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ABSTRACT 
 
 

Functional Genetic Screens of Chromosome 1q in Breast Cancer via 2D and 3D in 

vitro Models 
 

Hande Özkan 

 

Doctor of Philosophy in Cellular and Molecular Medicine 

05.07.2023 

 
Breast cancer, with an incidence rate affecting approximately 2.3 million women 

globally, poses significant health challenges due to high recurrence rates and resistance 

to therapy. The diversity of molecular subtypes further complicates targeted treatment. 

Genetic abnormalities, particularly chromosomal alterations, play a critical role in tumour 

initiation and progression. Specifically, chromosome 1q (Chr1q) copy number alterations 

(CNA) are linked to poor patient prognosis and survival. 

  

This study hypotheses that Chr1q CNAs induce a genomic disorder/catastrophe, 

activating oncogenic drivers or causing gene expression loss. To investigate, we 

performed functional CRISPR screening targeting Chr1q genes in breast cancer. We 

utilised both 2D and 3D cultures in two breast cancer cell lines and one normal breast cell 

line to capture cancer-specific phenotypes influencing proliferation. 

  

We identified cancer-specific dropout genes negatively impacting proliferation in breast 

cancer cells but not in non-tumorigenic controls. Among 14 shared candidates, RPRD2 

and GON4L were selected for further validation due to their significant effects on breast 

cancer proliferation in both 2D and 3D models. RPRD2 showed cancer-specific activity, 

while GON4L also impacted normal breast cells. 

  

For enriched candidates with positive phenotypes, we normalised 3D screening results 

by 2D (3D/2D). ARL8A and ARNT emerged as significant in at least one breast cancer 

cell line. Validation experiments revealed that blocking ARL8A and ARNT decreased 

proliferation in 2D models but increased 3D spheroid growth, indicating differential 

phenotypic impacts. Additionally, ARNT knockout in normal breast cells led to increased 

proliferation. 

  

This study highlights the necessity of transitioning from 2D to 3D models in functional 

screening for more accurate phenotypic evaluations. It also underscores the importance 

of Chr1q in breast cancer carcinogenesis and identifies potential cancer driver genes.
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ÖZETÇE 

 
İki Boyutlu ve Üç Boyutlu in vitro Modeller ile Meme Kanserinde Kromozom 

1q'nun Fonksiyonel Genetik Taraması 
 

                                                          Hande Özkan 
Hücresel ve Moleküler Tıp, Doktora 

      05.07.2023 

Meme kanseri, dünya genelinde yaklaşık 2.3 milyon kadını etkileyen bir kanser türü olup 
yüksek nüks oranları ile ilerleyen safhalarda tedaviye direnç, meme kanserinin düşük 
sağkalım oranları ile ilişkilendirilmektedir. Moleküler alt tiplerin çeşitliliği, hedefe 
yönelik tedaviyi oldukça olumsuz yönde etkilemektedir. Genetik anormallikler, özellikle 

kromozomal değişiklikler, kanser oluşumunda ve ilerlemesinde kritik bir rol 
oynamaktadır. Özellikle kromozom 1q kopya sayısı değişiklikleri hastalığın kötü 

prognozu ve hasta sağkalımı ile ilişkilidir. 

Bu çalışma kapsamında, kromozom 1q kopya sayısı değişikliklerinden dolayı meydana 
gelen genomik düzensizliklerin onkojenik genlerin aktivasyonu veya gen 

ekspresyonlarında kayba sebep olabileceği öngörülmektedir. Bu nedenle, aday genlerin 

belirlenebilmesi için meme kanseri hücre hatlarında Chr1q genlerini hedef alan 

fonksiyonel CRISPR taramaları gerçekleştirilmiştir. İki meme kanseri hücre hattı ve bir 
normal meme hücre hattında hem 2-boyutlu (2D) hem de 3-boyutlu (3D) modeller 

kullanılarak proliferasyonu etkileyen kansere özgü fenotiplerin belirlenebilmesi 

amaçlanmıştır. 

Meme kanseri hücrelerinde proliferasyonu olumsuz etkileyen, ancak normal hücre 

kontrollerinde etkisi olmayan kansere özgü hedef genler belirlenmiştir. 14 ortak gen 

arasında, RPRD2 ve GON4L hem 2D hem de 3D modellerde meme kanseri 
proliferasyonuna önemli etkileri nedeniyle aday genler olarak belirlenmiştir. Aday 

genlerin susturulması ile meme kanseri hücre hatlarında proliferasyonun düştüğü 
gözlemlenmiştir. RPRD2 kansere özgü aktivite gösterirken, GON4L geninin 

hedeflendiği normal meme hücrelerinde de proliferasyonun etkilendiği gözlemlenmiştir.  

Pozitif fenotiplerin belirlenebilmesi için 3D tarama sonuçları, 2D sonuçlar ile normalize 
edilmiş ve ARL8A ve ARNT genleri aday genler olarak belirlenmiştir. Doğrulama 
deneyleri sonucunda, ARL8A ve ARNT genlerinin baskılanmasının 2D modellerde 

proliferasyonu azalttığı; ancak 3D sferoid büyümesini artırdığı bulgulanmıştır. Normal 

meme hücrelerinde ARNT susturulması ile proliferasyonun arttığı gözlenmiştir. 

Bu çalışma, daha doğru fenotipik değerlendirmeler için CRISPR’a dayalı fonksiyonel 

taramalarda 2D modellerden 3D modellere geçişin gerekliliğini vurgulamaktadır. Ayrıca, 

kromozom 1q’nun meme kanserindeki rolünü ve bu kromozom üzerinde bulunabilecek 

potansiyel kanser sürücü genleri tanımlamaktadır.
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Chapter 1 
 
 

1    INTRODUCTION 
 
 

1.1 Breast Cancer (BC)  
 

BC has a high incidence rate, with approximately 2.3 million cases reported in 2020, 

making it the fifth leading cause of cancer-related deaths globally  according to recent 

cancer statistics [1,2]. Even though 70% of women diagnosed at early stages can be 

treated successfully, BC still exhibits high recurrence rates. Unfortunately, these 

recurrences often develop resistance to conventional therapies such as chemotherapy 

and radiotherapy, rendering them less effective [2–5]. 

The complexity of breast anatomy significantly impacts cancer progression, 

contributing to the BC heterogeneity [6,7]. At the molecular level, BC is classified into 

four main subtypes: Luminal A, Luminal B, HER2+, and basal subtypes as indicated in 

Figure 1.1 [8]. These distinctions are critical for guiding treatment decisions; however, 

complexities at both histopathological and molecular levels continue to affect treatment 

outcome [8,9].  

Luminal subtypes, which are characterised by the presence of nuclear hormone receptors 

(NHRs) (ER+/PR+), are the most common. The HER2+ subtype is distinguished by 

ERBB2 gene amplification. The basal subtype, which lacks NHRs and HER2 

abnormality, represents triple-negative BC (TNBC) and is known for being highly 

aggressive [10–12]. 

https://paperpile.com/c/x44RCL/QIRKa+DCux7
https://paperpile.com/c/x44RCL/DCux7+b4eKZ+sXV6R+VwTMr
https://paperpile.com/c/x44RCL/LVCHJ+d0lCv
https://paperpile.com/c/x44RCL/Oiq3g
https://paperpile.com/c/x44RCL/Oiq3g+yGlXl
https://paperpile.com/c/x44RCL/WBYmx+znKlh+ILpwZ
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Figure 1. 1. In molecular classification of BC, four main subtypes have been 

reported based on specific receptor expression such as estrogen receptor (ER), 

progesterone receptor (PR), and HER2, as well as distinct mutational patterns. 

NHR positive BC is the most common subtype and endocrine therapy (ET) is the first-

line treatment option, while HER2+ subtype is characterised by overactivity of mutant 

ERBB2 receptors. TNBC, the most aggressive subtype, lacks ER, PR and HER2 

expression, and its treatment typically involves chemotherapy, mostly administered in 

combination regimens to improve efficacy. Adapted from [6] (Created by BioRender) 

 
 

Estrogen receptors (ERs) and progesterone receptors (PRs) are steroid NHR localised in 

the cytoplasm. Upon activation, they translocate to the nucleus to function as 

transcription factors (TFs) [13]. In luminal-like BCs their activity is highly important 

for cancer progression. Malfunction of ER+/PR+ has a prevalent impact on 

proliferation, cell cycle regulation and the development of resistance to endocrine 

therapy (ET-R) [14–16]. In the clinic, most treatment regimens for patients with nuclear 

hormone receptor-positive BC are based on endocrine therapy (ET) after the diagnosis 

https://paperpile.com/c/x44RCL/O8bLJ
https://paperpile.com/c/x44RCL/5NMia+MMY77+EVfrG
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[17]. ET could target the ER by blocking or degrading the receptor or interrupting the 

intrinsic pathways related to ER signalling [18]. Moreover, the production of estrogen 

can be directly targeted to inhibit the activation of ER [19]. Although these strategies 

might be highly effective in preventing the emergence of metastatic properties and local 

propagation in the initial stages of BC, they can potentially cause adverse chronic side 

effects and lead to development of ET-R [17].  

1.2 Oncogenes (OCs) and Tumour Suppressor Genes (TSGs) in Cancer 
 
During cancer evolution, mutations provide growth advantages to cancer cells, enabling 

them to acquire unique mutation profiles at both genetic and epigenetic levels [20,21]. 

Somatic mutations can drive carcinogenesis by converting a functional gene into a 

defective form [22]. Additionally, genetic variations such as point mutations and 

translocations lead to the acquisition and accumulation of further abnormalities. Large-

scale mutations that alter overall chromosome composition also play a significant role 

in reinforcing malignancy [23,24].  

In cancer progression, three types of genes - oncogenes (OCs), tumour suppressor genes 

(TSGs), and DNA repair genes- are defined as profound drivers [25]. Carcinogenesis is 

primarily induced by individual genetic variations but is exacerbated by the cumulative 

effects of accumulated mutations [25,26]. OCs are the mutated and activated forms of 

proto-oncogenes (pOC). In non-malignant conditions, several biological processes are 

regulated by these genes, which can act as growth factors, signal transducers, and 

regulatory elements [27,28]. In most cases, these genes control the cell proliferation, the 

cell cycle, and growth [28]. However, when they are mutated, cancer can emerge, 

marked by the transition from a normal stage to a malignant stage with the oncogenic 

functions such as uncontrolled cell division and proliferation, particularly by evading 

programmed cell death [29].  

In BC, deregulations in pOCs have a significant impact on the progression of the disease. 

Activation of pOCs such as ERBB2, CCND1, MYC, and PI3KCA disrupts well-

organised signalling pathways, leading to uncontrolled proliferation and cell growth, 

and could potentially induce metastasis [30]. PI3K, a lipid kinase, becomes activated by 

receptor tyrosine kinases following the binding of growth factors and hormones to their 

respective receptor [31]. The activation of PI3K could reinforce the several downstream 

https://paperpile.com/c/x44RCL/hpLu6
https://paperpile.com/c/x44RCL/hTKdw
https://paperpile.com/c/x44RCL/VTGVw
https://paperpile.com/c/x44RCL/hpLu6
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molecules such as mTOR and RAS [32]. Amplification of PI3K or point mutations 

acting on the catalytic subunits of the kinase are considered significant deregulations in 

cancer [33]. CCND1, on the other hand, serves as a regulator protein of cell cycle 

progression [34]. It orchestrates the transition from G1 to S phase and exerts a significant 

influence on cell division and proliferation [35]. Amplification of the CCND1 gene is a 

common occurrence in breast tumorigenesis, reported to be present in 10-35% of BC 

patients [36,37]. MYC is a well-known OC whose deregulation significantly enhances 

carcinogenesis by disrupting control mechanisms in apoptosis, cell division and DNA 

damage response [38]. Activation of the MYC pOC typically results from chromosomal 

translocation, amplification, or deregulated signalling proteins responsible for MYC 

stability [39,40]. Because MYC functions as a TF, its deregulation leads to the activation 

of several downstream target genes [41]. Another well-defined OC, ERBB2, 

significantly contributes to tumorigenesis by acting as a transmembrane tyrosine kinase 

and can activate several intracellular signalling pathways by inducing Ras or PI3K 

[42,43]. Deregulation of ERBB2 in BC is primarily due to the overexpression and/or 

gene amplification [44].  

Apart from pOCs, TSGs play a diverse role in BC progression. The activation of pOCs 

in cancer is largely facilitated by inactivation of TSGs, with these two genetic alterations 

synergistically driving advanced tumorigenesis [26]. TSGs serve as common regulators 

of cell proliferation, tightly controlling cell proliferation and growth, repairing DNA 

damage, and acting in cell cycle checkpoints [21]. Loss-of-function (LOF) mutations in 

TSGs disrupt well-balanced regulation of normal growth and proliferation, subsequently 

causing unrestrained proliferation and division [30].  

In BC, phosphatase and tensin homolog (PTEN) is a well-defined TSG whose 

inactivation is related with the overactivity of PI3K [45]. Lost or inactivation of PTEN 

disrupts negative regulation points in PI3K downstream signalling, leading to 

uncontrolled proliferation and growth capacity in cells [46].  

LOF mutations in BRCA1 and BRCA2 genes predispose individuals to BC and are 

associated with the aggressiveness of cancer progression. Loss of these genes is linked 

to the acquisition of metastatic potential [47]. While earlier reports linked the 

BRCA1/BRCA2 loss with TNBC, later studies have shown that these mutations are 
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enriched in older patients with ER/PR+ [48,49]. Upon loss of BRCA1, DNA repair 

mechanisms are affected, rendering DNA more susceptible to gain additional mutations 

[50]. BRCA2 has the potential to bind both to single stranded DNA (ssDNA) and double 

stranded DNA and is linked with the DNA repair, particularly in homology-directed 

repair (HDR) [51]. The maintenance of restrained DNA repair mechanisms is highly 

important to protect against genomic instability and prevent the accumulation of genetic 

variations as seen in cases of BRCA1/BRCA2 loss [50].  

TP53, often referred to as the master guardian of the genome, is responsible for the 

sustained monitoring of the cellular state against stress signals from both extracellular 

and intracellular environments [52,53]. Upon encountering any stress signal that could 

compromise the genomic stability, TP53 as a TF, activated checkpoints, senescence, or 

apoptosis by binding to several target gene promoters associated with these processes 

[54,55]. In BC, the most commonly shared mutation type leading to TP53 loss is 

reported as missense mutations. These mutations disrupt the DNA-binding capacity of 

TP53 and/or alter its binding pattern, which may lead to its interaction with different 

targets, especially contributing to genetic instability [56].  

In conclusion, the progression of breast cancer is driven by the dynamic interaction 

between OCs, TSGs, and DNA repair genes. Oncogenes such as ERBB2, CCND1, 

MYC, and PI3KCA become dysregulated through mutations and amplifications, leading 

to uncontrolled cell division and survival. In contrast, TSGs including PTEN, BRCA1, 

BRCA2, and TP53, when inactivated by LOF mutations, fail to regulate cell 

proliferation, maintain genomic stability, and execute DNA repair, fuelling the 

malignancy and genetic diversity of cancer cells. These genetic alterations collectively 

drive the malignancy of cancer, unleashing a genetic disorder that accelerates the 

accumulation of further mutations.  

1.3 The Importance of Chromosome Abnormalities in Cancer 
 

Tumour formation is a multistep process that initiates with tumorigenesis. Cells acquire 

proliferation and survival advantages due to genomic instability which enables them to 

resist cell death signals, evade growth-suppressing signals, and reprogram cellular 

metabolism [57]. As cells begin to lose genome integrity, they acquire favoured 

chromosomal abnormalities (CAs) to alter their karyotypic organisation [57]. These 
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cells then dominate populations due to their enhanced growth and proliferation capacity 

[58]. Tumour-associated genomic instability has been shown to induce amplification 

and/or deletion of chromosomal segments (focal alterations) or entire chromosomal 

arms, which are considered the main phenomena disrupting genome integrity [59,60]. 

CAs are classified into numerical and structural types. Numerical abnormalities are 

associated with errors in chromosome segregation during mitosis, resulting in 

aneuploidy and chromosome instability [61]. Structural abnormalities on the other hand, 

arise from large-scale DNA damage and are the main source of copy number alterations 

(CNAs) at both focal levels and whole chromosome arm levels [62]. Accumulating 

evidence indicates that CAs are one of the essential drivers of tumour progression by 

modulating the expression pattern or function of RNAs [63–66]. CNAs, as a type of 

structural CA, have been reported in 88% of cancer samples and involve copy number 

gains or losses of specific subregions of chromosome/genes or entire chromosome arms 

[67].  

Comparative genomic hybridization (CGH) stands as a well-established methodology 

for investigating the CNAs of genes, shedding light on the somatic mutation landscape 

of cancer. This technique enables the detection of specific gene losses, recurrent driver 

gene amplifications, or whole arm gains/losses [68]. Through CGH, significant insights 

are gained regarding focal and whole arm amplifications or deletions, mostly involving 

genes crucial for tumour progression [69]. While structural CAs may vary between 

cancer patients, a shared abnormality profile can be identified within certain groups of 

cancer patients. This shared profile offers valuable information for prognosis, diagnosis, 

treatment response, and importantly for development of targeted therapies [70–72]. For 

example, focal amplifications predominantly lead to copy number increases of 

oncogenic drivers [73,74]. By mapping and detecting amplified chromosomal sites, 

candidate OCs can be characterised, aiding in therapy response estimation, identification 

of therapy resistance (TR) mechanisms and the selection of potential candidates for 

targeted therapies [75–78].  

Gene amplification directly affects gene expression, with copy number increases 

typically resulting in overexpression of corresponding genes, termed amplicons, as 

briefly explained in chapter 1.2 [70]. BC exhibits a characteristic gene amplification 
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signature that could include copy number increases in ERBB2, CCND1, MYCN and 

EGFR genes, affecting normal cellular growth and survival pathways and promoting 

tumour growth [72]. Alterations in gene expression profiles induced by gene copy 

number changes were first identified for the MYC gene, with several cancer patients 

harbouring MYC copy number increase exhibiting a low survival rate and poor 

prognosis [79]. In BC, amplification in ERBB1 (also known as HER1 or EGFR) and 

concomitant overexpression have a diagnostic value and potential for estimating therapy 

response [80,81]. Another well-known example is the EGFR gene located in Chr7p12. 

Its amplification is associated with tumorigenesis promotion, poor survival rate and bad 

prognosis. Thus, amplification status is used for prediction of the therapy response 

[82,83]. CCND1, a commonly amplified gene in several cancers, is also associated with 

poor survival and TR [84,85]. 

In conclusion, cancer cells have been reported to acquire oncogenic advantages through 

the accumulation of multiple mutations, primarily driven by genomic instability. 

Numerous scientific studies underscore that CNAs are frequently related with the gain 

of genes harbouring oncogenic functions and loss of TSGs, thus directing tumorigenesis.    

1.4 Chromosome 1q Abnormalities in Cancer 
 

CNAs are briefly defined as certain driver events that are affecting the cancer 

progression [71]. In various types of cancers, CNAs are reported for both chromosome 

arms and subregions of specific chromosomes [86–88]. Numerous reports indicate that 

CNA in Chr1q is prevalent in various cancers such as hepatocellular carcinoma, blood 

cancer, brain cancer, and BC, with well-defined numerical abnormalities [89–92]. 

Therefore, genes located in Chr1q are likely important for tumorigenesis.      

In multiple myeloma (MM), CNAs in Chr1q have been associated with adverse 

prognosis, poor survival, and chemoresistance [87,93]. Studies based on patient samples 

indicate a strong relationship between CNA of Chr1q and aggressive disease progression 

[87,94]. Specifically, subregion-specific amplification of Chr1q, particularly 1q21, is a 

common CA occurring in 40% of MM patients [95]. The 1q21 amplicon consists of 

important genes such as CKS1B, PSMD4, IL6R, ADAR, and MCL1, which are crucial 

for uncontrolled cell proliferation and/or drug response. Therefore, amplification of this 
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subregion results in dysregulated gene dosage, contributing to the pathogenesis and 

progression of the disease [96–100].  

The most recent study examining the content of Chr1q in MM integrated patient multi-

omics datasets and identified PBX1 as a novel therapeutic target. PBX1 acts as a TF that 

regulates the critical oncogenic pathways in conjunction with FOXM1. By elucidating 

PBX1-regulated oncogenic circuitries, they tried to propose a novel targeted agent and 

revert the aggressive phenotype associated with CNA [101]. These strategies represent 

pioneering efforts to develop molecular targeted therapies that can mitigate distortions 

caused by CNAs [102].  

Besides MM, CNAs are also observed in hepatocellular carcinoma (HCC). The most 

common copy number abnormality in HCC is also found in Chr1q, which is strongly 

associated with poor prognosis and short survival duration. This CNA results in the 

overactivation of potential OCs that prime cells to escape apoptosis, induce 

chemoresistance, and promote invasion and metastasis, thereby leading to a high level 

of tumorigenesis [89]. In 2021, a well-designed review listed genes located in Chr1q21-

23 subregions, indicating genes such as JTB, SHC1, CCT3, COPA, NUF2, and TPM3 

contribute to HCC progression [103].     

In all cases summarised in this section, the findings are based on omics-based 

approaches, and there is no well-organised study investigating the Chr1q genes in a 

functional manner.  

1.5 Insights into Chromosome 1q Copy Number Alterations in Breast Cancer 
 

Studies aiming to clarify underlying reasons of BC complexity have shown that both 

small-scale and large-scale mutations, which accumulate in the genome, are major 

contributors to BC formation, progression, and the development of TR [22,104,105].  

Chromosomal instability signatures have been linked to clinicopathologic outcomes and 

have diagnostic value for estimating prognosis in terms of malignancy grade and 

survival duration [106]. Investigations on chromosome and/or gene copy number in 

patient samples have correlated BC progression with specific CNAs. One of the initial 

studies, published in 1994, reported CNAs in both whole chromosome and chromosome 
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arms, as well as regional gains in BC across 5 different cell lines and 33 primary patient 

samples [107]. CGH showed significant copy number increases in various 

chromosomes, particularly in 8q, 17q and 20q. In the case of Chr1q, a certain gain was 

reported, but it involved a whole arm gain rather than focal increases [107].  

In TNBC, CNAs are reported as highly frequent genetic changes. One study examined 

CNAs in TNBC using data from the TCGA database, aiming to understand the 

relationship between CNAs and their functional impacts on gene expression profiles. 

The study reported that CNAs could involve entire chromosome arm gains or losses, as 

well as focal amplifications or deletions, contributing to the genetic heterogeneity 

observed in patients. The genome‑wide frequency plot of CNAs showed that entire 

chromosome arm gains were most commonly observed in 1q, 8q, 10p and 12p, while 

losses were observed in 5q, 8p and 17p, as represented in Figure 1.2 [108].  

In 2020, another study also reported that subtype-independent gains commonly observed 

in chromosome arms 1q, 8q, and 16p, while common losses were observed in 

chromosome arms 16q, 17p and 8p, based on data taken from the TCGA database. 

Researchers in this study indicated that more than 50% of the BC samples specifically 

had gains in Chr1q and Chr8q, while specific losses were found in 16q and 17p [109].   

 

Figure 1. 2. Frequency of copy number alterations was investigated using data 

retrieved from the TCGA database for TNBC patient samples. In Chr1, specific 

somatic CNA were identified, including focal deletion in Chr1p and focal amplification 

in Chr1q (Red Color: Gains, Blue Color: Losses; Adapted from [108]*). 
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Subtype-specific examinations have revealed significant variability between four 

different subtypes of BC in terms of the frequency of CAs  [109]. Gains in Chr1q arm 

were specifically observed in samples belonging to Luminal A subtype in more than 

70% of cases. Luminal A cancers showed losses in 16q in more than 70% of cases [109]. 

In Luminal B, HER2+ and basal subtypes, the most common gains were also observed 

in Chr1q, with frequencies of 76.5%, 74.6%, and 74.1% respectively. Furthermore, in 

Luminal B and basal subtypes, gains in the Chr8q arm were also associated with Chr1q 

gains. This study clearly indicates that BC exhibits a unique CNA profile that specifies 

the progression in a subtype-specific manner [109].  

In 2019, Johansson et al. conducted a groundbreaking study that, for the first time, linked 

CNAs with changes in expression at both mRNA and protein levels [110]. This 

sophisticated study utilised the knowledge about the relationship between CNAs and 

expression of corresponding transcripts. In this study, patient samples from four 

different subtypes were investigated for their genomic variabilities and consequent 

transcriptome and proteome landscapes [110] and showed that CNAs and altered genes 

showed an attenuation at the protein level. In all subgroups of BC examined, it has been 

shown that CNA is observed throughout the genome, affecting both protein-coding 

genes and regulatory regions. Notably, gains were predominantly found in Chr17 and 

Chr1q. While this study provides clear evidence of mRNA and protein expression 

changes associated with CNAs; it did not clarify the functional consequences of these 

CNA. The overall gain phenomena are depicted in Figure 1.3 [110].  

 

https://paperpile.com/c/x44RCL/iPIOt
https://paperpile.com/c/x44RCL/iPIOt
https://paperpile.com/c/x44RCL/iPIOt
https://paperpile.com/c/x44RCL/vYDQ1
https://paperpile.com/c/x44RCL/vYDQ1
https://paperpile.com/c/x44RCL/vYDQ1
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Figure 1. 3. BC patients showed a certain amplification in Chr1q arm, and this 

somatic alteration resulted in attenuated protein expression, as demonstrated by 

next generation proteome analysis (Adapted from [110]*).   

 

Single-cell genome sequencing is a powerful tool to examine the heterogeneity of 

individual cells within a tumour. A study performed in 2020 clearly demonstrated that 

individual cells from 16 different BC patients and 200 different genomes showed an 

accumulation of gains in chr1q and chr8q arms - regardless of subtype [111]. In HER2+ 

subtype, Chr1q amplification was also observed, along with the specific amplification 

of Chr17q, which is directly related with ERBB2 pOC [112]. In TNBC, CNAs have 

been linked to lymph node metastasis, with specific amplifications and/or deletions 

promoting the invasive character of BC cells. A study analysing 23 invasive ductal 

carcinomas and 12 lymph node metastases found significant amplification in Chr1q 

region compared to normal adjacent tissues [113].   

All these studies, based on samples from BC patients and/or cell lines demonstrated the 

importance of CNAs in Chr1q arm and suggest their potential role in promoting breast 

tumorigenesis. These CNAs likely influence expression of candidate OCs, contributing 

to cancer development. Therefore, these distinct CNAs in the Chr1q arm in BC have 

been investigated in terms of the corresponding genes involved in amplified regions 

to identify their oncogenic potential. In this context, researchers have started to examine 

subregions of Chr1q to clarify why BC cells have a high tendency for focal or whole-

https://paperpile.com/c/x44RCL/vYDQ1
https://paperpile.com/c/x44RCL/qNIGy
https://paperpile.com/c/x44RCL/IFaNf
https://paperpile.com/c/x44RCL/1O4t7
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arm CNAs in this region. For example, candidate OCs located on the Chr1q arm, such  

as PLU-1/JARIB1, have been reported; however, the implication in BC and the 

augmented expression due to CNAs have not been conclusively proven in a functional 

manner [114, 115]. 

Since the early 2000's, several reports have proven that amplified regions can modulate 

the expression levels of the genes located within them, potentially endowing these genes 

with oncogenic character that confer a proliferation and growth advantage [114,115]. 

For example, poor prognosis of BC patients has been linked to CNAs in Chr8q and 

Chr11q arm [116]. These CNAs have been correlated with array expression data, 

revealing that the amplified regions harbour cancer-promoting genes with oncogenic 

potential. Patients with these amplification profiles tend to have a poor clinical prognosis 

[116–118]. Most known genes with altered expression profiles and oncogenic potential 

include MYC and CCNE2 on the Chr8q arm, and HER2 on the Chr17q arm [119].  In 

2006, a study mapped expression level changes and CNAs to establish a well-defined 

pattern for CNAs on Chr1q. Based on array-CGH profiling and subsequent expression 

profiling in 29 cell lines and 26 primary breast tumours, it was shown that copy number 

increases on Chr1q were specifically enriched in some cytobands, such as 

1q21.3(PIP5K1A), 1q22(RAB25), 1q41(ESRRG), and 1q42.13(RAB4A), along with an 

additional 16 genes located in 1q21, 1q22, 1q24, 1q32, 1q41, 1q42. Even though the 

functional consequences of CNA and the linked genes expression fluctuations of these 

genes in BC malignancy were not investigated, the study did show a clear relationship 

between CNAs and the expression levels of corresponding genes [92].  

The frequent amplifications in subregions of the Chr1q arm suggest potential targets 

for BC treatment. The first report focuses on the gene expression profiles of Chr1q arm 

in 1635 breast tumour samples [120]. This research identified seven genes - CENPF, 

KIF14, NEK2, DTL, CKS1B, ASPM and EXO1 - that were overexpressed in high-grade, 

aggressive breast tumours and were associated with poor clinical outcomes. Among 

these, as a clinical target EXO1 was notably overexpressed and closely linked to poor 

prognosis, regulated by EGFR, RAS, and EXO1. Therefore, the study proposed that 

targeting EXO1 could be highly effective for treating patients with EXO1 

overexpression. [120]. In addition, CNA at 1q21.3 has been associated with BC 

https://paperpile.com/c/x44RCL/zdGqT+vU0af
https://paperpile.com/c/x44RCL/zdGqT+vU0af
https://paperpile.com/c/x44RCL/cwTKv
https://paperpile.com/c/x44RCL/YEAQ9+5Appa+cwTKv
https://paperpile.com/c/x44RCL/XnrwH
https://paperpile.com/c/x44RCL/7nCub
https://paperpile.com/c/x44RCL/6VAX7
https://paperpile.com/c/x44RCL/6VAX7
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recurrence and early relapse. While CNAs in Chr1q region occur in10-30% of primary 

tumours, they are found in up to 70% of recurrent tumours [121]. The relationship 

between 1q21.3 amplification and chemoresistance has also been investigated and 

authors discovered that the amplification of 1q21.3 modulates members of S100 

calcium-binding protein (S100A) family specifically S100A7, S100A8, and S100A9 

(S100A7/8/9), and IL-1 receptor–associated kinase 1 (IRAK1), which drive 

chemoresistance and relapse [121]. To counteract the IRAK1-driven resistance 

associated with these CNAs, pacritinib, a small-molecule kinase inhibitor, was used 

effectively [121]. 

Even though the extensive content of Chr1q, which contains approximately a thousand 

genes, research studies has predominantly focused on the well-known phosphoinositide 

signalling pathway. As an example, a study reported that 62% of the tumours exhibited 

CNA in the PI4KB gene, which is participated in PI3K/AKT pathway. In addition, the 

genes PI4KB, PIP5K1A, PI3KC2B and AKT3, all located on the Chr1q arm, show CNAs 

that are associated with elevated downstream protein expression elevation. The 

amplification of these genes in the PI3K/AKT pathway potentially enhances the 

proliferative ability of BC [122]. CNAs and corresponding gene changes have been also 

observed in the Basal-like subtype. Specifically, genes such as PI4KB (involved in the 

PI3K/AKT pathway), SHC1, and NCSTN (involved in the Notch pathway) have been 

identified as potential driver genes due to the amplification  of the Chr1q21-23 

subregion, making them candidates for therapeutic targeting [123]. Amplification in the 

1q21.3 region has been linked to poor patient survival and increased tumour growth in 

TNBC patients [124]. The 1q21.3 region involves the ENSA gene (alpha-endosulfine), 

which regulates cholesterol biosynthesis by influencing sterol regulatory element-

binding TF 2 (SREBP2). SREBP2 is a critical TF that directly controls cholesterol 

biosynthesis. Reduced SREBP2 activity is associated with increased levels of p-STAT3 

(Tyr705). This finding has led to the development of a targetable therapeutic approach, 

suggesting that the STAT3 inhibitor Stattic could be used for TNBC patients with 

increased ENSA levels in cases of the Chr1q amplification [124].  

Studies summarised so far suggest that the Chr1q arm can be amplified as a whole; 

however, specific subtype amplifications are more likely to occur. In addition to DNA- 

https://paperpile.com/c/x44RCL/zpyze
https://paperpile.com/c/x44RCL/zpyze
https://paperpile.com/c/x44RCL/zpyze
https://paperpile.com/c/x44RCL/EspTp
https://paperpile.com/c/x44RCL/fIvms
https://paperpile.com/c/x44RCL/ooywt
https://paperpile.com/c/x44RCL/ooywt
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level changes, epigenetic instability has been observed in the subregion 1q12 subregion, 

which contains the largest pericentromeric heterochromatin (PCH) structure and is 

associated with breakpoints. The 1q12 PCH is directly linked to 1q CNAs, and it has 

been proposed that the dosage of  potential OCs in this region may increase with these 

CNAs [125].  

As a result, these studies underscore the critical importance of alterations in the Chr1q 

arm, both as a whole and within specific subregions (focal), in driving increased gene 

expression of key OCs. Despite detailed elucidation of specific subregions and their 

contents, and recognition of Chr1q role in harbouring pivotal malignancy-related genes 

such as those in PI3K/AKT pathway, there remains a significant gap.  The detailed 

functional assessment needed to evaluate the full spectrum of CNAs within Chr1q is 

conspicuously missing, representing a crucial area for further research and therapeutic 

targeting.  

1.6 CRISPR-based Functional Genomic Screening 

In nature, clustered regularly interspaced short palindromic repeats (CRISPRs) and 

CRISPR associated (Cas) genes defends bacteria and archaea against exogenic mobile 

genetic elements such as viruses or foreign plasmid DNAs as a protective system and 

acts as a genetic adaptive immunity [126,127].  In the early 2000's, CRISPR/Cas 

systems began to be harnessed for precise genome editing by modifying type II 

CRISPR/Cas9 complexes into a robust and versatile platform [127,128]. CRISPR/Cas9 

can be defined as an RNA-guided nuclease-based genome editing platform that enables 

genetic manipulation at specific genomic locus with high precision [129,130]. 

Cas9 (CRISPR associated protein 9), as a nonspecific nuclease, can be programmed 

using guide RNA (gRNA) design to target specific genomic sequences  [131,132]. Cas9 

performs its nuclease activity with the guidance of sgRNA, which recognizes the target 

DNA sequence and directs the CRISPR/Cas9 complex to the precise genomic locus 

[133].  

After sequence-specific binding occurs by gRNA, the enzymatic activity of  Cas9 

depends on the presence of protospacer adjacent motif (PAM) in the target genome, 

which has specific nucleotide sequence as - NGG [131,134]. Upon binding of sgRNA-

https://paperpile.com/c/x44RCL/SmPzf
https://paperpile.com/c/x44RCL/1gr7D+7cdHk
https://paperpile.com/c/x44RCL/Q5UG1+7cdHk
https://paperpile.com/c/x44RCL/6yp2n+VYZ5g
https://paperpile.com/c/x44RCL/FTtE6+5Svzr
https://paperpile.com/c/x44RCL/7UQOg
https://paperpile.com/c/x44RCL/viOX7+FTtE6
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Cas9 complex to the target site and recognition of the PAM, Cas9 generates double 

strand breaks (DSBs) which lead to activation of DNA repair mechanisms, namely non-

homologous end joining (NHEJ) and homology directed repair [135–137]. In the 

absence of a homologous sequence, cells primarily repair the DSBs by NHEJ which is 

an error-prone repair system resulting in permanent changes such as indel (insertion-

deletion) mutations. In most cases, the expression of the target gene repaired by NHEJ 

is disrupted or abolished due to indel formation  [138,139].  

Since 2013s, the CRISPR/Cas9 technology has been used to manipulate mammalian 

cell genomes in a targeted manner, ushering in a new era for functional genomics [140–

143]. After several improvements, multiple genomic regions can be targeted using 

pooled guide RNA libraries, enabling large-scale functional genetic screenings for both 

coding and regulatory regions of the human genome [14,143,144]. Genome-wide 

CRISPR-Cas9 dropout screening is a versatile tool for characterising oncogenic driver 

genes. This technique identifies candidate OCs that affect the cell viability, 

proliferation, and resistance to apoptosis, thereby elucidating the mechanism of 

malignancy during cancer initiation and progression [145]. Several studies have 

demonstrated the high potential of dropout screening for understanding the candidate 

genes and their roles in regulating downstream pathways [143,146,147]. CRISPR-based 

genomic screening stands as a cutting-edge method utilised for various objectives, 

including pinpointing candidate OCs, modulators of phenotypic traits, and potential 

drug targets [148,149]. 

Functional genomics, particularly through functional phenotypic screening, has become 

highly prominent in cancer-focused studies for identifying the roles of genes and 

regulatory elements essential to the malignant phenotype [150,151]. Over the past 

decade, CRISPR-based screening has emerged as a fundamental technique for genome-

wide loss-of-function (LOF) analysis, offering numerous advantages over traditional 

methods, including decreased off-target effects and precise design capabilities 

[152,153]. The feasibility of genome-wide screening in mammalian cells was 

demonstrated in 2014, paving the way for CRISPR-based LOF assessments to elucidate 

cancer-specific vulnerabilities and characterise novel genes, as illustrated in the 

experimental work-flow shown in Figure 1.4 [143,144]. 

https://paperpile.com/c/x44RCL/N1zTx+QbURV+eL7sA
https://paperpile.com/c/x44RCL/ah7s7+6I5NM
https://paperpile.com/c/x44RCL/S5l8u+GiYB8+VPddb+52BIe
https://paperpile.com/c/x44RCL/S5l8u+GiYB8+VPddb+52BIe
https://paperpile.com/c/x44RCL/F7bOE+5NMia+52BIe
https://paperpile.com/c/x44RCL/LNs4s
https://paperpile.com/c/x44RCL/52BIe+7hVgL+IlNSl
https://paperpile.com/c/x44RCL/mxXNv+c9DUc
https://paperpile.com/c/x44RCL/ONczf+TMI5H
https://paperpile.com/c/x44RCL/0LYW1+1S1k8
https://paperpile.com/c/x44RCL/F7bOE+52BIe
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Figure 1. 4. CRISPR based functional screening workflow. In cancer cells, 

CRISPR-based loss-of-function (LOF) screening pinpoints essential genes crucial 

for cell proliferation. This technique uncovers cancer-specific vulnerabilities, shedding 

light on the mechanisms driving cancer initiation and progression. Adapted from [154] 

(Created in BioRender).  

 

In HCC, genome wide CRISPR screening has implicated PHGDH as the driver gene 

responsible for Sorafenib resistance. Targeting PHGDH with a specific inhibitor NCT-

503 in a combination therapy successfully overcome Sorafenib resistance [155]. 

Similarly, genes that are driving Lenvatinib resistance were characterised by genome 

wide CRISPR screening and critical genes were defined as NF1 and DUSP9 in HCC 

[156]. In ovarian cancer, CRISPR-based knockout screening has been instrumental in 

characterising key drivers of anoikis resistance and understanding the mechanisms 

behind metastasis. One notable candidate, PCMT1, identified through screening and 

linked with late-stage metastasis, controls the cell migration, adhesion, and spheroid 

formation. As a secreted protein, PCTM1, interacts with ECM protein LAMB3, 

influencing these critical processes [157]. In MM, CRISPR-Cas9 screening has been 

utilised to identify resistance mechanisms and resensitization factors against 



 

Chapter 1: Introduction 
 
 

 

17 

 

Thalidomide analogues, which are commonly used treatment agents. TOP2B was 

identified as a new therapeutic target to overcome resistance and enhance sensitization 

to those agents [158]. These studies mentioned above demonstrate genome-wide 

CRISPR screening can effectively clarify cancer-related vulnerabilities by uncovering 

the mechanism behind malignant phenotypes. This approach holds great potential to 

identify novel targets in cancer. 

Apart from genome-wide screening, smaller custom libraries that target specific subsets 

of genes or genomic regions can more precisely and accurately identify potential target 

genes [153,159]. As a targeted discovery platform, CRISPR screening with custom 

libraries addresses hypothesis-driven questions and identifies genes related to specific 

phenotypes of interest [160]. The identification of candidate OCs and TSGs, as well as 

the development of novel therapeutic approaches, can be performed more precisely with 

the arrayed libraries, which lower the complexity of the screen [161].  

In BC, genome-wide CRISPR screening has been instrumental in precisely identifying 

genes that drive cell survival, proliferation, metastasis, and TR [162–164]. Based on 

analysis combined from publicly available datasets, lethal genes that are upregulated in 

BC have been characterised by LOF screening. Gene ontology analysis has revealed 

that these upregulated genes in BC overlap with lethal genes identified in DepMap 

database, particularly enriched in pathways related to oncogenic functions and the cell 

cycle [162–164].  

In the luminal subtype of BC, ET targeting the ERɑ is the primary therapeutic approach. 

However, ET-R is prevalent among patients. CRISPR-based screening, has been 

employed to identify genes whose e loss contributes to ET-R, revealing underlying 

mechanisms of resistance. In addition, efforts have been focused on defining synthetic 

lethal targets to identify synergistic therapy options in combination with ET [165]. One 

identified target is CSK, a TSG driven by ERɑ, whose loss is directly linked with 

estrogen-independent growth. The mechanism is clarified in luminal subtypes, 

resistance to ET occurs through attenuation of the CSK expression, mediated by the 

activation of PAK2. PAK2 modulates estrogen-independent growth pathways, 

highlighting its role in ET resistance mechanisms.  Synthetic lethal targets for 
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combinational therapy are being defined by uncovering PAK2 related mechanisms 

[165]. 

As highlighted, CRISPR screening emerges as a versatile and powerful tool adept at 

pinpointing vulnerabilities in cancer. Continuous improvements in this editing platform 

enable precise characterization of pivotal genes involved in malignant transformation 

through dropout screenings. Hypothesis-driven screenings using custom libraries show 

great potential in elucidating specific target genes. 

1.7 Evolving Perspectives: From 2D Monolayered Models to 3D Spheroid 
Models  

Cancer biology research continues to rely mostly on two-dimensional (2D) monolayered 

models as in vitro experimental models. While 2D models are valuable and serve 

research needs, accumulated experimental evidence shows their limitations in 

recapitulating solid tumour behaviours. This is due to their lack of highly organised cell-

cell contacts and the distinct microenvironment characteristic of solid tumours [166–

168]. 

The interactions between malignant cells and their surrounding cells and matrix have a 

profound impact on tumour progression. It was shown that especially solid tumours 

show distinct patterns in intra- and extracellular signalling during their propagation. 

Tumour masses also exhibit varied responses to environmental conditions, leading to 

remodelled cellular metabolisms [169,170]. Therefore, three-dimensional (3D) in vitro 

models are hypothesised as superior models for mimicking natural tumour masses due 

to their ability to replicate tumour heterogeneity and hierarchical reorganisation. These 

models also provide a more accurate representation of the effects of cell-cell contacts 

on cancer signalling pathways [168,171–173]. 3D in vitro models are depicted to more 

accurately characterise the phenotypic impacts of the cell polarisation and layered 

structure within tumour masses [174,175].   

Multicellular tumour spheroids (MCTSs) represent a prominent 3D model in cancer 

research for modelling growth and division kinetics that closely mimic in vivo tumour 

masses [176]. The heterogeneity of cancer cells within MCTSs enables the 

recapitulation of malignant tumours more efficiently through gene expression profiles 
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[177]. These systems allow generation of 3D structures cost effectively with easy 

handling and prominent scalability than other systems such as patient-derived 

xenografts, patient-derived organoids, and genetically engineered mouse models [178]. 

Various methods exist for generating spheroids, including those based on chemical 

scaffolds like natural hydrogels and synthetic hydrogels, as well as mechanical systems 

such as spinner flasks. [176]. According to experimental flow and research aims, 

selecting the most appropriate 3D spheroid model allows researchers to conduct context-

specific experiments effectively [179].   

Cancer biology research predominantly utilises 2D models even this fall short in 

accurately replicating the complex cell-cell interactions and unique microenvironment 

of solid tumours. This limitation can result in mischaracterization of altered cancer 

metabolisms. 3D in vitro models, on the other hand, are preferable for mimicking natural 

tumour masses, as they better replicate tumour heterogeneity, and hierarchical 

organisation in cancer signalling pathways. MCTSs are prominent 3D models that 

closely mimic in vivo tumour growth and division kinetics through heterogeneous 

cancer cell gene expression profiles. MCTSs offer cost-effective, scalable solutions with 

easier handling; therefore, their use especially in functional studies has great promise.  

1.8 Enhancing Cancer Driver Gene Identification Through Functional 
Screening in 3D Spheroid Models 

Recent studies underscore the importance of in vitro models and highlight the necessity 

for more accurate models to characterise putative cancer driver genes (CDGs) that 

closely reflect human disease [170,180]. Functional screening in 3D cancer spheroid 

cultures, whether in lung, breast, prostate cancer, or human mammary epithelial cells, 

offers an opportunity to identify causative cancer drivers as models that better 

recapitulate the original tumour bulk structure [167,169,170,180,181]. Established 

scientific research indicates that screening in spheroids, valued for their scalability and 

ease of handling as in vitro models, yields distinct outcomes compared to traditional 2D 

models. [181]. Importantly, functional screening in 3D spheroids provides an 

opportunity to uncover CDG features that closely mimic in vivo tumour growth 

[167,169,170,180].  



 

Chapter 1: Introduction 
 
 

 

20 

 

While CRISPR screening is highly effective for identifying OCs, conventional 2D 

CRISPR KO screenings are known to have limitations in identifying TSGs [181]. 

Pioneering studies have demonstrated that targeting the well-defined TSGs can lead to 

negative phenotypes in conventional 2D models, often resulting in an incomplete 

depiction of a gene’s oncogenic activity. In contrast, 3D screening has been shown to 

better characterise positive phenotypes compared to 2D models; especially when results 

are normalised against corresponding 2D outcomes [180]. The differential behaviour of 

putative CDGs and their phenotypic impacts on tumorigenesis can be more accurately 

elucidated in 3D settings, particularly in uncovering positive phenotypes in functional 

screenings.  

A study validating this concept underscored the imperative to enhance CRISPR 

screening systems for 3D models, highlighting that elucidating the functions of 

candidate CDGs is more effectively achieved in 3D rather than 2D settings. CRISPR 

screening yields distinct outcomes in 2D versus 3D, with 3D models proving more adept 

at representing the growth phenotype observed in actual tumour masses found in 

patients. This research demonstrated the more precise identification of TSGs in 3D 

spheroids, pinpointing a novel gene crucial in lung tumorigenesis, carboxypeptidase D, 

which remained undetected in 2D screening but exhibited significant effects in 3D 

spheroid screening alone. Following the validation of this gene, the study underscored 

the essential disparities between 3D and 2D models in cancer research [180].  

In a study published in the same year, cancer spheroids were employed as in vitro 

models, leveraging their layered structure to simulate the bulk of lung tumours. This 

setup capitalised on the ability of inner layers to withstand oxidative stress [169]. 

Screening efforts identified lung cancer-specific vulnerabilities that are responsible for 

hyperactivation of NRF2, which is a TF regulating the OxS responses in cancer cells.  

The study demonstrated that the phenotypic impact of NRF2 downregulation was more 

pronounced in 3D spheroids compared to 2D cultures. 3D spheroids exhibited greater 

dependence on NRF2 hyperactivation. CRISPR screening further identified 

dependencies associated with hyperactivation of NRF2 that promoted spheroid growth. 

Simultaneous screening in both 2D and 3D models showed that the loss of TSC1 and 
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the gain of GPX4, which showed stronger effects in 3D screening compared to 2D 

screening, were related with NRF2 hyperactivation-mediated spheroid growth [169].  

In BC research, CRISPR screening was performed simultaneously in 2D and 3D models 

to identify cancer-promoting genes involved in proliferation, DNA repair, and DNA 

damage response [181]. The study aimed to define the causal variants as the genes which 

have an ability to mediate cancer phenotypes and proposed study had concluded BC risk 

genes related with impaired proliferation in both 2D and 3D models. Even though this 

study had been performed only in normal breast cell lines, the putative OCs and TSGs 

were tried to be defined as causal variants that promote cancer by inducing proliferation 

phenotype [181]. 

A study published in 2022 aimed to elucidate novel regulators of PAR polymerase 

inhibitors (PARPi) resistance to enable new combinatorial therapeutic approaches in 

prostate cancer. Through the genome wide CRISPR screening in spheroids, the research 

identified a novel gene, TBL1XR1, which was found to regulate the sensitivity of 

prostate cancer to olaparib [167]. In this case, 3D spheroid screening was selected as a 

more reliable and relevant model to interrogate the resistance mechanisms against 

PAPRi in prostate cancer. A similar scientific approach was followed by another study 

published in 2021, which aimed to profile resistance mechanisms against CDK4/6 

inhibitors. Genome-wide 3D spheroid screening enabled the identification of candidate 

genes responsible for drug-resistant phenotypes. This study showed that 2D monolayer 

models failed to discover unique driver genes, whereas 3D spheroid models showed 

promise for more accurately identifying novel genes [170].  

Recent studies underscore the necessity of accurate in vitro models for characterising 

CDGs that closely reflect actual tumour biology. Functional screening in 3D models, 

including those of lung, breast, and prostate cancer, reveals that 3D models allow for 

the identification of differential LOF, and gain-of-function (GOF) phenotypes not 

observed in 2D models. While CRISPR screening is effective at identifying OCs in 2D 

models, it struggles to identify TSGs, which 3D models can reveal more accurately by 

providing a precise depiction of positive phenotypes. Overall, 3D models are 

increasingly recognized for their superior ability to recapitulate tumour behaviour and 

identify critical CDGs. 
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1.9 Aim of the study 

BC imposes a significant health burden, accounting for approximately 2.3 million cases 

and ranking as the fifth leading cause of cancer-related deaths in 2020. CNAs in Chr1q 

play a significant role in the pathogenesis and progression of BC. Their presence often 

correlates with poor prognosis and resistance to treatment, underscoring their 

importance as critical targets for diagnostic and therapeutic interventions. 

Understanding the molecular mechanisms driving these alterations is imperative for 

advancing cancer treatments.  

The first aim of this study is to interrogate the landscape of Chr1q in BC and 

identify prevalent CDGs. To achieve this, we designed and generated a CRISPR 

library, named LIBGENE1Q, targeting 940 genes located in Chr1q. We conducted 

screening using this library in two luminal BC cell lines, MCF7 and T47D, and a non-

tumorigenic control cell line, MCF12A, to elucidate the functional role of Chr1q. 

The second aim is to identify cancer-specific vulnerabilities that exhibit an 

enrichment phenotype suggestive of TSGs. We performed simultaneous screening in 

both 2D and 3D cell culture models, characterising positive phenotypes by normalising 

the screening results as 3D/2D ratios.     
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Chapter 2 
 
 

2        MATERIALS AND METHODS 
 
 

2.1 Designing and cloning of LIBGENE1Q CRISPR Library 
 

2.1.1 Library Design and Construction  

 
To interrogate the function of Chr1q genes, we developed a custom CRISPR library 

named LIBGENE1Q, specifically designed to target 940 genes annotated within Chr1q 

[182]. According to DepMap Public 23Q2 data version, Chr1q contains 80 common 

essential genes (CE), while 825 genes are annotated as non-essential genes (NEs). The 

library also contains sgRNAs targeting 2 genes as internal positive controls (2 genes 

ribosomal) and 500 non-targeting sgRNAs as negative controls (NTs). sgRNA library 

had been designed by combining different sgRNAs from three different publicly available 

libraries as Toronto, Sanjana and GecKO to maximise the knock-out efficiency 

[143,183,184].   

2.1.2 Pooled sgRNA Library Cloning  

Synthesised pools of ssDNA oligonucleotides were used to establish a LIBGENE1Q 

library that included 9900 different sgRNAs. Pooled oligo mix was resuspended 

according to manufacturer instructions and PCR based amplification was performed with 

the conditions as: Thermo Scientific™ Phusion™ High-Fidelity DNA Polymerase (0.5 

µl) was used for 50 µl total reaction by mixing 1 ul suspended oligo mix with 2 µl of 

forward primer (10 µM), 2 µl of reverse primer (10 µM) (Table 2) 10 µl of 5X HF buffer 

(Thermo Fisher) and 0.5 µl dNTP mix (10 mM) (Thermo Fisher) and 34 µl water were 

prepared and amplified in thermal cycler with the conditions as 1 min at 98 °C for initial 

denaturation, followed by 14 or 16 cycles of (10 sec at 98 °C, 15 sec at 60 °C, 30 sec at 

72 °C), 5 min at 72 °C for final extension. PCR products were loaded into agarose gel to 

ensure their quality and amplicon size and recovered by M/N Gel Recovery Kit 

https://paperpile.com/c/x44RCL/ALXTI
https://paperpile.com/c/x44RCL/52BIe+8SAAf+CZsOI
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(Macherey Nagel). The product was further purified using magnetic beads (CLENNA) 

according to manufacturer’s instructions [14,185]. 

Digestion of pLentiCRISPR-v2 (pLCV2 - Addgene #52961) plasmid that carries a 

human-codon optimised Cas9 nuclease gene was used as a backbone. Digestion reaction 

of that plasmid for cloning was conducted as: 5 µg plasmid was treated with 5 µl Esp3I 

restriction enzyme (NEB) at 37 °C for 2 hours and loaded into agarose gel. The band in 

12 kb (digested and in the form of double-stranded linear strand) was recovered from 

agarose gel and cleaned by isopropanol precipitation to perform Gibson assembly ligation 

reaction [14,185]. 

Ligation was established by three different ligation ratios as 1:3, 1:6, and 1:10 and 120 

ng vector backbone was assembled with proper oligo mix by taking consideration of 

ligation ratios. For 15 µl total assembly reaction, 7.5 µl 2X Gibson master mix (NEB) 

and water were mixed with digested backbone and oligo mix and incubated at 50 °C for 

1 h followed by isopropanol precipitation. In each case different amounts of ligation 

products as 120 ng, 150 ng, and 200 ng were transformed to the 25 µl of electrocompetent 

cells (Lucigen) with Electroporator (Bio-Rad MicroPulser). After electroporation, 1 mL 

SOC medium added directly onto bacteria and grown for 1h at 37 °C. To calculate 

coverage, 100 µl bacteria spread onto ampicillin containing agar plates and 900 µl resting 

bacteria inoculated into 100 mL liquid LB to isolate next day. After growing overnight 

at 37 °C, plasmid pools from liquid growth were isolated by M/N Midi-Prep Purification 

Kit (Macherey Nagel) and stored at -80 °C as a library stock. To achieve proper coverage, 

above experiments were repeated 10 times and all assembly products combined and 

subcloned to generate the LIBGENE1Q plasmid library [14,185].  

2.1.3 sgRNA Amplification from LIBGENE1Q plasmid library  

After generation of the LIBGENE1Q plasmid library, sgRNA abundances were 

investigated by amplification of sgRNAs. PCR reaction was conducted to amplify each 

unique and ligated sgRNA as: for 25 µl total reaction, 5 µl 5X High Fidelity (HF) buffer, 

0.5 µl specific Index PCR2 Primer, 0.5 µl specific Barcode PCR2 Primer, 0.5 µl Phusion 

High-Fidelity DNA Polymerase (NEB, USA), 0.5 µl dNTP mix (10 mM) and NFW up 

https://paperpile.com/c/x44RCL/5NMia+rjo9D
https://paperpile.com/c/x44RCL/5NMia+rjo9D
https://paperpile.com/c/x44RCL/5NMia+rjo9D
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to 25 µl settled for 100 ng plasmid DNA. Conditions of thermal cycler as: initial 

denaturation for 1 min at 98 °C, followed by (10 sec at 98 °C, 25 sec at 65 °C, 15 sec at 

72 °C) for 25 cycles, final extension for 15 mins at 72 °C.   

Reference volume of the PCR product was loaded into gel to ensure about the size. 

Remaining products were purified using magnetic beads (CLENNA) and sent to the next 

generation sequencing and sequencing results were analysed by MAGeCK algorithm 

[186].  

2.2 Cell Culture 

Human BC cell lines MCF7 (ATCC HTB-22™), T47D (ATCC HTB-133™), MCF10 

(CRL-10317 ™), MCF12A (CRL-3598 ™), human embryonic kidney cell (HEK293T) 

were obtained from ATCC and were maintained at standard conditions as 37°C and 5% 

CO2 incubator. MCF7 and HEK293T cells were grown in DMEM-High Glucose (Sigma), 

supplemented with 10% FBS and 1% Pen/Strep while T47D was maintained in RPMI-

1640 (Sigma). Human breast normal cell lines MCF12A and MCF10A cell lines were 

cultured in DMEM/F12 (Sigma) but supplemented with 5% horse serum (Gibco), 1% 

Pen/Strep (Biowest), 10 ng/mL hEGF (Sigma), 10µg/ml bovine insulin (Sigma), and 500 

ng/ml hydrocortisone (Sigma). All cell lines have been examined for their Mycoplasma 

contamination status regularly and have been passaged or medium replenished every 3-4 

days depending on the confluency.   

2.3 Virus Production and Virus Titration Optimization 

Lentiviral virus production was performed using HEK293T cells. In total 4x106 

HEK293T cells were seeded per 10 cm2 petri dishes. 10 ug library plasmid pool, 2.5 ug 

packaging vectors pRSV-Rev (Addgene #12253) and 5 ug pMDLg/pRRE (Addgene 

#12251), 3.5 ug envelope vector pCMV-VSV-G (Addgene #8454) were mixed with 63 

μL PEI Reagents (Sigma) that were prepared in FBS and P/S free DMEM. After 15 mins 

incubation at RT, the mixture was added dropwisely onto the HEK293T cells and cells 

were incubated for 16 hours with the transfection mixture. Medium was collected at 36 

hours post-transfection and filtered with a 45 μM filter. Virus stocks were aliquoted, 

snap-freezed and stored at -80 °C.  

https://paperpile.com/c/x44RCL/IEgWB
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For infection of BC cells, 4x106 cells were seeded in 10 cm2 petri dishes. The virus 

titration was decided by applying different amounts of viruses together with 8 µg/ml 

polybrene (Sigma) and titration optimised for each batch as MOI<0.4. MCF7 cells were 

selected with 2 µg/ml puromycin for 48 h while selection of T47D cells proceeded with 

4 µg/ml puromycin for 72 h.    

2.4 Functional CRISPR-Based Screening  

To interrogate the role of Chr1q genes in luminal subtypes of BC, CRISPR-based LOF 

screening was performed with a library targeting the whole genes located at the Chr1q, 

named LIBGENE1Q. Screening was conducted on triplicates in BC cell lines MCF7 and 

T47D, as well as in one human breast normal cell line, MCF12A (non-tumorigenic) in 

both 2D and 3D BC spheroids simultaneously to identify cancer specific vulnerabilities. 

For each replicate, the coverage was aimed to be more than 1000X with MOI<0.4.  After 

puromycin selection, half of the cells were collected as T=0 (samples of initial point). 

Drop-out screening was performed on both 2D and 3D spheroid culture for 20 days. Cells 

were divided every 5 days, and the medium was refreshed each day. Samples belong to 

T=0 as initial point, T=10 and T=20 as the end point collected and stored in -80 °C for 

gDNA isolation to determine sgRNA abundances. 

2.5 gDNA Isolation, Nested PCR, and Sequencing 

Frozen cell pellets thawed for each sample, and gDNA was isolated with Macherey-

Nagel™ NucleoSpin™ Tissue Isolation kit (M/N #740952). As a summary, after each 

sample pellet thawed, lysed in 360 µl Buffer T1 and incubated overnight at 56 °C with 

50 µl Proteinase K. Next day, 400 µl Buffer B3 was added, and sample solution was 

incubated at 70 °C for 10 minutes. After addition of 420 µl 100% ethanol to adjust binding 

conditions of gDNA, solution divided into 3 columns. After washing steps, samples were 

eluted in 300 µl of water. 

For each sample, nested PCR was performed to amplify unique sgRNAs, labelling them 

with Illumina sequencing-compatible adaptors. The nested PCR was conducted using 

Phusion® High-Fidelity DNA Polymerase (NEB, M0530L) in a total volume of 25 µl. 

The first round of PCR was performed using 40 µg of genomic DNA (gDNA) per sample 
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(1 µg per reaction) to achieve over 200X coverage, assuming that 10^6 cells contain 6.6 

µg of DNA [14,187]. The PCR reaction mixture for each sample consisted of 1 µg gDNA 

template, 5 µl of 5X High Fidelity Buffer, 0.5 µl of 10 mM dNTP mix (Thermo Fisher), 

0.5 µl of Forward PCR1 Primer (10 µM), 5 µl of Reverse PCR1 Primer (10 µM), 0.5 µl 

of Phusion Polymerase (NEB), and nuclease-free water (NFW) up to 25 µl, performed 

40 times. The conditions were optimised as follows: initial denaturation at 98°C for 1 

minute, followed by 15 cycles of 98°C for 10 seconds, 65°C for 25 seconds, and 72°C 

for 15 seconds, with a final extension at 72°C for 15 minutes. 

  

After the first PCR step, the 40 reactions were pooled and purified using the Qiagen PCR 

Purification Kit to clean and concentrate the samples. For the second PCR step, 5 µl of 

the purified product from the first PCR was used per reaction in a total of 20 reactions 

(100 µl in total). The second PCR setup and conditions were the same as the first step, 

except that primers with specific barcodes and indexes (10 µM) provided by Illumina 

were used to uniquely label each time point. 

Amplicons of the second step PCR were combined and reference volume was loaded into 

gel to ensure the size and purity. Remaining amplicons were purified using magnetic 

beads (CLENNA) and sent to the sequencing. Samples were sent for sequencing and 

sequencing results were analysed by MAGeCK algorithm [186].  

2.6 CRISPR Screening Analysis 

Screening analysis was performed with Model-based Analysis of Genome-wide 

CRISPR/Cas9 Knockout (MAGeCK) tool [186]. Initially, the presence of sgRNA 

sequences in sequenced reads were determined by the count function. This function took 

reads in fastq format and sgRNA sequences as a list as inputs. Default normalisation 

which is median was kept for the normalised read counts. As the sgRNA library, 

LIBGENE1Q was used.  

To identify the depleted and enriched genes between two conditions, MAGeCK test 

function was used. In this step, raw sgRNA count files were used that were obtained in 

the counting step. For the normalisation, non-targeting sgRNAs were given to the --norm-

https://paperpile.com/c/x44RCL/5NMia+9Ija0
https://paperpile.com/c/x44RCL/IEgWB
https://paperpile.com/c/x44RCL/IEgWB
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method parameter. Copy number correction was done using --cell-line parameters with 

cell line specific copy number data from Cancer Cell Line Encyclopedia [188]. Potential 

hit genes were determined by manual filtering according to their false discovery rates 

(FDR) and Log2 fold changes (Log2(FC)).  

For generating mapping rates in bar charts, MAGeCK Flute R package was used [189]. 

Waterfall graphs, cumulative density plots, counts in Log2(FC) as line graphs, and scatter 

plots were generated using ggplot2 [190].  Analysis and visualisations were performed 

by Ferzan Betül Berber in GK Lab.   

2.7 sgRNA Cloning and Lentivirus Production  

For validation experiments, sgRNAs were chosen according to their FDRs and 

Log2(FC)s. Oligonucleotides in Table 2.1 was purchased from Macrogen (USA) and 

annealed by T4 Polynucleotide Kinase (NEB) by mixing 1 µl (100 µM) forward strand, 

1 µl (100 µM) reverse strand, 0.5 µl T4 PNK, 1 µl T4 Ligase Buffer containing 1 mM 

ATP. PCR conditions settled as 37 °C 30 min, 95 °C 5 mins and then ramps down to 25 

°C at 5 °C/min. Annealed oligos were diluted as 1:200 with NFW. pLCV2 plasmid was 

digested with BsmBI-v2 (NEB) as 5 µg plasmid treated with 5 µl BsmBI-v2 at 55 °C for 

8 h, 80 °C for 20 min and loaded into agarose gel to purify digested 12 kb fragment for 

ligation. Digested plasmid from gel was purified by M/N Gel and PCR Clean-up kit. 

From each annealed oligo mix that was diluted 1:200, 1 µl was mixed with 50 ng digested 

plasmid for ligation that was performed with T4 Ligase (NEB). Single colonies were sent 

to sanger sequencing and confirmed plasmids were used in further experiments [184].     

Virus was produced for each sgRNA as it is described above. 

https://paperpile.com/c/x44RCL/Vi1cL
https://paperpile.com/c/x44RCL/vGUiM
https://paperpile.com/c/x44RCL/w01B0
https://paperpile.com/c/x44RCL/CZsOI
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Table 2. 1. DNA oligonucleotide sequences used for sgRNA cloning which were 
specifically selected for each gene from LIBGENE1Q. 

 

 
2.8 Validation Experiments 

For validation experiments, MCF7, T47D, MCF12A, and MCF10A cells were infected 

with indicated sgRNAs. For each cell line, a control group (CNT) was generated with an 

infection with non-targeting sgRNAs cloned into pLCV2. To block the expression of 

candidate genes indicated sgRNAs given by taking consideration of titration as kept 

around 0.4. 
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2.8.1 GFP Based Competitive proliferation assay 

To observe the effect of candidate genes on proliferation, GFP based competition assay 

had been performed with CNT group or hit genes. Firstly, polyclonal MCF7, T47D, 

MCF12A cells were generated that were stably expressing GFP using pLenti-CMV-GFP-

Puro (Addgene#17448) vector. GFP expressing cells were mixed in a 1:3 ratio with cells 

containing individual sgRNAs for the control group and each cell line containing 

indicated sgRNAs to block the candidate gene expression. The percentage of GFP 

expressing cells was assessed by Beckman Cytoflex flow cytometry at the beginning of 

the experiment (Day = 0) and every 72 hours onward (Day = 3, Day = 6, Day = 9 and 

Day = 12) [14,187]. For every condition, 10.000 events were recorded, and the data was 

analysed using FlowJo software. As a result, sgRNAs that have an effect on the cell 

proliferation compared to non-targeting sgRNA were determined. 

2.8.2 Colony Formation Assay 

To elucidate the colony forming ability, cells in which the target gene was blocked with 

control group were seeded as 4000 cells/well in triplicates in 6-well plates. For 10-14 

days, each group of cells kept in culture and to finalise the experiment, cells were washed 

with DPBS two times and fixed with ice-cold 100% methanol for 20 min at 4 C. After 

discarding methanol, cells were incubated with crystal violet for 1 h at RT by shaking. 

To record experimental groups, crystal violet was removed, plate was washed and left to 

dry to scan. For quantification, colonies were resuspended in 15-20% acetic acid for until 

all dissolved. Then colorimetric measurement in 590 nm wavelength taken with BioTek 

Synergy plate reader. 

2.8.3 3D Spheroid Growth Assay 

Three-dimensional (3D) cell culture experiments were performed using a minimum of 

750K cells on agar plates that were previously sterilised with UV [180]. In Day = 4 and 

Day = 6, pictures were taken by Nikon Eclipse Ts2 Light/Fluorescence microscope to 

assess spheroid size. For each biological replicate, at least 50 different spheroids were 

imaged. Spheroid sizes were compared using 20x/0.40 objective lenses, corresponding to 

scales of 70 µm. ImageJ software was employed to analyse spheroid areas by setting the 
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length of the scale bar visible in the microscope images using the 'Set Scale' option in the 

analysis section. Subsequently, the area of each spheroid was calculated by manually 

outlining its boundaries using the 'Polygon Selections' tool and the area of each spheroid 

recorded for each experimental group. 

 

2.9 RT - qPCR 

Total RNAs were isolated with TRIzol™ Reagent (Thermo Fisher) by following 

manufacturer’s instructions. As a summary, 500K-1M cells resuspended in Trizol reagent 

and 200 μl chloroform added, mixture incubated for 2 min at RT and centrifuged in 

12.000xg for 15 min at 4 ºC. The upper RNA phase was collected and mixed with ice 

cold isopropanol with a ratio 1:1. After incubation for 10 mins at RT, centrifugation was 

performed to acquire pure precipitated RNA in 12.000xg for 10 min at 4 ºC. RNA pellet 

was washed in ice cold 80% ethanol, then precipitated RNA dissolved in 50-60 μl NFW. 

For conversion of cDNA, iScript™ cDNA Synthesis Kit (BIO RAD) was used: 1 μg RNA 

was mixed with 1 μl iScript Reverse Transcriptase and 4 μl 5X RT reaction mix and NFW 

up to 20 μl. PCR conditions were adjusted as 5 min at 25 ºC, 20 min at 46 ºC, and 1 min 

at 95 ºC. After this reaction each cDNA stock was diluted with NFW with 1:1 ratio.    

RT - qPCR was performed with 2X SYBR Green Master Mix (Qiagen) with LightCycler 

480 Instrument II (Roche). 2 μL cDNA taken from dilution stock was mixed with 5 μL 

2X SYBR Green, 0.8 μL forward + reverse primer mix (10 μM in final) and 2.2 μl NFW 

in which final volume was adjusted to 10 μl. LightCycler conditions were settled as: 5 

min at 95 ºC (initial heating), for 40 rounds: 10 sec at 95 ºC, 30 sec for 60 ºC, 30 sec for 

72 ºC. As the housekeeping gene for normalisation of expression data beta-actin was used 

and analysis to check the blockage of genes was performed with 2-DeltaCT calculation. 

All primers used in RT-qPCR are represented in Table 2.2. 
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Table 2. 2. RT - qPCR primer sequences. 

 

 

 

 

2.10 Statistical Analysis 

All experiments were three biological replicates if otherwise not indicated. Statistical 

analysis had been performed by using GraphPad Prism 10.0. Significance levels were 

decided by student’s t-test within two groups (CNTvsHITs): * p<0.05, ** p<0.01, *** 

p<0.001. 
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3 RESULTS 

 
 

 
3.1 Simultaneous Screening of LIBGENE1Q in 2D and 3D Models 
 

3.1.1 LIBGENE1Q sgRNA Distribution 

 
To investigate the effect of Chr1q in BC, we generated a CRISPR library named 

LIBGENE1Q to target genes located on Chr1q. According to DepMap version 23Q2, this 

library includes 80 CE (with 2 located on a separate chromosome for internal control), 

825 NEs and also 500 NT sgRNAs (Figure 3.1A, B). To ensure the abundance of 

sgRNAs, sgRNA representation was examined in cells that were infected with an 

MOI<0.4, at 1000X coverage, and collected at T=0 after antibiotic selection. After gDNA 

isolation and nested PCR, samples were sent for sequencing. For each cell line, the 

sgRNA mapping ratio, including detected and undetected sgRNAs, is shown in Figure 

3.1C. The complexity of LIBGENE1Q and sgRNA abundances were ensured before 

starting screening, as shown in Figure 3.1D.  
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Figure 3. 1. LIBGENE1Q library and sgRNA representation. (A) Summary of 

Library content. (B) Cloning procedure of LIBGENE1Q. (C) Mapping of detected and 

undetected sgRNAs post-sequencing, ensuring screening reliability with high mapping 

ratios. (D) Initial data point showing sgRNA representation in each cell line.    

 
 

3.1.2 Performance of the LIBGENE1Q Library in BC and Non-tumorigenic Normal 

Cell line  

 
CRISPR-based LOF screening was conducted in two luminal BC cell lines, MCF7 and 

T47D, as well as in the normal cell line MCF12A. Cells were cultured simultaneously in 

A B

C D
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2D monolayers and 3D BC spheroids during screening. Samples were collected at three 

time points (T=0, T=10, and T=20) to assess sgRNA abundances, as illustrated in Figure 

3.2. 

 

Figure 3. 2. LIBGENE1Q Screening in BC cell lines MCF7 and T47D, and breast 

normal cell line MCF12A. The screening utilised a viral library at a very low 

multiplicity of infection (MOI) of less than 0.4. Conducted over a 20-day period, the 

screening was executed simultaneously in both 2D and 3D culture systems. Initial 

samples (T=0) were collected following puromycin selection, while final samples (T=20) 

were obtained at the conclusion of the screening period. (Created in BioRender). 

 
Following screening, the distribution of sgRNA was evaluated to verify the 

representation and quality of the screening based on initial data point (T=0). Density plots 

showed a normal sgRNA distribution at each time point and biological replicates 

exhibited high reproducibility (Figure 3.3).   
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Figure 3. 3. Quality assessment of LIBGENE1Q screening. All three biological 

replicates in each cell line revealed high reproducibility. The distribution and abundance 

of sgRNA in both 2D and 3D models were consistent with each other. 

    
The impact of LIBGENE1Q screening in BC cell lines was investigated, focusing on its 

effectiveness in distinguishing positive controls (CE) and negative controls (NTs) based 

on sgRNA abundances. At each time point, the Log2(FC) of individual sgRNAs targeting 

CE genes and NTs were evaluated by transforming raw read data into Log2 counts 

(Figure 3.4). The distribution of individual sgRNAs reveals a pronounced depletion 

pattern for CE genes at the endpoint in each in vitro model, whereas NTs showed no 

significant change and maintained a regular distribution pattern.  

The quality of screening in 3D models closely mirrored that of 2D models, with biological 

replicates demonstrating high reproducibility akin to 2D models (Figure 3.3). Moreover, 

essential genes were detectable within the 3D population (Figure 3.4).  
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Figure 3. 4. The distribution of sgRNAs in (A) MCF7 and (B) T47D cells. Log2(FC) 

of sgRNAs between the initial point (T=0) and the end point (T=20). Each dot represents 

the behaviour of one sgRNA over a 20-day period. The graphs include sgRNAs targeting 

CE genes, non-essential genes, and NTs (targeting no genes) are depicted. In both 2D and 

3D models, sgRNAs targeting non-essential genes exhibited a broader distribution, 

A

B
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whereas those targeting CE genes clustered together and shifted to the right. NTs showed 

a consistent linear behaviour over time, indicating no change during screening.  

 
 

In addition, cumulative densities of sgRNAs targeting CE genes and NTs were 

interrogated to assess depletion scores from the initial to the end point of screening. Read 

counts were transformed into Log2 values, and cumulative behaviour of sgRNAs 

targeting non-essential genes was compared to CE genes and NTs. As shown in Figure 

3.5, CE genes exhibited the most significant depletion scores, while NTs showed no 

change during screening. Screening in both 2D and 3D models effectively distinguished 

CE genes from non-essential genes, demonstrating the efficacy and reliability of the 

approach. However, the impact of essential genes differed in 3D screening, where 

depletion scores approached those of non-essential genes, whereas there was no change 

in the impact of non-essential genes in both 2D and 3D models.  
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Figure 3. 5. LIBGENE1Q screening efficiently discriminated CE genes from other 

genes, showing the highest negative Log2(FC). Throughout the screening process, the 

behaviour of CE genes and NTs validated the quality and effectiveness of the screening 

for subsequent analysis.  

 

3.2 Negative Selection (Drop-out) Screen of LIBGENE1Q 
 

To interrogate the role of Chr1q genes, MAGeCK-RRA (Model-based Analysis of 

Genome-wide CRISPR/Cas9 Knockout) was employed to analyse depletion and 

enrichment scores after 20 days of culturing following LIBGENE1Q infection. For 

quantification, FDR value threshold of < 0.1 was applied, ensuring more than 90% 

reliability, while Log2(FC) was constrained as < -1 to identify negative phenotypes in 

both 2D and 3D models (Figure 3.6A). The most prominent effect was noted in CE 

genes, which exhibited substantial downregulation in each in vitro model. Results were 

further assessed for non-essential genes shared between in 2D and 3D models. Genes 



 

Chapter 3: Results  
  

 
 

 

 

40 

 

identified in both MCF7 and T47D but not in MCF12A represented cancer specific 

candidate hits responsible for inducing negative phenotype exclusively in cancer models.  

The overlapping region (2D and 3D drop out analysis) contains 14 different genes 

specific to cancer that exhibited a negative phenotype in both 2D and 3D models (Figure 

3.6B). The shared candidate genes are depicted in Figure 3.1C.  

 

Figure 3. 6. MAGeCK analysis identifies 14 negative selection candidates shared in 

both 2D and 3D models. (A) Screening results filtered with Log2(FC) < -1 and FDR < 

0.1 to pinpoint genes shared in MCF7 and T47D cancer cell lines, but not affecting 

MCF12A. (B) Classification of non-essential genes in MCF7 and T47D cell lines to 

identify shared genes in both 2D and 3D models. (C) The overlapping region defining 14 

shared genes designated as drop-out candidates.   

 
Across these genes, RPRD2 (regulation of nuclear pre-mRNA domain containing 2) and 

GON4L (gon-4 like) genes were selected for further examinations due to their significant 

negative Log2(FC) specifically in cancer cells (Figure 3.7A) while their effects were 

minimal in MCF12A in both 2D and 3D settings (Figure 3.7B). Others, such as PDZK1 

[191] and PRUNE1 [192,193], have been implicated in enhancing BC malignancy. 

LIBGENE1Q screening effectively discriminates these genes in 2D, and 3D drop out 

screening in both MCF7 and T47D cell lines.  

A B C

GON4LRPRD2

PDZK1PRUNE1

HJVTPM3

NBPF9NBPF15

SETDB1NBPF11

FCGR1AWDR26

SNRPEH3F3A

Negative Selection Canditates

https://paperpile.com/c/x44RCL/Dtp6V
https://paperpile.com/c/x44RCL/Pfytg+WLemJ
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Figure 3. 7. Hit identification from dropout screen. Across these genes, RPRD2 and 

GON4L were selected based on their shared depletion score in MCF7 and T47D, with no 

effect observed in MCF12A.  
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3.2.1 Validation of Negative Selection Screen Findings in 2D Model 

 
First, expression of RPRD2 and GON4L was evaluated in MCF7 and T47D cells 

compared to MCF12A to get insight about their gene expression levels in cancer cells 

relative to normal control. The expression levels were significantly higher in both MCF7 

and T47D cells compared to MCF12A, indicating differential expression of RPRD2 and 

GON4L in cancer cells (Figure 3.8).  

RPRD2 plays a role in transcription initiation by facilitating the binding RNA Polymerase 

II (RNAP II) complex to target sites [194]. The N-terminal domain of mature RPRD2 

protein can bind to the catalytic C-terminal subunit of the RNAP II, potentially 

modulating gene expression differentially in cancer cells [194].  

 

Figure 3. 8. Endogenous gene expression of candidate hits in MCF7 and T47D cells 

compared with MCF12A cells. RT-qPCR was performed to specify differential gene 

expression by analysing candidate gene expression normalised to ꞵ-Actin housekeeping 

gene. RPRD2 expression showed a significant increase of more than 4-fold in MCF7 (A) 
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and 6-fold in T47D (C). GON4L expression in BC cells were recorded as more than 10- 

fold in MCF7 (B) and 20-fold in T47D (D). (t-test: * p<0.05, ** p<0.01, *** p<0.001).  

For validation experiments, gene expression was blocked using sgRNAs selected from 

our LIBGENE1Q (3sgRNA per gene), which were then cloned into pLCV2-Puro 

following the method described in the methods section. After virus production, MCF7, 

T47D, and MCF12A cells were infected at an MOI < 0.4 for functional assessments. GFP 

based competition assay was performed by mixing KO cell groups with GFP-expressing 

cells with a 3:1 ratio, as outlined above. In addition, a clonogenic assay was conducted 

simultaneously to assess the effect of the candidate hits on the colony forming ability of 

MCF7, T47D and MCF12A cells.  

The proliferation and colony-forming ability of MCF7 and T47D cells significantly 

decreased when RPRD2 expression was blocked (Figure 3.9). In MCF7 cells, the 

competition assay showed a pronounced proliferation capacity reduction by 

approximately 20% (Figure 3.9A, B). Furthermore, the clonogenic assay demonstrate a 

significant repression of colony-forming ability upon RPRD2 expression was inhibited 

(Figure 3.9C, D) Although T47D cells showed less susceptible to RPRD2 blockage, a 

notable decrease in proliferation capacity was observed in both the competition assay and 

clonogenic assay (Figure 3.9F). Specifically, the competition assay revealed a relative 

proliferation capacity decrease of approximately 50% in T47D cells (Figure 3.9F, G), 

while the clonogenic assay quantification showed a 50% reduction in long-term growth 

inhibitory effect (Figure 3.9 G, H). 
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Figure 3. 9. Impact of RPRD2 KO on MCF7 and T47D proliferation in 2D models 

(A, E) RPRD2 expression was blocked in MCF7 and T47D cells using MOI < 0.4, 

followed by validation experiments. RT-qPCR was performed to verify the gene 

expression. (B, F) GFP-based competition assay was performed to investigate 

proliferation capacity of RPRD2 KO cells compared with CNT one. RPRD2 blockage 

significantly decreased the proliferation which was assessed relatively to GFP. (C, G) 

Clonogenic assay showed a significant decrease in proliferation of RPRD2 KO cells in 

the long-term assessment. (D, H) The quantification of clonogenic assay showed a 

significant decrease in growth of RPRD2 KO cells. Relative survival decreased by 50% 

upon blockage in each cell line.  (t-test: * p<0.05, ** p<0.01, *** p<0.001)  

 
 

GON4L is a nuclear protein and a member of the coregulator family of transcription. 

Similar to RPRD2, it plays a role in transcription regulation, but primarily acting as a 

repressor through interactions with YY1, SIN3A and HDAC1 [195]. Blocking GON4L 

expression has a detrimental effect on the proliferation of MCF7 cells.   In the competition 

assay, the GON4L KO group was almost completely lost in population compared to 

controls, which it was similarly observed in colony formation assay (Figure 3.10).    

https://paperpile.com/c/x44RCL/KQh26
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Figure 3. 10. GON4L KO significantly prevents the proliferation of MCF7 cells. In 

competition assay, GON4L KO MCF7 proliferation showed a significant decrease in 

which relative cell growth was reported by 15% at end point (A, B). Colony forming 

ability and proliferation capacity also significantly declined consistent with competition 

assay (C, D). (t-test: * p<0.05, ** p<0.01, *** p<0.001).  

 

3.2.2 Validation of Negative Selection Screen Findings in 3D Spheroid Model 

The effect of RPRD2 gene on spheroid growth was investigated in MCF7 and T47D cells. 

After puromycin selection, equal numbers of CNT and RPRD2 KO cells were seeded 

(750.000 cells per well) and cultured for 4 days. Spheroid area was measured using the 

ImageJ software as detailed in section 2.8. For each biological replicate, measurements 

were conducted on at least 50 individual spheroids. As indicated in Figure 3.11, blocking 

RPRD2 expression significantly impaired the ability of MCF7 and T47D cells to form 

spheroids. Across three biological replicates, a consistent decrease in spheroid area was 
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observed in both cell lines, leading to the formation of highly disorganised spheroids 

upon RPRD2 inhibition. 

 

Figure 3. 11. RPRD2 KO significantly inhibited the growth of spheroids in MCF7 

and T47D cells. (A) In each experiment, the area of fifty different spheroids was 

measured for each condition in Day = 4. (B) RT-qPCR was verifying that RPRD2 was 

still blocked. (C) Images taken for spheroids processed with ImageJ to measure the area 

and samples collected afterwards to detect blockage still proceeded in 3D. In both MCF7 

and T47D, the growth inhibitory effect of blockage in 2D was also observed in 3D and 

cells significantly sensitive to RPRD2 blockage and could not form regular spheroids 

compared with CNT. Scale bar was 70 µm. (t-test: * p<0.05, ** p<0.01, *** p<0.001)        
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GON4L emerged as a potent candidate from the 3D dropout screen conducted in both 

MCF7 and T47D cells. Its cancer specificity was also validated in MCF12A screening. 

To identify its phenotypic role in 3D contexts, we blocked GON4L gene expression and 

evaluated its impact on the spheroid forming ability of MCF7 cells. Targeting GON4L 

significantly hindered the formation of spheroids and attenuated their growth in 3D 

settings (Figure 3.12).    

 

Figure 3. 12. GON4L KO shows significant impact in 3D spheroid growth capacity 

of MCF7 cells. (A) Spheroid growth assay performed in MCF7 cells showed that 

GON4L gene plays a crucial role in 3D spheroid formation. (B) RT-qPCR to verify KO 

status of MCF7. (C) The area was attenuated upon GON4L blockage significantly and 

also negative impact was observed on spheroid formation. Scale bar was 70 µm. (t-test: 

* p<0.05, ** p<0.01, *** p<0.001)   

 

3.2.3 Validation of Negative Selection Screen Findings in MCF12A cells 

 
RPRD2 and GON4L genes were identified through both 2D and 3D dropout screenings 

in MCF7 and T47D cells. In MCF12A cells, the Log2(FC) values were as - 0.18 and - 

0.23 for RPRD2 in 2D and 3D cultures, respectively. These findings suggest that 

RPRD2’s effect on proliferation is negligible in MCF12A cells, emphasising its cancer-
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specific action based on screening data. To validate that, competition assay and 

clonogenic assay were performed in MCF12A. Targeting RPRD2 gene did not 

significantly affect proliferation, as evidenced by only a 95% decrease in the competition 

assay. In the clonogenic assay, RPRD2 KO MCF12A cells exhibited growth capacities 

highly similar to CNT cells as shown in Figure 3.13.  

 

Figure 3. 13.  Phenotypic impact of RPRD2 was specific to cancer cells, affecting the 

proliferation of MCF7 and T47D cells but not the non-tumorigenic MCF12A cells. 

(A) To validate cancer specific effect of RPRD2, expression was blocked in MCF12A 

cells for functional assessments that were verified by RT-qPCR. (B) Competition assay 

showed that the proliferation capacity of RPRD2 KO MCF12A cells kept constant for 12 

days of measurements and decreased only by 95%. (C) Colony forming ability was also 

highly similar upon blockage of RPRD2. Growth pattern seems similar to the CNT group. 

(t-test: * p<0.05, ** p<0.01, *** p<0.001) 
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On the other hand, functional assessments of GON4L KO in MCF12A cells revealed a 

substantial reduction in proliferation when GON4L was absent (Figure 3.14). This 

underscores the critical role of GON4L in regulation of the proliferation of MCF12A 

cells. Although initial screening did not detect a significant phenotypic impact of GON4L 

within the defined cutoff criteria, subsequent competition assay and clonogenic assay 

demonstrated that MCF12A cell proliferation is highly dependent on GON4L. This 

observation supports the selection of GON4L as a general depleted hit that is not specific 

to cancer, indicating its importance in cellular processes.  

 

Figure 3. 14. The inhibition of GON4L expression in MCF12A cells negatively 

affected cell proliferation. The relative cell growth was recorded with 60% decrease in 

competition assay after blockage of GON4L expression (A, B) and clonogenic assay 

brought consistent results as survival was reported with more than 50% decrease 

compared with CNT group (C, D).  
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According to data from DepMap 23Q2, LIBGENE1Q library contains 80 CE genes. 

However, the latest revision in DepMap as of 24Q2 (which was released in May 2024) 

updated the library content as CE genes were listed as 82. GON4L is one of the newly 

added CE in latest version 24Q2, highlighting its inclusion due to its phenotypic impact 

observed in MCF12A cells. Even though GON4L was not detected in dropout screening, 

its impact could be captured in validation experiments. This underscores the importance 

of validating each candidate gene, even in normal cell lines, to fully comprehend their 

functional roles. This approach ensures a comprehensive understanding of the exact 

functions of potential candidates beyond initial screening results.  

In conclusion, the RPRD2 gene has been validated to exert a significant negative 

phenotypic impact on BC cell lines, whereas its effect on MCF12A cells was found 

to be insignificant. The significant reduction in spheroid growth observed in 3D spheroid 

culture further solidifies RPRD2’s role as a strong oncogene, specifically contributing to 

cancer progression. This suggests that RPRD2 may plan a critical role in malignancy and 

the formation of tumour masses.    

 

3.3 Integrated 3D and 2D screening of LIBGENE1Q: Identifying positive 
growth phenotypes 

After identification of depleted genes through dropout analysis, enrichment scores were 

calculated for MCF7 and T47D cells. To characterise the positive growth phenotypes, 

endpoint data was normalised using the reference point of 2D endpoint data, where the 

ratio of 3D to 2D (3D/2D) was used. This normalisation approach enhances the detection 

of differential effects between 3D and 2D cultures. Utilising 3D spheroid screening post-

normalization has significant potential to discern positive phenotypes more effectively. 

To identify potential genes with positive growth phenotypes, 3D/2D normalised data was 

processed using a cutoff of FDR < 0.15 and log2(FC) > 0.8 (Figure 3.15). This analysis 

revealed non-essential enriched genes in MCF7 and T47D cells, but not in MCF12A cells. 
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Figure 3. 15. Enrichment analysis summary. Mageck Analysis was performed to 

define candidates with positive phenotype as enriched genes in 3D/2D normalised data. 
 

Among these genes, ARNT (Aryl hydrocarbon receptor nuclear translocator) and ARL8A 

(ADP-ribosylation factor-like protein 8A) showed a distinct phenotype: while they 

exhibited dropout effect in both 2D and 3D models separately, they demonstrated a 

positive impact on normalised 3D/2D data (Figure 3.16). Based on these findings, further 

investigations of ARNT and ARL8A in both 2D and 3D models were deemed necessary 

to confirm their effects on the survival of BC cells. This approach aims to validate and 

understand the roles of these genes in promoting cell growth and survival in BC context. 
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Figure 3. 16. Enrichment analysis in MCF7 and T47D identified ARNT and ARL8A 

had positive phenotypes while these genes depleted in drop out analysis. (A) 

Waterfall graphs indicated ARNT and ARL8A had positive Log2(FC) in 3D/2D 

enrichment analysis. (B) In dropout analysis these genes showed a negative phenotype in 

all cell lines.  

 

3.3.1 Validation of Positive Selection Screen Findings in 2D Model 

The enrichment analysis of MCF7 and T47D detected 16 genes exhibiting a positive 

phenotypic impact. However, the focus shifted towards genes that display differential 

behaviour in 2D versus 3D models, aiming to understand the influence of in vitro 
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culturing conditions on screening results. This focus led to the selection of ARNT and 

ARL8A, which were initially identified in dropout analysis with negative phenotypes but 

also appeared in enrichment analysis with positive phenotype.  Further investigations 

were initiated to explore the specific impacts of ARNT and ARL8A in both 2D and 3D 

settings.  

First, the expression levels of ARL8A and ARNT were examined in MCF7 and T47D 

cells compared to the MCF12A control cell line (Figure 3.17). ARL8A showed a 

significant upregulation, approximately 5-fold in MCF7 and up to 9-fold in T47D cells. 

In contrast, ARNT expression levels were highly similar across MCF12A and 

MCF7/T47D BC cell lines, with no significant changes observed. 

 

Figure 3. 17. The endogenous expression of ARL8A and ARNT in MCF7 and T47D 

cells compared with MCF12A cells. ARL8A expression upregulated in both cancer cell 
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lines significantly was verified by RT-qPCR (A, C), but ARNT expression was verified 

with no significant change in BC cell lines compared with MCF12A (B, D). (t-test: * 

p<0.05, ** p<0.01, *** p<0.001) 

ARL8A, a member of small GTPases which has a GTP binding activity and belongs to 

Arf-like proteins within the Ras superfamily specifically [196], was investigated for its 

phenotypic impact on BC cells by blocking its expression. Validation experiments were 

initially conducted in 2D models due to ARL8A showing a negative phenotype in 2D 

screening in both MCF7 and T47D cells.  

In both MCF7 and T47D cells, targeting ARL8A inhibited proliferation, consistent with 

the observations from dropout analysis (Figure 3.17). MCF7 cells exhibited greater 

sensitivity upon targeting ARL8A, as evidenced by reduced proliferation in both 

competition and colony formation assays. Despite higher baseline expression of ARL8A 

in T47D cells, its inhibition resulted in less pronounced effects on proliferation compared 

to MCF7 cells (Figure 3.18) 

These results underscore the role of ARL8A in promoting cell proliferation BC cells and 

highlight cell-type-specific differences in sensitivity to ARL8A inhibition. 

https://paperpile.com/c/x44RCL/GUoGY
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Figure 3. 18. ARL8A had been validated with negative phenotype in 2D. After the 

expression was blocked in MCF7 (A) and T47D (E), competition assay and clonogenic 

assay were performed to investigate proliferation capacity of ARL8A KO cells. 

Competition assay showed a significant decrease in proliferation of ARL8A KO cells in 

both MCF7 (B) and T47D (F). Colony forming abilities of MCF7 (C, D) and T47D (G, 

A B

C D

M
C

F
7

 
T

4
7

D
 

E F

G H

T=0 T=3 T=6 T=9 T=12
0

20

40

60

80

100

120

R
e
la

ti
v

e
 C

e
ll
 G

ro
w

th

CNT

ARL8A

****

T=0 T=3 T=6 T=9 T=12
0

40

80

120

R
e
la

ti
v

e
 C

e
ll
 G

ro
w

th

CNT

ARL8A KO

**

C
N

T

A
R

L
8

A
 K

O

0

50

100

%
 S

u
rv

iv
a
l

****

C
N

T

A
R

L
8

A
 K

O

0

50

100

%
 S

u
rv

iv
a
l

****

C
N

T

A
R

L
8

A
 K

O

0.0

0.4

0.8

1.2
m

R
N

A
 F

o
ld

 C
h

a
n

g
e

****

C
N

T

A
R

L
8

A
 K

O

0.0

0.4

0.8

1.2

m
R

N
A

 F
o

ld
 C

h
a
n

g
e

****



 

Chapter 3: Results  
  

 
 

 

 

57 

 

H) significantly decreased upon blockage of ARL8A. (t-test: * p<0.05, ** p<0.01, *** 

p<0.001) 

The second candidate gene, ARNT, functions as a translocator protein that facilitates the 

movement of the ligand-bound aryl hydrocarbon receptor from the cytoplasm to the 

nucleus. Together, they form a complex that binds to the specific enhancer sequences on 

DNA, thereby enhancing the transcription of target genes [197].  

In 2D validation experiments, targeting ARNT resulted in a significant decrease in cell 

proliferation, as demonstrated in both competition assay and colony formation assay. 

These findings suggest that ARNT may play an oncogenic role in 2D culture (Figure 

3.19). Despite the observed reduction in proliferation of BC cells, the impact of ARNT 

inhibition was less pronounced compared to other genes investigated thus far, particularly 

notable in competition assays (Figure 3.19B, F). 

https://paperpile.com/c/x44RCL/eFoQ4
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Figure 3. 19. ARNT has a certain negative phenotype in 2D monolayered culture. 

After the expression is blocked and verified by RT-qPCR in MCF7 (A) and T47D (E), 

competition assay and clonogenic assay were performed to investigate proliferation 

capacity of ARNT KO cells. Competition assay showed a significant decrease in 

proliferation of ARNT KO cells in both MCF7 (B) and T47D (F). Colony forming 

A B

C D

M
C

F
7

 
T

4
7

D
 

E F

G H

T=0 T=3 T=6 T=9 T=12
0

20

40

60

80

100

120

R
e
la

ti
v

e
 C

e
ll
 G

ro
w

th

CNT

ARNT KO

*

T=0 T=3 T=6 T=9 T=12
0

40

80

120

R
e
la

ti
v

e
 C

e
ll
 G

ro
w

th

CNT

ARNT KO

**

C
N

T

A
R

N
T

 K
O

0

50

100

%
 S

u
rv

iv
a
l

***

C
N

T

A
R

N
T

 K
O

0

50

100

%
 S

u
rv

iv
a
l

****

C
N

T

A
R

N
T

 K
O

0.0

0.4

0.8

1.2

m
R

N
A

 F
o

ld
 C

h
a
n

g
e

****

C
N

T

A
R

N
T

 K
O

0.0

0.4

0.8

1.2

m
R

N
A

 F
o

ld
 C

h
a
n

g
e

****



 

Chapter 3: Results  
  

 
 

 

 

59 

 

abilities of MCF7 (C, D) and T47D (G, H) significantly decreased upon blockage of 

ARNT. (t-test: * p<0.05, ** p<0.01, *** p<0.001) 

 

3.3.2 Validation of Positive Selection Screen Findings in 3D Models 

In this section, the impact of ARL8A and ARNT on spheroid forming ability and growth 

were investigated. ARL8A and ARNT exhibited distinct behaviours in 2D dropout 

screening, yet they were enriched in 3D/2D positive selection analysis, prompting further 

investigation in 3D to clarify their phenotypic impacts.   

As our first candidate, ARL8A was blocked, and its effects were evaluated using the 

spheroid growth assay. In both MCF7 and T47D cells, spheroid areas increased compared 

to the CNT, indicating enhanced spheroid growth density upon ARL8A inhibition.  

Interestingly, while ARL8A KO inhibited cell proliferation in 2D models of MCF7 and 

T47D cells, it improved spheroid formation ability in 3D spheroid models (Figure 3.20).   
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Figure 3. 20. ARL8A KO significantly improves the growth of spheroids in MCF7 

(A) and T47D (B) cells. (A) After the ARL8A gene was blocked in MCF7 and T47D 

cells, they were seeded into 10% MC medium with CNT group and grown for 4 days. (B) 

In 3D culture, ARL8A expression was still kept blocked that was verified by RT-qPCR 

after 4 days culturing. (C) In each biological replicate, the area of at least fifty different 

spheroids was measured for each condition in Day=4. Images taken for spheroids 

processed with ImageJ to measure the area after being sure about the expression still were 

kept blocked. In each cell line, the growth promoting effect of the blockage in 3D which 

was a controversial observation with 2D allows to define this gene as a differential 

phenotypic gene. Scale bar was 70 µm. (t-test: * p<0.05, ** p<0.01, *** p<0.001)    
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ARNT, the second candidate identified in positive selection, was further analysed to 

characterise its phenotypic effect in 3D. Spheroid growth assay was conducted in two BC 

cell lines. Targeting ARNT significantly increased spheroid area in both MCF7 and T47D 

cells. Upon ARNT inhibition spheroids grew larger and appeared to enhance the 

formation of tumour bulks, suggesting that ARNT may function as a TSG in this context 

(Figure 3.21).  

 

Figure 3. 21. Spheroid growth significantly enhanced upon ARNT KO in MCF7 (A) 

and T47D (B) cells. After the ARNT gene was blocked, cells were seeded 10% MC 

medium with CNT group. (A) After 4 days, spheroids were imaged in which more than 

fifty different spheroids were captured for each biological replicate. (B) After imaging, 

spheroids were collected, and ARNT gene expression level had been determined to 
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ensure the blockage was still proceeding by RT-qPCR. (C) Images taken for spheroids 

processed with ImageJ to measure the area. Scale bar was 70 µm. (t-test: * p<0.05, ** 

p<0.01, *** p<0.001)   

The validation experiments for ARNT and ARL8A revealed a negative phenotype, 

indicating that these genes promote cancer cell growth in 2D culture. However, their 

effects in the 3D spheroid model presented a different phenotypic impact, where they 

appeared to function as TSGs. These contrasting behaviours align with the screening 

results from enrichment analysis, leading to the classification of ARNT and ARL8A as 

differential phenotypic genes.     

3.3.3 Validation of Positive Selection Screen Findings in MCF12A cells 

To investigate the phenotypic impacts of ARL8A and ARNT in MCF12A cells, 

functional assessments were preceded by competition assay and clonogenic assay.  

When ARL8A was targeted (Figure 3.22A), the proliferation of MCF12A was not 

affected, maintaining a similar ratio to the CNT group, with only an approximately 10% 

decrease observed in the competition assay (Figure 3.22B). Similar observations were 

also recorded in the clonogenic assay, where ARL8A KO MCF12A cells retained the 

ability to form colonies comparable to CNT group, with colony growth slightly 

moderated by 10% (Figure 3.22C, D). These findings indicate that ARL8A’s phenotypic 

impact is cancer-specific, as its inhibition did not significantly affect the proliferation and 

growth of the MCF12A cells as it did in cancer cell lines.     
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Figure 3. 22. ARL8A phenotypic impact was proved as cancer specific. RT-qPCR 

verified the blockage of ARL8A (A) which did not diminish the proliferation of MCF12A 

as recorded in competition assay (B). In the clonogenic assay (C, D), there was an 

insignificant change in the colony forming abilities between the CNT group and the 

ARL8A KO group. (t-test: * p<0.05, ** p<0.01, *** p<0.001)   

On the other hand, targeting ARNT showed a distinct effect on the proliferation and 

growth of the MCF12A cells. In the competition assay, the absence of ARNT resulted in 

a slight improvement in proliferation. More notably, in the colony formation assay, there 

was a significant increase in growth, with ARNT KO MCF12A cells showing enhanced 

proliferation compared to CNT group (Figure 3.23). These findings suggest that ARNT 

may play a tumour suppressive role in MCF12A cells, with its absence promoting 

increased proliferation.  
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Figure 3. 23. Upon targeting ARNT expression, MCF12A proliferation showed a 

slight but significant increase. (A) RT-qPCR analysis to verify the expression was 

blocked in MCF12A cells (B) The competition assay showed the improvement in 

proliferation of ARNT KO MCF12A cells by 10% increase in relative cell growth. (C, 

D) In colony formation assay, the blockage of ARNT results in improved colony forming 

ability by more than 50% increase compared with CNT. 

 

3.4 ARNT exhibits a positive phenotypic impact on MCF12A normal BC cells  
 

The phenotypic impact of ARNT gene was also investigated in 3D models to gain insight 

into spheroid growth in the absence of ARNT in MCF12A cells. Given that 2D results 

indicated improved proliferation upon ARNT KO, the 3D spheroid growth assay was 

conducted to elucidate ARNT’s role in tumour bulk formation. The assay showed that 

ARNT KO led to the formation of larger and more compact spheroids, similar to those 
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observed in cancer cells (Figure 3.24). This positive phenotypic impact in 3D was 

consistent with the findings obtained from 2D models. 

 

Figure 3. 24. ARNT KO MCF12A cells formed more compact spheroids with 

increased spheroid area compared to CNT. (A) After ARNT gene KO in MCF12A, 

spheroid growth assay conducted, and images belonged to Day=6. (B) RT-qPCR verified 

the blockage was still kept in 3D after collecting samples (C) Spheroid area was increased 

significantly and spheroids were observed as in more compact forms. Also, spheroid 

phenotypes resembled cancer spheroids while CNT group was less prominent to form 

condensed form of spheroids.  Scale bar was 70 µm. (t-test: * p<0.05, ** p<0.01, *** 

p<0.001) 

 
 

3.5 ARNT exhibits a positive phenotypic impact on MCF10A normal BC cells 
indicating ERɑ independent action  

 
MCF10A, a breast normal cell line lacking ERɑ activity, was used to investigate the effect 

of ARNT KO and its potential association with ERɑ. Colony formation assay showed 

enhanced proliferation and growth capacity in ARNT-targeted MCF10A cells (Figure 

3.25). So, it might be concluded that ARNT phenotypic impact is independent from ERɑ 

in breast cell lines.  
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Figure 3. 25. ARNT KO showed a positive phenotypic impact in normal MCF10A 

cell proliferation. ARNT KO MCF10A cells exhibit improved growth in 2D culture. 

Because MCF10A cells lacks ERɑ expression, the ARNT impact may be independent 

from the ERɑ.  
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                                                                     Chapter 4 
 
 

4 DISCUSSION 

 

The complexity of breast anatomy contributes to the heterogeneity of BC, influencing its 

progression [6,7]. At the molecular level, BC is classified into four main subtypes: 

Luminal A, Luminal B, HER2+, and TNBC, each affecting treatment strategies 

differently. The luminal subtypes, characterised by unrestrained activity of NHRs, are the 

most common subtype among patients. The HER2+ subtype involves the amplification 

of the ERBB2 gene, while the basal subtype, which lacks both NHRs and HER2, is 

considered highly aggressive [8]. 

Cancer progression involves distinct mutations that provide growth advantages, 

enhancing proliferation at both genetic and epigenetic levels [20,21]. Somatic mutations 

drive carcinogenesis by converting genes into defective forms, as in the case of OCs and 

TSGs. The complex interplay between these genes underpins cancer progression. 

Therefore, the identification of unique OCs and TSGs has profound impact in advancing 

the understanding of genetic perturbations in BC progression [25,26]. These genetic 

elements are pivotal in regulating cell growth, proliferation, and apoptosis, and their 

dysregulation is a hallmark of cancer development and progression [28]. 

OCs are mutated or overexpressed forms of pOCs, which in their normal state regulate 

essential cellular functions such as growth and differentiation. When mutated or 

activated, pOCs promote uncontrolled cell proliferation and survival, contributing to 

tumorigenesis [27,28]. Identifying unique OCs allows researchers to unravel the 

molecular pathways leading to cancer, which can aid in predicting prognosis and 

treatment response [30,31]. In contrast, TSGs normally act to prevent uncontrolled cell 

growth by regulating the cell cycle, promoting apoptosis, and repairing DNA damage 

https://paperpile.com/c/x44RCL/LVCHJ+d0lCv
https://paperpile.com/c/x44RCL/Oiq3g
https://paperpile.com/c/x44RCL/X1NY5+BNTaw
https://paperpile.com/c/x44RCL/jBRwp+6W98l
https://paperpile.com/c/x44RCL/O6NGI
https://paperpile.com/c/x44RCL/jnIM3+O6NGI
https://paperpile.com/c/x44RCL/HY21W+LwBJw
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[21]. The inactivation or loss of TSGs mostly dysregulates these protective mechanisms, 

allowing cancer cells to proliferate uncontrollably. Understanding the identification and 

inactivation mechanisms of TSGs is essential for comprehending genetic predispositions 

to cancer [30].  

In summary, the detailed characterization and identification of unique OCs and TSGs are 

fundamental to advancing cancer research. These efforts significantly deepen our 

understanding of cancer biology and open new avenues for groundbreaking diagnostic, 

prognostic, and therapeutic approaches [198].  

BC is characterised by a complex landscape of genetic alterations, encompassing both 

small-scale and large-scale mutations. These genetic aberrations play pivotal roles in BC 

initiation, progression, and the development of TR [22,104,105]. Studies investigating 

the mechanisms underlying BC complexity have identified diverse mutational signatures 

that might activate pOCs or deregulate TSGs [109]. CNAs are among the most common 

CAs observed in BC, such as those observed in 1q, 8q, and 17p. These CNAs are 

associated with aggressive tumour behaviour and poor clinical outcomes, underscoring 

their significant implications in BC [108]. 

Extensive studies emphasise that CNAs in Chr1q are associated with poor clinical 

outcomes, highlighting their significance in BC aggressiveness and recurrence. In all BC 

subtypes, CNAs in Chr1q lead to diverse chromosome configurations, potentially 

resulting in differential phenotypic impacts based on this complexity [109].  

In this thesis, it is hypothesised that CNAs in Chr1q may drive genetic abnormalities 

that enhance the proliferation of BC by exploiting the genetic disorder/catastrophe. 

Therefore, our aim is to interrogate the content of Chr1q to uncover the underlying 

reasons for the prevalence of CNAs in this region in BC. Our approach involved a 

CRISPR-based LOF screening using a custom CRISPR library LIBGENE1Q.  

To elucidate the role of Chr1q, we generated LIBGENE1Q that targets 940 genes 

annotated in Chr1q. After library cloning, we verified the sgRNA abundances and 

ensured library complexity. Next, the reproducibility of screening was assessed by 

https://paperpile.com/c/x44RCL/BNTaw
https://paperpile.com/c/x44RCL/HY21W
https://paperpile.com/c/x44RCL/1Pn1c
https://paperpile.com/c/x44RCL/rRotR+kNwRn+ZdS6C
https://paperpile.com/c/x44RCL/iPIOt
https://paperpile.com/c/x44RCL/xzYQt
https://paperpile.com/c/x44RCL/iPIOt
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comparing the depletion scores of CE genes with NTs. As expected, CE genes exhibited 

the strongest depletion, while NTs showed no significant changes over the 20-days 

screening period. Screening was performed in two luminal cell lines and one normal cell 

line as control. To robustly identify CDGs with both positive and negative effects, we 

performed the screenings in both 2D and 3D cultures simultaneously.  

The key observation is that the impact of essential genes changes significantly when 

cultured in 3D models, whereas NE genes do not show a significant change. This study 

allows, for the first time, a detailed evaluation of CE genes behaviour both cumulatively 

and at the single sgRNA abundance level in 3D cultures, compared to 2D cultures. Since 

gene essentiality has predominantly been assessed using collective data from 2D screens 

in cancer cells, this finding raises questions about the reliability of previous data. 

Annotated genes might exhibit significant depletion scores in 2D screens, which tend to 

preferentially detect negative phenotypes. But, 3D models, which better mimic natural 

tumour behaviour, might behave differently, especially for the CE genes. Our data clearly 

show that CE genes annotated in DepMap version 23Q2 showed differential phenotypes 

in 2D and 3D screens. The depletion scores of all annotated CE genes shift towards those 

of NE genes, indicating lower depletion scores in 3D cultures. Therefore, cumulative 

screening data collected from 3D culturing might necessitate revisiting annotations to 

accurately understand the absolute behaviour of a gene.  

Moreover, for the first time, we explored the behaviour of CE genes in a normal cell line 

in both 2D and 3D cultures. Specifically, the annotated Chr1q CE genes in the MCF12A 

cell line exhibited behaviour highly similar to NE genes, especially in 3D cultures. The 

cancer-specific phenotypic impacts could be observed apparently by comparing the 

depletion pattern with cancer cells. Cancer-specific action of these genes might be related 

with induction of malignancy especially upon cumulative genetic abnormalities.    

4.1 LOF Screen effectively distinguishes shared negative phenotypes in 2D 
and 3D Models.   

To reveal the Chr1q genes involved in BC proliferation, dropout screening was performed 

in two luminal cancer cells and one normal breast cell line, each at 1000x coverage with 
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three biological replicates. The most potent candidates, defined as CDGs, were identified 

from the dropout screen based on significant depletion scores (Log2(FC) < -1, FDR < 

0.1). The gene lists of MCF7 and T47D included both CE and NE genes, with NE genes 

exhibiting a less pronounced negative effect on cell proliferation than CE genes, as 

indicated by FC differences. Notably, 109 NE genes in MCF7 and 40 NE genes in T47D 

exhibited significant depletion, with 23 NE genes shared between these two cell lines. 

Upon examining depletion scores for 3D spheroid screening, 122 NE genes in MCF7 and 

48 NE genes in T47D were identified, with 24 depleted NE genes shared between the two 

cell lines and no significant changes observed in MCF12A. Across all experimental 

conditions, 14 NE genes were significantly depleted in both MCF7 and T47D across 2D 

and 3D culturing models. These genes were classified as strong oncogenes due to their 

consistent impact on cell proliferation in both cell culture models. Among them, RPRD2 

and GON4L were selected for further validation as strong oncogene candidates. 

To validate the most potent candidate genes, competition assays and colony formation 

assays were conducted to determine their effects on proliferation of BC cells. Targeting 

the RPRD2 gene resulted in a highly significant decrease in proliferation of BC cells, 

while there was no effect on the normal MCF12A cell line. Moreover, spheroid growth 

was significantly attenuated in cancer cells, consistent with the screening results.  

Phosphorylation and dephosphorylation of C-terminal domain (CTD) of RNAP II by 

dynamic actions of kinases and phosphatases control the transcription initiation at  

promoters, as well as elongation and termination at downstream positions [199]. The 

CTD serves as a docking site for various proteins involved in transcription initiation and 

elongation, nascent mRNA modification, and transcription termination [200]. RPRD2, a 

protein containing CTD-interacting domain (CID) with repetitive serine- and proline-rich 

regions, is ubiquitously expressed in all human tissues [194]. It is hypothesised that 

RPRD2 might preferentially bind to phosphorylated forms of RNAP II, although detailed 

characterization is lacking [194,201,202]. An unpublished study submitted in 2021 

showed that RPRD2 acts as a negative regulator of transcription; overexpression of 

RPRD2 downregulates the transcription, while RPRD2 repression increases RNA 

synthesis in HEK293T cells. Notably, depletion of RPRD2 led to a decrease in nascent 

https://paperpile.com/c/x44RCL/kfGUh
https://paperpile.com/c/x44RCL/eBsiq
https://paperpile.com/c/x44RCL/unPNu
https://paperpile.com/c/x44RCL/3ljuA+unPNu+qj3s4
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and newly synthesised RNA of MYC, a key factor in carcinogenesis. This study also 

linked the RPRD2 interaction with cellular growth and cell cycle progression, although 

the explorations were limited to non-tumorigenic HEK293T cells and did not include 

cancer models (Winczura et al. Unpublished).  

In the context of this thesis, RPRD2 was identified and validated in dropout screens 

conducted in both 2D and 3D models, exhibiting a negative phenotype. RPRD2 is known 

as a TF with negative transcription regulation activity, but its exact function in cancer 

cells remains unclear. We hypothesise that in cancer cells, RPRD2 deregulates the 

transcription of genes important for growth and proliferation, possibly modulating 

apoptotic genes or even TSGs by blocking their transcription. The upregulation of 

RPRD2 in BC patients further underscore its importance in tumorigenesis. Further 

assessments will be performed to elucidate the exact role of RPRD2, guided by the 

findings presented in this study (Figure 4.1).   

 

Figure 4. 1. RPRD2 Expression has been upregulated in patient samples belonging 

to various cancer types. Data obtained from TNMplot (https://tnmplot.com/analysis/) 

 

GON4L was initially annotated as NE in the DepMap version 23Q2 at the start of the 

validation experiments. However, experimental results showed that targeting GON4L 

had a highly significant effect on the proliferation of MCF7 cells, leading to their apparent 

inability to survive. In addition, GON4L appeared to be important for the survival of 

MCF12A cells, as both competition and clonogenic assays showed that proliferation of 
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MCF12A was affected by GON4L KO. Following these observations, the latest DepMap 

version 24Q2, released in May 2024, reclassified GON4L as a CE gene in BC, along with 

the dropout candidate HJV.     

The GON4L gene has been extensively studied and shown to be highly prevalent to 

modulate proliferation, development and differentiation acting as a transcriptional 

regulator across various animal models [203–206]. In the context of bladder cancer, 

GON4L’s specific role has been elucidated:  it regulates CD24 expression by interacting 

with the TF YY1. GON4L and YY1 form a complex that binds to the CD24 promoter. 

Further investigation revealed that YY1’s binding to the CD24 promoter is facilitated by 

another TF, androgen receptor (AR). GON4L enhances this interaction by promoting the 

binding affinity of AR to the CD24 promoter, thereby contributing to the induction of 

CD24 expression. Moreover, GON4L also appears to influence proliferation through 

pathways independent of AR and CD24 in bladder cancer [195].  

Despite the compelling evidence showing GON4L’s critical role in carcinogenesis and 

its impact on cell proliferation, its annotation as a CE gene in DepMap suggests it may 

be essential for fundamental cellular processes beyond cancer-specific functions. Given 

that MCF12A cells also exhibit dependency on GON4L for proliferation, independent of 

cancer-specific mechanisms, further investigations into the role of GON4L in BC may 

not be prioritised at this time. 

4.2 Identifying genes that promote spheroid growth in 3D culture through 
positive selection 

The characterization of a gene whose absence increases or promotes the tumour growth 

becomes more prominent when screening is performed simultaneously in both 2D and 

3D cultures. During analysis, the normalisation of end point data from 3D and 2D 

screenings enables the detection of positive phenotypes that enhance the proliferation 

upon loss [180].  

Because we hypothesised that Chr1q CNA might trigger an event leading to either the 

activation of OC or the inactivation of a TSG, we analysed screening results using 3D/2D 

normalisation.  

https://paperpile.com/c/x44RCL/pqgBL+xsKHr+KwKFE+oIvjv
https://paperpile.com/c/x44RCL/KQh26
https://paperpile.com/c/x44RCL/wWKyq
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Enrichment scores were determined (Log2(FC) > 0.8, FDR < 0.15) for each cell line. In 

MCF7, 12 genes exhibited enrichment, whereas in T47D, 4 genes showed enrichment. 

Among these, ARNT is annotated in the COSMIC database as both an OC and a TSG 

[207]. Supporting this, the ARNT gene is also listed in the 2D dropout list. Similarly, 

ARL8A, found also in the dropout list, shows an enrichment score in 3D/2D analysis. 

Thus, ARNT and ARL8A were further analysed as they are potentially exhibiting 

nuanced behaviour: these genes might have complex roles and effects that are not 

straightforward. This complexity can manifest in their ability to function as both OC and 

TSG, depending on the context.  

4.2.1 Nuanced behaviour: ARL8A 

To define phenotypic impacts of these genes, validation experiments were conducted in 

both 2D and 3D models. In 2D, ARL8A KO was shown to have negative effects on 

proliferation of cancer cells, while having no effect on MCF12A cells. But, in 3D, the 

knockout significantly improved the spheroid growth.  

ARL8A, depicted as an Arf-like (Arl) protein, belongs to the Ras small GTPase 

superfamily [196]. The Arl subfamily is known to regulate several intrinsic pathways, 

including membrane trafficking and organisation of cytoskeleton. Besides that, these 

proteins are involved in carcinogenesis by regulating cell migration and spreading, 

thereby enhancing metastases [196,208,209].  

Small GTPases are highly important molecules that function as molecular switches, 

mediating the actions of various effectors upon activation. Through their GTPase activity, 

they can phosphorylate effector proteins and initiate different cellular pathways [209].  

Lysosomes are acidic organelles responsible for the degradation of cellular substrates, 

including proteins, lipids, and carbohydrates, using hydrolytic enzymes. In cancer, 

lysosomes contribute significantly to drug resistance, cell migration, tumour invasion, 

and metastasis [210].  ARL8, a highly conserved protein, plays a pivotal role in lysosome 

biology, being predominantly localised to lysosomes. It is essential for regulating 

lysosomal positioning, motility, and fusion with other organelles, such as multivesicular 

endosomes [196,210].  

https://paperpile.com/c/x44RCL/ahvXB
https://paperpile.com/c/x44RCL/GUoGY
https://paperpile.com/c/x44RCL/GUoGY+3p2yi+rR9Zr
https://paperpile.com/c/x44RCL/rR9Zr
https://paperpile.com/c/x44RCL/oHwNm
https://paperpile.com/c/x44RCL/oHwNm+GUoGY
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ARL8 is represented by two paralogs, ARL8A and ARL8B, which share 91% sequence 

identity and are primarily localised within lysosomes [196]. Overexpression of ARL8 

proteins has been demonstrated to cause the peripheral accumulation of lysosomes along 

microtubules [196,210]. ARL8B interacts with various effector proteins such as SifA and 

SKIP, which regulate the lysosomal transport through kinesin recruitment, and with 

partners as HOPS and Rab7 to regulate lysosomal fusion with other organelles [211,212]. 

In prostate cancer, ARL8B depletion alters the lysosomal dynamics, reducing secretion 

and hydrolysis and subsequently inhibiting proliferation and invasion [213]. Specifically, 

in the case of ARL8B, the extracellular secretion of lysosomal proteases is  crucial for 

facilitating  invasion, lysosomal trafficking across cellular membranes is a critical 

phenomenon to remodel ECM [214]. In radiation therapy-surviving BC cells, ARL8B 

has been shown to mediate the peripheral distribution of lysosomes, promoting  ECM 

degradation and thereby enhancing invasiveness, metastasis and overall tumour growth 

[215].      

Even though they shared high sequence similarity, it remains unclear whether ARL8A 

and ARL8B possess compensatory capabilities. Currently, there is a lack of data 

regarding the regulation, mechanisms of action and role of ARL8A in cancer [210]. In 

this context, we plan to investigate the role of ARL8A in BC, aiming to elucidate its 

phenotypic impact on disease progression, in light of observations presented in this thesis.   

4.2.2 Nuanced behaviour: ARNT 

The ARNT validation experiments yielded significant findings. In 2D cultures, ARNT 

KO decreased the proliferation of cancer cells, while unexpectedly enhancing the 

proliferation in MCF12A and MCF10A cells. Additionally, targeting ARNT led to 

increased spheroid growth in both cancer cells and normal MCF12A cells. These results 

showed that while ARNT could act as an OC candidate in 2D cultures, its role in 3D 

cultures shows an opposite effect. ARNT emerges as a gene with differential phenotypic 

effect, promoting growth specifically in 3D spheroid models but not in 2D cultures. This 

duality suggests a potential role as TSG that might be lost or inactivated in the context of 

Chr1q CNA events.  

https://paperpile.com/c/x44RCL/GUoGY
https://paperpile.com/c/x44RCL/oHwNm+GUoGY
https://paperpile.com/c/x44RCL/QS0lR+amNaB
https://paperpile.com/c/x44RCL/4Noue
https://paperpile.com/c/x44RCL/e7zm0
https://paperpile.com/c/x44RCL/PeHvS
https://paperpile.com/c/x44RCL/oHwNm
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ARNT, also known as the translocator of ligand bound aryl hydrocarbon receptor (AhR), 

belongs to the basic helix-loop-helix-Per-ARNT-Sim (bHLH-PAS) family of TFs [216]. 

It localised to the nucleus with a conserved nuclear localisation signal and has the four 

isoforms as ARNT (HIF-1ꞵ), ARNT2, ARNT3 (BMAL1) and ARNT4 (BMAL2). ARNT 

shares approximately 60% amino acid sequence similarity with ARNT2, with minor 

differences primarily found in their transactivation domains [216]. ARNT participates in 

several intracellular pathways by forming heterodimers with other bHLH-PAS family 

TFs, such as hypoxia inducible factor-1ɑ (HIF-1ɑ) and the AhR repressor (AHRR) [216]. 

Next chapters will further summarise this knowledge [217] (Figure 4.2).   

 

Figure 4. 2. ARNT as a bHLH-PAS TF family member. ARNT, originally identified 

as AhR’s translocator, also participates in transcriptional regulation within the broader 

bHLH/PAS family of proteins. It forms heterodimers with AhR, HIF-α, or acts as a 

homodimer complex. These dimers bind to heterodimer specific cis-acting DNA 

elements to regulate gene expression. (Created by BioRender)  

 

AhR/ARNT Complex 

In the xenobiotic response, the heterodimer of AhR/ARNT plays a pivotal role in 

regulating metabolic enzymes to mediate toxicity in response to environmental pollutants 

[217]. The transcriptional activity mediated by the ARNT begins when a ligand binds to 

the cytosolic AhR complex, which composed of AhR, a dimer of heat shock protein 90, 

https://paperpile.com/c/x44RCL/FmdG5
https://paperpile.com/c/x44RCL/FmdG5
https://paperpile.com/c/x44RCL/FmdG5
https://paperpile.com/c/x44RCL/TdvHJ
https://paperpile.com/c/x44RCL/TdvHJ
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p23, and X-associated protein 2 [218]. Upon ligand binding, AhR undergoes a 

conformational change that facilitates its translocation from the cytoplasm to the nucleus. 

Inside the nucleus, AhR dissociates from its associated proteins and forms a complex 

with ARNT [219]. The resulting AhR-ARNT-ligand complex then binds to specific DNA 

sequences known as AhR-responsive elements (AHREs) located in the regulatory regions 

of genes modulated by AhR [220,221].  

Upon  binding, the AhR-ligand complex recruits additional TFs and co-regulatory 

proteins, ultimately leading to the modulation of gene expression in the canonical AhR 

pathway [221,222]. The best-characterised AhR-regulated genes encode xenobiotic 

metabolising enzymes such as cytochrome P450 members, glutathione transferase, and 

aldehyde dehydrogenase, which protect cells from toxic chemicals and pollutants like 

dioxins [223].  It is crucial to emphasise that AhR also functions as a TF influencing 

various important cellular responses beyond enzyme induction, especially in 

physiological processes. AhR can interact with other TFs or signalling molecules 

(transducers) such as retinoblastoma protein (Rb), NF‑κB, c‑Src or ERα upon nuclear 

translocation [224–229]. These interactions underscore the multifaceted role of AhR in 

cellular regulation and response to environmental cues. 

AhR could modulate the cell cycle in both ligand-dependent and independent manners, 

but its effects on proliferation are variable [229]. In MCF7 cells, targeting AhR with 

siRNAs increases the transition from G1 to S phase,  decreases the  proportion of cells in 

the G0/G1 phase, and enhances  proliferation, This effect is mediated by modulation of 

cyclin proteins, as AhR-deficient MCF7 cells show higher proliferation rates [230]. 

MCF7 AHR100 cells, containing a variant with minimal AhR activity, also exhibit 

enhanced proliferation and invasion [231]. In contrast, human HepG2 and mouse 

hepatoma (Hepa 1c1c7) cells exhibit reduced proliferation upon AhR knockdown, which 

contrasts with the observations in MCF7 cells [230,232]. These findings highlight the 

cell-type-specific and context-dependent roles of AhR in regulating cell cycle 

progression and proliferation. 

https://paperpile.com/c/x44RCL/KQOno
https://paperpile.com/c/x44RCL/hNFgF
https://paperpile.com/c/x44RCL/1fmVj+Pqd5r
https://paperpile.com/c/x44RCL/Pqd5r+nznqf
https://paperpile.com/c/x44RCL/dif8v
https://paperpile.com/c/x44RCL/khbSY+F3Ed9+TCqqU+BF4mh+k82t9+g51un
https://paperpile.com/c/x44RCL/g51un
https://paperpile.com/c/x44RCL/rPPZ4
https://paperpile.com/c/x44RCL/50M66
https://paperpile.com/c/x44RCL/rPPZ4+SJbzP
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The observations regarding AhR’s role in cell proliferation are contentious. AhR has been 

noted to facilitate the phosphorylation of the Rb by the CDK4 and cyclin D1 complex, 

prompting the G1 to S phase transition in BC cells and enhancing proliferation [233,234]. 

Conversely, when AhR is bound to ligands, it reportedly inhibits Rb phosphorylation 

through protein-protein interactions and may upregulate the expression of CDK4 

inhibitor. This leads to reduced Rb phosphorylation, resulting in G1 arrest and inhibition 

of cell cycle progression [233,235].  These studies summarised here highlight the 

controversial nature of AhR’s effects on cell proliferation, particularly in the context of 

its interaction with ARNT and its influence on Rb phosphorylation and cyclin interactions  

[229,236].  The dual roles of AhR in promoting or inhibiting proliferation depending on 

its binding status and cellular context underscore its complex regulatory functions in 

cancer biology. 

Ligand-bound AhR exhibits a versatile interaction pattern, sometimes binding directly 

with ERɑ instead of ARNT upon translocation to the nucleus. This AhR/ERɑ complex 

can induce pro-estrogenic effects by inducing ERɑ target genes [237]. Also, AhR/ARNT 

complex is known to induce target genes that possess both pro- and anti-estrogenic 

activities [238]. The presence of estrogen and AhR-bound ligands further complicates 

this interaction map [219,238]. Importantly, studies have demonstrated that the 

relationship between AhR and ERɑ can occur independently of ARNT [239,240].  

In cancer, the activation of AhR/ARNT complex has been found to play a dual role, 

capable of both promoting tumour progression and enhancing cancer cell malignancy, 

while also exerting tumour suppressive effects [241,242]. The functions of AhR/ARNT 

are highly complex, regulating distinct pathways that compete depending on the presence 

of specific ligands and the interaction with AhR and ARNT [243]. Elevated levels of AhR 

have been associated with increased malignancy, enhanced proliferation, and suppression 

of anti-tumour immune responses in various cancers [244–246]. Depending on the 

presence of ARNT, AhR can facilitate cancer cell migration, invasion, and promote 

cancer stemness [241,247–249]. But, there are also reports indicating that the activated 

form of AhR could decrease cell growth, colony-forming abilities and invasion capacity 

[250–252]. Here, it is important to note that the exact role of ARNT in the AhR/ARNT 

https://paperpile.com/c/x44RCL/OCD1t+GNA1c
https://paperpile.com/c/x44RCL/Oy3jA+OCD1t
https://paperpile.com/c/x44RCL/qJ4S9+g51un
https://paperpile.com/c/x44RCL/6vkDE
https://paperpile.com/c/x44RCL/99pb0
https://paperpile.com/c/x44RCL/99pb0+hNFgF
https://paperpile.com/c/x44RCL/cNwG2+vDF83
https://paperpile.com/c/x44RCL/qBETW+QUUeS
https://paperpile.com/c/x44RCL/ogTrA
https://paperpile.com/c/x44RCL/FotP8+Zd7j5+I2lOM
https://paperpile.com/c/x44RCL/ttsKV+Qflju+K3iOn+qBETW
https://paperpile.com/c/x44RCL/LtxHq+igHTY+pYt22


 

Chapter 4: Discussion  
  

 
 

 

 

78 

 

complex varies significantly. Often, AhR acts through a non-genomic pathway 

independent of ARNT, or if bound, the specific role and contribution of ARNT are not 

always fully elucidated or assessed in detail.  

HIF1 Family 

ARNT, traditionally recognized as a translocator, plays a pivotal role in coordinating 

various intrinsic pathways. Recent studies have revealed that ARNT functions not only 

as a dimerization partner for AhR but also for other bHLH/PAS proteins [217]. ARNT is 

integral to multiple signalling pathways, including hypoxic response [253,254]. These 

pathways involve interactions with diverse bHLH/PAS partners such as hypoxia-

inducible factors (HIF-1ɑ, HIF-2ɑ, HIF-3ɑ) and hypoxia-like factor (HLF) [216].  

In hypoxia-mediated signalling, ARNT associates with HIF proteins to form complexes 

that bind to hypoxia responsive elements to regulate various target genes such as 

erythropoietin, vascular endothelial growth factor, and glucose-transporter-1. These 

genes play crucial roles in adapting to hypoxic conditions and modulating normal 

physiological functions in response to environmental changes [255,256]. HIF proteins, 

including HIF-1α, are expressed specifically under hypoxic conditions, while ARNT is 

constitutively expressed and localised in the nucleus. ARNT serves as an O2-insensitive 

subunit of the HIF-1/ARNT complex, which participates in each pathway of HIF-1 as its 

heterodimer partner [257–260]. Notably, HIF-1α demonstrates a higher affinity for 

ARNT compared to AhR, which showed a preferential interaction to control 

tumorigenesis [261].  

Cancer cells favour the hypoxia which promote uncontrolled proliferation, invasion, and 

metastasis by adapting and reprogramming of gene expressions through the HIF TF 

family [262–264]. Studies have been reported that ARNT is overexpressed in cancer cells 

under hypoxic conditions [260,265]. The regulator activity of HIF-1ɑ dependents on its 

association with ARNT, and this overexpression provides survival advantages to cancer 

cells  [266].  

In HCC Hep3B cells, human melanoma cells, and prostate cancer cells, HIF-1α increases 

ARNT expression by binding to the ARNT promoter to regulate several proliferation-

https://paperpile.com/c/x44RCL/TdvHJ
https://paperpile.com/c/x44RCL/MRGRa+4h19V
https://paperpile.com/c/x44RCL/FmdG5
https://paperpile.com/c/x44RCL/8XcEE+kooq0
https://paperpile.com/c/x44RCL/uWeyP+gHn0c+mTLAL+ixUvz
https://paperpile.com/c/x44RCL/zFV8y
https://paperpile.com/c/x44RCL/TUiUS+twsfG+okMYf
https://paperpile.com/c/x44RCL/belLl+ixUvz
https://paperpile.com/c/x44RCL/GCJT2
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promoting pathways and metastasis [267–270]. In addition, overexpressed ARNT has 

been linked to radiotherapy resistance when overexpressed, while its knockdown prompts 

the cancer cells more susceptible to radiotherapy [271]. There is one study that depicted 

ARNT can stabilise HIF-1ɑ by forming the HIF-1 complex [272]. The interaction 

between HIF-1ɑ and ARNT is further complicated by findings that ERꞵ inhibits HIF-1 

activity by promoting ARNT degradation through ubiquitination, thereby reducing the 

formation of active HIF-1α/ARNT complexes [273]. 

All the reports summarised until now present conflicting points with our 

observations. We observed a clear increase in spheroid sizes upon ARNT KO in BC cell 

lines and also MCF12A cells in 3D cultures. Given that 3D spheroids closely mimic solid 

tumours, especially in terms of hypoxic microenvironment, spheroid size should 

theoretically decrease upon ARNT KO. This is because the disruption of the HIF-

1/ARNT complex would impair the ability to regulate proliferation. However, our 

observations suggest otherwise, indicating that ARNT may have a different role in 

3D tumour models than previously understood.  

ARNT/ARNT Homodimer Complex and ARNT/non-bHLH-PAS Heterodimers 

In addition to its association with AhR and HIF-1ɑ TFs, ARNT can form a homodimer 

and regulate intracellular pathways by acting as a TF itself. The ARNT homodimer 

complex has an affinity to the canonical E-box (5’-CACGTG-3’) sequence and can even 

compete with c-MYC/Max for binding  regions [274,275]. To identify the target genes 

regulated by ARNT, a microarray-based analysis was performed in Hepa-1 cells. Across 

the 27 upregulated genes, 15 genes had an E-Box in their promoter, as NIP3, PAI1, and 

NDR1 [276]. Moreover, the ARNT homodimer is involved in the partial regulation of the 

Cyp2a5 gene, with ARNT KO mice showing decreased expression of Cyp2a5 [277]. 

However, there is limited data on the role of the ARNT homodimer complex as a TF in 

gene regulation, particularly in cancer cells. This remains a controversial area, and further 

investigation is necessary to explore the potential functions of this complex in the 

regulation of cancer cells [217].        

https://paperpile.com/c/x44RCL/HLfXL+HNTUQ+pcOBl+jEyBA
https://paperpile.com/c/x44RCL/96sjF
https://paperpile.com/c/x44RCL/6tNxA
https://paperpile.com/c/x44RCL/9G5rw
https://paperpile.com/c/x44RCL/xzVmu+sbgsW
https://paperpile.com/c/x44RCL/jgdbg
https://paperpile.com/c/x44RCL/8Gzje
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There are also controversial reports underlining the growth and metastasis-promoting 

effects of ARNT, which depends on non-bHLH-PAS TFs such as c-Jun/Sp1 and NF-κB. 

ARNT can associate with c-Jun/Sp1, facilitating the binding of ARNT/c-Jun/Sp1 

complex to the target gene promoters that contain SP1 binding sites. ARNT acts as a 

bridge between c-Jun and Sp1 to regulate EGF related pathways, enhancing angiogenesis, 

migration, and proliferation [278,279]. Moreover, ARNT expression has been linked to 

cisplatin resistance by increasing MDR1 expression by Sp1 in a complex with ARNT 

[280].  The anticancer activity of cisplatin is partly linked to ROS production upon ARNT 

deficiency [281]. In addition, ARNT, identified as a CD30 interacting protein, modulates 

the activity of NF-κB. In lymphoid cells lacking ARNT, there are defects in RelB 

recruitment to NF-κB-responsive promoters, while RelA recruitment to the same sites is 

enhanced, leading to deregulated expression of target genes with altered NF-κB activity 

[282].  

These findings underscore the complex and multifaceted role of ARNT in cancer, 

highlighting its involvement in various pathways and interactions that can both promote 

and suppress tumour growth and metastasis. Further research is needed to fully elucidate 

the diverse mechanisms by which ARNT influences cancer progression and treatment 

responses. 

Literature Supporting ARNT as a Tumour Suppressor Gene: Insights and Experimental 

Correlations 

Our findings are corroborated by a study published in 2012 that performed in HCC [283]. 

Authors demonstrated that ARNT knockdown in three different cell lines significantly 

increased proliferation, reduced cell doubling time, and increased the fraction of S-phase 

population in vitro. In vivo experiments further validated these observations, showing 

that targeting ARNT led to increase the tumour size and lung metastasis with enhanced 

growth capacity. Conversely, ARNT overexpression resulted in attenuated proliferation 

in vitro and in vivo, with reduced tumour size and metastatic potential [283].  Importantly, 

overall survival (OS) and tumour to recurrence (TTR) of the HCC patients showed a 

strong dependency on the existence of ARNT. High intra-tumour ARNT levels were 

associated with shortened OS and TTR in HCC patients [283].   

https://paperpile.com/c/x44RCL/LJiPb+qF4n6
https://paperpile.com/c/x44RCL/ZpYvC
https://paperpile.com/c/x44RCL/SQECl
https://paperpile.com/c/x44RCL/pAk9U
https://paperpile.com/c/x44RCL/Z8eLG
https://paperpile.com/c/x44RCL/Z8eLG
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Chapter 4: Discussion  
  

 
 

 

 

81 

 

ARNT2, a homolog of ARNT, exhibits an inhibitory effect on the progression of HCC.  

High levels of ARNT2 are significantly correlated with longer OS and lower TTR rates.  

ARNT2 KO enhances cell proliferation, invasion, and migration, whereas inhibition is 

observed upon overexpression of ARNT2 both in vivo and in vitro [284].  

In colorectal cancer, ARNT expression is attenuated in the late-stage patients, and its 

knock down increases the invasion by fibronectin/integrin β1/FAK signalling. 

Restoration of ARNT expression reverses this enhanced invasion phenotype, indicating 

that ARNT loss contributes to a pro-metastatic phenotype. Treatment with cisplatin, 

doxorubicin, and paclitaxel reduces ARNT expression in cells surviving chemotherapy, 

which correlates with increased migratory capacity. In vivo studies have shown that 

ARNT loss decreases tumour growth but still influences lung metastatic potential, as 

demonstrated by experiments involving ARNT down-regulation and subsequent rescue. 

Targeting ARNT promotes tumour metastasis, yet metastatic lung tumour growth is 

dependent on the ARNT rescue [197].  

The same group extended their studies to melanoma, where ARNT deficiency was linked 

to PDK1 repression and excessive mitochondrial ROS production to induce metastasis. 

Elevated levels of ARNT and PDK1 were detected in benign stage melanoma tissues, but 

ARNT expression was significantly reduced in the late-stage melanoma, correlating with 

increased glucose uptake and decreased dependency on  glucose by cancer cells [285].  

In the case of ARNT, it has been demonstrated to act as a coactivator of ERs, independent 

of its roles as a heterodimer partner of AhR and HIF-1ɑ. ARNT enhances ERɑ 

recruitment to the target binding sites, as evidenced in studies [239,286]. While data 

associating ARNT with ER remains limited, there is a hypothesis that this interaction 

could modulate ERɑ target genes, especially in NHR positive cancers [250,287].  

One comprehensive study showed the differential binding patterns of AhR, ARNT, and 

Ahr/ARNT complex upon TCDD treatment. The study identified 2594 binding sites for 

AhR alone and 1352 specific binding sites for ARNT, with 882 sites showing cobound 

regions in MCF7 cells [288]. This study demonstrates that ARNT can bind independently 

https://paperpile.com/c/x44RCL/Jd91R
https://paperpile.com/c/x44RCL/eFoQ4
https://paperpile.com/c/x44RCL/j0yA
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of AhR and AhR-responsive elements, although the study did not investigate binding 

involving HIF-1/ARNT complex [288].     

ARNT expression was interrogated in patient samples across different cancer types. 

Figure 4.3. highlighted a pronounced downregulation of expression, notably in BC, 

ovarian cancer, and uterus cancers, underscoring the pivotal role of hormonal 

regulation in cancer progression. 

 

Figure 4. 3. The downregulation of ARNT gene expression in pan-cancer analysis. 

ARNT showed a pronounced down-regulation in different types of cancer patient 

samples. Data obtained from TNM plot (https://tnmplot.com/analysis/).  

Due to conflicting results in the literature, we check the expression of ARNT, and two 

crosstalk partners AhR and HIF-1ɑ in BC patients (Figure 4.4A). HIF-1ɑ, as expected, 

showed a significant upregulation in both tumour and metastatic sample. AhR expression, 

hypothesised to be upregulated in cancer cells, aligned with previous reports. However, 

ARNT showed attenuated expression in adjacent tumour samples, while its expression in 

metastasis did not significantly differ from normal controls. A similar pattern of 

expression dysregulation was observed in ovarian cancer, another malignancy dependent 

on NHRs (Figure 4.4B).       

https://paperpile.com/c/x44RCL/H0pxP
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Figure 4. 4.  Expression profiles of bHLH-PAS domain proteins ARNT, HIF-1ɑ, and 

AhR in NHR positive patients. (A) ARNT showed a decrease, while HIF-1ɑ and AhR 

were upregulated in tumorigenic samples compared with normal adjacent tissues in BC. 

(B) Similar expression patterns were observed in OC. Data obtained from TNMplot 

(https://tnmplot.com/analysis/).  

Overall, all the mentioned reports reveal the controversial effects of ARNT in 

malignancy. This situation might have originated from the high complexity in 

intracellular pathways that ARNT participates in, or in vitro models improperly evaluate 

the phenotypic impact. In addition, studies mostly focused on heterodimeric partners of 

ARNT, but the impact still not clarified for ARNT itself and ARNT homodimer complex 

acting as TF. Therefore, in this thesis, ARNT is evaluated as TSG candidate in BC 

especially improving 3D spheroid growth in which might be related with its differential 

regulation pattern, relation with ERɑ, or modulation of unknown partners as summarised 

in Figure 4.5.  

The complex and sometimes contradictory findings concerning ARNT's role in 

malignancy highlight its nuanced participation in intracellular pathways. This complexity 

likely contributes to the discrepancies observed in various studies, further compounded 

A

B
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by limitations in accurately assessing phenotypic impacts using in vitro models. 

Additionally, existing research has predominantly focused on ARNT's interactions as a 

heterodimeric partner, thereby neglecting the exploration of ARNT itself and its potential 

role as a transcription factor in homodimeric complexes. In this thesis, ARNT is 

scrutinised as a candidate tumour suppressor gene (TSG), with particular emphasis 

on its role in enhancing 3D spheroid growth. This phenomenon could be attributed to 

ARNT's unique regulatory mechanisms, its interactions with ERɑ, or its modulation by 

unidentified partners, as illustrated in Figure 4.5. 

 

 

Figure 4. 5. ARNT has the potential to regulate pathways beyond those that have 

been previously characterised. This figure illustrates the diverse regulatory 

mechanisms proposed for ARNT in BC within this thesis. ARNT is shown to form a 

homodimeric complex that retains its DNA binding capability and functions as a 

transactivator. This suggests a differentiated regulatory role in BC malignancy. In 

addition, although data is limited, ARNT could recruit ERɑ on ERE binding sites or other 

potential activators/repressors to modulate ERɑ target genes. Finally, ARNT’s PACA 
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and PACB domains (the special binding domains recognised by several factors), imply 

involvement of unidentified partners in regulating tumour mass proliferation. (Created 

by BioRender)  

 
 

Our future direction aims to explore the roles of RPRD2 and ARNT, the former identified 

as an oncogene (OC) and the latter as a candidate tumour suppressor gene (TSG). Given 

their roles as transcription factors (TFs), these genes hold significant promise in 

regulating target genes implicated in breast cancer (BC) malignancy. Transcriptome 

analysis will enhance our understanding of the intracellular pathways affected by these 

TFs. 

  

Additionally, we plan to validate the phenotypic impact of ARNT through in vivo studies, 

complemented by overexpression and rescue experiments in both 2D and 3D in vitro 

models. Our scope will also expand to include ovarian cancer, where ARNT expression 

undergoes substantial attenuation during pathogenesis. 

  

In summary, our future investigations aim to address gaps in understanding Chr1q copy 

number alterations (CNA) and their role in the genomic disorder/catastrophe underlying 

BC progression.  
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