines, ‘sensitive’ (palbociclib IC50 < 

median) and ‘resistant’ (palbociclib IC50 > median)131. Gene expression data from the 38 cell lines 

was obtained from Kao et al66. The gene set used for gene set enrichment analysis was composed 

of the genes encoded by the 205 sgRNAs enriched (FDR < 0.05) in the in vivo CRISPR screen.  

 

https://www.genomequebec.com/


72 

 

CRISPR individual knockout and CRISPR activation plasmid cloning. For generation of 

knockout constructs, lentiCRISPRv2 backbone vector was obtained as a gift from Feng Zhang 

(Addgene plasmid # 52961). For generation of activation constructs, lentiSAMv2 (Addgene 

plasmid # 75112) and lentiMPHv2 (Addgene plasmid # 89308) were used. Oligonucleotide 

sequences for KO and SAM sgRNAs are listed in Supplementary Table 1.  

 

Genomic DNA cleavage assay. Genomic DNA cleavage detection assays were performed for 

each individual gene knockout using the GeneArt Genomic Cleavage Detection Kit (Invitrogen, 

cat. no. A24372) according to the manufacturer’s protocol. Briefly, 5 × 105 knockout cells were 

harvested and lysed. Genomic DNA was extracted and the specific Cas9/sgRNA genetically 

modified region was PCR-amplified using primers listed in Supplementary Table 1. Insertions or 

deletions (indels) to the region of interest were then detected.  

 

In vivo orthotopic xenograft studies. For individual gene knockout or activation validation, 

transduced SUM159PT knockout or activation cells (1 × 106/mouse) were diluted 1:1 in Matrigel 

(BD Bioscience) and then transplanted in the mammary fat pads of 8-week-old, female NSG mice. 

Tumors were measured with an electronic caliper three times per week and allowed to reach a 

maximum volume of approximately 1000 mm3 prior to euthanasia. Tumor volumes were 

calculated according to the following formula: [4/3 × π × (length/2) × (width/2)2]. For treatments 

with palbociclib and/or recombinant human TGF3 ligand, SUM159PT- or MDA-MB-231- 

derived tumors were allowed to grow for 3-4 weeks until palpable. Palbociclib isethionate was 

dissolved in 75% saline and 25% Tween 80 (Sigma-Aldrich, P1754) solution. Palbociclib was 

administered in 10 mg/kg or 30 mg/kg doses. Recombinant human TGF3 ligand (PeproTech, Inc, 

cat. no. 100-36E) was dissolved in 10 mM citric acid buffer with 0.1% BSA. TGF3 was 
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administered in 2 µg/kg doses. Volumes of all solutions injected were adjusted based on individual 

weight of each mouse. All injections were intraperitoneal. In the case where mice received 

combination treatment, a 4 h delay between palbociclib and TGF3 injections was respected to 

reduce the potential for formulation interactions between the two treatments. All mice were housed 

and handled in accordance with the approved guidelines of the Canadian Council on Animal Care 

(CCAC) “Guide to the Care and Use of Experimental Animals”. 

 

In vivo lung colonization studies. Individual CRISPR-mediated knockouts were generated in 

SUM159PT cells, and 1 × 106 cells were injected into the tail vein of NSG mice to allow for lung 

colonization.  Mice were euthanized and lung tissue was collected. Lungs were fixed and stained 

in Bouin’s solution and metastatic lesions were manually counted.  

 

NeoPalAna clinical trial. The NeoPalAna phase II clinical trial evaluated the efficacy of 

neoadjuvant palbociclib + anastrazole treatment in stage II-III ER+ primary breast cancer227. The 

trial enrolled 50 patients. Patients received anastrozole (1 mg, daily) alone for the first 28 days 

(cycle 0), after which palbociclib (125 mg, daily) was added to the treatment regimen, on day 1 of 

cycle 1 of treatment (C1D1). Tumor biopsies were collected at C1D1, and 14 days following the 

start of palbociclib treatment (C1D15). If complete cell cycle arrest (Ki67 > 2.7%) was not 

achieved by C1D15, patients were deemed ‘resistant’ to treatment. 

 

Quantitative PCR. Frozen tumor tissues (50mg) were homogenized in 1 mL TriZOL Reagent, 

and extraction proceeded according to the manufacturer’s protocol. RNA was reverse-transcribed 
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using M-MLV Reverse Transcriptase (Invitrogen). Real-time PCR was performed using SsoFast 

EvaGreen Supermix (Bio-Rad) on a Rotor-Gene 6000 PCR analyzer (Corbett). 

Immunohistochemistry and scoring. Tumors were fixed in 10% formalin for minimum of 24 h. 

Tissues were paraffin embedded before they were mounted on slides. Following deparaffinization 

and rehydration, slides were immersed in retrieval solution (sodium citrate 10 mM, pH 6.0 buffer). 

The slides were incubated in hydrogen peroxide blocks, followed by Ultra V Block. Slides were 

incubated with Ki67 antibody. Ultra-Vision LP Detection System HRP Polymer & DAB Plus 

Chromogen (ThermoFisher Scientific) was used for detection. The slides were scanned using 

Aperio ScanScope XT slide (Leica Biosystems). Quantification of Ki67-positive tumor cells was 

performed using the Aperio Positive Pixel Count algorithm. 

Cell proliferation assay. Cells were seeded on 96-well plates and treated with palbociclib 

isethionate and/or recTGF3 at the indicated concentrations in complete medium for 5-7 days.  

Cells were then washed with PBS and stained and fixed with a 0.5% crystal violet solution in 25% 

methanol for 20 min at room temperature. Cell proliferation was assessed by absorbance at 570 

nm. The percentage growth inhibition was used to calculate synergy scores using SynergyFinder 

https://synergyfinder.fimm.fi/. 

shRNA knockdown. Scramble, p21-specific, Smad2-specific and Smad3-specific shRNA 

plasmids were purchased from Sigma. Transfer vectors were transfected into HEK293T cells along 

with packaging plasmids p.MD2G and psPAX2. Virus was collected and used to infect 4.5 × 105 

SUM159 or SUM159 palbociclib-resistant (159-R) cells previously seeded in 6-cm plates and left 

to attach overnight. Cells were puromycin-selected (2 µg/mL) for 48h and seeded for downstream 

analysis.  
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Immunoblotting. Total protein were extracted in ice-cold lysis buffer (50mM Tris-HCl, 150mM 

NaCl, 1% Triton X-100, 1mM EDTA, 100mM Na3VO4, 1× protease inhibitor cocktail and 1× 

PhosStop Phosphatase Inhibitor Cocktail (Roche), diluted in 5 × loading buffer and boiled at 95°C 

for 5 min. Samples were separated by SDS-PAGE, transferred onto nitrocellulose before being 

assessed by immunoblotting wit the indicated antibodies. 

 

Flow cytometry. For cell synchronization, cells were serum starved for 24 h. Cells were released 

from arrest by addition of complete medium including 5% FBS for 24 h. Cells were treated with 

indicated agent palbociclib alone (100 nM), recTGFβ3 alone (100 pM) or a combination of both 

(100 nM palbociclib + 100 pM recTGFβ3). For propidium iodide (PI) staining, cells were 

detached, centrifuged at low speed and counted. Following fixation with 70% ethanol, cells were 

washed twice with 1×PBS. 100 µg/mL RNAase A and 50 µg/mL PI in 1 × PBS was added to 1 × 

106 cells for 30 min at 37°C, cells were analyzed using the BD FACSCanto™ II (BD Biosciences).  

Statistical analyses. Multiple groups were compared using regular, one-way ANOVA with 

Tukey’s multiple comparisons tests. Difference between two group means was analyzed using 

unpaired, two-sided t-tests, with Holm-Šídák correction for multiple comparisons when 

applicable. Kaplan-Meier survival was analyzed using the log-rank test and presented as hazard 

ratios with 95% confidence intervals. P-values were considered significant when p < 0.05.  

Data availability. The data generated in this study are available within the article and its 

supplementary data files. 
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2.4. Results 

In vivo genome-wide CRISPR/Cas9 loss-of-function screen identifies 205 candidate genes 

that sensitize TNBC to palbociclib response and increase overall fitness to drug treatment. 

We aimed to identify clinically relevant genes that mediate palbociclib sensitivity by using 

an in vivo genome-scale CRISPR/Cas9 loss-of-function screen in a preclinical model of TNBC. 

We used an Rb-proficient human SUM159PT TNBC cell line228. We selected SUM159PT because 

it is (i) a well-established tumorigenic and metastatic model in vivo (ii) Rb+229 and thus 

intrinsically sensitive to CDK4/6 inhibitor treatment, and (iii) representative of TNBC as it harbors 

PIK3CA and TP53 mutations, two of the most frequently observed mutations in TNBC230,231. As 

illustrated in Fig. 2.1a, SUM159PT cancer cells were transduced with the lentiviral pooled 

genome-scale CRISPR/Cas9 knockout (KO) GeCKOv2 library. GeCKOv2 covers the whole 

genome with three single guide RNAs (sgRNAs) for each of the 19,050 target genes and 1000 

non-targeting control sgRNAs53,232. A low multiplicity of infection (MOI ~ 0.3) was chosen to 

ensure the integration of only one sgRNA per cell. Due to the sheer number of cells to be 

transduced, and the complexity of delivering perturbation reagents directly in the host organs of a 

large number of mice that would have been required to perform a direct in vivo screen, an indirect 

screen was chosen. Stable knockout cells were thus injected subcutaneously (s.c.) into severely 

immunodeficient NOD scid gamma (NSG) mice at approximately 400-fold library coverage for 

each animal in each of the three independent experiments. Tumors were allowed to grow for seven 

days,  until palpable. Mice were then randomized and subjected to intraperitoneal injections of 

either vehicle or 30 mg/kg palbociclib once daily for five days/week for 23 days. Tumor volume 

was monitored over the entire 30-day duration of the experiment. Exposure of GeCKO-derived 

tumors to palbociclib effectively reduced tumor size, illustrating the potency of palbociclib when 
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administered in the in vivo TNBC setting (Fig. 2.1b). The cell representation samples were 

sequenced on the day during which the cells were transplanted subcutaneously in mice, to examine 

the evenness of the library representation. The cell population at day 0 harbored a 99% library 

representation, indicative of an excellent library coverage53. Sequencing of tumors revealed a high 

degree of reproducibility, as demonstrated by the close grouping of principal component analysis 

(PCA) (Fig. 2.1c) in six same-condition in vivo biological replicates. PCA again highlighted the 

relative separation of sgRNA distribution between the untreated and palbociclib-treated samples 

(Fig. 2.1c). sgRNAs that were enriched or depleted after in vivo screening under palbociclib 

selection pressure were then identified. Enriched sgRNAs in palbociclib-treated tumors define 

genes conferring sensitivity to palbociclib, where loss-of-function mutations in these genes 

increase overall cell resistance to drug treatment and would thus present novel markers predictive 

of the palbociclib response. While we did not obtain any significantly depleted sgRNAs, a total of 

205 candidate sgRNAs were positively enriched in the palbociclib-treated tumors (Fig. 2.1d). The 

sgRNA enrichment profile was generated by filtering sgRNAs with false discovery rate (FDR) < 

0.05. Any sgRNAs with fewer than 10 control reads were dropped from the analysis to ensure 

screen quality and reduce the potential for false positive hits. Gene ontology pathway enrichment 

analysis performed on the 205 gene list revealed no significantly enriched gene sets or pathways. 

To shortlist candidate genes that could best predict palbociclib sensitivity in TNBC, we 

next cross-referenced our CRISPR screen gene dataset with microarray data from a panel of 38 

breast cancer cell lines with varying sensitivities to palbociclib66. Cell lines were ranked from most 

to least sensitive based on palbociclib IC50 values determined in Finn and colleagues131 and 

correspondingly divided into two groups: ‘more sensitive’ and ‘less sensitive’ to palbociclib. Using 

Gene Set Enrichment Analysis (GSEA), we sought to determine if the gene set obtained by our 
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screen was enriched in the ‘more sensitive’ cell lines sorted by sensitivity to palbociclib (IC50)233. 

As expected, our 205-gene set was significantly upregulated at FDR < 0.25 in cell lines which are 

sensitive to palbociclib (FDR = 0.0568) (Fig. 2.1e). The ‘more sensitive’ cell lines expressed 

higher levels of genes in our gene set, underscoring the power of our screen to identify genes 

predictive of palbociclib efficacy across a broad landscape of breast cancer subtypes (Suppl Fig. 

2.1a). Of this gene set, 47 genes formed the ‘core enrichment subset’ as defined by GSEA; genes 

which contributed most to the positive normalized enrichment score (NES) generated for the entire 

gene set233,234.  

We hypothesized that this subset would therefore have the strongest association with 

palbociclib effectiveness and could serve as a predictive gene signature for palbociclib sensitivity 

and overall clinical outcomes in patients. We associated the 38 cell lines used in the GSEA with 

corresponding clinical information. As expected, this ranking of cell lines coincided with 

clustering of cell lines based on Rb proficiency, hormone receptor (HR)/HER2 status, and 

molecular subtype classification, such that known CDK4/6 sensitivity phenotype criteria were 

fulfilled (Fig. 2.1f)235-237. Indeed, Rb-deficient cell lines clustered together in the ‘less sensitive’ 

subgroup, as did most cell lines representing the basal subtype of breast cancer. Conversely, HR+ 

and HER2+ cell lines, and cell lines of luminal or HER2 molecular subtype, largely clustered in 

the ‘more sensitive’ subgroup (Fig. 2.1f). These findings contributed to our confidence in the 

screening and the prioritization methods used as they allowed us to situate our results in the context 

of what is already known. Nonetheless, these results also help strengthen our rationale for the 

study, showing that palbociclib sensitivity is not simply dictated by ER status or Rb mutation status 

during patient stratification. We next sought to evaluate whether the 47-gene core enrichment 

subset could serve as a predictive gene signature for palbociclib sensitivity and overall clinical 
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outcomes in publicly available data sets. We evaluated these genes’ expression patterns in a cohort 

of patients with breast invasive carcinoma (METABRIC) using cBioPortal238-240. We observed an 

overall decrease in gene expression in the HR-/HER2- (TNBC) subgroup, as compared to the other 

groups classified by their expression of HR and HER2 (Suppl. Fig. 2.1b). Lower expression of the 

47-gene signature was also observed in the more aggressive basal and claudin-low groups of 

patient samples, and tended to correlate with higher tumor grade (Suppl. Fig. 2.1c, d). Taken 

together, the significant upregulation of the 205-gene set obtained from our in vivo CRISPR/Cas9 

screening in the 20 ‘more sensitive’ cell lines underscores the power of the screen to reliably and 

robustly identify markers of drug effectiveness. These findings strengthen the predictive power of 

the gene signature defined using our prioritization method, showing that overall lower expression 

of genes here correlates with poorer clinical outcomes in general, while also promoting palbociclib 

resistance.   

 

Individual top candidate gene knockouts induce palbociclib resistance in preclinical models 

of TNBC  

Having evaluated the clinical relevance of the 47-gene signature using patient data, we next 

assessed their ability to modulate the palbociclib response in vivo, using TNBC xenograft models. 

For this, the eight top-ranking genes of the 47-gene core enrichment subset (SLC40A1, TGFB3, 

SNRPN, ITGB6, BAMBI, TMEM176A, PDGFB and TMEM150A) were selected for validation. 

Briefly, each gene was individually knocked-out in SUM159PT using CRISPR/Cas9 before being 

orthotopically transplanted in the mammary fat pad of NSG mice, as previously described53,222. 

Gene modification efficiency was assessed using a SURVEYOR assay from a bulk population of 

cells, confirming the indel mutations for each KO (Fig. 2.2a). Once tumors became palpable, daily 
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intraperitoneal injections of the vehicle or 30mg/kg palbociclib were each administered to five 

mice within each group, where each group consisted of 10-12 mice per gene knockout. As 

expected, tumor growth in non-targeting control mice groups was significantly inhibited by 

palbociclib by study endpoint (Fig. 2.2b, c). We found that individual knockout of our target genes 

effectively made cells more resistant to palbociclib over time (Fig. 2.2b). By study endpoint, all 

eight of the eight individual knockouts (SLC40A1g1, TGFB3g1, ITGB6g3, BAMBIg2, 

TMEM176Ag3, PDGFBg1 and TMEM150Ag2) significantly inhibited the palbociclib anti-tumor 

effects in vivo, defining these genes as key regulators of TNBC response to palbociclib (Fig. 2.2c).  

Having found that the depletion of our top targets generated resistance to palbociclib, we 

further explored the clinical translatability of our genes to predict the sensitivity of mammary 

tumors to CDK4/6 inhibitors. Accordingly, we used patient data from the NeoPalAna clinical trial, 

a single-arm phase II clinical trial evaluating the neoadjuvant use of palbociclib, with an 

anastrozole backbone, in clinical stage 2 or 3 ER+ primary breast cancer227. Upon starting the trial, 

eligible patients received the aromatase inhibitor anastrozole (1 mg daily) for 28 days (Cycle 0). 

Palbociclib (125 mg daily on days 1-21, Cycle 1) was then added to the treatment regimen on day 

1 of cycle 1 (C1D1). Tumor biopsies were collected on C1D1 and 14 days after the start of 

palbociclib treatment (C1D15). Although all patients were ER+, the only clinical subtype of breast 

cancer assumed to be responsive to palbociclib, the response to treatment varied in these patients. 

This illustrates the inadequacy of relying solely on the predictive power of ER positivity. We 

therefore posited that varying the expression levels of other genes, such as genes from our shortlist, 

might better predict these varying responses to palbociclib. Gene expression data from total RNA 

were generated using an Agilent microarray platform during the trial. Here, we compared data 

from palbociclib-sensitive patients with data from patients deemed palbociclib-resistant at C1D15 
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because of an inability to achieve complete cell cycle arrest (Ki67 > 2.7%). At C1D1, analysis of 

gene expression levels revealed lower levels of SLC40A1 and TGFB3 in resistant versus sensitive 

patients (Suppl Fig. 2.2a). This trend of lower SLC40A1 and TGFB3 expression in resistant versus 

sensitive patients was also observed at C1D15. Some of the remaining genes showed similar trends 

at both time points, but the overall statistical analysis was difficult to perform given that there were 

too few patients for whom we had gene expression data in the “palbociclib-resistant” group. These 

data should therefore be interpreted with caution. Nonetheless, we propose that the trends observed 

in the expression of the top two genes, SLC40A1 and TGFB3, hint at the potential clinical relevance 

of our CRISPR screening results in Rb-proficient TNBC in patients with varying Rb statuses in 

ER+ patients.  

Analysis of publicly available clinical data on KM Plotter revealed that many of these 

genes were also correlated with relapse-free survival (RFS) across all breast cancer subtypes241. 

Lower gene expression of SLC40A1, TGFB3, SNRPN, TMEM176A and TMEM150A was 

significantly correlated (p<0.05) with lower RFS (Suppl. Fig. 2.2a, b). This may suggest that lower 

expression of these genes not only affects the response to palbociclib treatment but is also 

indicative of a worse overall prognosis for breast cancer patients.  

Altogether, these results highlight the robustness of both the prioritization and the 

screening design used in our study. Furthermore, our in vivo findings may attest to the 

translatability of these results towards clinical applications, as we found that patients who were 

resistant to palbociclib did have lower median expression of SLC40A1 and TGFB3 in the 

NeoPalAna trial.  
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TGF3 potentiates palbociclib anti-tumor effect in vivo  

The high ranking obtained by TGFB3 in the prioritization scheme, the strong negation of 

the palbociclib effect by TGFB3 knockout in vivo, along with the inverse relationship observed 

between TGF3 expression and palbociclib resistance in patients led us to further explore the 

potential value of TGF3 as a sensitizer to the palbociclib response. We hypothesized that the 

effect of palbociclib would be potentiated in TGFB3-overexpressing tumors, resulting in a greater 

growth reduction than in control tumors. Therefore, we applied a gain-of-function approach 

through activation of the TGFB3 endogenous gene promoter using the CRISPR/dCas9 Synergistic 

Activation Mediator (SAM) system, as previously described21,222. As shown in Fig. 2.3a, we 

strongly induced TGFB3 gene expression in SUM159 cells using three different sgRNAs targeting 

the TGFB3 gene promoter, without affecting TGFB1 or TGFB2 expression. TGFB3g2 SAM-

infected SUM159PT cells were transplanted into the mammary fat pads of NSG mice.  

Tumors were grown until palpable and treated daily with a relatively low dose of 

palbociclib (10 mg/kg, i.p.) or vehicle up to 33 days post-implantation. Here, low-dose palbociclib 

was used to allow for the observation of a potential synergy between treatment and high TGF3 

levels. As shown in Fig. 2.3b, low-dose (10 mg/kg) palbociclib treatment significantly reduced 

tumor growth in the lentiSAMv2 control tumors. A similar level of effect was observed when 

TGFB3 expression was induced in untreated cells (TGFB3g2 SAM vehicle). However, of the mice 

treated with palbociclib, those with TGFB3-overexpressing tumors had significantly lower average 

tumor growth rates than the control mice (Fig. 2.3b). Statistical significance of the difference in 

tumor volume was measured at all timepoints and is provided in Suppl. Fig. 2.3a. This is reflected 

in the mean palbociclib-mediated tumor growth inhibition in each group of mice at every timepoint 

investigated, where the palbociclib effect on tumor growth inhibition is significantly greater in  
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TGFB3-overexpressing tumors as compared to control mice during the entire experiment (Fig. 

2.3c). This is indicative of a potentiation of the palbociclib effect by TGF3. At the study endpoint, 

palbociclib treatment combined with increased TGFB3 expression greatly reduced tumor volume 

compared to that in control mice (lentiSAMv2) treated with palbociclib (Fig. 2.3d, left panel). 

Tumors were weighed upon resection, and the results shown in Fig. 2.3d (right panel) indicate that 

the antitumor effects of palbociclib were also greatly enhanced when TGFB3 was overexpressed. 

To verify that the enhanced antitumor effect observed in the TGFB3 SAM tumors was attributable 

to a sustained increase in TGFB3 levels, TGFB3 levels were assessed in excised tumors. TGFB3 

SAM tumors exhibited significantly higher levels of TGFB3 at both the mRNA level and the 

protein level than the control tumors (Fig. 2.3e, f). Taken together, these results suggest that an 

increase in TGFB3 expression potentiates CDK4/6 inhibition, allowing for greater growth 

inhibition.  

Having thus far only evaluated TGF3’s contribution to tumor suppression, we wanted to 

address the other, pro-metastatic arm of the TGF family’s dual role in cancer – a concern due to 

frequent extrapolation of data relating to TGF1’s role in promoting breast cancer to TGF3242. 

The role of TGF in providing breast cancer cells with metastatic capabilities – such as inducing 

epithelial-to-mesenchymal transition and priming cells for extravasation, has been well established 

for TGF1169,243. However, the TGF3 ligand specifically has not been well studied. Thus, we 

evaluated the effect of TGFB3 overexpression on the spontaneous metastasis of orthotopically 

transplanted breast cancer cells to the lungs using the CRISPR/dCas9 SAM system described 

above. Lung nodules were counted after euthanizing the transplanted mice. Mice overexpressing 

TGFB3 showed significantly fewer nodules on average than non-targeting control mice (Fig. 2.3g). 

In a follow-up experiment, we assessed the effect of TGFB3 gene silencing on lung colonization. 
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TGFB3 KO SUM159PT cells were injected into the tail veins of NSG mice, and lung nodules were 

counted 38 days after cell injection. We observed a trend towards an increased number of nodules 

in TGFB3 KO mice compared to non-targeting control mice (Fig. 2.3h). Taken together, these data 

suggest that inducing TGFB3 gene expression does not adversely affect lung metastasis in vivo, 

while leading to an increased sensitivity of tumors to palbociclib treatment in vivo. This highlights 

a possible therapeutic avenue for the administration of exogenous TGF3.  

Therefore, we exploited the inherent ease of use of TGF3 as a potential treatment, being 

a naturally occurring ligand. Human recombinant TGF3 (recTGF3) has previously been 

developed into an intradermal injectable (avotermin) and has been safely used in phase II and III 

clinical trials for the prevention of scarring244. To explore validate our findings in another TNBC 

model and thereby broaden the scope of the implications of our findings, we assessed 

recTGFβ3/palbociclib anti-tumorigenic effects when administered alone or in combination in pre-

formed MDA-MB-231-derived mammary tumors. MDA-MB-231 is a poorly differentiated, very 

aggressive TNBC cell line derived from the pleural effusion of a 51-year-old Caucasian female245. 

These cells were transplanted into the mammary fat pads of NSG mice, which were then 

randomized into four groups. Either the vehicle, human recTGF3 alone (2 µg/kg), palbociclib 

alone (10 mg/kg), or a combination of recTGF3 (2 µg/kg) and palbociclib (10 mg/kg) was 

administered intraperitoneally to mice in each group (Fig. 2.3i). Treatment was initiated 33 days 

after transplantation, once the tumors were palpable and administered daily. The smallest average 

tumor volume was observed in the combination group (Fig. 2.3j).  By the endpoint, mice from the 

groups treated with suboptimal doses of either recTGF3 alone or palbociclib alone showed 

comparable tumor volumes to mice in the control group, whereas the recTGF3 + palbociclib 

combination group had significantly smaller tumors than the control group (Fig. 2.3k, Suppl. Fig. 
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3b). Moreover, analysis of the proliferation index (Ki67) by immunohistochemistry in these 

tumors revealed that the combination treatment significantly reduced the proportion of 

proliferating cells as compared to the vehicle (Fig. 2.3l, m). This is reflective of tumor volume at 

endpoint, as neither palbociclib alone nor recTGF3 alone significantly reduced cell proliferation 

in vivo, indicating a potential synergy between the two treatments when administered together. 

These findings highlight the clinical relevance of TGF3 as a synthetic lethal target in our screen 

for its role in potentiating the anti-tumor effects of palbociclib when administered as a recombinant 

protein. They indicate the ease with which TGF3 could be administered in the clinic in 

combination with palbociclib to achieve significant tumor growth inhibition using low doses of 

either treatment. This could potentially help avoid unwanted adverse effects of using high 

individual doses while allowing for on-target inhibition of tumor growth unachievable at low doses 

of palbociclib. 

 

Combination of recombinant TGF3 and palbociclib exhibits synergy to inhibit TNBC cell 

proliferation in vitro  

Having shown that both TGFB3 overexpression and the use of recTGF3 significantly 

promoted the palbociclib response in reducing tumor growth (Fig. 2.3), we sought to gain insight 

into the molecular mechanism by which these two drugs work together. To better understand the 

nature of the relationship between palbociclib and rec TGF3, we assessed combinatorial synergy 

using drug matrix assays in multiple Rb+ TNBC cell lines: SUM159PT, SUM229, and MDA-MB-

231. To start to address this, dose-response analyses with recTGF3 or palbociclib alone were 

performed in these TNBC cell lines. As shown in Suppl. Fig. 2.4a, rec TGF3 stimulation of the 

cells only produced a modest effect that plateaued at approximately 20% growth inhibition. 
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Palbociclib efficiently reduced cell viability within a given concentration range (Suppl. Fig. 2.4b). 

Ultimately, dose ranges of palbociclib (12.5 nM to 400 nM) and rec TGF3 (3.13 pM to 100 pM) 

were used alone or in combination and cell proliferation was assessed by crystal violet staining. 

We used four reference synergy models to assess combinatorial effects in our study: Bliss, 

Highest Single Agent (HSA), Loewe, and Zero Interaction Potency (ZIP). Each of these models 

uses different formulas and assumptions to calculate drug combination synergy246. Interestingly, 

we found that for all cell lines tested, overall synergy was observed across the dose combinations 

tested, with scores greater than 10 indicating a strong likelihood of a synergistic relationship246 

(Fig. 2.4a). Notably, cotreatment attained a level of synergy that could be reproducibly obtained 

using all four models tested. The highest degrees of synergism tended to occur at the lower 

concentrations used for palbociclib, as denoted by the grey rectangles in each graph and the “most 

synergistic area score” (Fig. 2.4a, b). The percentage of treatment-induced proliferation inhibition 

for each pairwise comparison in the drug matrices presented help underscore the impact of the 

combination treatment in each cell line (Suppl. Fig. 2.4d). This further underscores the clinical 

relevance of our findings, where submaximal doses of palbociclib could be administered, limiting 

the associated side effects and reducing the need for treatment cycle delays, along with TGF3, to 

achieve an even greater anti-proliferative effect than palbociclib alone. This is especially relevant 

in a context where cancer patients are subjected to many treatment-associated toxicities, both with 

palbociclib and radiotherapy or chemotherapy treatments247. 

We then investigated whether rec TGF3 could be used to resensitize cells to palbociclib 

in a model where cells had become resistant to palbociclib due to chronic exposure to the drug. To 

this end, we first generated a palbociclib-resistant SUM159 cell line (159-R) by treating SUM159 

with gradually increasing concentrations of palbociclib over four months. A dose-response curve 
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evaluating palbociclib response in 159-R was used to confirm palbociclib resistance (Suppl. Fig. 

2.4c). We performed drug matrix assays using palbociclib concentrations ranging from 78 nM to 

2.5 µM, while TGF3 concentrations ranged from 3.13 pM to 100 pM. Although higher 

concentrations of palbociclib were necessary in 159-R to generate a similar level of response to 

the low doses of palbociclib used in parental SUM159, we chose to keep the same range of 

recTGFβ3 concentrations to determine whether resistant cells could be resensitized to palbociclib 

at the same low concentrations. We found that not only could resistant cells be resensitized to 

palbociclib by co-treatment with recTGF3, but that TGF3 could synergize with the effects of 

palbociclib. Indeed, in 159-R, overall synergy was achieved for the drug concentration ranges 

tested using all four algorithms (Fig. 2.4a, b, Suppl. Fig. 2.4d). As demonstrated in Fig. 2.4c, the 

robustness of this interaction is made evident by the high synergy scores obtained in all cell lines, 

regardless of previous exposure to palbociclib, and across all algorithms for the “overall synergy 

scores” (black) as well as “most synergistic area scores” (pink). The potential noninteractive zone 

(dotted line) was excluded from the range of scores obtained for every synergy score analysis (Fig. 

2.4c). The synergy demonstrated in the treatment-naïve context helps to characterize the interplay 

observed in the in vivo study, demonstrating that the combination of recTGF3 + palbociclib 

treatment leads to the greatest tumor growth inhibition. Most importantly, this synergy is still 

achieved when cells are de-sensitized to palbociclib through chronic exposure to the drug. 

 

TGF3 synergizes with palbociclib in a p21-dependent way by directly upregulating p21 

expression. 

To understand the molecular mechanisms underlying the synergism between palbociclib 

and TGF3 growth inhibitory effects in TNBC, we examined the effects of palbociclib on the 
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expression levels of cell cycle regulators. Palbociclib treatment of SUM159PT cells over 24 h led 

to significant time-dependent increases in established resistance markers, such as CDK4, cyclin 

D1 and cyclin E1, along with concomitant decreases in Rb and phospho-Rb (Ser780) (Fig. 2.5a). 

The various times at which these changes in protein levels occurred may reflect the indirect nature 

of these changes in protein levels.  Of note, observable and significant changes in phosphorylation 

of Rb occurred earlier in the time course, whereas a significant decrease in Rb levels was observed 

after 24 h only (Fig. 2.5a).  We observed no consistent changes in CDK6 nor the CDK inhibitor 

CDKN1B (p27) over 24 hours. For CDKN2A (p16) and CDKN1C (p57), we found there was no 

detectable signal. However, there were changes in protein levels of the other phases of the cell 

cycle, especially later in the time course (Suppl. Fig. 2.5a). Accordingly, these decreases in CDK1, 

cyclin A1, cyclin B1, and PLK1 were in line with the decrease in proportion of cells which 

proceeded to S-phase and continued cycling through the cell cycle after addition of palbociclib 

(Suppl. Fig. 2.5b). Indeed, following cell cycle analysis by flow cytometry, it is clear that treatment 

with palbociclib arrests cells in G1, but that the induction of G1 arrest is strongest and significant 

upon the addition of TGF3, which entails a significant decrease in the proportion of cells in S-

phase as well (Suppl. Fig. 2.5b).                                                                                                                                    

  To next determine whether these changes in cell cycle marker expression would be 

transposed in the long-term palbociclib acquired resistance context, we compared their levels in 

naïve and resistant cells that had undergone chronic exposure to the drug, in SUM159PT and 159-

R, respectively. As shown in Fig. 2.5b, strong increases in CDK4, cyclin D1, and cyclin E1, along 

with a stark decrease in Rb and p-Rb expression, were observed in the resistant cells, indicating 

that the effects of chronic palbociclib exposure mimicked the changes in marker levels observed 

in the short-term acquired context. We also found that palbociclib decreased the expression of the 
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cell cycle inhibitor p21. This defines p21 as a palbociclib target and is consistent with decreased 

palbociclib efficacy and short-term acquired resistance. 

 The TGF family of ligands acts as potent tumor suppressors notably by inducing CDK 

inhibitors (CDKIs)248. Thus, we examined whether TGF3 could modulate the expression of the 

CDK inhibitor p21 in both parental and palbociclib-resistant SUM159 cells. As shown in Fig. 2.5c, 

TGFβ3 strongly induced p21 expression in multiple TNBC cell lines, as demonstrated in SUM159, 

MDA-MB-231 and SUM229. Furthermore, it restored p21 levels in palbociclib-resistant cells, 

suggesting that TGF3-mediated p21 expression contributes to the synergism observed between 

palbociclib and TGF3. This is also exhibited at the mRNA level, where treatment with TGF3 

significantly induces p21 levels in SUM159 and, to an even greater extent, in 159-R (Suppl. Fig. 

2.5c). At the basal level, without TGF3 treatment, there is a significant decrease in p21 in cells 

chronically exposed to palbociclib, 159-R, at the mRNA level (Suppl. Fig. 2.5c). This is reflected 

at the protein level as well. Therefore, we further addressed the specific role and contribution of 

p21 in mediating these effects. First, we determined that the effect of p21 upregulation by TGF3 

was Smad2/3-dependent. When Smad2 and Smad3 were knocked down individually in SUM159 

cells, the TGF3-mediated increase in p21 level was diminished (Fig. 2.5d). In defining this 

relationship between Smad2/3 signaling and p21 expression, we examined whether the decrease 

in p21 observed in palbociclib-treated cells was also mediated through canonical TGF Smad 

signaling. We observed no added contribution to phosphorylation of Smad2/3 or change in total 

Smad2/3 following palbociclib treatment alone or in combination with TGF3 (Suppl. Fig. 2.5d). 

Next, we sought to determine whether p21 was at least partially responsible for the synergy 

observed between palbociclib and TGF3 by knocking down p21 in 159-R cells using a p21-

specific shRNA (Fig. 2.5e).  Using a drug matrix to characterize the drug-response relationship 
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between a range of pairs of TGF3-palbociclib doses, we found that the synergy scores for the 

entire matrix tested (‘Overall synergy scores’) strongly decreased with all algorithms – by as much 

as 34.3% (Bliss) – in the absence of p21 (Fig. 2.5f). Similarly, all ‘Most synergistic area scores’ 

were decreased in p21 knockdown cells decreased by as much as 39.2% (Bliss) for a given 

algorithm (Fig. 2.5f), highlighting the dependence, albeit partial, of TGF3-palbociclib synergy 

on p21.  

Altogether, we showed that known cell cycle markers, such as CDK4, cyclin D1 and cyclin 

E1, are upregulated as early as 2 h following palbociclib treatment, leading to an overall increase 

in the components necessary for active cyclin/CDK complexes. We also observed a striking 

decrease in the level of p21 upon chronic exposure to palbociclib, highlighting an additional route 

by which cells may become desensitized to palbociclib treatment over time. Stimulation of these 

chronically exposed cells (159-R) with TGF3 increased p21 levels and overcame the 

downregulation of p21 induced by chronic exposure to palbociclib. Finally, we showed that the 

TGF3-mediated increase in p21 is Smad2/3-dependent and plays an important role in the 

synergism observed between palbociclib and TGF3 in TNBC. 

 

Model 

Based on these findings and previous literature, we propose a mechanistic model for the 

synergism between TGF3 and palbociclib. First, in the basal context, cells maintain a balance 

between active (green) and p21-bound inactive (red) CDK/cyclin complexes.  In the presence of 

palbociclib, CDK4/6 kinase activity is blocked by the inhibitor, while p21 bound to CDK4 is 

released and displaced to CDK2,  inactivating CDK2/cyclin E complexes, and leading to cell cycle 

arrest249 (Fig. 2.6a). However, upon prolonged exposure to palbociclib, the expression of key cell 
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cycle regulators (CDK4, cyclins D and E) is induced while p21 expression is strongly inhibited,  

as demonstrated in Fig. 2.5b. Considering that the increase in the individual expression of key 

regulators known to bind together, we propose that this implies an increase in the number of 

complexes formed, and notably, an imbalance in active CDK4/cyclin D1 and CDK2/cyclin E1 

complexes (Fig. 2.6b, upper panel). This progressively leads to acquired palbociclib resistance and 

reduced drug efficacy. In the presence of both palbociclib and TGF3, synergy occurs, where p21 

expression levels are restored through TGF3, allowing for inactivation of all remaining active 

CDK/cyclin complexes and a consequent an increase in p21-bound – thus inactivated – complexes 

(Fig. 2.6b, lower panel). This leads to an improved palbociclib response and cell cycle arrest in 

vitro, ultimately leading to the greater inhibitory effect of the combination treatment observed in 

vivo. 

 

2.5. Discussion 

Over the last decade, an increasing amount of evidence supporting a clear clinical benefit 

of CDK4/6is has led to a rising rate of prescription of these drugs for ER+/HER2- breast cancer. 

However, there is limited understanding of their efficacy in triple negative breast cancer (TNBC). 

Therefore, there is an urgent need for proper patient stratification as well as relevant markers of 

sensitivity and resistance to CDK4/6 inhibitors. To address this, we performed a genome-wide 

loss-of-function CRISPR screen using palbociclib as a selection pressure to identify markers of 

sensitivity for CDK4/6is. The advent of CRISPR technology use in eukaryotic cells has 

revolutionized the way forward genetic screens are performed to answer biological questions, and 

large-scale in vitro CRISPR screens have been instrumental in identifying common essential 

genes250-252 and new markers of drug sensitivity or resistance in vitro253-255. In vivo CRISPR 
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screens are considered superior models, as they better recapitulate and more closely resemble the 

patient 3D tumor micro-environment29,256. Our screening was performed in vivo to increase the 

translatability and clinical relevance of the results by better modeling the tumorigenic process.  

Using GSEA, we cross-referenced our screening results with existing palbociclib 

sensitivity data from a panel of 38 breast cancer cell lines. This allowed us to validate that our 

screening results in TNBC were indeed viable in the larger context of other subtypes of breast 

cancer, including the well-established HR+/HER2- subtype. Our prioritization strategy notably 

attributed certain cell lines typifying the classically ‘CDK4/6 inhibitor-resistant’ phenotype to the 

‘palbociclib more sensitive’ subgroup, paving the way for further studies re-evaluating the criteria 

for choosing potential recipients of palbociclib treatment. Of note, past studies have often excluded 

TNBC on the basis of HR negativity, but, as witnessed here, other markers used together or alone 

could better predict the response to CDK4/6 inhibitor treatment. Our screen identified several 

hundred candidate genes associated with sensitivity to palbociclib. Eight of the eight top candidate 

genes identified in our screen were found to mediate the loss of sensitivity to palbociclib, 

highlighting the robustness of our screening and hit prioritization approaches. Interestingly, 4/8 of 

our top targets (TGFB3, ITGB6, BAMBI, PDGFB) belong to the TGFβ signaling pathway, 

highlighting this pathway as an important regulator of the palbociclib response in TNBC.  

Using available clinical trial data for ER+/HER2- BC patients with known clinical 

outcomes following palbociclib treatment (NeoPalAna)227, we found that low expression of the 

top two validated genes, SLC40A1 and TGFB3, correlated with resistance to palbociclib. This 

correlation validates the applicability of our results generated in a TNBC model, albeit Rb+, to 

other subtypes of breast cancer, namely ER+/HER2- breast cancer. This is also supported by the 

GSEA results. Ultimately, this reflects the usefulness of such screens in identifying clinically 
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predictive molecular markers of responses to therapy in the future. These findings are especially 

relevant, given that the current predictive markers of response to CDK4/6 inhibitors are not 

foolproof. Markers, such as the presence of ER, are used as inclusion criteria in clinical trials for 

breast cancer and fail to reliably translate into meaningful clinical outcomes for many patients. 

Indeed, 20% of ER+ patients enrolled in the phase III PALOMA-3 trial evaluating palbociclib 

efficacy were initially refractory to treatment (progression-free survival (PFS) <6 months). An 

additional 50% of patients developed resistance to palbociclib during the first 24 months of 

treatment135. 

We retained TGFB3 because of its remarkable effect in mediating sensitivity to palbociclib 

in vivo and its clinical relevance in predicting palbociclib resistance in the trial dataset. Despite the 

scarcity of information regarding the role of TGF3 in tumorigenesis242, its function in normal 

tissues is relatively well defined. TGF3 plays an important role in embryogenesis, wound healing, 

scarless injury repair, and tissue homeostasis. This, in fact, led to the enrolment of recombinant 

human TGF3 (avotermin) in several phase I and II clinical trials for the prophylactic treatment 

of tissue scarring of the skin242,244. Notably, TGF3 distinguishes its anti-scarring role from TGF1 

and TGFβ2’s pro-scarring effects244. No safety concerns were raised before the termination of 

trials due to failure to show efficacy in phase III trials (possibly due to a change in the standard 

used to assay avotermin dosage, which ultimately led to much lower doses being used in phase III 

trials)257. In normal mammary tissue, it has been shown that TGF3 expression is increased during 

pregnancy, falling during lactation and peaking after weaning, during mammary gland involution. 

The massive induction of TGF3 after lactation, during mammary gland involution, contributes to 

the striking difference seen in expression levels as compared to TGF1 and TGF2 at this time258-

260. TGF3’s distinct role in wound healing may explain how TGF3 relates to the tumorigenic 
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process after mammary gland involution. Indeed, a parallel between mammary gland involution 

and tissue remodeling can be proposed; where TGF3, as opposed to TGF1 and TGF2, limits 

stromal activation associated with tissue scarring and pro-tumorigenic properties in this context261. 

In fact, in general breast cancer datasets, TGF3 seems to be protective against breast cancer261. 

Consistent with this, our results clearly highlight recTGF3 as a potential new combination 

treatment for patients with breast cancer receiving palbociclib. 

To explore the predictive biomarker potential and clinical relevance of TGF3, we used 

the CRISPR activation system to overexpress endogenous TGF3 in TNBC tumors. We found that 

the anti-tumor effects of palbociclib were potentiated in TGFB3-overexpressing tumors, 

highlighting the value of TGFB3 in predicting palbociclib response in TNBC. Collectively, these 

results help demonstrate that better patient stratification, for example through the inclusion of 

patients with higher TGFB3 levels, during clinical trial enrolment may allow for patients with 

classically ‘unresponsive’ tumors, such as TNBC, to benefit from CDK4/6is. Future studies are 

required to determine whether measurement of TGF3 in liquid biopsies, for example, is feasible. 

The identification of biomarkers could have wider implications and be especially useful, given the 

current efforts being made to test the efficacy of CDK4/6is in other types of cancers.  

We found that recTGF3 significantly potentiated the palbociclib-mediated inhibitory 

effects on cell proliferation and tumor growth, highlighting the clinical potential of 

TGF3/palbociclib combination therapy for TNBC. TGF signaling is known to affect treatment 

sensitivity in breast cancer262-265. Of note, suppression of the TGF signaling pathway has 

previously been associated with resistance to CDK4/6 inhibitors through an extracellular miRNA-

mediated mechanism in ER+ breast cancer266. It would be interesting to further investigate whether 
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the synergy observed between TGF3 and palbociclib is observable in other cancer types in which 

palbociclib treatment is being studied.  

TGF induces the expression of the INK4 family of CDK inhibitors, including p21CIP1 

(p21)248,267. It has been shown that CDK4/6 inhibitors, including palbociclib, selectively 

redistribute p21 from CDK4/Cyclin D1 complexes to inhibit CDK2 activity249. The role of p21 in 

the CDK4/6 inhibitor mechanism of action is not yet well established, but numerous reports 

indicate that low levels of p21 do seem to contribute to resistance to CDK4/6 inhibitors268-271. A 

study by Dean and colleagues demonstrated that prolonged exposure of cells to CDK4/6 inhibition 

leads to loss of the CDKIs p21 and p27 at the protein level only – not at the transcript level – 

implying that posttranscriptional mechanisms were responsible for this loss270. This decrease in 

p21 protein level may be likened to the loss in Rb protein, but not mRNA, following CDK4/6 

exposure. While Rb degradation appears in many studies to be proteasome-dependent, it is unclear 

whether this process is dependent on ubiquitination272-276. Thus, it cannot be excluded that Rb is 

degraded by multiple mechanisms. We demonstrate that basal p21 levels are significantly lower 

in palbociclib resistant cells at the mRNA level, and that treatment with TGF3 leads to a 

significant increase in p21 mRNA and protein levels in this context.  Further studies elucidating 

how p21 levels are decreased by CDK4/6 inhibition, and indeed how this may compare to 

decreased Rb levels would be valuable. We demonstrated that the synergy observed between 

TGF3 and palbociclib was largely achieved through a p21-dependent mechanism, whereby the 

addition of TGF3 induces p21 expression, which we posit helps inhibit still-active 

CDK4/6/Cyclin D1 and CDK2/Cyclin E1 complexes (Fig. 2.6). The demonstration that stronger 

antitumorigenic effects could be achieved upon treatment with both palbociclib and recTGF3 

simultaneously in multiple TNBC cell lines is of clinical relevance, especially considering the low 
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concentrations of palbociclib at which this was achieved. Using lower concentrations of 

palbociclib, while still achieving comparable or even stronger anti-tumor responses while TGF3 

levels are elevated, could help prevent some of the associated on-target toxicity in patient247.  

 Patients often begin CDK4/6 inhibitor treatment and become resistant to therapy over 

time. To address whether TGF3 could resensitize cells that had become insensitive to palbociclib 

treatment over time, we generated a palbociclib-resistant cell line over four months, and then 

treated the cells with recTGF3. We found that not only could TGF3 resensitize cells to 

palbociclib, but the combined effect of both TGF3 and palbociclib was significantly greater than 

the effect of either agent alone. Combination treatment with TGF3 and palbociclib achieved a 

synergistic antiproliferative effect, indicating that administration of recTGF3 could be a relevant 

therapeutic strategy in the context of acquired resistance to palbociclib over time. 

Altogether, this study exploited the synthetic lethal interaction between CDK4/6 and 

TGF3 and defined a new combinatorial treatment for TNBC using CDK4/6i and recombinant 

human TGF3. In addition, our study highlights TGF3 as a predictive marker to inform patient 

stratification for palbociclib treatment in breast cancer, underscoring the robustness of in vivo 

genome-wide CRISPR screening approaches to identify actionable biomarkers of drug response.  
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2.7. Figures 
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Fig. 2.1. In vivo genome-wide CRISPR knockout screen in TNBC. a Schematic representation 

of the approach used for gene discovery and validation. b Average tumor volume in NSG mice 

measured over 30 days. Intraperitoneal (i.p.) injections of either vehicle or palbociclib started on 

day 7 post-cell implantation, and lasted 23 days. Mean of three independent infection replicate 

experiments (n = 6, 2 mice per biological replicate). Data are represented as mean ± standard 

deviation (SD). Significance was calculated using two-sided, unpaired t-test, p-value * <0.05, ** 

<0.01, *** <0.001.  c Principal component analysis (PCA) of the sgRNAs from the library 

sequenced in vehicle-treated tumors (n = 6), and palbociclib-treated tumor samples (n = 6) at day 

30 after normalization.  d 205 sgRNAs were enriched with log2-fold change (LFC) > 0 at false 

discovery rate (FDR) < 0.05 in palbociclib-treated tumors during the screen. Genes representing 

significant hits are highlighted in red. e Palbociclib sensitivity data was used to rank 38 breast 

cancer cell lines of varying subtypes, generating two profiles of cell lines, ‘sensitive’ and 

‘resistant’. GSEA was used to determine whether 205 sgRNA gene set was significantly enriched 

in either group of cell lines. Enrichment plot provides the distribution of the enrichment score 

(green line) of the 205-gene set in the ranked cell lines (sensitive to resistant, left to right). The 

final, positive normalized enrichment score (NES) at 1.288 indicates significant enrichment of the 

205-gene set at FDR < 0.25 in palbociclib ‘sensitive’ cell lines (FDR = 0.0568, p-value = 0.0568). 

f Using GSEA, expression levels of the 47 genes (core enrichment subset) are presented here. Cell 

lines are annotated with clinical information.  
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Fig. 2.2. In vivo validation of top candidate genes. a Gene modification detection of individual 

CRISPR-mediated knockouts of top candidate genes. b Cells transduced with non-targeting (NT) 

control or top candidate gene (SLC40A1, TGFB3, SNRPN, ITGB6, BAMBI, TMEM176A or 

PDGFB, TMEM150A) constructs were transplanted orthotopically into the mammary fat pads of 

NSG mice. Tumors were palpable before mice from each NT (n = 10-22) or targeting group (n = 

10-12) were randomized into treatment groups (vehicle, n = 5-11; palbociclib (30 mg/kg), n = 5-
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11). Mean ± SD tumor volume is shown. Significance was calculated using two-sided, unpaired t-

test, p-value ns. = non-significant, * <0.05. c Tumor volumes of individual mice in each group, 

NT or targeting a candidate gene, either treated with vehicle or palbociclib at experiment endpoint 

(n = 5). Midlines indicate median tumor volume. Significance was calculated using two-sided, 

unpaired t-test, p-value * <0.05. 
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Fig. 2.3. TGF3 potentiates palbociclib anti-tumor effect in vivo. a mRNA expression levels 

of TGFB1, TGFB2 and TGFB3 in SUM159PT following TGFB3-specific overexpression using 

CRISPR activation (CRISPR/dCas9 SAM) (n = 3). Data are represented as mean ± standard 

deviation (SD). Significance was calculated using two-sided, unpaired t-test, p-value * <0.05. b 

Mice from control (lentiSAMv2) or TGFB3-overexpressing (TGFB3g2 SAM) groups (n = 13) 

were each randomized into treatment groups (vehicle, n = 6; palbociclib, n = 7). I.p. injections of 

the vehicle treatment or a low dose of palbociclib (10 mg/kg) were administered until study 

endpoint. Data are represented as mean ± SD. c Reduction in tumor growth presented for each 

group treated with palbociclib, lentiSAMv2 or TGFB3g2 SAM, as compared to the same groups 

treated with the vehicle. Data are represented as mean, at each timepoint. d left Tumor volumes of 

individual mice in each group at study endpoint. right Tumor weights of individual mice in each 

group at study endpoint. Midlines at median. Significance was calculated using ordinary, one-way 

ANOVA with Tukey’s multiple comparisons test, p-value * <0.05, ** <0.01, *** <0.001. e 

Average mRNA expression levels of TGFB3 in tumors derived from the vehicle-treated control 

mice (n = 6) and the TGFB3-overexpressing mice (n = 6). Data are represented as mean ± SD. 

Significance was calculated using two-sided, unpaired t-test, p-value * <0.05, ** <0.01, *** 

<0.001. f Protein levels of TGFB3 (60kDa) in tumors derived from the vehicle-treated control mice 

(n = 6) and the TGFB3-overexpressing mice (n = 6). g Spontaneous metastasis to the lungs was 

assessed. Lung nodules were counted and compared in lungs derived from the vehicle-treated 

control mice (n = 7) and the TGFB3-overexpressing mice (n = 6). Data represent metastatic nodule 

count per pair of lungs per mouse. Midlines at median. Significance was calculated using 

nonparametric Mann-Whitney U-test, p-value * <0.05, ** <0.01, *** <0.001. h The effect of 

TGFB3 CRISPR-mediated knockout on lung colonization was assessed. Data represent metastatic 
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nodule count per pair of lungs per mouse. Midlines at median. i Schematic representation of the 

use of recTGF3 in combination with palbociclib. MDA-MB-231 TNBC cells were transplanted 

into the mammary fat pads of NSG mice. Tumors were palpable before mice were randomized 

into treatment groups: vehicle, n = 9; recTGF3, n = 8; palbociclib, n = 8, combo (recTGF3 + 

palbociclib), n = 9. j Average tumor volume was measured over time. Data are represented as 

mean ± SD. k Tumor volumes of individual mice in each group at study endpoint. Midlines at 

median. Significance was calculated using ordinary, one-way ANOVA with Tukey’s multiple 

comparisons test, p-value * <0.05. l Quantification of Ki67-positive cells stained by 

immunohistochemistry in tumor tissues from all four groups. Data are represented as mean ± SD 

(n = 3-4). Significance was calculated using two-sided, unpaired t-test, p-value * <0.05. m 

Representative images of Ki67 staining in two tumors per group.   
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Fig. 2.4. Combination of recombinant TGF3 and palbociclib synergistically inhibits TNBC 

cell proliferation in vitro. a Synergy between palbociclib and recTGF3 dose combinations was 

calculated based on four reference models (Bliss, HSA, Loewe, ZIP) using SynergyFinder in four 

TNBC cell lines (MDA-MB-231, SUM159, SUM229, 159-R). Synergy maps highlight areas of 

synergistic (red) or antagonistic (green) interactions between given concentrations of either agent. 

Grey boxes indicate the area of maximum synergy observed. Mean of a minimum of three 

independent replicate experiments for each cell line (n ≥ 3). b ‘Overall synergy scores’ and ‘Most 

synergistic area scores’ presented for each drug matrix shown in a. Data are represented as score 

± 95% confidence interval. c Dot plots show overall synergy scores (black) or most synergistic 

area scores (pink) for each cell line, with each dot representing the score obtained using the 

indicated reference model. Midlines represent median scores. Outer vertical lines correspond to 

minimum and maximum scores obtained. A zero ‘0’ score indicates no interaction between the 

two agents.  
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Fig. 2.5. TGF3 synergizes with palbociclib in a p21-dependent way. a SUM159 (159) cells 

were treated with palbociclib (100 nM) for 2h, 8h, 16h and 24h and protein lysates were assessed 

for known CDK4/6i resistance markers (CDK4, cyclin D1, cyclin E1, Rb, phospho-Rb (S780)) by 

immunoblotting. Relative fold changes in protein levels, compared to untreated cells at each 

timepoint, were calculated (n = 3). Data are represented as mean ± SD. Significance was calculated 

using two-sided, unpaired t-test, p-value * <0.05, ** <0.01, *** <0.001. b SUM159 and 159-R 

cells were assessed for known CDK4/6 inhibitor resistance markers, as well as p21, by 

immunoblotting. c top SUM159 and 159-R cells were treated with recTGF3 (100 pM) for 24h 

and resulting changes in known CDK4/6i resistance markers and p21 were measured. bottom 

MDA-MB-231 (231) and SUM229 (229) cells were treated with recTGF3 (200 pM) for 24-48h 

and resulting changes in p21 were measured by immunoblotting. d SUM159 cells were transduced 

with plasmids encoding control (scramble, scr), Smad2-specific, or Smad3-specific short hairpin 

RNAs (shRNA). Protein levels of p21 and total Smad2/3 were measured by immunoblotting. e 

SUM159 cells were transduced with plasmids encoding control (scr) and p21-specific shRNA. 

Protein levels of p21 were measured by immunoblotting. f SUM159 scr shRNA-infected or p21 

shRNA-infected cells were treated with varying combinations of palbociclib and recTGF3 

concentrations. Synergy between dose combinations was calculated using SynergyFinder. upper 

Synergy maps highlight areas of synergistic (red) or antagonistic (green) interactions between 

given concentrations of either agent. Grey boxes indicate the area of maximum synergy observed 

between given recTGF3 and palbociclib dose combinations. lower ‘Overall synergy scores’ and 

‘Most synergistic area scores’ presented for each drug matrix shown above. Data are represented 

as score ± 95% confidence interval (n = 3). Percentage variation in synergy score (score obtained 

in p21 shRNA cells/score obtained in scr shRNA cells) is also shown (red).  
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Fig. 2.6. Schematic diagram depicting TGF3-palbociclib synergy. a In the basal context, cells 

maintain a balance between active (green) and p21-bound, inactive (red) CDK/Cyclin complexes. 

In the presence of palbociclib (orange capsule), CDK4/6 kinase activity is inactivated, and p21 

(pink box) bound to CDK4 is released and preferentially displaced to CDK2. This inactivates 

CDK2/cyclin E complexes and leads to overall cell cycle arrest. b upper When cells undergo 

prolonged exposure to palbociclib, key cell cycle regulators (CDK4, cyclins D and E) are 

upregulated, while p21 expression is strongly inhibited. Some CDK/Cyclin complexes are 

inactivated (red), but the overall imbalance in active CDK4/cyclinD1 and CDK2/cyclinE1 

complexes (green) leads decreased responsiveness of cells to palbociclib, acquired resistance to 

the drug, and continued cell cycling. lower When TGF3 is added in the presence of palbociclib, 

p21 expression levels are restored through TGF3 signaling. The increase in p21 by TGF3 
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synergizes with palbociclib’s mechanism of action, allowing for the inactivation of all remaining 

active CDK/Cyclin complexes (red), and ultimately leading to cell cycle arrest.   
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Suppl. Fig. 2.1. In vivo genome-wide loss-of-function CRISPR screen analysis. a The 205-gene 

set expression profile across panel of 38 breast cancer cell lines, following gene set enrichment 

analysis. Genes were ranked according to their level of representation in either group of cell lines 

(sensitive vs resistant) and the 205-gene set was found to be over-represented in the ‘palbociclib 

sensitive’ cell lines (FDR < 0.25). Source data are provided as a Source Data file. b-d mRNA 

expression of 47-gene core enrichment subset in 2,509 breast invasive carcinomas from the 

METABRIC dataset. b Oncoprint illustrating mRNA expression in tumors based on patient 

classification using ER and HER2 status. c mRNA expression based on Pam50 and claudin-low 

intrinsic subtypes. d mRNA expression based on tumor histologic grade. 
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Suppl. Fig. 2.2. Gene expression of top candidate genes in patients resistant to palbociclib. a 

Patient data from the NeoPalAna phase II clinical trial evaluating palbociclib + anastrazole 

efficacy in stage II-III ER+ primary breast cancer. Patients received anastrozole alone for the first 

28 days (cycle 0), after which palbociclib was added to the treatment regimen, on day 1 of cycle 1 

of treatment (C1D1). Tumor biopsies were collected at C1D1, and 14 days following the start of 
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palbociclib treatment (C1D15). If Ki67 > 2.7% at C1D15, patients were deemed ‘resistant’ to 

treatment. Box plots of tumor gene expression levels for each of the top candidate genes at two 

timepoints, C1D1 and C1D15. At each timepoint, data is presented by patient palbociclib response 

status (derived at C1D15 and applied retroactively to C1D1): sensitive (red) or resistant (blue). 

Topmost and bottommost ‘whiskers’ graph maximum and minimum values, respectively. Box 

outlines 25th and 75th percentiles, with midline inside box graphing the median value. b Kaplan-

Meier analysis of relapse-free survival (RFS) outcomes based on mRNA gene expression of the 

top candidate genes across tumors of all breast cancer subtypes using KM Plotter. Patients were 

split by median. Hazard ratio is presented with 95% confidence intervals, and significance was 

calculated using log-rank test, p-value * <0.05. 

 

 

 

Suppl. Fig. 2.3. Statistical significance of in vivo experiments. a Table indicates significance for 

each group comparison at each time point. Significance was calculated using two-sided, unpaired 

t-test, p-value ns. = non-significant, green <0.05. b Table indicates significance for each group 

comparison at indicated time points. Significance was calculated using two-sided, unpaired t-test, 

p-value ns. = non-significant, green <0.05. 
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Suppl. Fig. 2.4. Combination of recombinant TGF3 and palbociclib synergistically inhibits 

TNBC cell proliferation in vitro. a Dose-response curve of recombinant human TGF3 in the 

TNBC cell lines SUM159PT, SUM229, MDA-MB-231. Data presented are mean ± SD. b Dose-

response curve of palbociclib in the TNBC cell lines SUM159PT, SUM229, MDA-MB-231, with 

accompanying IC50 values. Data presented are mean ± SD. c Dose-response curve of palbociclib 

in 159-R. Data presented are mean ± SD. d Grids representing inhibition of each dose combination 

tested using recTGF3 and palbociclib. Within each square is the percentage of inhibition of cell 

proliferation induced upon the indicated pairwise treatment. Each grid presents the results for one 

cell line.   
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Suppl. Fig. 2.5. TGF3 synergizes with palbociclib in a p21-dependent way. a SUM159 cells 

were treated with palbociclib (100 nM) for 2h, 8h, 16h and 24h and levels of indicated proteins 

were assessed by immunoblotting with the appropriate antibodies. b Relative change in proportion 

of cells in indicated phase of the cell cycle, as compared to cells in the control (vehicle-treated) 

condition. Significance was calculated using multiple t-tests, corrected for multiple comparisons 

using the Holm-Šídák method, p-value * <0.05, ** <0.01. c mRNA expression levels of CDKN1A 

(p21) in SUM159 and 159-R (n = 3). Data are represented as mean ± standard deviation (SD). 

Significance was calculated using two-sided, unpaired t-test, p-value * <0.05. To compare means 
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across cell lines, significance was calculated using ordinary, one-way ANOVA with Tukey’s 

multiple comparisons test, p-value * <0.05, ** <0.01, *** <0.001. d SUM159 cells were treated 

with palbociclib (100 nM) alone or recTGF3 (100 pM) alone or a combination of both for the 

indicated times and levels of phosphor-Smad2/3 and total Smad2/3 were assessed by 

immunoblotting. 
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Suppl. Table 2.1. Sequences (sgRNAs, cloning and DNA cleavage assay). 

 

 

 

 

Rank Gene gRNA ID gRNA # gRNA sequence (KO)

1 SLC40A1 HGLibA_45135 1 GCCCGTAGACTGCTGTCAAA

2 TGFB3 HGLibA_49216 1 GCCACCGATATAGCGCTGTT

3 SNRPN HGLibA_45993 1 ATGAGATGTATCCTGCAAGA

4 ITGB6 HGLibA_23794 3 GGCATCGTCATTCCTAATGA

5 BAMBI HGLibA_04137 2 GTCATTGCCGTGCCCATTGC

6 TMEM176A HGLibA_50073 3 GCATCTCCAGCTCGAGTGAC

7 PDGFB HGLibA_35843 1 GAGTCGGCATGAATCGCTGC

8 TMEM150A HGLibA_49991 2 AAGCACCCATGTTGCCAATG

Gene gRNA # gRNA sequence (SAM)

TGFB3 1 GAGGGAGAGAGAGAAAGGGA

TGFB3 2 GAGCGAGAGAGGCAGAGACA

TGFB3 3 GGGAAGAGGCGTGCGAGAGA

Rank Gene gRNA # Oligo 1 (5' to 3') Oligo 2 (5' to 3')

1 SLC40A1 1 CACCGGCCCGTAGACTGCTGTCAAA AAACTTTGACAGCAGTCTACGGGCC

2 TGFB3 1 CACCGGCCACCGATATAGCGCTGTT AAACAACAGCGCTATATCGGTGGCC

3 SNRPN 1 CACCGATGAGATGTATCCTGCAAGA AAACTCTTGCAGGATACATCTCATC

4 ITGB6 3 CACCGGGCATCGTCATTCCTAATGA AAACTCATTAGGAATGACGATGCCC

5 BAMBI 2 CACCGGTCATTGCCGTGCCCATTGC AAACGCAATGGGCACGGCAATGACC

6 TMEM176A 3 CACCGGCATCTCCAGCTCGAGTGAC AAACGTCACTCGAGCTGGAGATGCC

7 PDGFB 1 CACCGGCAGCGATTCATGCCGACTC AAACGAGTCGGCATGAATCGCTGCC

8 TMEM150A 2 CACCGAAGCACCCATGTTGCCAATG AAACCATTGGCAACATGGGTGCTTC

Gene gRNA # Oligo 1 (5' to 3') Oligo 2 (5' to 3')

TGFB3 1 CACCGGAGGGAGAGAGAGAAAGGGA AAACTCCCTTTCTCTCTCTCCCTCC

TGFB3 2 CACCGGAGCGAGAGAGGCAGAGACA AAACTGTCTCTGCCTCTCTCGCTCC

TGFB3 3 CACCGGGGAAGAGGCGTGCGAGAGA AAACTCTCTCGCACGCCTCTTCCCC

Rank Gene gRNA # PCR primer left PCR primer right Amplicon Size

Base 

Before 

Digest

Base 

After 

Digest

1 SLC40A1 1 GTAGCCAGGAAGTGCCCTTTTG TCCAGGCATCCCAACTTTGTGTG 457 168 288

2 TGFB3 1 TAAGGTGCTCGAGGGCCATG GGGCCTGTCTTACAGTGAGC 450 164 285

3 SNRPN 1 TACTCCAGCTCTGGCCTTCC GCATGCATCGTCACAGAGAAGG 482 159 322

4 ITGB6 3 TGCCTGCCTCCCTCCAATATC GAGGTTCTGGGATCATGGGATTC 450 153 296

5 BAMBI 2 CCTAGGAGGAGTTAGCATGGAG TTCCCGTGCCCACTGTACATG 453 161 291

6 TMEM176A 3 GAGAACCTGACTCTTGCCCC TTCAGGGAAGGGCATGGGAG 450 163 286

7 PDGFB 1 TCCAAAGTTCACTGCAGGGAGAG TTGGAGGTTGGAGTCCCCTG 507 148 358

8 TMEM150A 2 CCTTCAAGGAAGGGGAGAAGC AGCAAAGAGTGTCAGGGTTGCC 450 159 290

For cloning into lentiCRISRv2 backbone (knockout):

For cloning into lentiSAMv2 backbone (activation):

For DNA cleavage assay
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3.1. Preface to the manuscript 

In Chapter II, we sought to identify the molecular parameters which dictate sensitivity and 

resistance to the current standard of care for HR+ breast cancer, CDK4/6 inhibitor therapy, in a 

new context for treatment: triple negative breast cancer. Given the lack of reliable molecular 

biomarkers that reliably predict efficacy for CDK4/6i, we sought to determine which genes cause 

resistance to the CDK4/6 inhibitor palbociclib and to use these genes as potential biomarkers. 

Ultimately, our aim was to demonstrate that TNBCs can respond to palbociclib, and to delineate 

how TNBCs can be sensitized to palbociclib so that patients may ultimately be eligible to receive 

these inhibitors.  To do this, we conducted an in vivo genome-wide CRISPR screen using 

palbociclib as a selection pressure in TNBC, and identified TGF3 as an actionable determinant 

of palbociclib sensitivity. We defined TGF3 as a predictive marker that can inform patient 

stratification for palbociclib treatment and exploited the synthetic lethal interaction between 

CDK4/6 and TGF3, ultimately uncovering a potential new combination treatment for TNBC.  

Given the sensitivity and accuracy of the CRISPR-based screening approach used in 

Chapter II, we rationalized that the same unbiased platform/screening technology could prove 

powerful in identifying new druggable targets as well. In Chapter III, we sought to repurpose an 

existing drug and propose a more efficient use of the drug, ultimately showing its efficacy in TNBC 

in vitro and in vivo. In Chapter III, our aim was to identify new therapeutic avenues for TNBC 

using a strategy leveraging the multi-targeting nature of miRNAs to affect tumor formation and 

growth. 

We therefore conducted an in vivo genome-wide CRISPR screen to identify miRNAs which 

could be used to reveal novel pathways responsible for TNBC tumorigenesis. This is one of few 
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genome-wide CRISPR screens used to identify miRNAs in cancer, and the first of its kind in breast 

cancer and TNBC, more specifically. Since miRNAs are inherently multi-targeting, determining 

which targets the miRNAs have in common could help identify the most important of these 

pathways. Using large-scale proteomics, we identified tumor suppressive targets of these 

oncogenic miRNAs and measured their impact on tumor growth in vivo. Given how miRNAs can 

easily and directly be targeted for therapy, they are ideal candidates for therapy. 
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3.2. Abstract 

MicroRNAs (miRNAs) are increasingly recognized as key players in cancer biology for their 

role in regulating genes essential for tumor formation, growth and metastasis. For this reason, 

miRNAs hold immense therapeutic potential. Although targeted miRNA-based treatments are 

currently being explored in clinical trials for various cancers, whether a specific miRNA can be 

targeted for therapeutic benefit in breast cancer remains unclear. Here, we surveyed the entire 

human genome to identify miRNA vulnerabilities in triple negative breast cancer (TNBC). We 

uncover pro-oncogenic roles for miR-1204, miR-1207, miR-3929, miR-6859 and miR-8086 and 

used miRNA-based inhibitors to antagonize their tumor promoting effects during TNBC 

tumorigenesis. We identify these miRNA’s protein targets through large scale mass spectrometry-

based approaches and validate tumor suppressive functions for BCLAF1, GLO1, DHX15, 

YWHAE, WARS1 and PSMA5. This study brings to light new druggable miRNAs and establishes 

miRNA-based inhibitors as a multi-targeted pharmacological approach to suppressing tumor 

progression in TNBC.  
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3.3. Introduction 

Breast cancer remains the most common cancer worldwide, accounting for one third of 

female cancers62. It is divided into clinical subtypes based on the expression of three main 

receptors, the hormone receptors ER and PR and the HER2 receptor. The triple negative breast 

cancer (TNBC) subtype, which lacks expression of all three receptors, represents approximately 

one fifth of newly diagnosed breast cancers. The heterogeneous nature of TNBC makes this 

subtype particularly complicated to treat. While recently approved targeted agents, including 

immune-checkpoint inhibitors, antibody-drug conjugates and PARP inhibitors, have been a 

welcome addition to the treatment landscape of TNBC, chemotherapy remains the standard of 

care75. However, only 35% of TNBC patients on neoadjuvant chemotherapy achieve a complete 

pathological response277,278. The paucity of efficient targeted therapies, coupled with the high 

proliferation rate of TNBC cells and poor clinical outcomes for TNBC patients, highlights the 

unmet medical need for the identification of actionable targets for treatment in TNBC71.  

MicroRNAs (miRNAs, miRs) are small noncoding RNAs (18-24 nucleotides) that have 

crucial regulatory roles in various cellular processes, including cell growth, survival, 

differentiation and death206
. It is estimated that miRNAs regulate up to 60% of protein-coding 

genes in humans through pairing complementary messenger RNA (mRNA) sequences191. As 

canonical pairing relies on complementarity in only a short region (nucleotides 2 to 7) of the 5’ 

end of the miRNA with the mRNA (called seed region), a single miRNA can pair with and thus 

regulate a broad spectrum of target genes279. MiRNAs are increasingly recognized as key players 

in cancer biology for their roles in simultaneously regulating mRNA of multiple genes essential 

for tumor initiation, growth and metastasis280-282. There is increasing evidence of miRNA 
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dysregulation and functional roles for specific miRNAs in all stages of TNBC formation, 

progression and metastasis283,284. 

The broad spectrum of genes that can be targeted by a single miRNA, combined with their 

structure, makes miRNAs attractive druggable targets. miRNAs that target tumor suppressive 

genes are oncogenic (oncomiRs) and those which target tumor promoting genes are tumor 

suppressor-like. As oncogenic miRNAs are usually upregulated in cancer, they need to be 

suppressed using complementary, synthetic inhibitory miRNAs, including anti-miRNA 

oligonucleotides, miRNA sponges, and small molecule inhibitors. In contrast, tumor suppressor-

like miRNAs are often downregulated in cancer, so therapeutic options often focus on restoring 

expression of these miRNAs using short, synthetically modified RNA molecules called miRNA 

mimics. 

Pooled genetic screens now exploit the highly efficient clustered regularly-interspaced 

palindromic repeat (CRISPR)/Cas9 nuclease system to perturb gene function at the genome-wide 

level in a single screen285. Cas9 can be directed toward any target of interest by designing the 20-

nucleotide guide sequence of its single-guide RNA (sgRNA) to be complementary to the target 

gene286. Screening technologies exploiting the CRISPR system have emerged as versatile, gold 

standard platforms for large-scale forward genetic screens in vitro250-252. Using genome-scale loss-

of-function CRISPR/Cas9 screen approaches, we previously identified novel cancer vulnerabilities 

and chemotherapy resistance genes in TNBC53,287. While the large majority of studies using 

CRISPR/Cas9 have targeted the protein-coding genome, very few of these studies have explored 

the microRNAome288. Interestingly, CRISPR/Cas9 technology can be used to repress miRNA 

expression through targeting pri/pre-miRNA regions between the Drosha and Dicer processing 

sites, thereby affecting miRNA biogenesis289-291. Here, we performed an in vivo genome wide loss-
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of-function CRISPR/Cas9 screen to identify key regulatory miRNAs responsible for tumor 

promotion and suppression in TNBC.  

Given the central role played by many miRNAs in disease pathogenesis, we chose to focus 

on the miRNAs which emerged as hits from the screen. Following the screen, we used a minimum 

of 4/4 guide RNA dropout hits and a false discovery rate (FDR) cutoff of <0.05, to select top-

scoring miRNAs which were further evaluated for their clinical relevance. This led us to shortlist 

nine dropout candidates, which we chose to functionally validate in an in vivo orthotopic model of 

TNBC using miRNA-specific inhibitors (antagomirs). Five of nine candidates were validated for 

their tumor promoting properties and we then sought to understand how they exerted these effects. 

The five candidates – miR-1204, miR-1207, miR-3929, miR-6859 and miR-8086 – were subject 

to mass spectrometry analysis to unbiasedly determine their respective net effects on the proteome 

and total protein expression. We found 328 proteins to be significantly affected by antagomir-

mediated inhibition of these five miRNAs, and we ultimately retained six proteins for the 

controversy surrounding their proposed roles and correlations with different cancers. Indeed, 

expression of BCLAF1, GLO1, DHX15, YWHAE, WARS1 and PSMA5 was significantly 

increased by inhibition of at least one of the five miRNAs. This was confirmed in vivo, where 

tumor growth was consequently inhibited by overexpression of these proteins. Moreover, in 

examining the clinical relevance of these proteins in breast cancer patient samples, we found that 

high levels of GLO1 and YWHAE correlated with higher cancer stage and with the TNBC subtype 

specifically. Ultimately, we aimed to exploit the therapeutic potential of miRNA-based 

interventions to influence signaling cascades involved in TNBC progression.    
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3.4. Materials and Methods 

Cell lines and cell culture. MDA-MB-231 and HEK293T were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, WISENT INC.) + 10% fetal bovine serum (FBS) (Gibco). SUM159PT 

were cultured in Ham’s F-12, 1X (WISENT INC.) + 5% FBS + 5 µg/mL insulin + 1 µg/mL 

hydrocortisone. All cell lines used in this study are mycoplasma negative and were tested by the 

Diagnostic Laboratory of the Comparative Medicine and Animal Resources Centre before use in 

animals (McGill University). 

 

Genome-wide library (GeCKOv2) screen. The human genome-scale CRISPR knockout pooled 

library A (GeCKOv2, Addgene plasmid #1000000048) was amplified and lentivirus was produced 

according to the manufacturer’s instructions225. For each independent experiment, a total of 1.5 × 

108 SUM159PT cells (3 × 106 cells per well in 12-well plates with 8 μg/ml of polybrene (EMD 

Millipore Corp. #TR-1003-G)) were spin-infected at MOI = 0.3-0.5 at 800 × g for 120 min at 32°C. 

Cells were incubated overnight at 37°C, then pooled and seeded into T225 flasks. Puromycin (2 

µg/mL) (InvivoGen) was added to medium 24h later, and cells underwent selection over 7 days. 

For each independent experiment, 3 × 107 cells were frozen at -80°C (cell representation sample) 

and 3 × 107 cells were transplanted subcutaneously in 4 nod-scid gamma (NSG) mice. Mice were 

sacrificed and tumors were then collected and frozen at -80°C. Cell representation and tumor 

samples then underwent genomic DNA extraction. 

 

Genomic DNA extraction. Genomic DNA was extracted from 3 × 107 cells (cell representation 

sample) or 200 mg grinded tumor tissue (tumor sample). Briefly, each sample was lysed in 6 mL 

NK lysis buffer (50mM Tris, 50mM EDTA, 1% SDS pH 8) + 30 μL of 20 mg/mL Proteinase K 
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(Qiagen). Cell lysates were incubated at 55 °C for 60 min (cell pellet) or overnight (tumor sample). 

All samples were then incubated with 50 µg/mL RNAse A (Qiagen) at 37°C for 30 min, and then 

on ice for 10 min. 2 mL of ice-cold 7.5M ammonium acetate (Sigma) was added to each sample. 

Samples were centrifuged (4000 × g for 10 min) and supernatants were precipitated with 

isopropanol. Samples were centrifuged (4000 × g for 10 min) and remaining pellets were washed 

in 70% ethanol. DNA pellets were resuspended in 1× TE buffer and incubated at 65°C for 60 min. 

 

Library preparation and deep sequencing. Next generation sequencing library was generated 

using a two-step PCR. All reactions were performed using Herculase II Fusion DNA Polymerase 

(Agilent) at 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. 100 μL PCR1 reactions were prepared using 10 μg of genomic DNA and 20 μL 

Herculase 5× Buffer + 1 μL of 100mM dNTP + 2.5 μL of Adapter Primer F + 2.5 μL of Adapter 

Primer R + 1 μL Herculase II Fusion Enzyme + PCR-grade water. PCR1 reactions were pooled. 

100 μL PCR2 reactions were prepared using 5 μL of PCR1 amplicon and 20 μL Herculase 5× 

Buffer + 1 μL of 100mM dNTP + 2.5 μL of Adapter Primer F + 2.5 μL of Adapter Primer R + 1 

μL Herculase II Fusion Enzyme + PCR-grade water. PCR2 products were migrated on an agarose 

gel and bands were extracted and purified using the QIAquick PCR & Gel Cleanup Kit (Qiagen). 

Samples were sequenced (20 million reads) at Génome Québec.  

 

Data processing and bioinformatics. MAGeCK and MAGeCK-VISPR were used to perform 

read count mapping, normalization, quality control and to identify sgRNA/gene hits226. sgRNA 

enrichment profile was generated by filtering for sgRNAs with false discovery rate (FDR) < 0.05. 

sgRNAs with mean control reads < 10 were removed, to reduce the potential for false positive hits 
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included in the profile. Non-targeting sgRNAs and sgRNAs targeting protein coding genes were 

further excluded from the candidate shortlist.  

 

ShinyGO analysis. ShinyGO v0.80 was used for analyses (FDR < 0.05) and obtained at 

http://bioinformatics.sdstate.edu/go/292.  

 

Antagomir transfection. Individual miRNA antagomirs (5 nmol IDT® miRNA Inhibitor) were 

purchased from IDT for all nine shortlisted miRNAs. Mature miRNA sequences were obtained 

from miRBasev22.1 (https://mirbase.org/) and are provided below. For each antagomir, 50 nM 

antagomir was diluted in Opti-MEM and added to Lipofectamine 3000 + Opti-MEM at a 1:1 ratio. 

Mix was incubated for 10-15 min at room temperature and then added to 5 mL fresh medium in a 

100 mm3 dish of 80-90% confluent SUM159PT cells. Cells were incubated for 24 hours before 

use in further experiments. 

ID Accession Sequence 

hsa-miR-1299-5p  MIMAT0005887 UUCUGGAAUUCUGUGUGAGGGA 

hsa-miR-3929-5p  MIMAT0018206 GAGGCUGAUGUGAGUAGACCACU 

hsa-miR-483-5p  MIMAT0004761 AAGACGGGAGGAAAGAAGGGAG 

hsa-miR-6859-5p  MIMAT0027618 GAGAGGAACAUGGGCUCAGGACA 

hsa-miR-1205-5p  MIMAT0005869 UCUGCAGGGUUUGCUUUGAG 

hsa-miR-3135b-5p  MIMAT0018985 GGCUGGAGCGAGUGCAGUGGUG 

hsa-miR-1207-5p  MIMAT0005871 UGGCAGGGAGGCUGGGAGGGG 

hsa-miR-1204-5p  MIMAT0005868 UCGUGGCCUGGUCUCCAUUAU 

hsa-miR-8086-5p  MIMAT0031013 UGCUAGUCUGGACUGAUAUGGU 

 

http://bioinformatics.sdstate.edu/go/
https://mirbase.org/
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CRISPR activation plasmid cloning. For generation of activation constructs, lentiSAMv2 

(Addgene plasmid # 75112) and lentiMPHv2 (Addgene plasmid # 89308) backbone vectors were 

obtained as a gift from Feng Zhang. Oligonucleotide sequences for SAM sgRNAs are listed below: 

 

 

 

In vivo orthotopic xenograft studies. Antagomir-transfected SUM159PT cells were diluted 1:1 

in Matrigel (BD Bioscience) and then transplanted in the mammary fat pads of 8-week old, female 

NSG mice. Tumor volume was monitored three times per week using an electronic caliper. Tumors 

were allowed to reach a maximum volume of 1000 mm3 prior to euthanasia. For experiments with 

CRISPR activation-transduced cells, SUM159PT- or MDA-MB-231- transduced cells underwent 

blasticidin selection over six days. Cells were then diluted 1:1 in Matrigel (BD Bioscience) and 1 

× 106 cells (SUM159PT) or 2 × 106 cells (MDA-MB-231) cells were transplanted in the mammary 

Gene ID gRNA sequence ID Oligo sequence for cloning  (5' to 3')

top CACCGGAGAGGCGGTAGAGTAGGGT

bottom AAACACCCTACTCTACCGCCTCTCC

top CACCGGGCCGGAGAGGCGGTAGAGT

bottom AAACACTCTACCGCCTCTCCGGCCC

top CACCGAGGAGCCTTGCGCATAAAGG

bottom AAACCCTTTATGCGCAAGGCTCCTC

top CACCGCTGAGGCATAGTCCTGTGGG

bottom AAACCCCACAGGACTATGCCTCAGC

top CACCGGGAGGAGACCCAAGAAAGGT

bottom AAACACCTTTCTTGGGTCTCCTCCC

top CACCGCAAGAAAGGTCGGACCAATG

bottom AAACCATTGGTCCGACCTTTCTTGC

top CACCGCTGGAACTCGGCGCCCGAAG

bottom AAACCTTCGGGCGCCGAGTTCCAGC

top CACCGGGCGCCCGCTGAGCCGACAG

bottom AAACCTGTCGGCTCAGCGGGCGCCC

top CACCGATTGGACAGTCTCATCAAGA

bottom AAACTCTTGATGAGACTGTCCAATC

top CACCGACCCTTAGCTGAATGCAGGG

bottom AAACCCCTGCATTCAGCTAAGGGTC

top CACCGGCCAACGCGCTTCCTCACGA

bottom AAACTCGTGAGGAAGCGCGTTGGCC

top CACCGGGACCAACCAAGCCCTCGTG

bottom AAACCACGAGGGCTTGGTTGGTCCC

PSMA5_g1 GCCAACGCGCTTCCTCACGA

PSMA5_g2 GGACCAACCAAGCCCTCGTG

PSMA5

WARS1_g1 ATTGGACAGTCTCATCAAGA

WARS1_g3 ACCCTTAGCTGAATGCAGGG

WARS1

YWHAE_g1 CTGGAACTCGGCGCCCGAAG

YWHAE_g3 GGCGCCCGCTGAGCCGACAG

YWHAE

DHX15_g2 GGAGGAGACCCAAGAAAGGT

DHX15_g3 CAAGAAAGGTCGGACCAATG

DHX15

GLO1_g1 AGGAGCCTTGCGCATAAAGG

GLO1_g2 CTGAGGCATAGTCCTGTGGG

GLO1

BCLAF1_g1 GAGAGGCGGTAGAGTAGGGT

BCLAF1_g3 GGCCGGAGAGGCGGTAGAGT

BCLAF1
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fat pads of 8-week old, female NSG mice. Tumor volume was monitored three times per week 

using an electronic caliper. Tumors were allowed to reach a maximum volume of 1000 mm3 prior 

to euthanasia. Tumor volumes were calculated according to the following formula: [4/3 × π × 

(length/2) × (width/2)2]. All mice were housed and handled in accordance with the approved 

guidelines of the Canadian Council on Animal Care (CCAC) “Guide to the Care and Use of 

Experimental Animals”. 

 

Quantitative PCR. At specified time points, cells were dissolved in 0.5 mL TriZOL Reagent, and 

extraction proceeded according to the manufacturer’s protocol. RNA was reverse-transcribed 

using M-MLV Reverse Transcriptase (Invitrogen). Real-time PCR was performed using SsoFast 

EvaGreen Supermix (Bio-Rad) on a Rotor-Gene 6000 PCR analyzer (Corbett) using the primers 

indicated below. 

 

 

Immunoblotting. Whole cell proteins were extracted using ice-cold lysis buffer (50mM Tris-HCl 

+ 150mM NaCl + 1% Triton X-100 + 1mM EDTA + 100mM Na3VO4 + 1× protease inhibitor 

cocktail + 1× PhosStop Phosphatase Inhibitor Cocktail (Roche)). Lysates were diluted in 5 × 

loading buffer and boiled at 95°C for 5 min. Samples were separated by SDS-PAGE, transferred 

Gene/Protein

Forward (5' -> 3') GCCACAGGCCAGCAAAAGCA Forward (5' -> 3') AGAGCCCTGAAATACACAGGAGAA

Reverse (5' -> 3') TGGTGAGATGTCAATTCTCCTGTGT Reverse (5' -> 3') AGCCCTTGGAATCTCCCCGT

Forward (5' -> 3') CGGACCCCAGTACCAAGGATTTTC Forward (5' -> 3') GCAGACCATGCTACGAGTGAAGG

Reverse (5' -> 3') TGGAGAGCGCCCAGGCTATTTT Reverse (5' -> 3') TCAGTGCCCCAATTGTGTGTC

Forward (5' -> 3') CCGCAGACAATGTACGCCAGC Forward (5' -> 3') TGCTATGTTGTCAGTCCCACAG

Reverse (5' -> 3') TGTTCGTTCTAAATGTGCCACCTGC Reverse (5' -> 3') TTCGAGATAGCTGCTGGCGT

Forward (5' -> 3') TAATTCCCCTGACCGTGCCTG Forward (5' -> 3') ACAGAACTTCCACCAACGCATCCT

Reverse (5' -> 3') TCTGCTCTTCACCGTCACCC Reverse (5' -> 3') ATTCTGCTCTTCACCGTCACCC

Forward (5' -> 3') AGGAGACAGCCGGTTGCTGA Forward (5' -> 3') AGTGCCAGCGACCCCAACTC

Reverse (5' -> 3') TCAGCAGACGAGTCAAGACCTGC Reverse (5' -> 3') TGGCTCCGCTGGTGTAATCCTTC

Forward (5' -> 3') GTCCTCAGAATCCCCGCGTAGC Forward (5' -> 3') CGGTCTGAGTACGACAGGGG

Reverse (5' -> 3') GAAAAAGTATTCACGCCCCTGTCG Reverse (5' -> 3') GCCCACTCATGGCACAACCTATG

SWYC/WARS1

PSA5/PSMA5

Primer pair 2Primer pair 1

BCLAF1

LGUL/GLO1

DHX15

1433E/YWHAE
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onto 0.2 µm or 0.45 µm nitrocellulose before being assessed by immunoblotting with the indicated 

antibodies. 

 

miRNA antagomir transfection for MS. 2.5x106 SUM159PT cells were seeded in three 100mm3 

dishes for each miRNA. Single-stranded miRNA-specific antagomirs (IDT) complementary to the 

mature sequence of each miRNA of interest were transfected (50nM) using Lipofectamine 3000 

(ThermoFisher). Cells were collected 24 hours post-transfection in approx. 80% confluent dishes 

and used for mass spectrometry. 

 

Mass spectrometry. miRNA-antagomir transfected cell pellets were digested with 12 ng/µL mass 

spectrometry-grade modified trypsin (Promega) in 50 mM ammonium bicarbonate overnight at 

37°C. Digested peptides were transferred to clean Eppendorf tubes and heated to 55°C for 30 min. 

Peptides were dried in a speed vacuum before reconstitution with 25 µL of water supplemented 

with 0.1% formic acid (FA). The peptide samples were subjected to LC reverse phase nanoflow 

chromatography using a Proxeon Easy nLC (Thermo Scientific). The peptides were trapped onto 

a 2 cm C18 column (Acclaim PepMap 100, Thermo Scientific) and were separated at a flow rate 

of 350 nL/minute on a 15 cm C18 analytical nanocolumn (Acclaim PepMap RSLC, Thermo 

Scientific) with a water/acetonitrile gradient covering 3%-35% acetonitrile over 100 min. The 

eluting peptides were analyzed by an Orbitrap Q-Exactive HF (Thermo Scientific) operating with 

a duty cycle of 25 MSMS fragment spectra per precursor scan. The resolution was set at 120,000 

(scan speed 2 spectra per second) for precursor scans, over mass range of 375-1400 m/z, and 

30,000 (scan speed 25 spectra per second) for fragment spectra. The mass spectrometer was 

operated with a dynamic exclusion set at 6 seconds and maximum trap fill. The acquired spectra 
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were converted into Mascot Generic Files (.mgf) using Mascot Distiller (Matrix Sciences) and 

searched against the human proteome (Uniprot) using the Mascot proteomics search engine 

(Matrix Sciences). The Mascot data output was transferred to Scaffold v5.2.2. (Proteome 

Software) for data validation for total peptides/proteins with a false discovery rate (FDR) < 0.05 

after analysis using ordinary, one-way ANOVA. 

 

Statistical analyses. Multiple groups were compared using regular, one-way ANOVA with 

Tukey’s multiple comparisons tests. Difference between two group means was analyzed using 

unpaired, two-sided t-tests. CPTAC data was analyzed using UALCAN portal, which performed 

two-sided unpaired Student’s t-tests. P-values were considered significant when p < 0.05.  

 

Data availability. The data generated in this study are available within the article and its 

supplementary data files. 

 

3.5. Results 

In vivo genome-wide miRNA loss-of-function CRISPR screen in TNBC 

To identify new miRNA genetic vulnerabilities in TNBC, we performed a genome-wide 

CRISPR/Cas9 loss-of-function screen in immunodeficient nod-scid gamma (NSG) mice in vivo. 

As shown in Fig. 3.1a, human TNBC cells (SUM159PT; hereafter referred to as SUM159), were 

transduced with a pooled genome-wide CRISPR/Cas9 knockout library (GeCKOv2), as previously 

described33,53,287. The GeCKOv2 library targets all 19,050 protein-coding genes along with the 

complete microRNAome, including 4 sgRNAs for each of the 1854 miRNAs and 1000 non-
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targeting control sgRNAs. Cells were infected at a low multiplicity of infection (MOI ~ 0.3) to 

favour the integration of a single sgRNA per cell. SUM159 was derived from the primary tumor 

of a 71-year old female with ER-, PR-, and HER2- anaplastic carcinoma of the breast228,293,294. 

This basal B/claudin-low cell line carries mutations in the two most frequently mutated genes in 

TNBC patients; the oncogene PIK3CA and the tumor suppressor TP53295,296. As such, the 

SUM159 cell line is a highly representative TNBC model228,297. After transduction, cells were 

selected with puromycin to ensure stable integration of the CRISPR/Cas9 system. Thirty million 

stable knockout cells, representing an approximately 400-fold library coverage, were then injected 

subcutaneously (s.c.) in NSG mice for each of three independent experiments.  Tumor growth was 

assessed over time until experimental endpoint where tumors were resected and sgRNA 

distribution analyzed through next generation sequencing (NGS). Genomic DNA samples 

obtained prior to cell transplantation and in vivo selection pressure constituted the cell 

representation samples and were used as negative controls. 

Following NGS, enriched and depleted (dropouts) sgRNAs were identified following 

MaGECK-VISPR pipeline analysis, as previously described53,226,298. As shown in Fig. 3.1b, we 

highlighted all sgRNAs targeting miRNA genes in both profiles of positive selection sgRNAs and 

negative selection sgRNAs. sgRNAs that were enriched (log2 fold change > 0) due to the selection 

pressure are shown in red, and depleted gRNAs (log2 fold change < 0) are shown in blue. This 

analysis uncovered 1795 miRNAs with at least 1/4 gRNAs altered by the in vivo transplantation 

selection pressure (Suppl. Table 1). Of these miRNAs, only two were significantly enriched – miR-

6720 and miR-493 (Fig. 3.1c, Suppl. Table 1). Enriched sgRNAs are expected to target tumor 

suppressor miRNAs, which in turn are expected to target oncogenes. Accordingly, miR-493 has 

been shown to target the MYCN protooncogene and act as a tumor suppressor in hepatocellular, 
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ovarian and breast cancers299-301. However, we found a large number of sgRNAs in the negative 

selection profile. These dropout sgRNAs target miRNAs which are potentially oncogenic in 

nature, and which putatively inhibit tumor suppressive mRNA targets. This means that miRNAs 

in the dropout selection would make ideal therapeutic targets for inhibition by miRNA inhibitors. 

Top-scoring miRNAs were selected using a minimum of 4/4 guide RNA dropout hits with 

a false discovery rate (FDR) cutoff of < 0.05, before being further evaluated for their clinical 

relevance (Fig. 3.1c, d). As denoted by their low FDR value and the extent of their depletion, 

sgRNAs targeting miRNAs, which represent a small proportion of all sgRNAs in the library, were 

among the top-ranking depleted sgRNAs in the screen (Fig. 3.1b). This underscores the functional 

relevance of these short noncoding RNAs in mediating TNBC tumor biology. All top-scoring 

miRNAs were selected and validated against the miRBase repository302. This led us to shortlist 

nine top candidates (Fig. 3.1d).  

Altogether, the CRISPR screen allowed us to interrogate the entire human microRNAome 

to uncover a specific miRNA dataset with potentially oncogenic properties through their targeting 

of tumor suppressor mRNAs.  

 

In vivo validation of oncogenic roles for miRNA candidates 

We next functionally validated the top miRNA hits identified in the screen using an 

alternative miRNA depletion method to CRISPR/Cas9 knockout in vivo. Accordingly, we used 

single-stranded, chemically engineered antisense miRNA inhibitors complementary to the target 

miRNAs, called antagomirs303. The antagomirs used for validation are complementary to the 

mature miRNA sequences coded within the stem-loop precursor miRNA sequences for each 

miRNA (Fig. 3.2a). To ensure the appropriate clinical relevance of our results, antagomirs were 
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functionally tested and validated in a preclinical in vivo xenograft model of TNBC. Briefly, 

SUM159 cells were transfected with various antagomirs specific to the identified miRNA hits or 

a scrambled antagomir (NC), as negative control (Fig. 3.2a). Twenty-four hours following 

transfection, cells were transplanted orthotopically into the mammary fat pads of NSG mice and 

tumor volumes were monitored over time. Interestingly, all antagomirs were able to reduce tumor 

growth over time in the TNBC xenograft model, with five of them (miR-1204, miR-1207, miR-

3929, miR-6859 and miR-8086) inducing a strong and significant reduction in tumor volume by 

study endpoint (Fig. 3.2b, c). These results are consistent with our hypothesis that the identified 

miRNA hits from the negative selection may exert pro-oncogenic activities. We next evaluated the 

clinical relevance of these five miRNAs in a publicly available dataset (GSE73002) using 

CancerMIRNome304,305. For this, we assessed circulating miRNA expression levels for  the five 

validated miRNAs – miR-1204, miR-1207, miR-3929, miR-6859 and miR-8086 – in the serum of 

healthy donors and patients with varying subtypes and stages of breast cancer304. We observed a 

significant increase in circulating levels of all five miRNAs in breast cancer patient serum as 

compared to healthy donor serum (Fig. 3.2d). Accordingly, these findings support the proposed 

oncogenic roles for these miRNAs in the broader context of all breast cancer stages and subtypes. 

Moreover, the significant increases in levels of all five miRNAs allow for clear, robust 

discrimination between healthy and breast cancer serum, underlining a predictive potential for 

these miRNAs in the clinical setting. Collectively, these results underscore the power and 

robustness of genome-wide CRISPR screening approaches to effectively identify miRNA 

vulnerabilities in cancer, and particularly uncover new potential oncogenic miRNAs in TNBC. 
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Experimental miRNA target identification using large scale proteomics 

Having uncovered five miRNAs with significant in vivo pro-oncogenic properties in 

TNBC, we next sought to decipher the molecular mechanisms by which these miRNAs contribute 

to the tumorigenic process and affect their downstream targets. A single miRNA can regulate 

hundreds of genes191,306. This makes miRNA target prediction quite challenging, not least because 

although various target prediction algorithms exist, there is no consensus on the best algorithm to 

use, predicted targets often do not overlap and targets still need biochemical validation307-309. As 

such, identifying specific miRNA target genes using computational algorithms remains time 

consuming, cumbersome and in the end largely inefficient307,309. 

To circumvent these limitations and identify specific targets of miR-1204, miR-1207, miR-

3929, miR-6859 and miR-8086, we used a high-throughput mass spectrometry (MS)-based 

proteomics approach which allowed us to identify genome-wide changes in endogenous protein 

levels. Briefly, SUM159 TNBC cells were transfected with miRNA-specific antagomirs for miR-

1204, miR-1207, miR-3929, miR6859 and miR-8086 or with a negative control antagomir. 

Twenty-four hours later, cell lysates were collected and subjected to peptide fractionation, 

followed by LC-MS analysis. This whole proteome-scale analysis allowed us to identify and 

quantify any changes in protein levels. The differences in protein level means in each type of 

antagomir-treated sample were tested for significance and led to the identification of 328 protein 

hits (ANOVA, p<0.01) (Suppl. Table 2, Fig. 3.3a).  

Hallmark Human Molecular Signatures Database (MSigDB) functional enrichment 

analysis was performed on the genes corresponding to the 328 hits and revealed “MYC targets”, 

“E2F targets” and “G2M checkpoint” as the most enriched gene sets (Fig. 3.3b). The emergence 

of cell cycle regulators as the most regulated proteins is consistent with our CRISPR screen 
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findings and further in vivo validation, which identified these five miRNAs as potent pro-

oncogenic factors in TNBC (Fig. 3.1 and 3.2). 

We hypothesized that proteins most likely to be directly involved in the tumorigenic 

process and regulated by our candidate miRNAs would be present at higher levels in antagomir-

transfected conditions as compared to the control condition. As such, we found 54 proteins that fit 

this profile and enrichment analysis with Hallmark MSigDB on this specific subset indicated that 

the proteins belonged to same gene sets that were enriched in the entire protein set (Fig. 3.3c). This 

indicates that the subset of genes with the greatest likelihood of being direct targets of our miRNAs 

are likely cell cycle regulators, and key mediators of the miRNA inhibitor-mediated growth 

inhibition.  

The individual profiles of the protein-protein association networks of proteins upregulated 

by the inhibition of a given miRNA from our screen – miR-1204, miR-1207, miR-3929, miR-6859 

or miR-8086 – were mapped using STRING310 (Fig. 3.3d). These networks highlight physical 

binding interactions, as well as functional associations between the proteins. The analysis 

underscores the sheer size of the affected protein networks, the interconnectedness of the regulated 

protein profiles for each antagomir/miRNA, and how certain proteins are recurring in multiple 

profiles (Fig. 3.3d). This highlights the usefulness of the high-throughput approaches used to 

characterize the miRNAs, to identify connected networks of affected proteins, illustrating the 

potential disruptive ability of targeting such miRNAs using therapeutics.   

To identify our top candidate hits, we next examined the literature to curate the remaining 

hits. Specifically, we searched for any evidence of hits’ involvement in any type of cancer or tumor 

and then narrowed down the list for the proteins which were found to have roles in cell proliferation 

or the cell cycle, the top enriched pathways. Using these criteria, we retained six proteins for 
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further investigation: BCLAF1 (BCL2 associated transcription factor 1), GLO1 (glyoxylase 1), 

DHX15 (DEAH-box helicase 15), YWHAE (14-3-3 epsilon), WARS1 (tryptophanyl-tRNA 

synthetase 1) and PSMA5 (proteasome 20S subunit alpha 5). While these proteins are potentially 

involved in cell proliferation and tumor growth, their specific functions remain unclear and 

context-dependent, particularly with respect to expression levels of these proteins and patient 

outcomes311-324. Moreover, the unbiased, high throughput proteomic analysis allowed us to 

determine, at the experimental level multiple proteins which were targeted by multiple of our 

validated, oncogenic miRNAs (Fig. 3.3e, left panel). Similarly, the results highlighting miR-6859 

and miR-8086 targeting 5/6 and 4/6 of the selected proteins, respectively, highlight how 

modulating one miRNA can affect many different proteins at once (Fig. 3.3e, right panel). As a 

complement to MS, we used a computational miRNA target prediction tool designed to incorporate 

multiple prediction algorithms, miRDIP (miRNA Data Integration Portal)325. As expected, we 

observed that the MS-predicted targets do not reconcile completely with the computational tool’s 

predictions. This is illustrated in Suppl. Fig. 3.1, which highlights the differences in miRDIP 

prediction and MS prediction for each of our miRNA hits and MS protein targets. As a whole, MS 

allowed us to unbiasedly identify the direct functional protein targets of our miRNAs, bypassing 

the inconveniences and inaccuracies of using target prediction tools. The analysis revealed many 

of our target proteins to be involved in the cell cycle, and highlighted how the proteins targeted by 

a given miRNA are often connected and related in a network, making these networks prime targets 

for exploring cancer vulnerabilities. 
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In vivo validation of tumor suppressor roles for miRNA protein targets 

We hypothesized that these proteins, repressed by the oncogenic miRNAs in our screen, 

exhibit tumor suppressor-like activity in TNBC. CRISPR/dCas9-mediated transcriptional 

activation (CRISPRa)21 was used to increase endogenous expression of each of these targets’ and 

evaluate the effects on tumor growth in vivo, using preclinical models of mammary tumor 

development, as illustrated in Fig. 3.4a, and described previously53,298. CRISPRa lentiviral 

constructs were transduced in two different TNBC cell lines, SUM159 and MDA-MB-231, and 

specific mRNA level upregulation was confirmed for two gRNAs per protein target over 14 days 

of blasticidin selection. An additional cell line model, MDA-MB-231, was used here to validate 

the target proteins to ensure that any effects on tumor development mediated by the six target 

proteins were not cell line specific. MDA-MB-231 cells originated from a metastatic lesion in the 

pleural effusion of a Caucasian female with a poorly differentiated, basal B, TP53 mutated 

adenocarcinoma of the breast326. As shown in Fig. 3.4b, CRISPRa resulted in sustained 

upregulation of mRNA levels for nearly all gRNAs tested at multiple timepoints over 14 days. 

Constructs targeting GLO1, YWHAE, WARS1 and PSMA5 significantly upregulated their 

respective gene expression levels in SUM159 and MDA-MB-231. Expressions of BCLAF1 and 

DHX15 were generally less upregulated as compared to control, but still demonstrated an overall 

trend towards overexpression over 14 days. Importantly, these increased levels of mRNA led to 

higher protein levels of each of these targets (Fig. 3.4c). gRNA constructs producing similar levels 

of target overexpression (approx. 1.5-4.5-fold mRNA induction) were transplanted into the 

mammary fat pads of NSG mice. Tumors were measured three times per week until experiment 

endpoint. Notably, overexpression of these putative tumor suppressors in both SUM159 and 

MDA-MB-231 led to smaller tumors by endpoint (Fig. 3.4d, e). This was reflected in tumor 
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volume and tumor weight by endpoint when comparing the CRISPRa gRNA-infected cells to the 

lentiSAMv2-infected control cells, in both cell lines used (Fig. 3.4d, e). As overexpressing these 

proteins led to smaller tumors, we confirmed that BCLAF1, GLO1, DHX15, YWHAE, WARS1 

and PSMA5 exert tumor suppressive functions in TNBC in vivo, in line with the oncogenic nature 

of the miRNAs targeting them. Ultimately, this characterization of the miRNAs’ targets led us to 

wonder whether the proteins could be clinically relevant in breast cancer.  

 

Prognostic value of six candidate protein targets 

The intersection of our CRISPR screen and large-scale proteomics datasets led to the 

identification of six proteins as targets for our oncogenic miRNAs. However, while these protein 

targets are likely to exert some tumor suppressive function in patient tumor settings, their role in 

cancer, and in breast cancer specifically, remains unexplored or controversial, to date. We 

therefore sought to address this by first examining BCLAF1, GLO1, DHX15, YWHAE, WARS1 

and PSMA5 expression in breast cancer tumor samples using proteomics data from the Clinical 

Proteomic Tumor Analysis Consortium (CPTAC) in the UALCAN portal327,328. We found that 

when comparing normal mammary tissue versus primary breast tumor tissue, there was a 

significant decrease in protein expression of GLO1, YWHAE, WARS1 and PSMA5 in tumor 

tissue, consistent with our hypothesis (Fig. 3.5a).We further analyzed how protein levels correlate 

with cancer stages and found that GLO1, YWHAE, PSMA5 and WARS1 expression levels were 

lower in advanced cancer stages compared to normal tissue samples, with GLO1, YWHAE, and 

PSMA5 showing a clear inverse correlation between expression level and the cancer stage (Fig. 

3.5b). Therefore, this would suggest that low protein expression of GLO1, YWHAE, PSMA5 and 
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WARS1 not only differentiates tumor samples from normal tissue samples but may even predict 

for higher cancer stage of the tumor sample in breast cancer patients. 

Given that our screen was conducted to identify regulators of TNBC tumorigenesis, we 

next studied how levels of these protein expression levels correlate with breast cancer clinical 

subtypes. We found that protein expression of GLO1 and YWHAE was significantly lower in 

TNBC patient samples compared to normal tumor samples (Fig. 3.5c). Collectively these data 

suggest that while all four genes are involved in breast cancer tumorigenesis, GLO1 and YWHAE 

may play a more prominent role in regulating cancer progression in the TNBC molecular subtype. 

Overall, while the levels of four of the six proteins identified in the MS analysis are 

significantly lower in breast tumor samples than in normal tissue samples, GLO1 and YWHAE 

seem especially predictive of higher cancer stage and importantly, TNBCs specifically.  

 

3.6. Discussion 

Breast cancer remains the deadliest cancer affecting women worldwide45. Despite decades 

of research into the molecular underpinnings of TNBC, it remains the least prognostically 

favorable subtype of breast cancer, largely owing to the lack of targeted therapies for the disease. 

The inherent heterogeneity of TNBC makes the development of new therapies even more 

challenging, and the unmet clinical need for novel strategies for the treatment of TNBC is clear. 

Our in vivo genome-scale CRISPR screen establishes novel miRNA genetic vulnerabilities as the 

basis of a new multi-targeted approach to treat TNBC. In recent years, RNA-based therapies have 

revolutionized the healthcare landscape – notably in serving as the solution for overcoming the 

global COVID-19 pandemic. Noncoding RNAs – and miRNAs in particular – have become 

increasingly recognized as important therapeutic avenues, due to their deregulation in every type 
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of cancer studied and to their roles in multiple cellular processes217. Our findings not only 

identified novel oncogenic miRNAs, but also demonstrate that high-throughput, CRISPR-based 

approaches coupled with high-throughput proteomics-based approaches can report on important 

miRNA-target networks that would have been overlooked with traditional miRNA identification 

and in silico target identification approaches.    

Our genome-scale screen was performed in vivo, as in vivo screens better model the tumor 

microenvironment and tissue architecture30, thereby allowing for the identification of more 

relevant miRNAs. Using stringent cutoff criteria, we retained nine candidate miRNAs with a 

putative oncogenic role in TNBC.  We then validated the candidates in vivo using specific miRNA 

inhibitors (antagomirs) as an alternative approach to the CRISPR-induced knockouts used in the 

screen to ensure a functional role for these miRNAs in promoting tumorigenesis. Antagomirs and 

the wider class of antimiRs present an effective option to decrease expression of miRNAs, while 

retaining many characteristics which make them ideal therapeutic tools. Of note, because miRNAs      

are naturally-occurring in mammalian cells, all cells possess the machinery to allow them to 

recognize and bind their plethora of targets217. This in vivo validation led to the shortlisting of five 

miRNAs whose inhibition led to a significant reduction in tumor growth in mice: miR-1204, miR-

1207, miR-3929, miR-6859, miR-8086. Previous studies have shown a protumorigenic and 

proinvasive role for miR-1204329, as well as an increase in miR-1204 expression in TNBC owing 

to its location at a frequently amplified genomic locus, 8q24, which notably encompasses the 

CMYC oncogene330-332. miR-1207, which is also located at 8q24, has also previously been 

described to have an oncogenic role and higher expression in TNBC tissues333,334. Of note, miR-

3929, miR-6859 and miR-8086 have not previously been characterized in TNBC, making them 

novel oncogenic miRNAs in this context.  
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Investigation of the circulating levels of these miRNAs in serum revealed significantly 

higher expression of all five miRNAs – miR-1204, miR-1207, miR-3929, miR-6859 and miR-

8086 – in breast cancer patients as compared to healthy controls. This not only confirmed a 

potential oncogenic role for these miRNAs, but the stark differences in circulating levels of these 

miRNAs in healthy and breast cancer serum underscored their predictive power. As liquid biopsies 

are minimally invasive, inexpensive and simpler than tumor biopsies to obtain, their uptake in the 

clinic has become increasingly widespread335. Further breast cancer subtype-specific analyses and 

stage-specific analyses probing for circulating levels of our five miRNAs could therefore be of 

interest to better delineate these miRNAs’ diagnostic power. Altogether, this highlights our in vivo 

CRISPR screening approach as a powerful method by which to identify important mediators of 

the tumorigenesis, while also shedding light on the ease with which miRNAs could be targeted to 

elicit the desired tumor growth inhibition. 

To better understand how these oncogenic miRNAs exert their tumor suppressive effects 

in vivo, an unbiased proteomics-based approach was used to allow for direct identification of the 

proteins whose levels were altered because of translational repression by the validated miRNAs. 

We decided to employ an experimental approach to miRNA target identification given the 

considerable levels of noise exhibited by in silico prediction tools336. Correspondingly, a study by 

Fridrich et al. calculated the false positive rate of  computationally predicted targets to range from 

65% in model organisms to 85% in non-model organisms, implying that modern algorithms still 

have trouble discerning real targets from predicted ones309. This would appear to be in line with 

our experience using such tools, as our list of predicted targets was predicted with low confidence, 

if the targets were at all predicted.  
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Quantitative proteomics approaches for the study of miRNAs has gained traction in recent 

years, allowing for identification of individual miRNA targets as well as entire signaling networks 

to better understand biological processes337. Using mass spectrometry, we identified proteins 

whose expression levels were differentially regulated by at least one of the five validated miRNAs 

and found that there was significant overlap in the functions of many of the differentially regulated 

genes. However, it remains to be elucidated whether these targets are direct or indirect targets of 

the miRNAs. 

We harbored a particular interest in the proteins whose levels increased after inhibition of 

at least one validated miRNA, as we hypothesized that these would most likely have potential 

tumor suppressor-like activity in TNBC. We sought to functionally validate the expected tumor 

suppressive roles for these genes in vivo. Following CRISPRa-mediated endogenous 

overexpression of BCLAF1, GLO1, DHX15, YWHAE, WARS1 and PSMA5, we observed that 

higher levels of all six proteins led to smaller tumor formation and progression in at least one 

xenograft mouse model. The differences observed between models may be attributed to the 

differences in target overexpression in different cell lines (Fig. 3.4a, b). Nonetheless, these findings 

support the reduced tumor formation observed after inhibiting miR-1204, miR-1207, miR-3929, 

miR-6859 and miR-8086, implying that these miRNAs are oncogenic in TNBC. It would be of 

clinical interest to elaborate miRNA-based therapeutics to inhibit these miRNAs, given their 

clinical significance and the unmet need for effective targeted therapies in TNBC. Such a strategy 

would align with the paradigm shift from using single-agent therapy to investigating pathway-

based, multi-targeted or combinatory approaches to keep at bay the rapid onset of drug resistance 

in cancer and other complex diseases142,338,339. In fact, the medical interest in this approach has 

grown since the first proof-of-concept that antagomirs could be used to treat disease was 
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demonstrated in phase II trials of miraversen – a miR-122-specific antagomir – in patients with 

hepatitis C virus340. This is emphasized by the miRNA-based therapeutics currently in clinical 

trials for hepatitis C virus infection, nonalcoholic liver disease, cardiovascular diseases and cancer, 

including a phase I/II study of a miR-10b inhibitor (TTX-MC138) for the treatment of various 

types of advanced solid tumors(www.clinicaltrials.gov)214,217,341,342. 

To understand the clinical relevance of our findings, we explored the correlation between 

these protein targets in breast tissue with patients’ clinical status. We found that while levels of 

four of the six targets chosen for further evaluation were significantly lower in tumor tissue 

compared to normal breast tissue, levels of GLO1 and YWHAE specifically were significantly 

lower in the TNBC breast tissue compared with tissue of other subtypes. Glyoxylase 1 (GLO1) is 

the first of two detoxifying enzymes with catalyze the endogenous metabolic by-product 

methylglyoxal in the glyoxylase system314. Previous reports on the role of GLO1 in breast cancer 

have revealed conflicting evidence. Some studies suggest that GLO1 expression is upregulated in 

breast carcinoma tissue, and that GLO1 expression is inversely correlated with survival outcomes 

in breast cancer patients343,344, while others have shown that depletion of GLO1 in mouse xenograft 

models leads to higher tumorigenic and metastatic potential345,346. YWHAE encodes the epsilon 

member of the 14-3-3 family of proteins (14-3-3ε), which play critical roles in the progression of 

cell cycle and in the regulation of DNA damage347. The evidence relating expression levels of the 

various 14-3-3 isoforms with breast cancer outcomes is conflicting. The two best studied isoforms 

in breast cancer, 14-3-3 sigma (14-3-3σ) and 14-3-3 zeta (14-3-3ζ), consistently show 14-3-3σ to 

be a potent tumor suppressor whose expression correlates with better prognosis, while 14-3-3ζ is 

an oncogene348. A study by Yang et al. found that YWHAE expression was higher in breast tumor 

tissue and that this correlated with poorer survival outcomes349, however, the epsilon isoform has 
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not extensively been studied in breast cancer. There is significantly higher protein expression of 

BCLAF1 and DHX15 in breast tumor tissue compared to normal tissue samples, highlighting the 

controversial nature of the proteins emerging from this screen. 

Altogether, we used multiple high-throughput, high-content approaches to screen both the human 

genome to identify novel miRNA genetic vulnerabilities and then screen their miRNA-regulated 

proteomes to define their roles in promoting TNBC tumorigenesis. In probing their respective 

proteomes, we characterized six of their targets – BCLAF1, GLO1, DHX15, YWHAE, WARS1, 

PSMA5 – and determined that they suppress tumor development in xenograft models in vivo. Our 

study therefore provides the necessary framework for the eventual elaboration of miRNA-based 

treatment strategies in TNBC, as well as evidence of the clinical relevance of miR-1204, miR-

1207, miR-3929, miR-6859 and miR-8086 and their targets as high circulating levels of these 

miRNAs, and low levels of their targets, were predictive of breast cancer in patients. 
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3.7. Figures 

 

 
 

 

Fig. 3.1. Genome-wide miRNA loss-of-function CRISPR screen in TNBC a Schematic 

representation of the approach used for gene discovery and validation. b log2-fold change (LFC) 

of all sgRNAs targeting protein coding and miRNA-encoding genes. Of all the enriched sgRNAs 

(LFC > 0), those targeting miRNAs are highlighted in red. Of all the depleted sgRNAs (LFC < 0), 
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those targeting miRNAs are highlighted in blue. Grey line denotes FDR =  0.05 c LFC of enriched 

miRNA-targeting sgRNAs (red) and depleted miRNA-targeting sgRNAs (blue). miRNA-targeting 

sgRNAs with a false discovery rate (FDR) < 0.05 and validated against the miRBase repository. d 

The nine sgRNAs targeting miRNA genes are annotated with information from the screen. All 

(4/4) sgRNAs targeting each listed miRNA were depleted from the screen. These miRNAs were 

among the top ranked depleted genes (protein-coding and miRNA-encoding) in the entire library.  
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Fig. 3.2. In vivo validation of oncogenic roles for miRNA candidates a Stem-loop precursor 

miRNA sequence for each of the top nine miRNA candidates. Mature miRNA sequences within 

each precursor are presented in red. b Cells transfected with negative control (NC) or miRNA-

specific antagomirs for miR-483, miR-1204, miR-1205, miR-1207, miR-1299, miR-3135b, miR-

3929, miR-6859 or miR-8086 were transplanted orthotopically into the mammary fat pads of NSG 

mice (n = 6-26). Tumor volume was measured over time. Mean ± SD tumor volume is shown. 

Significance was calculated using ordinary, one-way ANOVA with Tukey’s multiple comparisons 

test, p-value * <0.05, ** <0.01, *** <0.001. c Tumor volumes of individual mice in each group at 

study endpoint. Midlines indicate median tumor volume. Significance was calculated using 

ordinary, one-way ANOVA with Tukey’s multiple comparisons test, p-value * <0.05, ** <0.01, 

*** <0.001. d Circulating miRNA expression level of five validated miRNAs was evaluated in a 

publicly available dataset (GSE73002) using CancerMIRNome. log2-intensity level of each 

miRNA is presented in healthy donor serum (n = 2686) and breast cancer patient (all subtypes) 

serum (n = 1280). Significance was calculated using two-sided, unpaired t-test, p-value *** 

<0.001. 
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Fig. 3.3. Experimental miRNA target identification using large scale proteomics a Schematic 

representation of high-throughput mass spectrometry (MS) proteomics approach used. Changes in 

mean protein levels in each type of antagomir-treated sample were tested for significance and led 

to the identification of 328 protein hits (ANOVA, p <0.01) b Functional enrichment analysis using 

the Hallmark Human Molecular Signatures Database (MSigDB) was performed on the 328 

modulated proteins. Data are represented as fold enrichment of overrepresented pathways. N. of 

Genes = number of genes. Analysis was performed using ShinyGO v.0.80. c Functional 

enrichment analysis using the Hallmark MSigDB was performed on the 54 hits with lower levels 

in any of the antagomir-transfected conditions as compared to the control. Data are represented as 

fold enrichment of overrepresented pathways. d STRING analysis and node diagrams of the five 

validated miRNAs and their significantly modulated targets revealed by MS. e left Table indicating 

which of the screen’s miRNAs target the six proteins with potential tumor suppressive functions 

in TNBC. right Table indicating which of the six proteins are targeted by which of the screen’s 

miRNAs.  
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Fig. 3.4. In vivo validation of tumor suppressor roles for miRNA protein targets a Schematic 

representation of the orthotopic transplantation of CRISPR activation (CRISPRa) transduced 

TNBC cells into the mammary fat pads of NSG mice. b mRNA expression levels of BCLAF1, 

GLO1, DHX15, YWHAE, WARS1, and PSMA5 in SUM159 and MDA-MB-231 following 

transduction with specific CRISPRa constructs and extraction of mRNA at multiple timepoints of 

blasticidin selection. Data are represented as mean ± standard deviation (SD). Significance was 

calculated using repeated measures, one-way ANOVA with Dunnett’s multiple comparisons test 

to evaluate whether targets were overexpressed over the entire time period, p-value * <0.05, ** 

<0.01, *** <0.001. c Protein levels of BCLAF1, GLO1, DHX15, YWHAE, WARS1, and PSMA5 in 

SUM159 and MDA-MB-231 following transduction with specific CRISPRa constructs after 6 

days of blasticidin selection. d left SUM159 cells were transplanted into the mammary fat pads of 

NSG mice. Tumor volumes in mice from control (lentiSAMv2) or target-overexpressing groups 

(n = 7-8) were measured over time. Data are represented as mean ± SD. right Tumor volumes and 

weights of individual mice in each group at study endpoint. Midlines at median. Significance was 

calculated using ordinary, one-way ANOVA with Tukey’s multiple comparisons test, p-value * 

<0.05, ** <0.01, *** <0.001. e left MDA-MB-231 cells were transplanted into the mammary fat 

pads of NSG mice. Tumor volumes in mice from control (lentiSAMv2) or target-overexpressing 

groups (n = 6-10) were measured over time. Data are represented as mean ± SD. right Tumor 

volumes and weights of individual mice in each group at study endpoint. Midlines at median. 

Significance was calculated using ordinary, one-way ANOVA with Tukey’s multiple comparisons 

test, p-value * <0.05, ** <0.01, *** <0.001. 
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Fig. 3.5. Prognostic value of six candidate protein targets a Protein levels of BCLAF1, GLO1, 

DHX15, YWHAE, WARS1 and PSMA5 in breast tissue from healthy donors (n = 18) and breast 

cancer tumor biopsies (n = 125) using proteomics data from the Clinical Proteomic Tumor 

Analysis Consortium (CPTAC). b Protein levels of GLO1, YWHAE, WARS1 and PSMA5 in 

breast tissue of varying clinical stages using data from CPTAC. c Protein levels of GLO1, 
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YWHAE, WARS1 and PSMA5 in breast tissue of varying breast cancer subtypes using data from 

CPTAC. Analyses were performed using the UALCAN portal. Box plots represent 5% (lower 

whisker), 25% (lower box), 50% (median), 75% (upper box), and 95% (upper whisker). 

Expression values were log2 transformed and z-values represent standard deviations from the 

median across samples for the given sample type. Significance was calculated using two-sided, 

unpaired t-test, p-value * < 0.05, ** < 0.01, *** <0.001. 

 

 

 
 

Suppl. Fig. 3.1. Differences in miRDIP prediction and MS prediction a Table indicating each 

protein target revealed by mass spectrometry, and which miRNA from the CRISPR screen was 

revealed to target this protein. For each miRNA which is struckthrough, the miRNA was found to 

target the protein by MS, but not by the prediction algorithm miRNA Data Integration Portal 

(miRDIP). In green: the miRNA was found to target the protein by MS, and was also predicted to 

target the protein by miRDIP. In red: the miRNA was not found to target the protein by MS, but 

was predicted to target the protein by miRDIP. A score confidence class of “medium” was used, 

revealing the top 33% of ranked target predictions after integration of data from 30 independent 

prediction algorithms using miRDIP. 
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Chapter IV: Discussion 
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Triple negative breast cancer exhibits high intratumoral heterogeneity, which favors its 

invasive potential, its metastatic capability, and its resistance to therapy. In addition, TNBC is a 

disease with high inter-patient heterogeneity, complicating the already difficult task of targeting 

TNBC cells for treatment. These cells lack overexpression of the three receptors which normally 

dictate a breast cancer patient’s clinical regimen; the estrogen receptor, progesterone receptor and 

HER2 receptor. Patients with TNBC are therefore limited in their options for targeted treatment, 

and often face the plethora of side effects of generalized chemotherapy and radiotherapy. Better 

management of TNBC could be achieved through a more comprehensive understanding of the 

molecular underpinnings of the disease, which would fulfill the unmet need for tailored, targeted 

treatment options. 

The overarching aim of my thesis is to bring forth new targeted therapeutic options for the 

treatment of TNBC. While Chapter II explores the potential for an existing, current gold standard 

class of inhibitors to be exploited in TNBC, Chapter III aims to identify and develop a novel, multi-

pronged approach through the exploitation of miRNA inhibitors to treat TNBC. This chapter 

provides a comprehensive scholarly discussion of the findings in Chapters II and III, a final 

summary and conclusion, and future research directions. 

Chapter II: Expanding the use of existing targeted therapy to exploit its indication 

in TNBC  

Our rationale for exploring the use of CDK4/6 inhibitors in the treatment of TNBC stems 

from multiple established facts. First, TNBC is a highly proliferative subtype of breast cancer, as 

TNBC cells are enriched in cell cycle genes and cell cycle-related pathways72. However, TNBC is 

heterogenous and can be further divided into subtypes based on the molecular underpinnings of a 

given TNBC tumor, as mentioned in Chapter I72,73. Despite this, it has generally been accepted that 
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the entire TNBC subtype should be considered resistant to CDK4/6 inhibition131. Coupled with the 

poor understanding of determinants of sensitivity to CDK4/6 inhibition in breast cancer in general, 

the reasoning preventing all TNBCs from receiving treatment with CDK4/6i seems flawed. We 

hypothesized that if we could identify determinants of response and resistance to palbociclib in the 

TNBC context, we could develop a novel treatment strategy for the optimal use of palbociclib in 

TNBC. 

We screened the entire human genome using a genome-scale CRISPR/Cas9 knockout 

library (GeCKOv2), to identify predictors of resistance to the CDK4/6 inhibitor palbociclib in an 

in vivo model TNBC. As discussed previously, forward genetic screening using CRISPR offers 

several advantages including increased specificity, consistency, robustness and easy nuclease 

programmability over screening methods using RNAi and transcription activator-like effector 

nucleases (TALENs)350-352.  

While the study was performed in TNBC, the top eight candidates studied for validation in 

vivo, including TGFB3, were identified by cross-referencing our shortlist of 205 candidate genes 

against a backdrop of 38 breast cancer cell lines of all clinical and molecular subtypes. Indeed, the 

eight candidates were shortlisted based on their correlation with the cell lines’ sensitivity to 

palbociclib, using known palbociclib IC50 values in each of these cell lines. Here, we performed 

an indirect in vivo screen, using a TNBC cell line which was injected subcutaneously into NSG 

mice. While this ectopic implantation model was necessary given the sheer number of cells (and 

thus volume) which needed to be injected into mice to achieve appropriate library coverage, using 

an orthotopic in vivo model may have allowed us to identify additional clinically relevant 

predictors of drug response353,354. In response to this limitation, I ultimately functionally validated 

that individual knockouts in SLC40A1, TGF3, SNPRN, ITGB6, BAMBI, TMEM176A, PDGFB 
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and TMEM150A all led to significant reduction in the palbociclib anti-tumor effect in an 

orthotopic model of TNBC tumorigenesis in vivo (Fig. 2.2). Of note, the top target after 

prioritization using GSEA was SLC40A1, which encodes for the iron export channel ferroportin. 

Iron is essential for DNA synthesis and cell cycle regulation, and seemingly contributes in a 

proproliferative way to the cell cycle355. Given that knockout of SLC40A1 led to resistance to 

palbociclib in vivo, it could be hypothesized that depletion of the iron export channel led to an 

imbalance of iron concentrations inside the cell, and that this led to resistance to palbociclib. 

TGF3 and the TGF isoforms in the mammary gland 

We focused on TGFB3 due to its high ranking in the prioritization scheme (Fig. 2.1), the 

extent of its ability to mediate sensitivity to palbociclib in vivo (Fig. 2.2, 2.4), to predict palbociclib 

resistance in the clinical trial dataset analyzed (Suppl. Fig. 2.2) and to synergize with palbociclib 

(Fig. 2.5). We found that 4/8 of our top targets (TGFB3, ITGB6, BAMBI, PDGFB) belong to the 

TGFβ signaling pathway, highlighting TGF signaling as a potential important mediator of the 

palbociclib response in TNBC. 

Given the sequence homology between TGF isoforms and the known overlap in TGF 

isoform function, these findings evidently raised questions as to whether other TGF isoforms 

could also produce the same effects as TGF3. We evaluated whether treatment with TGF1 and 

TGF2 in combination with palbociclib could reproduce the same synergy as that observed 

between the drug and TGF3. Surprisingly, we found that both isoforms did synergize with 

palbociclib. This is perhaps owing to the fact that the proposed mechanism of action underlying 

the synergy between TGFβ3 and palbociclib occurs through a mechanism common to all three 

isoforms: the activation of Smad2/3 signaling which induces p21 expression. While it is possible 

that the knockout efficiency of the other two TGFβ isoforms was not sufficient to produce a 
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functional reduction of palbociclib sensitivity in the genome-scale screen, only TGFB3 emerged 

as a predictive marker in the genome-scale CRISPR screen, suggesting that TGFβ isoforms exert 

different regulatory functions in cancer. 

For example, despite similarities in both structure and use of downstream signaling 

pathway activation, differences in expression levels in tissues and during developmental 

processes356,357 and in affinity for their receptors358,359 indicate the possibility that distinct roles 

exist for each of these isoforms360. This is evident in the different phenotypes observed following 

TGFβ isoform null transgenic mice with all mice dying shortly after birth from various defects. 

TGF1 null mice die from hematopoietic defects and excessive inflammatory responses, TGF2 

null mice die from developmental defects related to to the cardiac and pulmonary systems, and 

TGF3 null mice die from defective palate formation and and inability to suckle144.  

At the structural level, TGFβ1 and TGFβ3 differ in their respective α3-helical regions, 

where TGFβ1 exists in a more “closed” conformation in and TGF3 exists in a more “open” 

state361,362. It is thought that these differences in conformation might lock the receptor complexes 

formed with TβRII and TβRI in more rigid and flexible states, respectively, affecting downstream 

signaling362. Whereas TGF1 and TGF3 bind with similar affinity to TβRII, TGF2 has lower 

affinity and requires the presence of an additional binding partner, a TβRIII, to be able to bind 

TβRII358,359,363,364.  

The isoforms also differ at the expression level, with each isoform having varying tissue-

specific patterns of expression, as evidenced during embryogenesis365. The data collected thus far 

on tissue expression levels in humans during pathogenesis, especially during tumorigenesis, 

remain controversial. A clear delineation of tissue expression patterns has been hindered by the 

difficulty in obtaining consistent results because 1) the expression of TGF isoforms in tissues is 
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usually very low and 2) because TGF1 and TGF3 undergo extensive mRNA regulation, 

meaning protein expression levels do not always correlate with mRNA levels178,365,366. In 

mammary tissue however, numerous studies have evaluated the expression levels of the isoforms. 

All three TGF isoforms are expressed at the mRNA and protein levels in the epithelium during 

mammary gland development367. During pregnancy, TGF and TGF3 transcripts increase more 

than TGF1 transcripts, but levels of all three isoforms decrease drastically during lactation367. 

Early during weaning, milk stasis rapidly and specifically induces stark increases in TGF3 levels 

within the alveolar epithelial cells of the breast368. This peak in TGF3 leads to a massive induction 

of apoptosis, initiating the first phase of mammary gland involution, before TGF1 and TGF2 

levels start to increase only days later258,259,368.  

Parallels can be drawn between the extensive transformation and remodeling of the breast 

during pregnancy and the malignant transformation of the mammary gland in breast cancer. 

Immediately following parturition, there is an increased incidence of pregnancy-associated breast 

cancer, although the overall effect of parity seems to be protective against breast cancer369. 

Unfortunately, there are currently no studies evaluating TGF isoform expression in pregnancy-

associated breast cancers specifically. In murine mammary tumor models, it was demonstrated that 

TGF1 levels were up to 8-fold higher in tumor tissue versus normal mammary epithelium, while 

TGF3 levels were up to 3-fold lower in tumor tissue versus normal tissue370. The authors 

suggested this might highlight opposite functions for TGFβ1 and TGF3 in mammary tumor 

formation and progression. In humans, correlative studies have presented contradictory 

associations between TGF3 expression and clinical outcomes. For example, increased TGF 

mRNA levels correlated with lower tumor grade, longer time to distant metastasis, better relapse-

free survival and thus better prognosis in breast cancer patients371-374. On the contrary, increased 
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TGF3 protein levels have been shown to correlate with increased incidence of lymph node 

metastasis and lower overall survival in breast cancer patients375,376. Given the uncertainty 

underlying why TGF3 is associated with a given prognosis in breast cancer patients, it is  possible 

that the effects of TGF3 in the breast cancer context are independent of its well-established 

proapoptotic effects during mammary gland involution261. Therefore, further research into the 

discrepancy between mRNA and protein level correlations between TGF3 and patient prognosis 

are necessary to better understand the role of TGF3 in breast cancer. 

It is important to note that studies demonstrating expression level correlations between 

TGF3 and clinical outcomes in patients fail to investigate the causal relationship between TGF3 

and cancer. Accordingly, despite the well-established dual role of TGF1 in tumor formation and 

progression148,169,172, the role of TGF3 remains largely uncharacterized in this context242,377. In 

fact, much of what is assumed to be the role of TGF in cancer derives from the study of the 

TGF1 isoform specifically. In Chapter II, we identified TGFB3 as a prognostic biomarker for 

palbociclib sensitivity, but we also provide evidence of an antiproliferative effect of TGF3 in in 

vivo models of TNBC tumor development, where TGFB3 overexpression alone significantly 

reduces tumor growth compared to control tumors (Fig. 2.3). 

Consideration for the differences in TGFβ isoform functions in cancer is evident in the 

development of anti-cancer biologics specifically targeting the TGF1 isoform. These approaches 

have largely been adopted in an effort to overcome the numerous difficulties encountered with 

pan-TGFβ inhibitors378. For example, a neutralizing TGF antibody, NIS793, selectively targeting 

TGF1 and TGF2 – but not TGF3 – is in phase I/Ib trials in metastatic solid tumors379. Here, 

the rationale for abstaining from targeting TGF3 is that TGF3 might oppose the effects of 
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TGF1370,377. Another antibody, SRK-181, selectively targets latent TGF1 and prevents its 

activation without affecting the activation of TGF2 or TGF3. The strategy used here relies on 

targeting the key oncogenic driver while sparing the isoforms which generate on-target toxicity 

without necessarily improving the anti-tumor response378.  

Given the synergy we observed between TGF3 and palbociclib, we wondered how 

feasible the administration of TGF3 might be in the clinical setting. As mentioned in Chapter II, 

a recombinant TGF3 biologic (avotermin, JUVISTA®) was developed as an anti-scarring 

therapeutic agent and passed all preclinical toxicity tests and safety clinical trials before its 

development was halted for lack of efficacy in phase III trials242,244,257. The lack of neoplastic 

activity observed in the thousands of patients having received the TGF3 treatment during phase 

I, II and III trials seems to indicate that administration of a TGF3 biologic to potentiate the 

palbociclib effect in patients could be feasible. Nonetheless, further studies evaluating the safety 

of administering recombinant TGF3 in breast cancer patients would be valuable. 

 

However, despite the differences between the isoforms’ roles in cancer, one cannot ignore 

the dual role proposed for TGF in breast cancer and its well-studied, prototypic isoform: TGF1. 

As presented in Chapter I, TGFβ is thought to harbor pro-apoptotic and anti-tumorigenic properties 

in early-stage cancer or less aggressive neoplastic cell types, and pro-tumorigenic, pro-invasive 

and pro-metastatic properties in more advanced cancer148,169-171. While few studies have made 

distinctions between the isoforms in studying TGF’s role in cancer, one cannot exclude that 

TGF3 could possess this dual role in cancer. 
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Clinical implications of findings 

Following validation of all eight candidates for their ability to mediate palbociclib 

sensitivity, I evaluated their potential clinical relevance using publicly available data extracted 

from patient tumor samples in the phase II NeoPalAna trial of palbociclib in stage II/III 

ER+/HER2- breast cancer (Suppl. Fig. 2.2). This ensured that we had identified markers of 

resistance to the CDK4/6i palbociclib that could estimate therapeutic efficacy in the clinic in the 

current clinical context in which they are administered. Tumor gene expression levels for each of 

the top candidate genes was measured in samples from tumor biopsies at two timepoints, C1D1 

and C1D15 in patients categorized by palbociclib response status (derived at C1D15, when it was 

determined that Ki67 remained > 2.7%, and applied retroactively to C1D1). It would be valuable 

to determine whether these changes in mRNA levels, especially in TGFB3 levels, could be 

measured in liquid biopsies before tumor biopsies were extracted, to fully exploit the predictive 

power of our validated candidates. 

We have shown that administration of recombinant human TGF3 ligand in combination 

with palbociclib has a synergistic effect on the inhibition of cell proliferation, and potentiates the 

anti-tumor effect of palbociclib in vivo (Fig. 2.3, 2.4). Of note, these experiments were performed 

using suboptimal palbociclib concentrations (< IC50 in vitro) and suboptimal palbociclib doses (in 

vivo). Therefore, the combination of both agents would afford an important clinical benefit 

considering the adverse events (AE) often observed during CDK4/6i treatment. Although CDK4/6i 

are generally well tolerated by patients, the most common AE – neutropenia, leukopenia and 

diarrhea – can be severe. This toxicity can often be managed by decreasing dosage and adjusting 

dosing schedules380, but these types of modifications can limit therapeutic efficacy. Further studies 

expanding on recombinant TGF3 administration with palbociclib in the form of dose escalation 
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studies would elaborate on any potential toxicity issues. Such studies could help define a treatment 

algorithm allowing for the reduction of CDK4/6i doses to improve tolerability while 

simultaneously improving the anti-tumor effect by exploiting TGF3 + palbociclib synergy in 

TNBC. 

Given the current treatment algorithms in use to treat TNBC patients, a clear rationale for 

the inclusion of CDK4/6 inhibitors can be understood. For example, the relatively recent addition 

of PD-1 and PD-L1 ICIs to the clinical treatment algorithm for TNBC means that any combination 

therapy demonstrating added benefit to ICI use could be relevant for TNBC patients.  Recent 

evidence has demonstrated a synergy between CDK4/6 inhibitors and anti-PD-1 or anti-PD-L1 

therapies, because of their respective stimulations of antitumor immunity through decreasing PD-

L1 expression or PD-L1–PD-1 interactions129,381-383. When administered in combination with anti-

PD-1 therapy (pembrolizumab), palbociclib and abemaciclib have been shown to reduce tumor 

growth in TNBC mice models384,385. This has led to the enrolment of TNBC patients in clinical 

trials exploring CDK4/6 inhibitors in combination with anti-PD-1 therapy385. Similarly, trilaciclib, 

the most recently FDA-approved CDK4/6 inhibitor, has been shown to enhance T-cell activation 

and favorably modulate the tumor microenvironment by increasing the ratio of effector T-cells to 

regulatory T-cells128,386. Consequently, trilaciclib in combination with pembrolizumab and 

chemotherapy (carboplatin) has been evaluated for safety and efficacy in a phase II trial in the 

neoadjuvant setting for early-stage TNBC (NCT05112536). While preliminary data from this trial 

seems promising, complete data has not yet been released387. 

The number of trials currently evaluating CDK4/6 inhibitor efficacy in early-stage or 

metastatic TNBC is currently limited. However, preliminary results obtained during some of these 

trials have been encouraging. Based on positive safety and efficacy results obtained during a phase 
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II trial388,389, trilaciclib is now being evaluated in combination with chemotherapy (gemcitabine 

and carboplatin) in patients with unresectable or advanced TNBC in a phase III clinical trial 

(NCT04799249). Additionally, a phase II trial assessing the safety and efficacy of trilaciclib 

administered prior to the anti-Trop-2 antibody-drug conjugate sacituzumab govitecan-hziy in 

patients with unresectable or advanced TNBC is scheduled (NCT05113966). In light of these trials, 

it would be relevant to analyze the synergy between palbociclib and TGF3 in an animal model 

with an intact immune system. For example, humanized PDX models, in which peripheral 

monocytes or hematopoietic stem cells have been injected into the mice before or after tumor 

transplantation, have been shown to recapitulate the immune system such that they can be used to 

study immunotherapy390,391. Of note, a phase II trial investigating the safety and efficacy of 

ribociclib in combination with the anti-androgen bicalutamide in advanced androgen receptor-

positive (AR+) TNBC is currently recruiting patients (NCT03090165). Furthermore, a phase I/II 

study to test the efficacy of palbociclib in combination with bicalutamide in AR+ metastatic BC is 

underway following the demonstration that AR inhibition could potentiate the palbociclib effect 

in a Rb-dependent manner in AR+ breast cancer cells (NCT02605486)392,393. Consequently, it 

would be of interest to determine whether TGF3 expression could be used as an additional 

biomarker for a more selective inclusion of palbociclib-sensitive AR+ breast cancer patients.      

The first part of this thesis focused on expanding the indication of an existing, gold standard 

class of drugs for the treatment of the most common subtype of breast cancer to include the subtype 

with the worst prognosis, TNBC. The advantages of this approach stem from the reduced delays 

needed to perform safety and toxicity studies, and the reduction in costs associated with funding 

these studies. Collectively, the findings generated in Chapter II can inform the optimal use of 

palbociclib and other CDK4/6 inhibitors in the TNBC context. 
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Chapter III: Exploiting multi-targeted therapies through identification of novel 

miRNA vulnerabilities in TNBC  

In Chapter III, I characterized new miRNA genetic vulnerabilities to evaluate their 

therapeutic potential as a multi-targeted approach to treat TNBC. While the recent development of 

new therapies has revolutionized the treatment landscape for patients with TNBC, their success 

has been limited by the lack of understanding of the molecular heterogeneity of TNBC which 

influences both patient stratification and clinical management of the patient71,75,394. To counter the 

limitations of targeting single oncogenes, we sought to exploit a multi-pronged approach through 

the inhibition of naturally occurring multi-targeting molecules in the cell: miRNAs. Given their 

inherently pleiotropic nature, miRNAs make suitable targets for the treatment of a complex, 

multifactorial disease such as TNBC. Indeed, research into the dysregulation of miRNAs in TNBC 

increasingly makes clear the potential clinical utility of miRNAs as key regulators of various 

processes involved in tumorigenesis and metastasis283,284. To date, there are no miRNA-based 

approaches used for the treatment of TNBC in the clinic395,396, making this strategy for the clinical 

management of TNBC novel. 

miRNA-based forward genetic screening 

With the completion of the Human Genome Project in 2004 came the realization that only 

approximately 1.5% of the genome encodes all ~21,000 protein-coding genes397. Despite this, the 

vast majority of the genome is transcribed398. These non-protein coding transcripts can generally 

be categorized into long noncoding RNAs (lnRNA) and short noncoding RNAs, which includes 

microRNAs. In particular, the importance of miRNAs in regulating tissue physiology has been 

well established and has led to increasing efforts to investigate which miRNAs are differentially 

expressed and contribute to disease phenotypes such as cancer188,210,211,399. Traditionally, genetic 
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screening for the noncoding genome has been difficult to perform400. Studies screening for short 

noncoding RNAs such as miRNAs have frequently used high-throughput approaches such as 

microarray profiling and small RNA next generation sequencing (NGS). However, these methods 

present numerous limitations which has generally made it difficult to identify new miRNAs of 

interest. For example, microarrays, which use hybridization of targets to labelled, complementary 

probes for detection, are limited in their ability to profile only predefined targets based on the 

probes included. This means that the probes can only detect known miRNA sequences, and even 

this remains a challenge, given the relatively low sensitivity of the assay401-403. Small RNA NGS 

approaches, including miRNA-Seq, are limited by the complexity of data processing and analysis, 

the high read depth needed to sequence such low abundance RNAs and the numerous biases that 

are prone to introduction during small RNA isolation and library preparation402-404. Given the 

rising success of CRISPR/Cas9-based screening approaches, the use of CRISPR tools has been 

explored in the noncoding genome context as well28,400. CRISPR-based screening offers an added 

benefit to pure associative or correlative studies, allowing for perturbation and functional readout 

of the genes responsible for causing adaptation to the selection pressure in the model system33. 

While this screening approach has seen success in the identification of lncRNA, it appears that 

screening for miRNA genes using CRISPR-based libraries largely remains uncommon400.  

To identify tumor-promoting miRNAs which contribute to TNBC tumorigenesis, we 

surveyed the human microRNA-ome using genome-wide loss-of-function CRISPR/Cas9 

screening. As stated above, we performed CRISPR-based screening because of the reliability and 

robustness of this technology for high-throughput screening. As the work in this thesis can attest, 

the choice to use pooled CRISPR-screening in vivo afforded us the opportunity to reveal protein-

coding genes and miRNAs with a higher potential for translatability to the clinic. As in Chapter II, 
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we used the GeCKOv2 library for the study presented in Chapter II – because it also includes 

sgRNAs which target miRNA-encoding genes (4 gRNAs per miRNA) in addition to protein-

coding genes33,291. There are a limited number of studies in which CRISPR screening was used to 

profile miRNAs. In 2015, a seminal study by Chen et al. used the GeCKOv2 library in a mouse 

model of lung metastasis and found that knockout of miR-152 and miR-345 accelerated the rate 

of lung metastasis formation32. Additionally, Wallace and colleagues used this library in vitro in a 

myeloid leukemia cell line and found that both miR-150 and miR-155 contributed to cell growth 

and proliferation405. More recently, Yu et al. used GeCKOv2 to screen multiple colorectal cancer 

cell lines and ultimately identified miR-5917 as a biomarker of radiosensitivity in colorectal 

cancer406. It is possible that the reason for the paucity of CRISPR screens evaluating miRNA 

function – especially compared to the massive number of CRISPR screens studying protein-coding 

genes – lies in the complexity and cumbersome nature of using GeCKOv2 and the lack of 

alternative libraries which target miRNAs. In 2018, Kurata and Lin sought to facilitate the study 

of miRNA function using CRISPR screening by developing a targeted CRISPR/Cas9 library which 

targets only human miRNA stem-loops (LX-miR)43. This focused approach, which allowed the 

authors to forgo transducing tens of millions of cells for the screen, faithfully identified miRNAs 

with previously characterized roles in cancer43. At this time, there are no published studies having 

used LX-miR, meaning CRISPR-based screening for miRNAs remains to be explored. Therefore, 

our approach for the identification of tumor-promoting miRNAs in TNBC, especially in its use of 

an in vivo model of cancer, is novel. 

We validated the oncogenic potential of the five miRNAs – miR-1204-5p, miR-1207-5p, 

miR-3929-5p, miR-6859-5p and miR-8086-5p (referred to as miR-1204, miR-1207, miR-3929, 

miR-6859, miR-8086 henceforth) – in TNBC. During the screen, cells harboring loss of function 
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mutations in the genes encoding these miRNAs were depleted in the tumor, meaning that 

knockouts of these genes made the cells vulnerable to the in vivo selection pressure (Fig. 3.1). 

Therefore, the miRNAs were identified for their ability to impact tumor initiation, formation and 

progression in vivo. Indeed, by using miRNA inhibitors, we showed that the tumorigenic process 

was impaired in an orthotopic model of TNBC (Fig. 3.2). Through the identification of two 

miRNAs with previously described protumorigenic functions and higher expression in TNBC, 

miR-1204329-332 and miR-1207333,334, we confirmed the usefulness of CRISPR-based miRNA 

screening as a powerful and accurate tool for relevant miRNA identification. Nonetheless, the 

screen also revealed novel oncogenic miRNAs, miR-3929, miR-6859 and miR-8086, which had 

not previously been characterized as such in TNBC specifically. This validation method 

simultaneously allowed us to demonstrate the therapeutic potential of targeting miRNAs to impact 

tumor growth. A growing awareness of the power of RNA-based therapeutics in recent years has 

spurred the development of miRNA-based therapies in the clinic.  

Ultimately, the clinical utility of miRNAs has been hampered by the wide spectrum of 

effects harnessed by a single miRNA. While miRNAs are generally categorized as either 

oncogenes (overexpressed in a given cancer) or tumor suppressors (underexpressed in a given 

cancer), there is accumulating evidence that the true nature of a miRNA is context-dependent407. 

This paradox can be explained by the ability of a single miRNA to target hundreds of mRNAs, 

whose availability and expression levels can change the overall net effect of a miRNA in a given 

tissue191,407. To complicate matters, one mRNA can be targeted by multiple miRNAs, meaning that 

a specific miRNA’s net effect in a given context may depend on the levels of other miRNAs also 

present408. Therefore, careful elucidation of the mechanism of action of a given miRNA is 

necessary to understand the risks and benefits of therapeutically targeting a miRNA.  
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As such, it can be expected that miRNA target identification can lead to a better 

understanding of a miRNA’s net effects in the cell, and therefore a more rationalized development 

of an associated therapy. Our study used a high throughput proteomics approach for experimental 

identification of the proteins affected by decreasing specific miRNA levels in the cell, thereby 

circumventing the limitations associated with using algorithms for target prediction336,337. As 

discussed previously, in silico miRNA target prediction is largely inefficient because predicted 

targets are often algorithm-dependent, meaning that using multiple algorithms often produces 

multiple target lists with little overlap, and this process still requires experimental 

validation307,308,408. Correspondingly, one study demonstrated that of the 45 miRNAs predicted to 

target cyclin D1, only 7 were experimentally validated by the authors409. Using LC-MS, we found 

that levels of BCLAF1, GLO1, DHX15, YWHAE, WARS1, and PSMA5 were increased when 

these miRNAs were inhibited in the cell, and that this did not necessarily overlap with 

bioinformatic tools’ target prediction (Fig. 3.3, Suppl. Fig. 3.1a). By functionally validating tumor 

suppressor roles for these six protein targets in vivo (Fig. 3.4), we defined one possible mechanism 

of action for the identified miRNAs, whereby inhibition of the oncogenic miRNA led to an increase 

in levels of its tumor suppressor target in the TNBC context. However, whether the miRNAs’ 

suppression of their protein targets occurs through direct or indirect inhibition still needs to be 

determined to better define the individual miRNAs’ biology and thus better delineate their clinical 

utility. 

Clinical implications of findings 

A growing number of studies support the importance of miRNAs as regulatory molecules 

in cancer188,196. In particular, considerable effort has been devoted to the characterization of the 

diagnostic and prognostic biomarker potential of circulating miRNAs and exosomal miRNAs in 
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cancer410,411. These miRNAs are those which are exported outside of the cell and then enter 

biological fluids either by complexing with proteins for protection from ribonucleases (circulating 

miRNAs) or inside exosomes (exosomal miRNAs)410,412. Indeed, 90% of circulating miRNAs 

were found to be conferred this protection through complexing to AGO2, NPM1 (nucleophosmin 

1) or high-density lipoproteins413-416. This means that circulating endogenous miRNAs are 

surprisingly stable, especially when compared with the rapid rate of degradation observed when 

exogenous miRNAs are added to plasma417. Coupled with the high specificity, high sensitivity, 

and the availability of circulating miRNAs in various types of fluids – blood, urine, lacrimal fluids, 

milk, saliva – circulating miRNAs make for valuable potential biomarkers in TNBC. We evaluated 

the biomarker potential of our five validated miRNAs – miR-1204, miR-1207, miR-3929, miR-

6859 and miR-8086 – by analyzing the circulating miRNA levels in breast cancer patient serum. 

Remarkably, serum levels of all five miRNAs were significantly higher in breast cancer patients 

as compared to healthy subjects, underscoring the potential for these miRNAs to be used as 

predictive biomarkers in non-invasive biopsies (Fig. 3.2d). Additional studies correlating breast 

cancer subtype with circulating miR-1204, miR-1207, miR-3929, miR-6859 and miR-8086 levels 

in serum would be valuable to determine if levels correlate with TNBC specifically. Provided that 

miRNA expression has been shown to change as cancer progresses, circulating miRNAs can 

provide a dynamic view of disease progression418. For example, it was found that levels of 

circulating miR-155 in the serum reflected treatment response to surgery and chemotherapy in 

breast cancer patients419. Similarly, Wu and colleagues demonstrated that higher circulating levels 

of miR-122 in the blood could predict metastasis in early-stage breast cancer patients, which could 

be used to better inform treatment strategies in these patients420. Given that TNBCs are often very 

aggressive, identifying miRNAs capable of predicting future clinical outcomes for the patients 
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early during clinical management could be extremely valuable. Therefore, subtype-specific and 

stage-specific analyses of circulating levels of our five miRNAs would be valuable for better 

delineation of their diagnostic power in breast cancer and TNBC specifically. Despite their 

promise as diagnostic and prognostic tools, the widespread use of miRNAs as such is limited by 

issues with isolation, detection and the particular sensitivity of circulating miRNAs to storage 

conditions – where levels are subject to change before detection412,418. The elaboration of specific, 

optimized protocols is therefore urgent. 

Beyond their diagnostic and prognostic potential, miRNAs hold therapeutic potential as 

well. Traditional miRNA-based treatment strategies have typically focused on blocking 

overexpressed miRNAs or mimicking the expression of those involved in prevention of a disease. 

However, studies using miRNA-based therapies in combination with existing treatments such as  

chemotherapy421,422, radiotherapy423,424 and immunotherapy425,426 have also shown promise. While 

there are currently no FDA approved miRNA-based therapies, there are numerous clinical trials 

evaluating the safety and efficacy of miRNAs in a wide variety of diseases, including cancer. These 

trials draw on the success of those having led to the FDA approval of four siRNA-based therapies 

since 2018 (patisiran, givosiran, lumasiran and inclisiran), as well as the key failures of miRNA-

based therapies342. Of note, phase II trials of miraversen – a miR-122-specific antagomir – in 

patients with hepatitis C virus served as the first proof-of-concept that antagomirs could be used 

to treat disease340. Similarly, two phase II trials evaluating MRX34 – a mimic of the tumor 

suppressive miR-34a – for anti-cancer activity in solid tumors provided the proof-of-concept that 

miRNA-based cancer therapies were in fact effective342. The termination of these trials due to 

severe immune-related adverse events cautioned future clinical trials to ensure proper monitoring 

of such off-target events, and further underscored the importance of understanding a given 
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miRNA’s biology342,427. We used an experimental identification-based approach to determine 

which proteins’ expression levels were affected by our miRNAs with the aim of better 

understanding the functional outcome of inhibiting our miRNAs. This approach has the potential 

to better predict whether miRNA inhibitors or mimics could provide the desired therapeutic effect 

and what range of off-target effects should be expected and monitored. Taken together, these 

experiences provide a basis for the preference of miRNA-inhibiting therapies (such as antagomirs, 

sponges, target-site blockers and small molecules) as opposed to miRNA mimics, whose use may 

generate more off-target effects214,342,428.  

To complement our characterization of the oncogenic miRNAs presented in Chapter III, 

we ultimately sought to provide a proof of concept for the inhibition of miRNAs using gene therapy 

in TNBC. We are currently evaluating the therapeutic efficacy of intratumoral injections of 

antagomirs in a PDX model of TNBC (TM00096, Jackson Laboratories). This xenograft is derived 

from a grade 3, triple negative invasive ductal carcinoma which had metastasized to the lung, thus 

representing an advanced, aggressive model of TNBC.  In this study, miRNA antagomirs directed 

towards miR-6859 and miR-8086, the two miRNAs which respectively target 5/6 and 4/6 of the 

six validated proteins, are complexed with in vivo-jetPEI, a clinical-grade cationic polymer used 

for delivery of nucleic acids into a target tissue222. Once tumors reached 100 mm3, the complexes 

were injected three times per week into the tumors of the PDX mice. This preclinical study should 

be completed by May 2024, and we expect that results should help inform the future use of 

miRNA-based therapy in TNBC. 

 

Currently, there are no clinical trials using miRNA-based therapies as an intervention in 

TNBC, nor in breast cancer more broadly (www.clinicaltrials.gov)284,395. The work presented in 

http://www.clinicaltrials.gov/
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Chapter III could therefore help fulfill this unmet medical need by providing the necessary 

framework for the elaboration of inhibitors of miRNAs which promote TNBC. 

Conclusion 

 
As TNBC remains the clinical breast cancer subtype with the worst prognosis, effective 

targeted therapies are urgently needed to improve outcomes for patients. The work presented in 

my thesis offers new strategies which may help in the development of treatments for TNBC. I used 

unbiased, in vivo forward genetic CRISPR screening to identify molecular determinants of 

sensitivity and resistance to the CDK4/6 inhibitor palbociclib in the context of TNBC. TGF3 

emerged as an actionable predictor of response that can synergize with palbociclib to potentiate its 

anti-tumor effects in TNBC. Using a similar large-scale CRISPR-based gene editing approach in 

vivo, I defined a strategy to target novel, oncogenic miRNA vulnerabilities with miRNA-based 

inhibitors. Using mass spectrometry for experimental identification of their target proteins, my 

findings contributed to our understanding of the potential effects of targeting these miRNAs in 

TNBC. Overall, this research contributes to our understanding of TNBC biology and proposes 

novel therapeutic strategies and targets which could inform clinical management of TNBC 

patients. 
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