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Abstract 

 

Breast cancer is the uncontrolled proliferation of breast cells and is one of the most common 

cancers in the UK. It is a complex disease that can be divided into different subtypes based 

upon the presence or lack of hormone receptors, namely the oestrogen receptor (ER), 

progesterone receptor (PR) and human epidermal factor receptor 2 (HER2). Breast cancer 

without hormone receptor expression is called basal-like or triple negative breast cancer 

(TNBC). TNBC is more aggressive, and patients tend to have a poor prognosis partly due to a 

lack of targeted treatment. The identification of new therapeutic options for TNBC is 

therefore needed. 

Dysregulated epigenetic control of the chromatin state, and therefore gene expression, via 

aberrant chemical modification of histone proteins can play an important role in cancer 

progression. Previous studies have shown that the epigenetic regulatory protein, CBX2, 

which modulates histone ubiquitination and repression of gene expression, is implicated in 

breast cancer development. The aim of this study was to investigate the role of CBX2 and its 

effect on cell growth in TNBC using the TNBC cell lines MDA-MB-231 and MDA-MB-468, 

to help determine whether CBX2 is a viable potential therapeutic target for TNBC. 

In this study we showed successful knockdown of CBX2 in both TNBC cell lines using small 

interfering RNAs (siRNAs). We showed that expression of the tumour suppressor protein 

RBL2 was upregulated after CBX2 knockdown, suggesting CBX2 represses the expression of 

RBL2. RBL2 is a member of the DREAM complex which prevents progression through the 

cell cycle via inhibition of key cell cycle genes. Gene expression profiling showed that CBX2 

knockdown increased RBL2 expression and reduced the expression of RBL2 target genes 

(PLK1, AURKA, CCNA2, CDK1). Chromatin immunoprecipitation (ChIP) showed that 

CBX2 knockdown increased enrichment of RBL2 at DREAM complex target sites, therefore 

demonstrating that CBX2 plays a role in promoting cell growth and proliferation via 

repression of DREAM complex activity. This study adds insight into the mechanisms by 

which CBX2 promotes progression of TNBC and shows the potential of CBX2 as a new 

therapeutic target. 
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Chapter 1  Background 

1.1 Cancer 

Cancer is a genetic disease caused by uncontrolled cell growth and formation of tumours 

which may then invade different areas of the body (metastasis). Tumours can either be 

benign, meaning they are not cancerous, or malignant (National Cancer Institute, 2021). 

There are over 200 different types of cancer and 1 in 2 people will develop cancer in their life 

(Cancer Research UK, 2022). In the UK the most common cancers are breast cancer, bowel 

cancer, prostate cancer, and lung cancer (Figure 1.1) (Cancer Research UK, 2022). 

 

 

 

 

 

 

 

 

 

Figure 1.1 Percentage of the 4 most common cancers vs other cancers 

Data taken from Cancer Research UK of the 4 most common cancers vs other cancers for 2016-

2018.There are on average 55,920 breast cancer cases reported each year out of a total of 375,400 

cancer cases (Cancer Research UK, 2022). 

 

The risk factors that can lead to cancer can be categorised into different groups. The first 

group is intrinsic risk factors, such as DNA mutations caused by random and spontaneous 

errors in replication of DNA. There are also non-intrinsic risk factors such as radiation 

exposure, carcinogen exposure, and an individual’s lifestyle, such as diet and smoking, which 

can affect cancer risk by inducing additional genetic mutations (Wu et al, 2018). 

Hanahan and Weinberg proposed six hallmarks that contribute to the multi-step process of 

tumour initiation and progression. These hallmarks are sustaining proliferative signalling, 

evading growth suppressors, activating invasion and metastasis, enabling replicative 
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mortality, inducing angiogenesis and resisting cell death. Later it was proposed that these 

hallmarks are enabled by genomic instability and mutation (Hanahan & Weinberg, 2011). 

Genomic instability refers to the acquisition of alterations to the genome during cell division. 

One of the most common forms is chromosomal instability (CIN) which is when a cell has an 

abnormal number of chromosomes, a key factor contributing to cancer progression. CIN can 

lead to gain or loss of function mutations (Bielski & Taylor, 2021).  Gain or loss of function 

mutations are associated with proto-oncogenes and tumour suppressor genes (TSGs).  Proto-

oncogenes play a key role in cell growth and when they undergo a gain of function mutation 

to become an oncogene, they contribute to cell transformation. TSGs work to prevent the 

formation of cancer through DNA damage repair, inhibition of cell division and inducing 

apoptosis of cells which incur genetic mutation. A loss of function mutation in TSGs stops 

them from preventing cells from proliferating when mutated, thus allowing the progression of 

cancer formation (Wang et al, 2019). 

 

1.2 Breast Cancer 

Breast cancer is a complex disease caused by the uncontrolled growth of mammary epithelial 

cells. Most commonly it develops within the cells that line the milk ducts in the breast tissue 

(Cancer Research UK, 2021). Between 2015 and 2017 in the UK there were 55,176 new 

breast cancer cases and between 2016 and 2018 there were 11,547 deaths due to breast cancer 

(Cancer Research UK, 2021). The main treatment options for breast cancer are surgery, 

radiotherapy and chemotherapy. One form of surgery option is to have a mastectomy which 

involves the removal of the breast which reduces the risk of the cancer developing. However, 

this can have other long-lasting psychological effects on the patient such as the risk of 

developing depression (Akram et al, 2017). 

Using gene expression profiling and immunohistochemistry, breast cancer has been classified 

into four broad subtypes: oestrogen receptor (ER)+/luminal-like, basal like, human epidermal 

growth factor receptor-2 (HER2)+ and normal-like (Botstein et al, 2000). Further 

stratification has identified that the luminal subtype can be divided into two subtypes called 

luminal A and luminal B. Now breast cancer is classified into 5 molecular subtypes based, 

partly, through the presence and lack of hormone receptors and the proliferation marker, KI-

67, as well as gene expression profiles (Sørlie et al., 2001). The hormone receptors used to 

identify the subtypes are the oestrogen receptor (ER), progesterone receptor (PR) and human 
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epidermal growth factor receptor-2 (HER2). The subtypes are luminal A (ER+, PR+, HER2-, 

KI-67-), luminal B (ER+, PR+, HER2-, KI-67+/ER+, PR+, HER2+, KI-67+), HER2 

overexpression (ER-, PR-, HER2+), basal (ER-, PR-, HER2-, basal marker+) and normal-like 

(ER+, PR+, HER2-, KI-67-) (Dai et al, 2015). Normal-like and luminal A have similar 

molecular characteristics however studies have suggested that the normal-like subtype is due 

to high amounts of normal cells in the breast cancer tumour (Liu et al, 2014). Furthermore, 

Curtis et al, 2012 analysed over 2000 breast cancer tumours from the UK and Canada. The 

analysis was carried out to investigate whether there are more biological subgroups of breast 

cancer by using joint clustering of copy number and gene expression data. From the analysis 

it was discovered that there are 10 integrated clusters of subgroups which are grouped based 

on copy number aberrations. This discovery allows the intrinsic breast cancer subtypes to be 

further divided (Curtis et al, 2012). 

The ER is present in Luminal A, Luminal B and normal-like breast cancer. Luminal A is the 

most common subtype, accounting for 50-60% of breast cancers. Patients with this type of 

breast cancer generally have a good prognosis. The Luminal B subtype is responsible for 15-

20% of breast cancer. However, Luminal B tends to have a poorer prognosis and a lower 

survival rate. Luminal A and B are positive for ER and PR, but Luminal A is negative for 

HER2 receptor. Some Luminal B cancers are positive for HER2 receptor (Yersal & Barutca, 

2014). The ER plays an important role in breast development. It works by the ligand 

oestrogen, or its metabolites, binding to the oestrogen receptor in the nucleus. This binding 

triggers the receptor to dimerise to form an ER homodimer. After dimerisation the ER binds 

to oestrogen response elements (EREs) which are located on the promoters of specific target 

genes and enhancer regions which drives expression of proliferative genes (Bjoernstoem & 

Sjoeberg, 2005). The ER has therefore been targeted by endocrine therapy to treat breast 

cancer. The main treatment is the use of selective ER modulators (SERMs) such as 

Tamoxifen. Tamoxifen works by mimicking oestrogen, thus being able to bind to the ER and 

acting as a competitive antagonist, preventing ER signalling and ultimately stopping cell 

proliferation. However, in many cases patients have become resistant to Tamoxifen which led 

to the development of other drugs that work by degrading the ER itself such as Fulvestrant 

(Carroll, 2016).  

The HER2 positive subtype is responsible for 20% of breast cancers. This subtype is 

associated with a higher recurrence and mortality rate. HER2 is a tyrosine kinase receptor 

which is part of a superfamily of three other receptors called HER1, HER3 and HER4 (Patel 
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et al, 2020). HER2 in normal health is expressed by breast epithelial cells at low levels and 

plays a role in cell growth. In many breast cancers HER2 is overexpressed which leads to 

abnormal cell proliferation. HER2 is therefore also a therapeutic target and the drug 

Trastuzumab was developed to inhibit its activity (Vu & Claret, 2012). Trastuzumab has been 

found to work in different ways such as selectively blocking ligand-dependent HER2-HER3 

dimerisation. This binding leads to the downregulation of the oncogenic P13K pathway and 

downstream mediators that allow cell cycle progression to continue, thus preventing 

cancerous cells to proliferate (Garjria & Chandarlapaty, 2011).  

 

1.2.1 Triple negative breast cancer 

Triple negative breast cancer (TNBC) shows no expression of ER, PR and HER2 and is 

responsible for 10-15% of all breast cancers (da Silva et al, 2020). Due to the lack of 

receptors, TNBC does not respond to endocrine therapy and the treatment options tend to be 

chemotherapy or surgery. The characteristics of TNBC are that it is an aggressive form of 

breast cancer with an early relapse rate and poor overall prognosis (da Silva et al, 2020). It 

has also been found to be common in women with a mutated breast cancer 1 or 2 gene 

(BRCA1/2). There are 6 subtypes of TNBC: basal-like 1 and 2 (BL1 and BL2), mesenchymal 

(MES), MES stem-like, immunomodulatory (IM) and luminal androgen receptor (LAR) 

(Lehmann et al, 2011).  

Despite the lack of targeted therapeutics there are some new emerging treatments for TNBC, 

one being the use of Poly (ADP-ribose) polymerase (PARP) inhibitors. PARP is part of a 

family of enzymes that play a role in DNA repair, specifically, base excision repair for single 

strand breaks (SSBs). PARP1 recognises the damaged DNA site and binds to it along with 

nicotinamide adenine dinucleotide (NAD+). Once NAD+ is bound, PARylation occurs where 

components of ADP-ribose from NAD+ transfer to target proteins which allows the 

recruitment of repair factors to the damaged DNA. PARP1 then autoPARylates, releasing 

from the site so the DNA can be repaired (Chen, 2011; Cortesi et al, 2021). If these SSBs are 

not  successfully repaired, it can lead to the formation of double strand breaks (DSBs) which 

is another form of DNA damage repaired by homologous recombination (HR). HR relies on 

the use of functional BRCA1/2 proteins. BRCA1 detects and binds to the DSBs and organises 

repair proteins at the damaged site and BRCA2 allows RAD51, a recombinase, to bind to the 

DNA repair site. If DSBs are not repaired it can lead to apoptosis (Chen, 2011). PARP 
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inhibitors work by preventing the autoPARylation of PARP1, thus it is trapped at the 

damaged DNA site and the SSBs cannot be repaired. This leads to the formation of DSBs and 

in patients with mutated BRCA1/2 genes, HR repair cannot be carried out. Therefore, another 

form of DNA repair for DSBs is carried out called non-homologous end joining (NHEJ), 

which is error prone and leads to accumulation of mutations and cell death (Mateo et al, 

2019). There are two PARP inhibitors approved for the treatment of BRCA associated TNBC 

called olaparib and talazoparib. The OlympiAD and EMBRACA clinical trials, showed that 

both inhibitors caused a significant improvement in progression-free survival and health 

related quality of life compared to non-platinum single-agent chemotherapy (Tung & Garber, 

2022). Treatment with Olaparib requires a 300 mg dosage twice a day whereas talazoparib 

requires a 1 mg dosage once a day. It has been found that talazoparib is 100-fold more potent 

and shows increased cytotoxicity compared to the effects of Olaparib (Min & Im, 2020). 

PARP inhibitors have been shown to be effective against breast cancer with mutated 

BRCA1/2 genes. The inhibitor and HR deficiency together results in synthetic lethality where 

the loss of two genes can lead to cell death through cell cytotoxicity, replication fork collapse 

and unrepaired DNA damage (Keung et al, 2019; Rose et al, 2020).  

Another new treatment is the use of Programmed Cell Death Ligand 1 (PDL1) inhibitors 

(Chen et al, 2021). PDL1 is an immune checkpoint inhibitor that has an important role in 

inflammation regulation and maintaining T lymphocyte tolerance. PDL1 is often found 

expressed on the surface of dendritic cells, B cells, T cells, monocytes and natural killer T 

cells. The pathway works through the binding of PD-1 to PDL1/2 which then activates the 

inhibition of the T cell response, reduced cytokine production and tolerance to antigens 

(Schütz et al., 2017). It has been found that some TNBC tumours can also express PDL1 on 

their surface as an ‘immune escape’. This expression of PDL1 inactivates the T cell response 

which prevents the tumour from being recognised by immune checkpoints and the immune 

system. PDL1 inhibitors act by stopping this effect and activating the immune response to 

target the tumour cells (Erber & Hartmann, 2020). A PDL1 inhibitor was approved in 2020 

called pembrolizumab (Keytruda). It was found in the KEYNOTE-355 trial that using this 

inhibitor alongside chemotherapy showed a better progression-free survival than just 

chemotherapy alone in metastatic TNBC (Cescon et al, 2020).  

Despite a few new and upcoming treatments for TNBC, the prognosis of this subtype remains 

poor and new therapeutic options are needed. 
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1.3 Epigenetics 

1.3.1 Chromatin 

DNA is packaged into chromatin which is composed of nucleosomes. A nucleosome consists 

of 147bp of DNA wrapped around an octamer of histone proteins; 2 copies each of histone 

H2A, H2B, H3 and H4 (Figure 1.2). The histones also have protruding amino acid tails that 

can undergo post-translational modification (PTM) (Audia & Campbell, 2016). 

Chromatin can be organised into heterochromatin and euchromatin. In areas of the genome 

where heterochromatin is found there is little/no transcription due to the nucleosomes being 

tightly condensed which means genes cannot be accessed by RNA Polymerase II and there is 

no gene expression. In areas of euchromatin, the DNA is loosely packaged allowing for 

transcription by RNA Polymerase II and the potential for gene expression. PTM of the 

histone tails can influence this chromatin state (Bannister & Kouzarides, 2011). 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Chromatin Structure 

Chromatin structure showing the histone proteins and amino acid tails forming the nucleosome 

structure and how it is arranged to form heterochromatin or euchromatin. The nucleosome at the top 

of the figure can also be seen in figure 1.3. 

 

1.3.2 Histone post-translational modifications (PTMs) 

The histone amino acid tails are rich in lysine and arginine residues that can undergo PTMs 

and alter the chromatin state. PTMs can change the compaction of nucleosomes which leads 
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to either the formation of euchromatin or heterochromatin thus affecting transcription and 

gene expression (Audia & Campbell, 2016). There are different PTMs that can occur such as 

acetylation, methylation and phosphorylation (Bannister & Kouzarides, 2011). There are a 

number of chromatin modifying proteins that play a role in the addition, removal and 

recognition of PTMs known as writer, eraser and reader proteins. Writer enzymes modify the 

amino acid tails by adding PTMs. Erasers work by removing the PTMs put in place by 

writers and readers recognise specific PTMs (Biswas & Rao, 2018).  

Histone acetylation is a form of histone modification which works by the addition of acetyl 

groups from acetyl-CoA onto lysine residues. The addition of an acetyl group is carried out 

by writer proteins called histone acetyltransferases (HATs). Acetyl groups have a negative 

charge therefore when they are added by HATs to the amino acid tails this neutralises the 

positive charge of histones. This then leads to the weakening of the electromagnetic attraction 

between negatively charged DNA and the histone proteins, therefore loosening chromatin 

structure and allowing the formation of euchromatin. This modification can be reversed by 

eraser proteins called histone deacetylases (HDACs) that remove the acetyl group. When 

deacetylation occurs, this condenses the chromatin into heterochromatin and transcription 

cannot occur (Guo et al, 2018).  

Another type of histone modification is methylation. Methyltransferases (MTs) are enzymes 

that add methyl groups to various substrates in different important biological processes 

(Abdelraheem et al., 2022). Histone methyltransferases (HMTs) add a methyl group onto the 

lysine and arginine residues of the histone amino acid tails. Lysine can be mono- (me1), di- 

(me2) or tri- (me3) methylated and arginine can be mono- or di-methylated. This can be 

reversed by histone demethylases (HDMs) (Fallah et al, 2021; Zhuang et al, 2020). It has 

been found that after the addition of a methyl group, reader proteins containing either the 

chromodomain, tudor domain or WD-40-repeat domain can recognise the PTM and recruit 

molecules which then go on to alter the chromatin and transcriptional state. The outcome of 

whether chromatin will be transcriptionally repressed or active depends on the location and 

degree of the methylation (Greer & Yang, 2012; Zhang & Martin, 2005). For example, the 

methylation of lysine (K) on H3 (H3K4) is known to be associated with transcriptional 

activation whereas the methylation of H3K9 is associated with transcriptional repression 

(Hyun et al, 2017).  
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Phosphorylation is the addition of a phosphate group which is regulated by kinases and 

phosphatases. This can occur on all four of the histone tails specifically on the tyrosine, 

serine and threonine residues. This process can be reversed. Phosphorylation is associated 

with transcription and gene expression as the bonds between the DNA and histones are 

weakened thus loosening the chromatin structure forming euchromatin (Shanmugan et al, 

2018).  

1.3.3 Dysregulation of histone modifications and cancer 

Dysregulated epigenetic modification of histone proteins and the subsequent alteration of 

gene expression patterns to drive cancer growth have been found to play an important role in 

various types of cancer, such as gastric, prostate and lung cancer, which has helped with the 

prediction of clinical outcomes (Elsheikh et al, 2009). Altered activity and expression of 

epigenetic regulatory proteins have also been found to play key roles in cancer development. 

For example, it has been found that some HDACs and HMTs are upregulated in breast, colon 

and prostate cancer (Kanwal & Gupta, 2012). An example of an epigenetic protein involved 

in some cancers is sirtuin 1 (SIRT1). SIRT1 is a HDAC that was recently discovered to target 

H4K4ac in breast cancer and the HDAC is also responsible for the removal of acetylation 

from H1K26, H3K9 and H4K16. SIRT1 plays an important role in the DNA damage 

response by both acting as HDAC at DNA damage sites and as a HDAC that specifically 

targets crucial proteins required for DNA repair. SIRT1 has been studied in different cancers 

showing a difference in expression, for example the overexpression of SIRT1 was identified 

in colon, prostate, leukaemia, non-melanoma and melanoma skin cancer. On the other hand, 

it was found to be down regulated in hepatic cell and breast cancer (Alves-Fernandes & 

Jasiulionis, 2019). 

Considering the oncogenic role of dysregulated epigenetic signalling and, or, specific 

epigenetic regulators, targeting epigenetic proteins may be a novel way to treat cancer. 

 

1.4 Polycomb Repressive Complex 1 (PRC1) 

The PRC1 complex is an enzymatic multiprotein complex consisting of Polycomb Group 

(PcG) proteins. PcGs can form PCR1 and PRC2. PcG proteins are a family of proteins known 

to regulate gene expression through epigenetically repressing the transcription of genes 

(Chittock et al, 2017). PRC1 does this by modulating chromatin structure. PRC1 is formed by 

four different proteins. These proteins are Chromobox (CBX), Polycomb Group Factor 
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(PCGF), Human Polyhomeotic Homolog (HPH) and the E3 ligase protein (RING). However, 

there are multiple versions of the PRC1 complex as there are different orthologues of the 

protein subunits (Gil & O’Loghlen, 2014).  There are 5 forms of CBX (2,4,6,7,8), six forms 

of PCGF (1,2,3,4,5,6), three forms of HPH (1,2,3) and two RING proteins (1 and 2). PRC1 

can be canonical, which includes a CBX protein in its composition or non-canonical where 

there is no CBX protein (Geng & Gao, 2020). The components of PRC2 are enhancer of zeste 

homolog 2 (EZH2), embryonic ectoderm development (EED), suppressor of zeste 12 

(SUZ12) and retinoblastoma suppressor associated protein 46/48 (RbAp46/48) (Shi et al, 

2017). PRC2 tri-methylates K27 on H3 (H3K27me3) (Gahan et al, 2020). A chromodomain 

in CBX proteins recognises this modification and binds to it (Figure 1.3). The RING protein 

within the associated PRC1 complex ubiquitinates K119 on H2A (H2AK119) (Figure 1.3). 

This results in the chromatin becoming condensed to form heterochromatin (Gil & 

O’Loghlen, 2014).  

 

 

 

Figure 1.3 PRC1 and PRC2 

PRC2 trimethylates H3K27 which is recognised by the CBX protein in PRC1 (CBX2 in the example 

above). The RING protein in PRC1 ubiquitinates H2AK119 leading to the condensing of chromatin 

and transcriptional repression. 
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1.5 CBX2 

CBX2 has an N terminal and adjacent to this there is an AT hook DNA binding domain. 

When the chromodomain in CBX2 recognises specific PTMs e.g., H3K27me3, the AT hook 

can bind to the groove in an AT rich region on the DNA site next to the chromodomain and 

trap it in place until CBX2 is released (Senthilkumar & Mishra, 2009). In addition to this, 

CBX2 also has a carboxyl (c) terminal polycomb repressor box which interacts with RING1 

proteins thus signalling the RING protein in PRC1 to ubiquitinate K119 on H2A (Kawaguchi 

et al, 2017). 

1.5.1 CBX2 and cancer 

In 2014, Clermont et al carried out a systematic meta-analysis of one of the PRC1 

components, CBX2. Within this analysis there was a genomic analysis of the CBX2 locus. 

This involved using the COSMIC database to analyse CBX2 mutations. It was discovered that 

there was a low frequency of alterations within CBX2 in cancer, suggesting that a functioning 

version of CBX2 was important for cancer development. Data from the Oncomine database 

was used to carry out a transcriptomic analysis of human cancers including colon, breast, 

stomach, and lung cancer. The analysis showed that in all the cancers analysed there was an 

upregulation of CBX2 and no downregulation of CBX2 (Clermont et al, 2014). As well as 

this, the Oncomine analysis showed that 9 studies reported high CBX2 mRNA levels in 

metastatic tumours compared to primary tumours (Clermont et al, 2014). In addition, a study 

that used data from The Cancer Genome Atlas (TCGA) identified that CBX2 is highly 

expressed in hepatocellular cancer and this overexpression is associated with poor prognosis. 

Experiments were carried out knocking down CBX2 expression in hepatocellular cancer cell 

lines which decreased proliferation across the cell lines (Mao et al, 2019). RNA sequencing 

data from this study identified that CBX2 may regulate the Hippo pathway which regulates 

cell proliferation and apoptosis. This pathway is regulated by the Yes-Associated Protein 

(YAP). YAP can be inactivated by phosphorylation; however, the protein Wt1-interacting 

protein (WTIP) can prevent this phosphorylation. RNA sequencing showed WTIP being one 

of the significant differential genes identified. Thus, is it is believed that after CBX2 

knockdown, WTIP is inhibited which leads to the phosphorylation of YAP which in turn 

leads to decreased proliferation and increased apoptosis in hepatocellular cancer cell lines 

(Mao et al, 2019). Another study carried out a gene expression microarray analysis on RNA 

from the metastatic LTL313H and non-metastatic LTL31B patient derived xenograft (PDX) 

prostate cancer models. This analysis showed that CBX2 was upregulated in the LTL313H 
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model which was also confirmed with quantitative PCR (qPCR) analysis, suggesting that 

CBX2 promotes tumour metastasis. To further investigate the link of CBX2 and prostate 

cancer, MANOVA analysis showed that overexpression of CBX2 was associated with a lower 

patient age, higher Gleason grade and a positive nodal status which contributes to poor 

clinical outcome in patients (Clermont et al, 2016). Due to studies finding CBX2 to be 

overexpressed in a range of different cancers this suggests that CBX2 could be a potential 

therapeutic target.  

 

1.5.1 CBX2 and breast cancer 

Studies have found CBX2 expression to be upregulated in breast cancer. An analysis of the 

Cancer Cell Line Encyclopedia (CCLE) database showed that out of all cancers analysed 

breast cancer was the 5th highest for CBX2 expression (Liang et al, 2017). Oncomine analysis 

showed that CBX2 was expressed 9.378-fold higher in breast cancer samples compared to 

normal samples, and an Xena Public Data Hubs analysis showed that CBX2 expression is 

strongly linked to TNBC compared to other subtypes of breast cancer (Liang et al, 2017). 

Iqbal et al, (2021) also found a link between CBX2 and breast tumour cell proliferation. 

Experiments were carried out using a TNBC cell line MDA-MB-231 and an ER+ breast 

cancer cell line MCF-7 and siRNAs targeting CBX2 were used to knockdown CBX2 in these 

cell lines. After knockdown, it was observed that there was a decrease in cell number in 

CBX2 depleted cells compared to the control cells in both cell lines, suggesting a role for 

CBX2 in breast cancer cell growth (Iqbal et al, 2021). 

It has also been found that CBX2 may play a role in altering the phosphatidylinositol-3-

kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signalling pathway in breast 

cancer (Zheng et al, 2019). The PI3K/AKT/mTOR pathway plays a key role in regulation of 

cell growth, motility, survival, metabolism and angiogenesis. PI3K is a lipid kinase with 3 

subunits called: p85 regulatory subunit, p55 regulatory subunit and p110 catalytic subunit. 

There are different versions of PI3K called Class 1A, Class 1B, Class 2 and Class 3 and it is 

Class 1A that have been studied the most and been found to be involved with the progression 

of cancer (Yang et al, 2019). PI3K is an important component of the pathway. 

Phosphatidylinositol 4,5 bisphosphate (PIP2) is phosphorylated by PI3K to become 

phosphatidylinositol 3,4,4-triphosphate (PIP3) which then leads to the phosphorylation of 

AKT. This ultimately influences the cancer cell cycle, survival and growth. 
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Dephosphorylation of PIP3 to PIP2, is carried out by the TSG phosphatase and tensin 

homolog deleted on chromosome ten (PTEN). Downstream of this PI3K/AKT is mTOR 

which consists of Raptor, mLST8 and proline rich Akt substrate 40 (PRAS40); there are two 

different mTOR complexes, mTORC1/2. mTORC1 when stimulated plays a role in cell 

metabolism and anabolic cell growth. This happens when Akt activates mTORC1 

phosphorylating and inhibiting tuberous sclerosis 1 or 2 (TSC1/2) which then phosphorylates 

PRAS40 (Paplomata & O’Regan, 2014). Through gene set enrichment analysis of the cancer 

genome atlas (TCGA) dataset of 1079 breast cancer tumour samples and 104 non-tumour 

breast tissue samples, there was a positive correlation between CBX2 expression and 

activation of the PI3K/ATK/mTOR pathway (Zheng et al, 2019). Further experiments 

showed the downregulation of PI3KCA, PIK3CD and mTOR genes after gene silencing of 

CBX2, thus it has been proposed that the PI3K/AKT/mTOR pathway works downstream of 

CBX2 and that CBX2 plays a role in regulating the pathway (Zheng et al, 2019). This 

pathway has also been found to be activated in glioblastoma multiforme (GBM) and these 

patients tend to have a poorer prognosis. The molecular level of this pathway was further 

investigated in GBM patients and genetic alterations were seen. For example, loss of PTEN 

expression was observed which has a key part in the pathway as it can reverse the process (Li 

et al, 2016). 

Overall, there appears to be a link between CBX2 function and breast cancer, particularly in 

TNBC, suggesting it may be a therapeutic target in this hard-to-treat cancer. 

 

1.6 RBL2 and E2F4 

A previous study by Bilton et al, 2022 has shown that knockdown of CBX2 expression 

reduces breast cancer cell line growth, which agrees with previous findings. RNA-sequencing 

analysis of CBX2 depleted cells showed downregulation of proliferative genes and reduced 

expression of E2F target genes. In addition, CBX2 knockdown reduced the expression of 

genes known to be regulated by the tumour suppressor gene RBL2. RBL2 gene expression 

also increased following CBX2 knockdown. 

Regulation of the cell cycle is critical in preventing cancerous cells from proliferating. It is 

known that a key factor of cancer progression in many cancers is dysregulation of the cell 

cycle (Sadasivam & DeCaprio, 2013). An important regulator of the cell cycle is the E2F 

family of transcription factors. There are 8 proteins within this family that can be separated 
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into categories depending on their role. E2F1/2/3A are classed as transcriptional activators 

and they are expressed at the G1 phase until the S phase. E2F7/8 are transcriptional atypical 

repressors that are expressed in the late S phase and then E2F3B/4/5/6 are transcriptional 

canonical repressors that are expressed throughout the whole of the cell cycle (Kent & Leone, 

2019). E2F regulates the cell cycle by interacting with the retinoblastoma (Rb) gene family. 

The Rb family consists of retinoblastoma-like protein 2 (RBL2)/ p130, Rb/p105 and 

RBL1/p107 which are TSGs (Litovchick et al, 2007). Rb/RBL1/RBL2 and E2F4 interact to 

form a multi-subunit protein complex along with dimerization partner (DP) and MuvB to 

form the DREAM complex (Sadasivam & DeCaprio, 2013). Once the DREAM complex is 

bound to DNA the RBL2 component of the DREAM complex recruits chromatin modifying 

enzymes to the promoters on E2F4 target genes which leads to transcriptional repression of 

cell cycle regulatory genes bringing the cell cycle to a halt (Litovchick et al, 2007). The 

inhibition of the DREAM complex can cause cancerous cells to move from G1 phase to S 

phase therefore instigating cell replication (Sadasivam & DeCaprio, 2013). It is therefore 

hypothesised that CBX2 may repress RBL2 expression, which then leads to inhibition of 

DREAM complex formation in breast cancer which in turn allows cancer growth. 
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1.7 Thesis Aims 

1.7.1 Hypothesis 

CBX2 promotes cell growth in TNBC via downregulation of RBL2 and therefore inhibition 

of the DREAM complex. 

1.7.2 Aims 

1. Show successful knockdown of CBX2 in TNBC cell lines 

2. Investigate the effect of CBX2 knockdown on cell growth in TNBC cell lines 

3. Investigate the effect of CBX2 knockdown on RBL2 and E2F4 protein expression in 

TNBC cell lines 

4. Investigate the effect of CBX2 knockdown on RBL2 target gene expression in TNBC 

cell lines 

5. Investigate the effect of CBX2 knockdown on RBL2/DREAM complex activity in 

TNBC cell lines 

6. Identify areas of the genome CBX2 is bound to in TNBC cells 

1.7.3 Ethical Considerations  

The cell lines (MDA-MB-231 and MDA-MB-468) used in this study were purchased from 

American Type Culture Collection (ATCC). Throughout the project Control of Substances 

Hazardous to Health (COSHH) forms were read and completed before experiments that were 

carried out in the laboratory. 
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Chapter 2. Materials and Methods 

2.1 Cell Culture 

All cell culture procedures were carried out in a Biosafety Cabinet Class ll. 

MDA-MB-468 cells and MDA-MB-231 cells were obtained from ATCC. MDA-MB-468 

cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, UK) containing 

10% Foetal Bovine Serum (FBS) (Gibco, UK) and 1% Penicillin and Streptomycin (P/S) 

(Lonza, UK) MDA-MB-231 cells were cultured in Roswell Park Memorial Institute Medium 

(RPMI 1640) (Gibco, UK) containing 10% FBS and 1% P/S. Cells were maintained in a 

Nuaire incubator at 37°C and 5% CO2. In routine cell culture media was changed every 3 

days.  

2.2 Trypsinisation  

1X Phosphate Buffered Saline (PBS) was made using 200X concentrated PBS tablets in 

deionised water (Fisher Bioreagents, UK) and then autoclaved. A 1:30 dilution of Trypsin 

(Sigma, UK) was made up in 1X PBS and both were warmed to 37°C prior to use. The media 

was first removed from the flask and discarded. Flasks containing the cells were washed with 

1X PBS and gently rocked to ensure the cell layer on the base of the flask was covered. The 

PBS was then removed and discarded. Trypsin was added so that it completely covered the 

cell monolayer and was then placed into an incubator at 37°C and 5% CO2 for 2-5 minutes, 

depending on the cell line. After incubation the cells were checked under a microscope to 

ensure the cells had detached from the flask. Once detached, trypsin was neutralised using 

cell culture media (at least a 1:4 dilution of the trypsin with media). The cell suspension was 

then transferred to a 50 ml falcon tube and spun in a centrifuge (Eppendorf, Centrifuge 5702) 

for 3 minutes at 0.3 RCF. The media was then removed from the cell pellet and discarded. 

The cell pellet was resuspended in fresh media and the appropriate amount of cell suspension 

(depending on the number of cells required) was put into a new flask. Any remaining cell 

suspension was discarded. The flasks were placed into an incubator at 37°C and 5% CO2.  

2.3 Counting cells 

For experiments which required a precise number of cells to be used, the falcon tube 

containing the cells resuspended in media following trypsinisation was mixed and cell 

suspension was pipetted onto a haemocytometer chamber underneath a coverslip; ensuring 

the full chamber was covered. The number of cells in the top left, middle and bottom right 

squares on the haemocytometer were counted and used to calculate the cell number in 1 ml 
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(Figure 2.1). The average cell number (n) from those squares on the haemocytometer is 

equivalent to n x 104 cells/ml, this number was then used to calculate different cell numbers 

needed for different experiments. 

 

 

 

 

 

 

 

 

 

Figure 2.1 Field on haemocytometer used to count cells 

3 counts were taken, one from the top left, one from the middle and then from the bottom right square 

(Highlighted with red outline). The counts were then averaged, and this gave n x 104 cells/ml. 

 

2.4 Cell Transfection 

Small interfering RNAs (siRNA) that target CBX2 were used to knockdown CBX2 in the 

MDA-MB-468 cell line and MDA-MB-231 cell line. A control siRNA was also used called 

scrambled siRNA (siSCR). This is a non-silencing siRNA that has a sequence which does not 

correspond to any mRNA sequence in the human transcriptome. Three CBX2 targeting 

siRNAs were used (called number 1, 3 and 4) (Table 2.1). A master mix was prepared for 

each siRNA so that the final concentration of siRNA used in the transfection was 25 nM. For 

a transfection in a single well of a 6 well plate, in which 2 ml of cell suspension would be 

added, 100 µl of basal media (Gibco, UK) (warmed to room temperature), 2 µl of RNAiMAX 

(Thermofisher, UK) and 1 µl of siRNA (50µM stock) (Table 2.1) were pipetted into a sterile 

autoclaved microcentrifuge tube to create a transfection master mix. This master mix can be 

scaled up and down depending on the total amount of media the transfection mixture will be 

added to.  
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The master mixes were pipetted up and down to ensure mixing and then left to incubate at 

room temperature for 20 minutes. During this time, the cell line being used was trypsinised 

and a cell count was carried out. 150,000 cells/well were used for a 6 well plate. The master 

mix was pipetted into the center of the well of a 6 well plate and 2 ml of the cell suspension 

was added with a stripette down the side of the well. The plate was gently rocked to ensure 

thorough mixing. The plate was then placed into an incubator at 37°C and 5% CO2 for the 

duration of the experiment. 

Table 2.1 RNA sequences for siRNA directed towards the coding sequence (CDS) region used 

in transfections 

siRNA RNA sequence Company 

siSCR UUCUCCGAACGUGUCACGU Sigma 

SiCBX2 1 AGGAGGUGCAGAACCGGAA Sigma 

SiCBX2 3 GCAAGGGCAAGCUGGAGUA Sigma 

SiCBX2 4 CAAGGAAGCUCACUGCCAU Sigma 

 

2.5 Cell count assay 

MDA-MB-468 cells were transfected with siSCR or siCBX2 #1/3/4 and grown for 96 hours 

in a 6 well plate in an incubator at 37°C and 5% CO2. After incubation, media from the wells 

was removed and the wells were washed with 1X PBS. The 1X PBS was discarded and the 

cells were trypsinised with 300 µl of trypsin and placed in an incubator at 37°C and 5%. 

Once the cells had detached 700 µl of media was added to the wells and then transferred to 

1.5 ml microcentrifuge tubes. The cells were centrifuged for 3 minutes at 0.3 RCF. The 

media was removed from the cell pellet and the cell pellet was resuspended in fresh media. 

Cells were counted as seen above in section 2.3. The data was analysed in excel and for each 

experiment each siCBX2 condition was made relative to siSCR.  
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2.6 Sulforhodamine B (SRB) Assay 

MDA-MB-468 cells were transfected with siSCR or siCBX2 #1/3/4 and grown in a 96 well 

plate in an incubator at 37°C and 5% CO2. Each condition had 5 wells of repeats with 10,000 

cells per well in 200 µl of media and were grown for 96 hours. After incubation,  50% cold 

Trichloric acid in deionised water (v/v) (ThermoFisher Scientific, UK) was added to each 

well to a final % v/v of 10% and incubated at 4°C for 1 hour. After incubation, the plate was 

washed 4 times in water. The plate was tapped on blue roll to remove any excess water and 

left to air dry at room temperature. After drying, 50 µl of 0.4% SRB in 1% acetic acid (Alfa 

Aesar) was added to each well using a multi-well pipette and then incubated at room 

temperature for 1 hour. After incubation, the plate was washed 4 times in 1% acetic acid. The 

plate was tapped on blue roll to remove any excess acetic acid and then left to air dry at room 

temperature. 100 µl of 10 mM Tris buffer pH 10.5 was added to each well and placed on a 

shaker for 20 minutes. After shaking, the absorbance of the wells was read using the Gen5 

software version 1.08 on The Synergy HT (BioTek) plate reader at 510nm. The data was 

analysed using excel and for each experiment each siCBX2 condition was made relative to 

siSCR.  

 

2.7 Western Blot Analysis 

2.7.1 Protein lysis 

Media was removed from cells and discarded. For cells growing in 6 well plates, cells were 

washed with 1X PBS. The cells were either lysed with RIPA buffer (Table 2.2) or Sodium 

Dodecyl Sulphate (SDS) sample buffer (125mM Tris-HCl pH 6.8, 10% Glycerol, 2% (w/v) 

SDS). For SDS sample buffer lysis, the confluency of the cells was checked using a 

microscope and this affected the amount of SDS buffer added to each well. The cells were 

then scraped using a pipette and pipetted into microcentrifuge tubes and then stored at -20°C 

until further use. Cells that were lysed with RIPA were then rocked on ice for 30 minutes. 

After the incubation, the wells were scraped with cell scrapers and the lysate was pipetted 

into microcentrifuge tubes. The cells were then centrifuged at 16 x g for 3 minutes. The 

supernatant was pipetted into new microcentrifuge tubes and then stored at -20°C until 

further use. 
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Table 2.2 Composition of 100ml of RIPA Buffer 

Reagent Amount Final Concentration 

HEPES-KOH 0.5M 

pH 7.5 

10ml 50 mM 

LiCl 2M 25ml 0.5 M 

EDTA 0.5M 200µl 1 mM 

NP40 1ml 1% 

Na-deoxycholate 0.7g 0.7% 

Molecular Grade 

H2O 

63.84ml  - 

 

 

2.7.2 Bicinchoninic acid (BCA) assay  

After proteins were lysed with RIPA buffer, a Pierce ™ BCA Protein Assay Kit 

(Thermoscientific, UK) assay was used to quantify the protein in the samples. This was done 

by comparing the samples to a serial dilution of Bovine Serum Albumin (BSA) standards 

through colourimetric analysis using a plate reader. The serial dilutions were composed of 

BSA and RIPA buffer as the diluent (Table 2.3). Once this was done, the amount of working 

reagent (WR) required was calculated using the formula (# standards + # unknowns) x (# 

replicates) x (volume of WR per sample) = total volume of WR needed. This was then made 

up in a 50:1 dilution of Reagent A and Reagent B from the kit. The samples were diluted 1:8 

with RIPA buffer. 25 µl of standards and samples were pipetted into a 96 well plate in 

triplicates. Then 200 µl of WR was added to each well and then placed on a plate shaker for 

30 seconds. The plate was covered with foil to prevent exposure to light and incubated at 

37°C and 5% CO2 for 30 minutes. After incubation, the plate was read using the Gen5 

software version 1.08 on The Synergy HT (BioTek) plate reader at 562nm. The data from the 

plate reader was used to plot a standard curve and the equation given from the curve was used 

to calculate the concentration of protein in the samples. This was done so equal amounts of 
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protein were loaded for Western blot analysis for each sample tested. The amount of SDS 

buffer added to the samples was 1:5 of the total volume of sample.  

 

Table 2.3 Composition of BSA standards 

Tube Volume of Diluent 

(µl) 

Volume of BSA (µl) BSA Concentration 

(µl/ml) 

A - 700 of Stock 2000 

B 400 400 of A 1000 

C 450 300 of B 400 

D 400 400 of C 200 

E 400 100 of D 40 

F 400 - 0 

 

 

2.7.3 Gel Electrophoresis 

A spacer plate (Biorad, UK) and a short plate (Biorad, UK) were put together in a frame and 

put onto a stand to create the mould for the gel. The mould was filled with deionised water 

for 5 minutes to ensure there was no leakage and then removed. A 10% acrylamide resolving 

gel (Table 2.4) was prepared in a 50 ml falcon tube and then pipetted into the gel mould on 

the stand and a layer of isopropanol was pipetted on top to ensure the gel set level, this was 

then left for the gel to polymerise. A 4% acrylamide stacking gel (Table 2.4) was prepared 

once the resolving gel had set in the gel mould. The isopropanol was removed from the top of 

the gel then the stacking gel was pipetted on top. 10 or 15 well forming combs were placed 

into the gel and left to polymerise. Whilst the gel polymerised, the lysates being used were 

boiled at 100°C for 10 minutes. After the gel polymerised, this was placed into a cassette and 

then into an electrophoresis tank, the comb was then removed. 1X running buffer in water 

(5X Running buffer -Table 2.5) was poured in the tank covering the gel. PageRuler pre-

stained protein ladder (Thermofisher, UK) was loaded into the first well and then protein 

lysate was loaded into the rest of the wells. The tank was connected to a powerpack (Biorad, 

UK) via electrodes and the gel was run at 100 V for 1 hour and 30 minutes.  
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Table 2.4 Composition of 10% Resolving Gel and 4% Stacking Gel 

Reagents Amount for 10% 

resolving gel 

Final 

concentration 

for resolving 

gel 

Amount for 4% 

stacking gel 

Final 

concentration 

for stacking 

gel 

Distilled H2O 7.5ml - 3.1ml - 

1.5M Tris Buffer 

8.5 pH 

3.7ml 368 mM - - 

0.5MTris Buffer 

7.4 pH 

- - 1.25ml 127 mM 

40% Acrylamide 3.6ml 10% 0.5ml 4% 

10% SDS 150 μl 0.1% 50 μl 0.1% 

10% APS 69 μl 0.05% 30 μl 0.06% 

99% TEMED 46 μl 0.3% 10 μl 0.2% 

 

Table 2.5 Composition of 5X Running Buffer 

Reagents Amount Final Concentration 

SDS 5g 17 mM 

Tris 30g 248 mM 

Glycine 144g 1.9 M 

Distilled H2O 1000ml - 

 

2.7.4 Protein Transfer 

Following gel electrophoresis 1X transfer buffer (Table 2.6) was poured into a transfer tank. 

Next, a sponge was placed on a transfer cassette followed by 2 pieces of whatman paper 

(Cytiva, UK), the acrylamide gel, nitrocellulose blotting membrane (Cytiva, UK), 2 pieces of 

whatman paper and another sponge. This was closed and then placed inside the tank with the 

black side of the cassette facing to the negative electrode so the current will pass through the 

gel and transfer the proteins onto the membrane. Transfer buffer was poured into the tank so 

that the transfer cassette was submerged. This was put in ice and the transfer was run at 100 

V for 1 hour. 
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Table 2.6 Composition of 1X Transfer Buffer 

Reagents  Amount Final Concentration 

35 mM SDS 10g 3.5 mM 

200 mM Tris 24.24g 20 mM 

1.5M Glycine 111.75g 150 mM 

Methanol - 10 % v/v 

Distilled H2O up to 1000ml - 

 

2.7.5 Immunoblotting 

Following transfer, 5% skimmed milk solution in 1X TBST (Table 2.7) was then poured onto 

the membrane taken from the transfer cassette and rocked for 1 hour to block the membrane 

from non-specific binding. After 1 hour the milk buffer was removed and the membrane was 

placed into a dilution of primary antibody (Table 2.10) in 5% skimmed milk solution in a 

falcon tube. This was put onto a roller in a cold room (4°C) overnight. After the incubation, 

the membrane was put onto a rocker and washed in 1X TBST 3 times for 10 minutes. The 

membranes were then placed into a dilution of secondary antibody (Table 2.10) in 5% 

skimmed milk solution in a falcon tube. The falcon tube was put onto a roller at room 

temperature for 1 hour. After the incubation, the membrane was washed again in 1X TBST 3 

times for 10 minutes then the membrane was washed for 5 minutes in 1X TBS (Table 2.8). 

Using the Clarity Western ECL Substrate kit (Biorad, UK) enough ECL was prepared to 

cover each membrane in a 1:1:2 ratio of clarity substrate: peroxide + luminal/enhancer: 1X 

TBS. After this the membrane was taken to the ChemiDoc XRS+ imager (Biorad). The 

membrane was placed on the tray in the Chemi doc and the ECL was pipetted onto the 

membrane ensuring there were no air bubbles. ImageLab software was used to capture the 

image. The protein ladder was visualised first by selecting the colourimetric option from the 

blots tab. The mini protean gel type was selected. The membrane was positioned correctly on 

the tray and visualised. After the ladder was visualised the chemi option was selected from 

the blots tab. Mini protean gel type was used and the signal accumulation mode was selected. 

50 images were taken between 1 second and 300 seconds. Whilst running, the clearest image 

was selected and saved. 
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Table 2.7 Composition of 1X TBST 

Reagents Amount Final Concentration 

Distilled H2O 900ml - 

10X TBS (200 mM Tris, 

1.5M NaCl) 

100ml - 

20% Tween 1ml 0.02% 

 

Table 2.8 Composition of 1X TBS 

Reagents Amount 

Distilled H2O 900ml 

10X TBS (200 mM Tris, 1.5M NaCl) 100ml 

 

Table 2.9 Composition of 10X TBS pH 7.6 

Reagents Amount Final Concentration 

Distilled H2O 1000 ml - 

NaCl 88g 1.5M 

Tris 24g 200 mM 
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Table 2.10 Antibodies used for Western Blot Analysis 

Antibody Raised in Concentration used Catalogue Number Company 

Alpha Tubulin Mouse 1:1000 66031-1-Ig ProteinTech 

CBX2 Rabbit 1:1000 ab80044 Abcam 

RBL2 Rabbit 1:1000 13610S Cell Signalling Technology 

E2F4 Rabbit 1:1000 10923-I-AP ProteinTech 

Secondary Antibody 

anti-mouse 

Rabbit 1:1000 P0161 Dako 

Secondary Antibody 

anti-rabbit 

Goat 1:1000 P04481-2 Dako 
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2.8 Gene Expression Analysis 

2.8.1 RNA Extraction 

Cells were grown for 72 hours in a 6 well plate. After 72 hours, the media was removed from 

the wells. Cells were washed in 1X PBS. 350 μl of buffer RLT from the Qiagen RNeasy Mini 

Kit (Qiagen, UK) was added per well. This was then transferred to DNAase/RNAase free 

microcentrifuge tubes. 350 μl of 70% Ethanol was added per sample and pipetted up and 

down to ensure mixing. 700 μl of the sample was transferred to RNeasy Mini spin columns in 

collection tubes. These were then centrifuged for 15 seconds at 8,000 x g. The spin column 

was removed and the liquid in the collection tube was discarded. The spin column was placed 

back into the collection tube and 700 μl of buffer RW1 from the kit was added per sample. 

The samples were centrifuged at 8,000 x g for 15 seconds. The liquid in the collection tube 

was discarded. 500 μl of buffer RPE from the kit was added per sample. The samples were 

centrifuged at 8,000 x g for 15 seconds. The liquid was discarded. 500 μl of buffer RPE was 

added per sample. The samples were centrifuged at 8,000 x g for 2 minutes. The spin 

columns were transferred to new DNAase/RNAase free tubes and 30 μl of Rnase-free water 

from the kit was added per column. The samples were centrifuged for 1 minute at 8,000 x g 

to elute the DNA. The samples were incubated at 55°C for 10 minutes. After this had been 

completed the concentration of RNA in ng/-μl was calculated using a Nanodrop 2000 

(Thermo Scientific, UK). 

2.8.2 Reverse Transcription (RT) 

Reverse transcription was carried out on the RNA extraction samples to create 

complementary DNA (cDNA). First, 1 μg of RNA was needed, so the volume of this was 

calculated based on sample RNA concentration. This volume was then made up to 12.7 μl by 

adding molecular grade H2O. A reverse transcription reaction mix was made containing 

sample plus 1 X M-MLV RT Buffer (Promega, UK), 400µM dNTP (Thermofisher Scientific, 

UK), 500 nM oligoDT (Invitrogen, UK) and 60u of M-MLV Reverse Transcriptase (Stock 

200u/μl) (Promega, UK). Samples were then incubated at 37°C for 1 hour. After incubation, 

the samples were incubated at 100°C for 5 minutes to stop the reaction. The samples were 

pulsed down to remove any liquid from the lids of the tubes and diluted 1:10 with molecular 

grade H2O for use in qPCR. 

2.8.3 Quantitative Polymerase Chain Reaction (qPCR)  

For each set of primers being used in the experiment a master mix was prepared. A master 

mix for a single reaction contained 1X SYBR Green Mix (Sigma, UK), 1:100 final dilution of 
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ROX Dye (Sigma, UK), 2.1 µl of molecular grade water, 2nM of forward primer and 2nM of 

reverse primer (Table 2.11). The volume of master mix prepared was adjusted to how many 

reactions were being carried out. 8 µl of the master mix was pipetted into the bottom of the 

wells on a MicroAmp Fast Optical 96-well Reaction Plate (life technologies) and then 2 µl of 

the sample was added to the side of the wells before an Optical Adhesive Coverslip (life 

technologies) was placed on top of the 96 well plate. The plate was then placed into a plate 

spinner to mix the sample and master mix together in the wells. The plate was placed into a 

Real-Time PCR StepOne Plus (Applied Biosystems) machine and StepOne Software was 

used to run the qPCR and analyse the results. For the first step of the qPCR the plate was 

heated at 95°C for 10 minutes. Step two occurred for 40 cycles of 95°C for 15 seconds and 

then 60°C for 1 minute. The final stage was 95°C for 15 seconds, 60°C for 1 minute and 

95°C for 15 seconds. The data was then exported and analysed in excel. The gene expression 

profiling data was analysed using the delta delta CT method, this is where the cycle time 

(CT) mean generated from the qPCR is used to calculate relative gene expression compared 

to a control sample following normalisation using the expression of a chosen housekeeping 

gene (RPL13A) (Livak & Schmittgen, 2001).  
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Table 2.11 Primer sequences. Working concentration of primers used in qPCR was 0.05 µg/µl 

Primer Forward/Reverse Sequence Method Company 

RPL13A F CCTGGAGGAGAAGAGGAAAGAGA Gene Expression Profiling Sigma 

RPL13A R TTGAGGACCTCTGTGTATTTGTCAA Gene Expression Profiling Sigma 

CBX2 F GCTCCAAAGCCAGACTAACA Gene Expression Profiling IDT 

CBX2 R CAGGGACAGACATCCTCATTTC Gene Expression Profiling IDT 

CCNA2 F AGCTGCCTTTCATTTAGCACTCTAC Gene Expression Profiling Sigma 

CCNA2 R TTAAGACTTTCCAGGGTATATCCAGTC Gene Expression Profiling Sigma 

PLK1 F ATTTCCGCAATTACATGAGC Gene Expression Profiling Sigma 

PLK1 R TCCTGGAAGAAGTTGATCTG Gene Expression Profiling Sigma 

AURKA F CCTACAAAAGAATATCACGGG Gene Expression Profiling Sigma 

AURKA R CAAGTACTTCTCTGAGCATTG Gene Expression Profiling Sigma 

CDK1 F CCTAGCATCCCATGTCAAAAACTTGG Gene Expression Profiling Sigma 

CDK1 R TGATTCAGTGCCATTTTGCCAGA Gene Expression Profiling Sigma 

CDK4 F AGATTGCCCTCTCAGTGTCCA Gene Expression Profiling Sigma 

CDK4 R TGGAAGGAAGAAAAGCTGCC Gene Expression Profiling Sigma 

RBL2 F AGTCCAAAGCACTTAGAATC Gene Expression Profiling Sigma 

RBL2 R GAATCTGTTCCAGTTTCTCAC Gene Expression Profiling Sigma 

AURKA F GGTGACAACAAACCCGACG Chromatin Immunoprecipitation IDT 

AURKA R CCGGGTTCTTAGGGAGCAAG Chromatin Immunoprecipitation IDT 
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PLK1 F TCAATCAGGTTTTCCCCGGC Chromatin Immunoprecipitation IDT 

PLK1 R TTTAAAATCCAAACCCGCCCG Chromatin Immunoprecipitation IDT 

CCNA2 F AGTTCAAGTATCCCGCGACT Chromatin Immunoprecipitation IDT 

CCNA2 R GGTTTACCCTTCACTCGCCT Chromatin Immunoprecipitation IDT 

CDK1 F TTTCTTTCGCGCTCTAGCCA Chromatin Immunoprecipitation IDT 

CDK1 R CAATCGGGTAGCCCGTAGAC Chromatin Immunoprecipitation IDT 

CDC20 F GGTTGCGACGGTTGGATTTT Chromatin Immunoprecipitation IDT 

CDC20 R AGTTCCGACCGGCTTTAACA Chromatin Immunoprecipitation IDT 

UBE2S F GGACCGTTTGAATGAGACGC Chromatin Immunoprecipitation IDT 

UBE2S R CCCAGGAAGACCGTTAGTCG Chromatin Immunoprecipitation IDT 

UBE2C F ATCCCACGTGGACGTTTTCT Chromatin Immunoprecipitation IDT 

UBE2C R CGAATCCGTAGCGAATTGGTG Chromatin Immunoprecipitation IDT 

CCNB1 F CTGGAAACGCATTCTCTGCG Chromatin Immunoprecipitation IDT 

CCNB1 R GCCAGCCTAGCCTCAGATTT Chromatin Immunoprecipitation IDT 



43 
 

2.9 Co-Immunoprecipitation (Co-IP) 

A cell suspension of 1 million cells per reaction was transferred to 15 ml falcon tubes and 

centrifuged for 3 minutes at 0.3 RCF. The supernatant was discarded. 500 μl of lysis buffer 

(Table 2.12) was added to each pellet and pipetted up and down to ensure the pellet was re-

suspended. The samples were then transferred to microcentrifuge tubes and incubated at 4°C 

on a rotating spinning wheel for 1 hour. After incubation, the samples were centrifuged for 3 

minutes at 13.3 x g. The supernatant was transferred to new tubes and 1/10th of this 

supernatant was transferred to another new tube to be the input sample. The input sample was 

stored at -20°C. The appropriate amount of relevant antibodies for the proteins of interest 

were added to the samples (Table 2.13). The tubes were rotated on a spinning wheel for 2 

hours at 4°C. During the incubation time, 25 μl of Protein A Dynabeads (Invitrogen, UK) per 

sample were added to new microcentrifuge tubes. The beads were washed with 0.1% Titron-

X 100 in 1X TBS.  The tubes were then placed onto a magnetic rack to magnetise the beads 

and the supernatant was removed. This step was repeated two more times. A final amount of 

30 μl was added to the beads. After incubation, the beads were magnetised, and the solution 

was removed. The samples containing the antibodies were then added to the beads. These 

samples were incubated overnight on a spinning wheel at 4°C. After incubation, the samples 

were placed on a magnetic rack and the supernatant was transferred to a new tube and kept as 

the flowthrough. The beads were washed three times using the same protocol as previously. 

30 μl of SDS sample buffer was then added to the beads and 6 μl was added to the input 

samples. Once the SDS buffer was added to the beads and input samples theses were then 

used for western blot analysis (see section 2.7). 

Table 2.12 Composition of 5ml of Lysis Buffer 

Reagent Amount Final Concentration 

Tris pH7.5 1M 250 μl 52 mM 

NaCl 4M  188 μl 158 mM 

H2O 4.315 ml - 

DTT 1M 5 μl 1 mM 

Protease Inhibitor 5 μl - 
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Table 2.13 Antibodies used for Co-IP 

Antibodies Amount added (μl) Catalogue Number Company 

RBL2 4 μl 13610S Cell Signalling Technology 

E2F4 6.6 μl 10923-I-AP ProteinTech 

Rabbit IgG 2 µl C15410206 Diagenode 

 

2.10 Chromatin Immunoprecipitation (ChIP) 

2.10.1 Plating of Cells 

A CBX2 knockdown was carried out on MDA-MB-231 cells. 3.5 million cells were plated 

into two 150 mm dishes (Sarstedt, UK), one transfected with siSCR and the other by a siRNA 

pool created using equal amount of siCBX2 #1/3/4. A master mix of 1000 µl of basal media, 

20 µl of RNAiMAX and 10 µl of siSCR (50µM stock) or 3.3 µl of each siCBX2 (50µM 

stock) for the siCBX2 pool. These were incubated for 72 hours at 37°C and 5% CO2. 

A CBX2 knockdown was carried out on MDA-MB-468 cells. 2.5 million cells were plated 

into two 100 mm dishes (Sarstedt, UK), one transfected with siSCR and the other by a siRNA 

pool was created using equal amount of siRNA #1/3/4.  A master mix of 500 µl of basal 

media, 10 µl of RNAiMAX and 5 µl of siSCR or 1.66 µl of each siCBX2 for the siCBX2 

pool. These were incubated for 48 hours at 37°C and 5% CO2. 

2.10.2 Formaldehyde Fixation 

After incubation, 11% Formaldehyde (Table 2.14) was added to the dishes to make a final 

1% formaldehyde concentration and gently tipped to ensure mixing. The dishes were 

incubated at room temperature for 7 minutes. Next, 2.5M Glycine was added to the dishes to 

a final concentration of 125 nM to quench the formaldehyde and tipped to ensure mixing. The 

dishes were incubated at room temperature for 5 minutes. After incubation, the media was 

removed and discarded. The dishes were washed twice in cold 1X PBS. On the second wash 

the cells were scraped using a cell scraper and transferred to a 15 ml falcon tube. The cell 

suspension was then centrifuged at 2000 RCF for 4 minutes at 4°C (Hettich, Universal 32R). 

After the cells were spun down the supernatant was removed from the cell pellet and 

discarded. At this point the cell pellet could be snap frozen in liquid nitrogen and stored at -

80°C or the cell lysis step could proceed immediately. 
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Table 2.14 Composition of 10ml of 11% Formaldehyde solution 

Reagent Amount  Final Concentration 

HEPES-KOH 0.5M 1ml 50 mM 

NaCl 4M 250µl 0.1 M 

EDTA 0.5M 20µl 1 mM 

EGTA 0.5M 10µl 500 µM  

37% Formaldehyde 3ml 11% 

Molecular Grade H2O 5.27ml - 

 

2.10.3 Cell lysis and sonication 

5 ml of buffer LB1 (Table 2.15) was added to the cell pellet and gently rocked on ice for 10 

minutes. The cell suspension was centrifuged at 2000 RCF for 4 minutes at 4°C and the 

supernatant was removed. This process was repeated using buffer LB2 (Table 2.15). After the 

cell suspension was centrifuged and the supernatant removed, 500 µl of buffer LB3 (Table 

2.15) was added to the cell pellet and rocked on ice for 30 minutes. This was then transferred 

to an RNAase/DNAase free microcentrifuge tube. The cell suspension was sonicated in ice 

cold water (Bioruptor Sonication System UCD-200, Diagenode) for 30 minutes total in 30 

seconds on and 30 seconds off intervals. After every 5 minutes of the 30-minute sonication 

the ice was replaced in the water bath of the sonicator to keep the samples cool. After 

sonication, the samples were centrifuged (Eppendorf, Centrifuge 5430 R) at 20,000 RCF at 

4°C for 10 minutes and the supernatant was transferred to a new tube. The concentration of 

DNA in ng/-μl was calculated using a Nanodrop 2000 so that the amount of chromatin used 

for each experiment could be calculated. 
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Table 2.15 Composition of 100ml of Lysis Buffers 1/2/3 

Reagent LB1 Final 

Concentratio

n 

LB2 Final 

Concentratio

n 

LB3 Final 

Concentratio

n 

HEPES-KOH 

0.5M 

10ml 50 mM - - - - 

NaCl 4M 3.5ml 140 mM 5ml 200 mM 2.5ml 100 mM 

EDTA 0.5M 200µl 1 mM 200µl 1 mM 200µl 1 mM 

EGTA 0.5M - - 100µl 0.5 mM 100µl 0.5 mM 

Molecular 

Grade H2O 

79.05m

l 

- 93.7m

l 

- 95.6m

l 

- 

Glycerol 10ml 10% - - - - 

NP40 500µl 0.5% - - - - 

Titron-X 100 250µl 0.25% - - - - 

Tris HCL pH 8 

1M 

- - 1ml 10 mM 1ml 10 mM 

Na-

deoxycholate 

- - - - 0.1g 0.1% 

N-

lauroyisarcosin

e  

- - - - 0.5g 0.5% 

 

2.10.4 Binding of antibody to magnetic beads 

40 µl of Protein A DynaBeads for each ChIP reaction were added to RNAase/DNAase free 

microcentrifuge tubes and washed with 700 µl of 0.5% BSA in 1X PBS. 0.5% BSA in 1X 

PBS was passed through a sterile 0.45 µm syringe filter before use. The wash step was 

repeated once more by using a magnetic rack to remove the BSA from the beads in between 

washes. A final 700 µl of BSA was added to the beads and the appropriate amount of 

antibody was added to the tubes (Table 2.16). Parafilm was added to the lids of the tubes and 

rotated at 4°C for 6 hours. After the 6-hour bead-antibody incubation the amount of 

chromatin required for the experiment was calculated so that it was equal between each arm 

of the experiment and this sample was made up to 630 µl using LB3. 70 µl of 10% Titron-X 

100 (Fisher Scientific, UK) in LB3 was added and mixed. 70 µl was then removed to be used 

for an input sample, this was then stored at -20°C. The BSA solution was removed from the 

beads using the magnetic rack and then the chromatin-LB3 suspension was added to the 

beads. This then was rotated overnight at 4°C. 
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Table 2.16 Antibodies used for ChIP 

Antibody Animal 

raised in 

Amount (µl) needed for 

10 µl of chromatin 

Catalogue 

Number 

Company 

Rabbit IgG Rabbit 2 µl C15410206 Diagenode 

RBL2 Rabbit 10 µl 13610S Cell Signalling 

Technology 

 

2.10.5 Elution and cross-link reversal 

After incubation, the supernatant was removed from the beads using the magnetic rack. The 

beads were washed 5 times with RIPA buffer, then ChIP wash buffer (1X TBS) was added to 

the beads. The microcentrifuge tubes were centrifuged at 3000 RCF for 3 minutes. The wash 

steps were all done at 4°C. Using the magnetic rack, the ChIP wash buffer was removed from 

the beads and 200 µl of elution buffer (Table 2.17) was added to the samples and the input 

samples. These samples were then placed on a hot block for 7 hours at 65°C to reverse 

crosslinks. The samples were mixed every 5 minutes for the first 15 minutes of incubation. 

After 7 hours the samples were pulsed down and using a magnetic rack the solution was 

transferred to new microcentrifuge tubes and the beads were discarded. At this point the 

samples could be stored at -20°C until ready for DNA purification. 

 

Table 2.17 Composition of 50ml of Elution Buffer 

Reagent Amount  Final Concentration 

Tris-HCl pH 8 1M 2.5ml 50 mM 

EDTA 0.5M 1ml 10 mM 

20% SDS 2.5ml 1% 

H2O 44ml - 

 

2.10.6 Protein and RNA digestion 

First, 200 µl of TE buffer (Table 2.18) was added to each sample along with RNAse A (20 

mg/ml) obtained from the PureLink Genomic DNA Mini Kit to a final concentration of 20 

µg/ml (Thermo Fisher Scientific, UK). These samples were then incubated at 37°C on a hot 

block for 30 minutes. After incubation Proteinase K was added to a final concentration of 200 
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µg/ml to the samples and incubated at 55°C for 1 hour. Once incubation was finished the 

samples were pulsed down. 

Table 2.18 Composition of 50ml of TE Buffer 

Reagent Amount Final Concentration 

Tris-HCl 1M 500 µl 10 mM 

EDTA 0.5M 100 µl 1 mM 

Molecular Grade H2O 49.4ml - 

 

2.10.7 DNA Purification 

DNA was purified using the PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific, 

UK). 200 µl of Purelink Genomic Binding Buffer was added and vortexed. Next 200 µl of 

100% Ethanol was added to the samples and vortexed. This solution was then transferred to 

spin columns in tubes. The tubes were centrifuged at 10,000 x g for 1 minute at room 

temperature. The columns were then transferred to new collection tubes and 500 µl of Wash 

Buffer 1 was added to each sample. The samples were centrifuged again at 10,000 x g for 1 

minute. The columns were transferred to new collection tubes. 500 µl of Wash Buffer 2 was 

added to each sample and then centrifuged at 17,000 x g for 1 minute. The columns were then 

transferred to sterilised DNA/RNA free microcentrifuge tubes and 140 µl of molecular grade 

H2O was added to each sample and incubated at room temperature for 1 minute. The samples 

were centrifuged at 17,000 x g for 1 minute and the columns were removed from the 

microcentrifuge tubes, and the samples were stored at -20°C until needed qPCR analysis 

(section 2.8.3) 

2.11 Cleavage Under Targets & Release Using Nuclease (CUT & RUN) 

CUT & RUN is an assay that can identify areas of the genome bound by a protein of interest 

using a low cell number compared to ChIP. The assay works by binding cells to 

Concanavalin A magnetic beads and adding digitonin solution which permeabilises the cell 

membranes allowing the specific antibody used to enter the cells and reach the nuclei where 

it can bind to the protein of interest. pAG-MNase is added which binds to the antibody via the 

pAG part of the enzyme and the MNase is activated by the calcium ions from calcium 

chloride to digest the DNA either side of where the antibody is bound to its target on the 

chromatin. The chromatin can then be purified using spin columns and analysed via qPCR or 

sent for next generation sequencing (Cell Signaling Technology, 2022). 
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2.11.1 Cell Preparation and Binding of Primary Antibody 

CUT & RUN was performed using a CUT & RUN assay kit (Cell Signalling Technologies). 

200X Protease Inhibitor Cocktail (PIC) and 100X Spermidine were warmed and thawed 

before use. Digitonin Solution was warmed at 90°C for 5 minutes until fully thawed and then 

put onto ice. The Concanavalin A Bead Activation Buffer was also put onto ice. 2 ml of 1X 

Wash Buffer was made up per sample plus an additional 100 μl for each reaction or input 

sample. An excess of half a reaction was added to the mix. For example, for 2.5 ml of 1X 

Wash Buffer, 250 μl of 10X Wash Buffer, 25 μl of 100X Spermidine, 12.5 μl of 200X PIC 

and 2212.5 μl of water were added and then equilibrated to room temperature. To make the 

Antibody Binding Buffer mix, 1 μl of 100X Spermidine, 0.5 μl of 200X PIC, 2.5 μl of 

Digitonin Solution and 96 μl of Antibody Binding Buffer was prepared for each reaction and 

then placed on ice. The Concanavalin A Magnetic Beads were resuspended by pipetting up 

and down. 10 μl of beads per sample were transferred to a new tube. 100 μl of Concanavalin 

A Bead Activation Buffer was added per 10 μl of beads and pipetted up and down to mix. 

The tube was then placed on a magnetic rack and the solution was removed once it turned 

clear. This wash step was repeated a second time and a final volume of Concanavalin A Bead 

Activation Buffer equal to the initial volume of bead suspension was added to the beads and 

placed on ice.  

Cells were then trypsinised and counted. 100,000 cells were collected for each reaction 

including an extra 100,000 cells for the input sample. The cell suspension was then 

centrifuged for 3 minutes at 600 x g at room temperature and the liquid was discarded. The 

cell pellet was resuspended in 1 ml of 1X Wash Buffer at room temperature and mixed by 

pipetting up and down. This was then centrifuged at 600 x g for 3 minutes and the liquid was 

removed, and this wash step was repeated one more time. A final 100 μl of 1X Wash Buffer 

was added per 100,000 cells and the cell pellet was resuspended by pipetting up and down.  

100 μl of the cells were transferred to a new tube for the input sample and stored at -20°C. 

The Concanavalin A beads were resuspended and 10 μl of beads were added per 100,000 

cells to the washed cell suspension. The cell:bead suspension was then rotated on a spinning 

wheel at room temperature for 5 minutes. After this the samples were centrifuged at 100 x g 

to remove any cell:bead suspension from the lid of the tube. The tubes were then placed on a 

magnetic rack and once the beads were magnetised the liquid was removed. 100 μl of 

Antibody Binding Buffer mix was added per 100,000 cells and the tube was placed on ice. 

100 μl of the cell:bead suspension was aliquoted into separate 1.5 ml tubes for each reaction 



50 
 

and placed back on ice. Relevant antibodies (Table 2.19) for the proteins or histone marks to 

be analysed were added and mixed by pipetting up and down. The tubes were then rotated on 

a spinning wheel at 4°C for 2 hours. 

 

Table 2.19 Antibodies used for CUT & RUN 

Antibody Amount used Catalogue Number Company 

CBX2 2 μl ab80044 Abcam 

CBX2 2 μl C15410339 Diagenode 

Tri-Methyl-Histone 

H3 (Lys4) 

2 μl 9751T Cell Signaling 

Technology 

Rabbit (DA1E) mAb 

IgG XP Isotype 

Control 

5 μl 66362S Cell Signaling 

Technology 

 

2.11.2 Binding of pAG-MNase Enzyme 

1.05 ml of Digitonin Buffer was prepared per reaction by adding 105 μl of 10X Wash Buffer, 

10.5 μl of 100X Spermidine, 5.25 μl of 200X PIC, 26.25 μl of Digitonin Solution and 903 μl 

of water. As well as this, a pAG-MNase pre-mix was made by adding 50 μl of Digitonin 

Buffer and 1.5 μl of pAG-MNase Enzyme per reaction. This pre-mix was then placed on ice. 

After the 2 hour incubation the tubes were centrifuged at 100 x g to remove any cell:bead 

suspension from the lids of the tubes. The tubes were placed on a magnetic rack and the 

solution was removed. 1 ml of Digitonin Buffer was added to each tube and mixed by 

pipetting up and down. The tubes were placed back on the magnetic rack and the once the 

beads were magnetised the buffer was removed. 50 μl of pAG-MNase pre-mix was added to 

each tube and mixed. The tubes were then rotated on a spinning wheel at 4°C for 1 hour. 

2.11.3 DNA Digestion and Diffusion 

2.15 ml of Digitonin Buffer was prepared for each reaction by adding 215 μl of 10X Wash 

Buffer, 21.5 μl of 100X Spermidine, 10.75 μl of 200X PIC, 53.75 μl of Digitonin Solution 

and 1.849 ml of water. In addition to this, 150 μl of 1X Stop Buffer was prepared for each 

reaction by adding 37.5 μl of 4X Stop Buffer, 3.75 μl of Digitonin Solution, 0.75 μl of 

RNAse A, 5 μl of Spike-In DNA (diluted 500-fold by adding 1 μl of Spike-In DNA to 199 μl 

of molecular grade H2O) and 108 μl of molecular grade H2O. The Calcium Chloride was 
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placed on ice. The samples were centrifuged at 100 x g to remove any cell:bead suspension 

from the lids. The tubes were placed on the magnetic rack and the solution was removed once 

the beads had magnetised. 1 ml of Digitonin Buffer was added to the tubes. The beads were 

re-magnetised on the rack so the buffer could be removed, and the beads were washed again 

in 1 ml of Digitonin Buffer. The tubes were placed back on the rack and after the beads were 

magnetised a final volume of 150 μl of Digitonin Buffer was added to the tubes. The tubes 

were then incubated at 4°C for 5 minutes to allow cooling before digestion. After the 

incubation 3 μl of cold Calcium Chloride was added to each tube and mixed by pipetting up 

and down. The samples were incubated at 4°C for 30 minutes. After incubation 150 μl of 1X 

Stop Buffer was added to each tube and mixed by pipetting up and down. The samples were 

then incubated at 37°C for 10 minutes. Once the incubation was finished the samples were 

centrifuged at 4°C for 2 minutes at 16,000 x g and then the beads were magnetised on a 

magnetic rack. The supernatant was transferred to a new 1.5 ml tube and placed on ice, or this 

can be a safe stop where the samples can be stored at -20°C. 

2.11.4 Preparation of the Input Sample 

DNA Extraction Buffer was warmed before use. 2 μl of Proteinase K, 0.5 μl of RNAse A and 

197.5 μl of DNA Extraction Buffer was prepared per input sample. 200 μl of this mix was 

then added to the input sample and mixed by pipetting up and down. The sample was 

incubated at 55°C for 1 hour with shaking. After incubation, the sample was placed on ice to 

cool down. The sample was then sonicated (Bioruptor Sonication System UCD-200, 

Diagenode) in ice cold water for 30 minutes in 5-minute intervals with 30 seconds on and 30 

seconds off. After sonication, the sample was centrifuged at 17,000 x g for 10 minutes at 4°C 

and then the supernatant was transferred to a new 1.5 ml tube.  

2.11.5 DNA Purification 

DNA was purified using the DNA Purification Buffers and Spin Columns kit (Cell Signalling 

Technologies, UK). 1.5 ml of DNA Binding Buffer was added to each input and enriched 

chromatin sample and vortexed briefly. 600 μl of each sample was transferred to a new DNA 

spin column in a collection tube. The samples were then centrifuged at 17,000 x g for 30 

seconds. The spin column was removed from the collection tube and the liquid was 

discarded. The column was put back into the collection tube. This step was repeated until the 

entire sample had been spun through the spin column. 750 μl of DNA Wash Buffer was then 

added to each spin column and centrifuged at 17,000 x g for 30 seconds. The spin column 

was removed, and the liquid was discarded from the collection tube. The spin column was 
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placed back in the collection tube. The samples were centrifuged again at 17,000 x g for 30 

seconds to remove any residual Wash Buffer. The collection tube was then discarded with the 

liquid. 50 μl of Elution Buffer was added to each spin column and then placed into a new 

DNAase/RNAase free 1.5 ml tube. The samples were centrifuged at 17,000 x g for 30 

seconds. The spin column was discarded and the new tubes containing the samples were 

stored at -20°C until used for qPCR and sequencing.  

2.11.6 Qubit DNA quantification 

Before CUT & RUN samples were sent for sequencing, they were quantified using a Qubit 

1X dsDNA HS Assay Kit (Invitrogen, UK). This was done to provide an accurate detection 

of the DNA concentration (ng/µl) in the samples. First, each standard was diluted 1:20 with 

the working solution from the kit. These were then mixed. Samples were diluted 1:200 with 

working solution and mixed. The samples and standards were then incubated at room 

temperature for 2 minutes. The Qubit was calibrated with standard 1 and then standard 2. 

After calibration, the samples were then analysed using the Qubit. If the concentration of the 

sample is too low the volumes of sample and working solution can be adjusted. 1-20 µl of 

sample can be added to a new tube and then made up to 200 µl with working solution and 

then analysed again. 

2.12 Statistical Analysis 

A student’s T test was used for the analysis of cell count data, SRB assay data, gene 

expression profiling data and RBL2 enrichment data. 
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Chapter 3 Results 

3.1 Knockdown of CBX2 reduces cell growth in the MDA-MB-468 cell line 

Previous data has shown that after knockdown of CBX2 there was reduced cell growth in the 

TNBC cell line MDA-MB-231. To see if this effect would be repeated in another TNBC cell 

line a cell growth assay was done using MDA-MB-468 cells. The MDA-MB-468 cell line 

was transfected with siSCR or siCBX2 #1/3/4. The cells were grown for 96 hours before the 

cells were trypsinised and counted (Figure 3.1). Figure 3.1 shows the mean cell number 

relative to cell numbers in siSCR transfected cells for each transfection (n=4). A student’s T 

test was carried out to compare cell numbers after CBX2 knockdown. siCBX2 #1 showed a 

32.9% reduction in cell number with a p value of 0.0463. siCBX2 #3 showed a 35.4% 

reduction with a p value of 0.0007 and siCBX2 #4 showed a 58.1% reduction with a p value 

of 0.0001.  The cell counts for all 3 siRNAs were lower than the siSCR and were statistically 

significant thus showing decreased cell number in MDA-MB-468 cells following CBX2 

knockdown. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Relative cell counts in MDA-MB-468 cells following CBX2 knockdown 

MDA-MB-468 cells were transfected with a non-silencing control (siSCR) or one of 3 CBX2 

targeting siRNAs (#1/3/4) and grown for 96 hours. After 96 hours the cells were trypsinised and 

counted. Error bars show standard deviation (n=4). siCBX2 #1/3/4 cell numbers are relative to siSCR 

cell numbers. A student’s T test was used to compare numbers in siCBX2 transfected cells with 

siSCR transfected cells. * = p<0.05, *** = p<0.001. 
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Another cell growth assay was used to further validate the effect on cell growth after the 

knockdown of CBX2 in the MDA-MB-468 cell line. The MDA-MB-468 cell line was 

transfected with siSCR or siCBX2 #1/3/4. The cells were grown for 96 hours. An SRB assay 

was carried out on the cells which works by SRB binding to the proteins in cultured cells, 

which is solubilised, and the absorbance of the SRB measured. The absorbance of the SRB is 

representative of the number of cells present in the sample (Abcam, 2022). The samples were 

analysed with a plate reader (Figure 3.2). A student’s T test was carried out to compare the 

absorbance after CBX2 knockdown. Figure 3.2 shows the mean results for each CBX2 

targeting siRNA relative to the absorbance reading for siSCR transfected cells (n=3). siCBX2 

#1 showed a 12.7% reduction in absorbance. siCBX2 #3 showed a 18.8% reduction and 

siCBX2 #4 showed a 35.1% reduction in absorbance. The results show that in the siCBX2 

conditions there was a decrease in cell growth which mirrors the trend seen by the cell count 

assay, however, this decrease was not statistically significant. 

 

 

 

 

 

 

 

 

 

Figure 3.2 SRB assay following the knockdown of CBX2 in MDA-MB-468 cells 

MDA-MB-468 cells were transfected with siSCR or siCBX2 #1/3/4 and grown for 96 hours. After 96 

hours an SRB assay was carried out. Error bars show standard deviation (n=3). Absorbance of SRB in 

siCBX2 #1/3/4 transfected cells is relative to absorbance in siSCR transfected cells. A student’s T test 

was used to compare absorbances in siCBX2 transfected cells with siSCR transfected cells 
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3.2 Gene expression profiling after CBX2 knockdown in MDA-MB-468 cells 

RNA-sequencing analysis has shown that RBL2 gene expression increased in the TNBC cell 

line MDA-MB-231 following the knockdown of CBX2. To see whether this affect was seen 

in another TNBC cell line, gene expression profiling was carried out on MDA-MB-468 cells 

to see if RBL2 expression was affected after CBX2 knockdown. MDA-MB-468 cells were 

transfected with one of 3 CBX2 targeting siRNAs (siCBX2 #1/3/4) or a non-silencing control 

siRNA (siSCR). The cells were grown for 72 hours. After 72 hours an RNA extraction was 

carried out on the cells. After this a Reverse Transcription of 1ug of RNA was carried out and 

then the samples were analysed by qPCR. Primers specific for the following genes were 

analysed: CBX2, RBL2 and RPL13A. RPL13A was used as a housekeeping control gene in 

order to normalise the expression of the other genes across each sample. The combined 

results of 4 independent experiments are shown in Figure 3.3. Results are mean expression 

relative to siSCR transfected cells and a student’s T test was carried out to test the effect of 

CBX2 knockdown compared with siSCR transfected cells. Figure 3.3A shows that for all 

three CBX2 targeting siRNAs the mRNA expression of CBX2 decreased. siCBX2 #1 

decreased by 1.44 fold, siCBX2 #3 decreased by 2.82 fold and siCBX2 #4 decreased by 6.48 

fold. siCBX2 #1/3/4 were significantly reduced (p<0.05), showing that CBX2 was 

successfully knocked down in all conditions. Figure 3.3B shows that after knockdown of 

CBX2 by siCBX2 #1, RBL2 was upregulated by 3.51 fold and for siCBX2 #3 RBL2 was 

upregulated by 2.05 fold. However, siCBX2 #4 showed an unexpected 2.33 fold decrease in 

RBL2 expression. All siCBX2 showed statistical significance. siCBX2 #1 had a p value of 

0.0138, siCBX2 #3 had a p value of 0.0172 and siCBX2 #4 had a p value of 0.0371. 
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Figure 3.3 Gene expression profiling after CBX2 knockdown in MDA-MB-468 cells 

MDA-MB-468 cells were transfected with a non-silencing control (siSCR) or one of three CBX2 

targeting siRNAs (#1/3/4) and grown for 72 hours. After 72 hours an RNA extraction was carried out 

on the cells and then a Reverse Transcription was carried out. The samples were then used for qPCR 

with primers specific for CBX2, RBL2 and RPL13A. RPL13A was analysed as a housekeeping gene to 

normalise expression across the different samples. The siSCR control data was made relative to 1 and 

the relative fold change of each siCBX2 was calculated against siSCR. Error bars are for Standard 

Deviation (n=3). A student’s T test was used to compare expression with siSCR transfected cells. * = 

p<0.05, ** = p<0.01, *** = p<0.001. 
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3.3 RBL2 and E2F4 protein expression after CBX2 knockdown in MDA-MB-231 and MDA-

MB-468 cells 

The previous gene expression profiling in MDA-MB-468 cells showed an increase in RBL2 

expression after CBX2 knockdown with siCBX2 #1 and siCBX2 #3. However, there was an 

unexpected decrease in RBL2 expression after CBX2 knockdown using siCBX2 #4. To 

confirm whether this would be seen at the protein level a western blot analysis was carried 

out. The MDA-MB-231 and MDA-MB-468 cell line was transfected with one of 3 CBX2 

targeting siRNAs (siCBX2 #1/3/4) or a non-silencing control (siSCR). The cells were grown 

for 72 hours before the protein was harvested and the expression of α-tubulin, CBX2, RBL2 

and E2F4 was assessed by western blot (Figure 3.4 and Figure 3.5). E2F4 was analysed as it 

is another component of the DREAM complex which RBL2 interacts with to repress E2F-

target gene expression. The presence of the CBX2 band in the siSCR transfected and the 

absence of the CBX2 band in the siCBX2 transfected cells shows the successful knockdown 

of CBX2 (Figure 3.4 and Figure 3.5). RBL2 protein expression was also elevated in the 

siCBX2 transfected cells compared to the siSCR transfected cells indicated by a more intense 

protein band. This indicates that the knockdown of CBX2 increases RBL2 expression. Figure 

3.4 and Figure 3.5 shows that the knockdown of CBX2 had no discernible effect on E2F4 

expression. However, in Figure 3.4 the presence of E2F4 in the siCBX2 #1 band looks less 

compared to the other transfected conditions. This was repeated and no change was seen for 

the siCBX2 #1 transfected cells. α-tubulin was used as a loading control to observe that the 

loading of the protein lysates was relatively equal across the samples. 
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Figure 3.4 Knockdown of CBX2 causes upregulation of RBL2 and has no effect on E2F4 

expression in MDA-MB-231 cells 

MDA-MB-231 cells were transfected with a non-silencing control (siSCR) or one of 3 CBX2 targeting 

siRNAs (#1/3/4) and grown for 72 hours. After 72 hours the cells were harvested in RIPA buffer and 

protein quantified by BCA assay. Equal amounts of protein lysate were then probed for α-tubulin, 

CBX2, RBL2 and E2F4. The molecular weights for each protein are included on the left of the 

appropriate western blot image. Which lysate is from which transfection condition is shown above the 

appropriate lanes. The figure is a representative image from n=4 experiments. 
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Figure 3.5 Knockdown of CBX2 causes upregulation of RBL2 and has no effect on E2F4 

expression in MDA-MB-468 cells 

MDA-MB-468 cells were transfected with siSCR or siCBX2 #1/3/4 and grown for 72 hours. After 72 

hours the cells were harvested in RIPA buffer and protein quantified by BCA assay. Equal amounts of 

protein lysate were then probed for α-tubulin, CBX2, RBL2 and E2F4. The molecular weights for 

each protein are included on the left of the appropriate western blot image. Which lysate is from 

which transfection condition is shown above the appropriate lanes. The figure is representative image 

of n=3 experiments. 
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3.4 Gene expression profiling shows that knockdown of CBX2 affects RBL2 target genes in 

MDA-MB-468 cells 

 

After knockdown of CBX2, western blot analysis showed that RBL2 protein expression was 

increased in TNBC cell lines. Gene expression profiling was carried out to see if this effect 

affected RBL2 target genes. MDA-MB-468 cells were transfected with one of two CBX2 

targeting siRNAs (siCBX2 #3/4) or a non-silencing control siRNA (siSCR). It was decided to 

not use siCBX2 #1 due to limited resources and it was not as effective at knocking down 

CBX2 as siCBX2 #3 and siCBX2 #4. The cells were grown for 72 hours followed by an 

RNA extraction. After this a Reverse Transcription of 1ug of RNA was carried out and then 

the samples were analysed through qPCR. Primers specific for the following genes were 

analysed:  PLK1, AURKA, CCNA2, CDK1 and RPL13A. RPL13A was used as a 

housekeeping control gene in order to normalise the expression of the other genes across each 

sample. The combined results of 4 independent experiments are shown in Figure 3.6. Results 

are mean expression relative to siSCR transfected cells and a student’s T test was carried out 

to test the effect of CBX2 knockdown compared to siCBX2 transfected cells. PLK1 (Figure 

3.6A) and AURKA (Figure 3.6B) are both RBL2 target genes and are repressed by RBL2- 

associated DREAM-complex. For PLK1, knockdown by siCBX2 #3 decreased expression by 

2.85 fold and knockdown by siCBX2 #4 decreased expression by 5.77 fold. For AURKA 

knockdown by siCBX2 #3 decreased expression by 1.68 fold and knockdown by siCBX2 #4 

decreased expression by 2.58 fold. Both siCBX2 conditions for both genes showed no 

statistical significance. CCNA2 and CDK1 are genes that play a role in the cell cycle and are 

also targets of the RBL2-associated DREAM complex. It has previously been seen that after 

CBX2 knockdown in MDA-MB-231 cells these genes are downregulated. Figure 3.6C shows 

that knockdown by siCBX2 #3 decreased CCNA2 expression by 1.64 fold with a p value of 

0.0022 and knockdown by siCBX2 #4 decreased expression 1.73 fold with a p value of 

0.0037. Both siCBX2 conditions were very statistically significant thus CCNA2 has been 

downregulated following CBX2 knockdown. On the other hand, for CDK1 (Figure 3.6D) 

expression did not change after CBX2 knockdown. 
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Figure 3.6 Gene expression profiling after CBX2 knockdown affects RBL2 target genes in 

MDA-MB-468 cells 

MDA-MB-468 cells were transfected with a non-silencing control (siSCR) or one of two CBX2 

targeting siRNAs (#3/4) and grown for 72 hours. After 72 hours an RNA extraction was carried out 

on the cells and then a Reverse Transcription was carried out. The final samples were then used for 

qPCR with primers specific for PLK1, AURKA, CCNA2, CDK1 and RPL13A. RPL13A was analysed 

as a housekeeping gene to normalise expression across the different samples. The siSCR control data 

was made relative to 1 and the relative fold change of each siCBX2 was calculated against siSCR.  

Error bars are for Standard Deviation (n=3). A student’s T test was used to compare expression with 

siSCR transfected cells. * = p<0.05, ** = p<0.01, *** = p<0.001. 
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3.5 RBL2 and E2F4 co-immunoprecipitation following CBX2 knockdown on MDA-MB-468 

cells 

Previous western blots and gene expression data showed an increase in RBL2 expression 

after knockdown of CBX2 and decrease in expression of a sub-set of RBL2 target genes. 

However, western blot analysis showed that E2F4 expression remained the same after 

knockdown of CBX2. Co-IP assays were carried out to see if the increase in RBL2 

expression caused by the knockdown of CBX2 would increase RBL2 and E2F4 binding, 

which would indicate an increase in the formation of the DREAM complex. The MDA-MB-

468 cell line was transfected with siCBX2 #3 or non-silencing control siRNA (siSCR). After 

incubation, the cells were harvested, and two different co-IPs were carried out. An RBL2 IP 

using an anti-RBL2 antibody and an IgG control antibody as well as an E2F4 IP using an 

anti-E2F4 antibody and an IgG control antibody. After the IP a western blot analysis was 

carried out. Figure 3.7A showing the RBL2 IP followed by RBL2 immunoblot shows the 

presence of the RBL2 band in both siSCR transfected cells and siCBX2 #3 transfected cells. 

No band was present in the IP using the IgG control antibody. However, no band was 

detected for E2F4 following immunoblot with an E2F4 antibody. For the E2F4 IP (Figure 

3.7B) an RBL2 band was present in the siSCR transfected cells, and a potentially more 

intense band was present in the siCBX2 #3 transfected cells, when probed for RBL2. There 

was however no band present for E2F4 in both the siSCR transfected cells and the siCBX2 #3 

transfected cells when probed for E2F4. The E2F4 IP result may therefore suggest that 

interaction between E2F4 and RBL2 was elevated, due to the increase in intensity of the 

RBL2 band, however we could not confirm whether the E2F4 IP had been successful as we 

were never able to detect E2F4 protein following the IP. 
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Figure 3.7 RBL2 and E2F4 IP on MDA-MB-468 cells after knockdown of CBX2 

MDA-MB-468 cells were transfected with a non-silencing control (siSCR) or siCBX2 targeting 

siRNA #3 and 1 million cells were grown for 72 hours in a large dish. After incubation the cells were 

harvested for an RBL2 IP (A) and an E2F4 IP (B). After IP, a western blot analysis was carried out. 

The samples were probed for RBL2 and E2F4. The molecular weights for each protein are included 

on the left of the appropriate western blot image. Which lysate is from which transfection condition is 

shown above the appropriate lanes. RBL2 n = 3 and E2F4 n = 6.  
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3.6 Enrichment of RBL2 at RBL2 target gene promoters following knockdown of CBX2 in 

MDA-MB-231 cells 

Previous results showed that knockdown of CBX2 increased RBL2 protein expression and 

reduced the expression of RBL2-associated DREAM complex target genes. To see if 

upregulation of RBL2 had a direct effect on target gene expression, the enrichment of RBL2 

at RBL2 target gene promoters was assessed by ChIP. MDA-MB-231 cells were transfected 

with either an siRNA pool of siCBX2 #1/3/4 or siSCR and grown for 48 hours. After 

incubation a ChIP was carried out using an anti-RBL2 antibody and RBL2 enrichment was 

compared between siSCR and siCBX2 transfected cells. qPCR analysis was used to analyse 

the enrichment of RBL2 at promoter sites of the following RBL2 target genes AURKA, 

PLK1, CCNA2, CDK1, CDC20, UBE2S, CCNB1, UBE2C. A student’s T test was used to 

determine if changes in enrichment were significant following CBX2 knockdown. RBL2 

enrichment at the CCNA2 promoter site was increased by 1.87-fold with a p value of 

0.0201(Figure 3.8A) and at the CDC20 promoter site it was decreased by 2.28-fold with a p 

value of 0.0481 (Figure 3.8B). Both were statistically significant. Figure 3.8C shows that 

RBL2 enrichment was increased at the CCNB1 promoter site by 2.91-fold. Figures 3.8D and 

3.8E show an increase at the AURKA promoter site by 4.35-fold and at the PLK1 promoter 

site by 3.59-fold. Figures 3.8F, 3.8G and 3.8H for CDK1, UBE2S and UBE2C showed no 

change in RBL2 enrichment at these sites.  
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 Figure 3.8 Relative fold enrichment of RBL2 at RBL2 promoter sites in MDA-MB-231 cells 

MDA-MB-231 cells were transfected with either an siRNA pool of siCBX2 #1/3/4 or one a non-

silencing control siRNA (siSCR). 3.5 million cells were plated onto a large dish and the cells were 

grown for 48 hours. After incubation a ChIP was carried out using an anti-RBL2 antibody. 

Enrichment was calculated as percentage input following CBX2 knockdown and was made relative to 

percentage input in siSCR transfected cells. Error bars represent standard deviation. A Student’s T test 

was carried out. AURKA, PLK1, CDC20, UBE2S, CCNB1 n=3. CCNA2, CDK1, UBE2C n=4. 
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3.7 Enrichment of RBL2 at RBL2 target gene promoters following the knockdown of CBX2 

in MDA-MB-468 cells 

 

To assess the effect in a different TNBC cell line MDA-MB-468 cells were transfected with 

either an siRNA pool of siCBX2 #1/3/4 or siSCR and grown for 72 hours. After incubation, a 

ChIP was carried out using an anti-RBL2 antibody and RBL2 enrichment was compared 

between siSCR and siCBX2 pool transfected cells. qPCR analysis was used to analyse the 

enrichment of RBL2 at the sites of the following RBL2 target genes AURKA, PLK1, CCNA2, 

CDK1, CCNB1, UBE2C. A student’s T test was used to determine if changes in enrichment 

were significant following CBX2 knockdown. All RBL2 target genes showed increased 

RBL2 enrichment at the promoter sites following CBX2 knockdown (Figure 3.9). RBL2 

enrichment at the CCNA2 promoter site was increased by 1.52-fold with a p value of 0.0263 

(Figure 3.9A) and at the UBE2C promoter site it was increased by 1.31-fold with a p value of 

0.0314 (Figure 3.9B). Figure 3.9C showed that RBL2 enrichment was increased at the 

AURKA promoter site increased by 1.27-fold. Figures 3.9D and 3.9E show an increase at the 

PLK1 promoter site by 1.26-fold and at the CDK1 promoter site by 1.35-fold. At the CCNB1 

promoter site there was a 1.52-fold increase in RBL2 enrichment (Figure 3.9F). These were 

not statistically significant. 
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 Figure 3.9 Relative fold enrichment of RBL2 at RBL2 promoter sites in MDA-MB-468 cells 

MDA-MB-468 cells were transfected with either an siRNA pool of siCBX2 #1/3/4 or a non-silencing 

control siRNA (siSCR). 2 million cells were plated onto a large dish and the cells were grown for 72 

hours. After incubation, a ChIP was carried out using an anti-RBL2 antibody. Enrichment was 

calculated as percentage input and made relative to the percentage input in siSCR transfected cells. 

Error bars represent standard deviation. A Student’s T test was carried out. CCNB1, UBE2C n=3. 

AURKA, PLK1, CCNA2, CDK1 n=4. 
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3.8 Determining CBX2 chromatin interactions via CUT & RUN sequencing 

To understand the role CBX2 has in the regulation of gene expression in TNBC, it is 

important to understand where CBX2 is binding on the chromatin and therefore which genes 

it may be directly regulating. ChIP-sequencing has been widely used for this type of analysis 

however recently new technologies have been developed for genome-wide chromatin binding 

studies. One such technique is called CUT & RUN which works by conjugating an MNase 

protein to an antibody bound to the target protein which then digests the DNA either side of 

the protein of interest (Skene & Henikoff, 2017). This technique can be done on far fewer 

cells than ChIP-sequencing (100,000 compared to millions of cells), has reduced sequencing 

background noise compared with ChIP-sequencing and does not require the sequencing depth 

that ChIP-sequencing does; meaning it could be a potentially more precise and cheaper 

technique to use. CUT & RUN-sequencing has not been done for CBX2 yet so two different 

CBX2 antibodies were used alongside a positive control antibody (H3K4me3) to test if this 

was possible. 

First a CUT & RUN was carried out using the H3K4me3 antibody as a positive control and 

an IgG as a negative control to determine if the protocol worked. qPCR analysis was used to 

analyse the enrichment of these two controls on the Human RPLO gene. RPLO is 

constitutively expressed and H3K4me3 is a marker for transcriptional activation. Figure 

3.10A shows enrichment of H3K4me3 at the RPLO promoter and essentially no enrichment 

when using the IgG antibody, thus indicating that the CUT & RUN technique worked. After 

this experiment a CUT & RUN was carried out on MDA-MB-231 cells using two anti-CBX2 

antibodies (Abcam and Diagenode), an IgG and the H3K4me3 positive control antibody 

(N=2). Before the samples were sent for sequencing a qPCR analysis was used to see if the 

protocol worked and if there was enrichment of positive and negative controls on the Human 

RPLO gene. Figure 3.10B shows the first (n=1) and second (n=2) repeats. The figure shows 

higher enrichment in the H3K4me3 marker and low enrichment in the negative control 

showing that the CUT & RUN technique worked however, it cannot be confirmed that the 

two anti-CBX2 antibodies worked as they have not been validated for CUT & RUN. The 

samples were sent to Novogene for sequencing. At the time of writing this thesis only the 

preliminary QC data had returned for this experiment, which is detailed below. 
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Figure 3.10 CUT & RUN on MDA-MB-231 cells 

MDA-MB-231 cells were harvested, and a CUT & RUN was carried out using the Tri-Methyl-

Histone H3 (Lys4) antibody as a positive control and an IgG as a negative control. Enrichment at the 

promoter of RPLO was assessed by qPCR. (A) Initial assessment of the CUT & RUN protocol. (B) 

Validation of the CUT & RUN protocol worked for samples to be sent for sequencing. The data was 

normalised by normalising the raw data to one sample and then using this data to normalise the 

percentage inputs of the samples. Figure B shows raw percentage input. 
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3.8.1 Quality Control analysis of Cut & Run-sequencing  

It was shown from the initial QC analysis that both CUT & RUN experiments had produced 

very low amounts (0.1-0.2 ng/µl) of DNA for sequencing. Low amounts of DNA are 

expected from CUT & RUN experiments due to the low input of starting material being used 

and then during the protocol the DNA is further reduced during the immunoprecipitation. The 

input sample had a higher concentration of DNA (10.5 ng/ µl), this is due to not going 

through the immunoprecipitation part of the protocol. The NEBNext® Ultra™ IIDNA 

Library Prep Kit (a specific low input method of library preparation) was used due to the low 

levels of DNA. The sequencing for each sample was successful and the data quality summary 

can be seen in Table 3.1.  

Table 3.1 Data quality summary of CUT & RUN sequencing. “Sample” indicates what the 

target protein was, and which antibody was used (Abcam or Diagenode for CBX2) as well as 

which biological repeat this DNA was from (n=1 or n=2). The sequencing was done in two 

batches. Which sample was in which batch is indicated by the red and blue shading  

Sample Raw Reads 

Clean Reads 

(%) 

Error 

(%) 

GC Content 

(%) 

CBX2 Abcam n=1  43708190 63.87 0.03 52.27 

CBX2 Abcam n=2  45597240 81.5 0.03 47.44 

CBX2 Diagenode 

n=1  53569508 69.11 0.03 52.52 

CBX2 Diagenode 

n=2  46496618 74.69 0.03 53.22 

H3K4me3 n=1 43751584 73.27 0.03 53.22 

H3K4me3 n=2 45635146 92.21 0.03 55.32 

Input 47161064 97.88 0.03 42.2 

 Sample: Sample name. 

 Raw reads: total amount of reads of raw data. 

 Clean Read (%): (Number of clean reads/Raw reads)*100% 

 Error (%): base error rate 

 GC Content (%): (G and C base count/Total base count)*100% 
 

The results show that the sequencing was successful and error free as the percentage error 

rate for all samples was low (0.3%). The GC content of sequence produced should be around 

50%, which was true of all samples. The input sample had a lower GC Content percentage 

(42.2%), but this was still within QC parameters. The sequenced reads (raw reads) can 

contain low quality reads and reads that contain sequencing adapters. To determine the 

percentage of “clean reads” containing genomic sequence that can confidently be mapped to 

the genome, the raw reads are filtered to remove those containing adapters and those 

containing >10% of reads in which the base could not be determined. For each sample, the 
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reads only contained clean reads or adapter related reads. The samples were sequenced in two 

different batches by Novogene, which is shown by the blue and red shaded samples in the 

table. The results show that the percentage of clean reads was higher in all samples from the 

first run (81.5%-97.88% - blue shaded samples) compared to the second run (63.87%-73.27% 

- red shaded samples). This may be due to chance or technical differences within each 

sequencing run.  

In summary each CUT& RUN experiment produced DNA, from which a successful library 

was generated that was able to be sequenced. To determine if the CUT & RUN itself worked 

the sequence will be mapped to the genome and the areas mapped assessed to identify regions 

that CBX2 binds to and that the H3K4me3 mark is deposited. This analysis was not complete 

at the time of writing.   
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Chapter 4 Discussion 

TNBC is very difficult to treat, partly due to the lack of ER, PR and HER2 receptors present, 

meaning they cannot be treated with targeted endocrine therapy. Due to this, patients with this 

aggressive subtype of breast cancer tend to have a poor prognosis. Therefore, it is critical that 

new novel therapeutic options are identified to treat patients diagnosed with TNBC. CBX2 is 

an epigenetic protein found to play a role in cancer and studies have shown it to be upregulated 

in many cancers such as lung, colon, stomach, and breast (Clermont et al, 2014). Liang et al, 

2017 also confirmed via analysis of publicly available patient gene expression databases that 

CBX2 was expressed in breast cancer and that it was higher compared to normal breast samples. 

The overexpression of CBX2 was also more prominent in TNBC compared to other breast 

cancer subtypes. 

The aim of this study was to investigate the role of CBX2 in TNBC cell growth. In this project 

we have confirmed that CBX2 knockdown reduces the growth of TNBC cells. After CBX2 

knockdown the tumour suppressor protein RBL2 was upregulated and the expression of RBL2 

target genes was reduced. RBL2 is a member of the DREAM complex, which inhibits the cell 

cycle via preparation of cell cycle gene expression. We observed that following CBX2 

knockdown RBL2 enrichment at a subset of DREAM complex target sites was elevated. In 

addition, a cutting edge CUT&RUN protocol to determine CBX2 binding sites was optimised, 

and samples sent for sequencing. 

4.1 CBX2 knockdown causes reduced cell growth 

To investigate the role CBX2 has on cell growth, a transfection was carried out on MDA-MB-

468 cells using either siSCR or siCBX2 #1/3/4. Cells were grown for 96 hours before they were 

trypsinised and counted. It has previously been seen in MDA-MB-231 cells that CBX2 

knockdown caused a reduction in cell growth, so another TNBC cell line was used to see if 

these effects could be repeated. All three siCBX2 conditions showed a statistically significant 

reduction in cell growth compared to the scrambled control, with siCBX2 #4 showing the most 

reduction.  

To further validate the effects observed from the cell count results, an SRB assay was carried 

out on the same cell line. All three siCBX2 conditions did show a reduced absorbance 

compared to the siSCR thus showing a reduction in cell growth, however, these results were 

not statistically significant.  
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Differences are likely to be observed between the two tests used as manual cell counts measure 

the total number of cells present whereas an SRB assay measures the amount of protein content 

that has been stained with SRB. There also limitations to both assays that can affect the results 

seen. For example, with manual cell counts there is the potential for user bias as the cell count 

number would vary from person to person as well as due to the cell suspension being loaded 

into a chamber on a haemocytometer there is the chance of uneven distribution of the cells. 

These two points can lead to the overestimation or underestimation of the how many cells are 

present affecting the results (Johnston, 2010). A crucial step that can affect the outcome of 

results of an SRB assay is the multiple washing steps. If the wash steps are too harsh there is 

the risk of cells becoming dislodged from the plate or if the washing is not sufficient there can 

be excess dye still bound to the cells which can give an inaccurate result (Vichai & Kirtikara, 

2006). 

Reduced cell growth in other breast cancer cell lines has been observed. CBX2 was knocked 

down in the oestrogen receptor positive cell line MCF-7 and the TNBC cell line MDA-MB-

231 (Zheng et al, 2019). Cells from both cell lines were counted after incubation and both 

showed reduced proliferation which suggests CBX2 plays a role in cell growth in breast cancer 

(Zheng et al, 2019). When comparing the Zheng et al, 2019 study which used short hairpin 

RNA (shRNA) targeting CBX2 via lentiviral transduction of a plasmid to ours, we used 3 

independent siRNA sequences which is arguably a more robust way of determining the effect 

of CBX2 on cell growth. It can be concluded from this data that CBX2 is required for TNBC 

cell growth thus targeting CBX2 could be useful. 

4.2 RBL2 expression is upregulated after the knockdown of CBX2 and there is no effect on 

E2F4  

Previous RNA-sequencing analysis in the Wade lab identified that knockdown of CBX2 in the 

TNBC cell line MDA-MB-231, increased the expression of the tumour suppressor gene RBL2. 

To look at the effect of CBX2 knockdown at the protein level in MDA-MB-231 and MDA-

MB-468 cells, RBL2 expression was analysed through western blot. Both cell lines were 

transfected with siSCR and siCBX2 #1/3/4. Western blot analysis showed that following CBX2 

knockdown the expression of RBL2 increased in both TNBC cell lines. This suggests that 

CBX2 represses RBL2 and when CBX2 is knocked down, the expression of RBL2 is 

upregulated. RBL2 is part of the DREAM complex with E2F4 and plays a role in preventing 

progression of cells through the cell cycle. De-regulation of RBL2 has been observed in 

different cancers such as oral squamous carcinoma, uveal melanoma and endometrial 
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carcinoma (Ullah et al, 2015). It has also been reported that loss of RBL2 in the early stages of 

breast cancer, ovarian cancer, endometrial cancer and non-small lung cancer can be used as an 

important marker of cancer progression (Ullah et al, 2015). Inhibition of RBL2 by CBX2 may 

therefore be a mechanism by which CBX2 promotes cancer progression 

4.3 Formation of DREAM complex after CBX2 knockdown 

Due to increased RBL2 expression after CBX2 knockdown, co-IP for another DREAM 

complex component,  E2F4, was carried out to determine whether this increased expression 

would show increased formation of the DREAM complex. E2F4 expression was shown not to 

be affected by CBX2 knockdown in our experiments, so any increase in interaction between 

RBL2 and E2F4 would suggest that the increase in RBL2 expression was instigating DREAM 

complex formation. MDA-MB-468 cells were transfected with either siSCR or siCBX2 #3 and 

grown for 72 hours. After incubation two separate co-IPs were carried out, one using an anti-

RBL2 antibody and the other using an anti-E2F4 antibody. Western blot analysis was carried 

out to visualise the IPs. The RBL2 IP showed an RBL2 band at 110 kDa in the siCBX2 cells 

and the siSCR cells. However, no band was seen for E2F4 in both the siSCR cells and the 

siCBX2 cells. It is unclear therefore whether the E2F4 IP worked as no band was detected for 

E2F4 however, a band was detected for RBL2 which was more intense in the siCBX2 cells 

following E2F4 IP. It is therefore inconclusive whether the E2F4 IP worked as no E2F4 was 

detected thus making it hard to confirm whether there is an increase in the formation of the 

DREAM complex.  

Due to not being able to confirm whether the E2F4 IP was successful or not it is likely that the 

IP protocol needs trouble shooting and optimising. A key component of the co-IP protocol that 

can affect the outcome of the experiment is the lysis buffer used. A lysis buffer used that is too 

harsh due to high salt concentrations and an incorrect pH can alter protein interactions, reduce 

antibody binding and overall denature the proteins being investigated (DeCaprio & Kohl, 

2020). A possible step to carry out would be to reduce the salt concentrations by using a lower 

concentration of NaCl, adding in non-ionic detergents such as NP40 or titron-X 100 and to 

adjust the pH. Research shows an optimal pH range of lysis buffer is 6-9 (DeCaprio & Kohl, 

2020). The previous lysis buffer used, and new optimised buffer could be used as controls in a 

co-IP to see the outcome of the different buffers. It is also essential an IgG negative control is 

used to confirm that binding of protein in the other samples are from the specific protein of 

interest (Lagundžin et al., 2022). Furthermore, the input samples should also be included as 

these samples confirm if there is protein present. 
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4.4 CBX2 knockdown increases gene expression of RBL2 and affects RBL2 target genes  

Gene expression profiling was carried out on MDA-MB-468 cells to see if RBL2 expression 

was affected and if this also affected RBL2 target genes. MDA-MB-468 cells were transfected 

with siSCR or siCBX2 #1/#3/#4 and grown for 72 hours. After incubation an RNA extraction 

and reverse transcription was carried out to generate cDNA. The samples were then analysed 

through qPCR and the primers for the following genes were analysed: CBX2, RBL2, PLK1, 

AURKA, CCNA2 and CDK1. For the analysis of PLK1, AURKA, CCNA2 and CDK1. siCBX2 

#1 was not used it was agreed that this siRNA was not as effective compared to siCBX2 #3 

and #4 for CBX2 knockdown. Following knockdown of CBX2, RBL2 expression was increased 

in siCBX2 #1 and #3 conditions however siCBX2 #4 showed a decrease in expression, which 

was unexpected. Each siCBX2 condition was statistically significant. It was seen in all repeats 

for the analysis of RBL2 that siCBX2 #4 was decreased which contradicts previous RNA-

sequencing data in MDA-MB-231 cells and the western blots results which showed increased 

RBL2. The results observed for siCBX2 #4 may be due to issues with the qPCR, although this 

cannot be explained at this time. RBL2 target genes repressed by the DREAM complex all 

showed a decreased in each siCBX2 condition apart from CDK1 which showed no change. 

Results for siCBX2 #3 and #4 for PLK1 and CCNA2 were statistically significant.  

PLK1, AURKA, CCNA2 AND CDK1 all play important roles in the regulation of the cell cycle. 

PLK1 and AURKA are both kinases. PLK1 is involved in mitosis through mechanisms such as 

spindle assembly, centrosome maturation, sister chromatid cohesion and recovery from DNA-

damage induced rest. AURKA is involved in spindle formation in mitosis by phosphorylating 

PLK1 (Bruinsma et al, 2015). CDK1 is a cyclin-dependent kinase that regulates the cell cycle 

from the entry of cells through to S phase and is involved in mitosis. CCNA2 binds to CDK1, 

and this complex helps cells progress through the S phase of the cell cycle (Diril et al, 2012; 

Li et al, 2021). These genes are essential in the cell cycle and downregulation of these genes 

would result in cells being unable to progress through the cell cycle and would therefore reduce 

cell growth and cause cell senescence. When cells are in senescence, senescence-associated β-

galactosidase (SA-β-Gal) activity is increased thus, using this staining technique can aid in 

differentiating normal and senescent cells (González‐Gualda et al., 2021).  

4.5 CBX2 knockdown increases RBL2 enrichment at DREAM complex target sites 

To further investigate the effect of CBX2 knockdown on RBL2 and DREAM complex 

activity, the enrichment of RBL2 at DREAM complex target sites was investigated by ChIP. 

MDA-MB-231 and MDA-MB-468 cells were transfected with either siSCR or an siRNA 
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pool of siCBX2 #1/3/4 and after incubation ChIPs were carried out using an anti-RBL2 

antibody. qPCR analysis showed that in MDA-MB-231 cells following the knockdown of 

CBX2, RBL2 was enriched at the promoter sites of CCNA2, CCNB1, PLK1, AURKA and 

there was no change at the promoter sites of CDK1, UBE2C and UBE2S. RBL2 enrichment 

was decreased at the CDC20 promoter site. CCNA2, CDC20 and CCNB1 were statistically 

significant. In MDA-MB-468 cells after CBX2 knockdown RBL2 was enriched at the 

promoter sites of CCNA2, UBE2C, AURKA, PLK1, CDK1 and CCNB1. CCNA2 and UBE2C 

were statistically significant. 

The increased enrichment of RBL2 at DREAM complex sites suggests that following CBX2 

knockdown there is an increase in DREAM complex formation at these genes. The DREAM 

complex is important in regulating the cell cycle by halting the process of cancerous cells 

leading to cell senescence (Gaubatz et al, 2000). Due to CBX2 inhibiting RBL2 and the 

DREAM complex this opens the potential for CBX2 to be therapeutically targeted in order to 

reactivate DREAM complex activity to and slow cancer growth. To provide further evidence 

to support the hypothesis that there is dysregulated DREAM complex recruitment more ChIP 

assays could be carried out. Different components of the DREAM complex such as E2F4, DP 

and MuvB could be analysed to identify if there is any enrichment following CBX2 

knockdown. qPCR analysis could be carried out with the same genes used prior to identify if 

there is increased enrichment of the DREAM components at these sites.  

Recently, SW2_152F a selective CBX2 inhibitor has been developed that blocks the CBX2 

chromodomain to prevent chromatin binding and PRC1 complex formation. Using DNA 

encoded libraries, molecules were generated which showed an increased level of affinity (Kd 

80nM) and selectivity of 24 to 1000-fold to CBX2 compared to other CBX orthologues. To 

confirm the effects of SW2_152F, a prostate cancer cell line LNCaP_NED was treated with 

the inhibitor. Inhibitor treatment reduced cell proliferation and decreased cell size (Wang et 

al, 2021). The inhibitor also reduced CBX2 enrichment and CBX2 target genes showing that 

the inhibitor prevents the chromatin binding of CBX2. Thus, the data generated by this paper 

shows the proof of principle that CBX2 inhibitors could be created which in the future could 

potentially be used for the treatment of TNBC. 

Furthermore, there are other inhibitors that target the bromodomain and extraterminal domain 

(BET) protein family. BET proteins are responsible for recognising acetylation of lysine 

residues on histones (Shorstova et al, 2021). In this family there are four main proteins called 
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BRD2, BRD3, BRD4 and testis-specific BRDT which all share the same structure of two-N-

terminal bromodomains (BD) known as BD1 and BD2 (Andrikopoulou et al, 2020). It has 

been found that the BET proteins can alter the cell cycle progression through the activation of 

different oncogenes such as CCNA1, MYC, CCND1 and JUNB. This process arises through 

BET proteins acting as a scaffold to super enhancers which are areas of the genome which 

have multiple enhancers bound by TFs and coactivators that known to initiate expression of 

oncogenes and disease associated genes. (Andrikopoulou et al, 2020; Shorstova et al, 2021). 

BRD4 also interacts with positive transcription elongation factor (PTEF-b), recruiting it to 

sites of active transcription. PTEF-b is then activated by the phosphorylation of the CDK9 

component in the protein which ultimately leads to the phosphorylation of RNA Polymerase 

II initiating transcription (Andrikopoulou et al, 2020). JQ1 was developed to inhibit BRD4. It 

works by mimicking the acetylated lysine residue enabling it to bind to the binding pockets of 

BRD4 which prevents other proteins being recruited to the chromatin site halting 

transcription and induces cell cycle arrest (Shorstova et al, 2021). Treatment of JQ1 in TNBC 

cell lines resulted in cell cycle arrest in the G1 phase (Andrikopoulou et al, 2020). 

4.6 CUT & RUN to further understand CBX2 chromatin interactions on the genome  

A CUT & RUN-sequencing experiment was carried out to help identify where CBX2 binds 

on the chromatin, and thus, what genes it may regulate the expression of. To determine if the 

process works the first CUT & RUN carried out was on MDA-MB-231 cells using a positive 

(H3K4me3) and IgG negative control. qPCR analysis was carried out using the Human RPLO 

gene which showed that there was enrichment of H3K4me3 and low enrichment of the IgG, 

confirming that the process worked. After a successful first experiment a second CUT & 

RUN was carried out using two different CBX2 antibodies as well as the H3K4me3 control 

and IgG control. A qPCR analysis using the positive and negative control and the Human 

RPLO gene was analysed. This identified that the process worked as there was higher 

enrichment of H3K4me3 and low enrichment of the IgG. These samples were then sent to 

Novogene for sequencing. The initial sequencing results showed that the samples contained 

low amounts of DNA and the input sample had a higher quantity of DNA, both results are 

expected from CUT & RUN. NEBNext® Ultra™ IIDNA Library Prep Kit was used due to 

the low levels of DNA and generated a successful library that can be sequenced. It was 

identified that both repeats of the CUT & RUN experiment were successful and error free. 

The next step that could not be completed due to time constraints would be for the sequence 
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to be mapped to the genome and the areas mapped assessed to identify regions that CBX2 

binds to and that the H3K4me3 mark is deposited.  

Before the CUT & RUN protocol was developed ChIP was predominately used to identify 

where proteins are bound along the chromatin. Although this is still widely used there are 

also some disadvantages to the ChIP protocol which led to the development of CUT & RUN 

to resolve these problems. ChIP often requires millions of cells at a time to carry out the 

protocol which may not always be readily available. CUT & RUN is optimised to use a far 

lower cell number, a minimum of 100,000 cells per reaction, which means it is applicable to 

samples where cell numbers are limited such as patient tumour tissue (Hainer & Fazzio, 

2019). During the ChIP protocol there is a sonication step which solubilises the whole of the 

chromatin rather than just the area that is being investigated. This then leads to the need of 

very deep sequencing of the genome which is expensive and often results in high background 

noise (Skene & Henikoff, 2017). CUT & RUN minimises this problem by adding an antibody 

and pAG-MNase to unfixed cells/nuclei. The MNase component is activated through the 

addition of calcium and the cells are not damaged. This then allows for the chromatin to be 

cleaved only around the area of the target sites on the chromatin and released into a solution 

rather than the whole genome being solubilised. Due to the smaller sample of chromatin this 

reduces the sequencing depth by ~10 fold thus lowering the cost of sequencing and ultimately 

giving a higher quality genome profile and reduced background noise (Meers et al, 2019). 

Using the CUT & RUN protocol to help identify where CBX2 is bound on the genome would 

be beneficial in further understanding what genes are being targeted.  

There are also disadvantages with the CUT & RUN protocol. There is the issue of not all 

antibodies working and only a limited amount of antibodies are CUT & RUN validated. This 

limits the range of proteins that can be analysed until more antibodies are validated (Cell 

Signaling Technology, 2023). The protocol is technically challenging thus the need for 

optimisation of steps for the best outcome of results. Although the amount of digitonin 

recommended in the protocol is likely to be sufficient to permeabilise the cells, some cells 

and tissues are difficult to permeabilise so there is the risk of some cells/tissues not being 

appropriate to use for the protocol if optimisation is not successful (Cell Signaling 

Technology, 2023). As seen in the protocol there are many steps involved with different 

incubation times, any variability in these steps could cause inconsistent results. Despite the 

advantage of the chromatin sample being smaller once cleaved by MNase, there are 
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modifications that need to be made for applications such as library preparation (Cell 

Signaling Technology, 2023). 

4.7 Conclusion 

The main findings of this study are that CBX2 promotes cell growth in TNBC. Figure 4.1 

shows that CBX2, as part of the PRC1 complex, targets and supresses RBL2 expression. 

Suppression of the RBL2 gene leads to less RBL2 protein which ultimately results in reduced 

formation of the DREAM complex. When there is less DREAM complex formation this 

allows the cell cycle to become unregulated and causes cells to proliferate. It also can be seen 

in figure 4.1 the alternate route when CBX2 is inhibited. Inhibition of CBX2 would increase 

RBL2 gene expression and RBL2 protein expression which in turn may initiate the formation 

of the DREAM complex. Upregulation of DREAM complex formation would allow for 

regulation of the cell cycle through repression of specific cell cycle genes which may prevent 

cancerous cells from proliferating, thereby reducing cell growth.  

It is currently unknown whether H3K27me3 is present at the RBL2 promoter. CBX2 ChIP-

sequencing of A549 cells, which are a lung adenocarcinoma cell line, showed that 6.4% of 

CBX2 binding sites overlapped with regions containing H3K27me3, whereas only 0.2% of 

H3K27me3 binding sites overlapped with the CBX2 binding sites. This suggests that CBX2 

associated PRC1 can bind independently of H3K27me3. This is further supported by the 

finding that in certain pathways CBX2 and EZH2 (part of PRC2 which deposits methylation 

on H3K27) were bound to different target genes (Hu et al, 2022). Conversely, ChIP-qPCR 

assays have shown that at specific target genes, such as CLDN11, CBX2 knockdown 

decreased H2AK119ub as well as decreasing H3K27me3. This shows that the presence of 

H3K27me3 may be influenced by the absence of presence of CBX2 (Hu et al, 2022). 

Analysis of the presence of H3K27me3 at the RBL2 promoter would need to be done in order 

to understand the interaction between CBX2 and H3K27me3 to control RBL2 expression. 
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Figure 4.1 Effect of CBX2 suppressing RBL2 

A) CBX2 as part of PRC1 inhibits RBL2 expression causing reduced DREAM complex formation. B) 

When CBX2 is inhibited RBL2 expression is increased and there is increased formation of the DREAM 

complex which inhibits cycle genes thereby preventing progression through the cell cycle and limiting 

cell growth. 

 

Future Directions 

The next steps for this study would be to carry out further analysis on the CUT & RUN 

sequencing to identify the areas that CBX2 is bound to. The group already have RNA-

sequencing data of genes differentially regulated following CBX2 knockdown. Combining 

CUT & RUN data with differentially expressed gene lists may indicate which genes CBX2 is 

directly regulating, and which genes are differentially expressed due to downstream 

signalling. This would be done by cross referencing genes from RNA-sequencing data that 

are differentially expressed after CBX2 knockdown with genes that CBX2 is bound to the 

promoters of. Additionally, acquiring ChIP-sequencing data for the RBL2 ChIP samples 

would help give further insight into areas on the genome RBL2 is interacting with and which 

target genes are affected by CBX2 mediated downregulation of RBL2.  
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The use of PDX models in helping validate CBX2 as a therapeutic target would also be 

beneficial. This could be done by cross referencing CBX2 CUT & RUN-sequencing and/or 

ChIP- sequencing analysis in PDX samples with MDA-MB-231 cells or other to TNBC cell 

lines to compare binding sites. This would help to provide translationally relevant validation 

for the binding sites identified in cell lines and help determine whether CBX2 regulates 

similar genes in patient tissue.  

Another useful step would be to compare the effect of CBX2 knockdown with the treatment 

of the novel inhibitor developed by Wang et al (2021). Methods such as cell growth assays, 

cell cycle assays (flow cytometry), gene expression analysis of RBL2 as well as other CBX2 

regulated genes or RNA-sequencing, could be carried out in SW2_152F treated cells to 

analyse the effects of the inhibitor in TNBC cell lines. As well as this, carrying out ChIP-

qPCR of SW2_152F treated cells to see if this blocks CBX2 from binding at identified CBX2 

binding sites would help validate the peptide as a true CBX2 specific chromodomain 

inhibitor. Carrying out these methods will help strengthen validation of the specificity of the 

CBX2 inhibitor and it would cross validate the CBX2 knockdown analysis. Another step to 

head towards would be to use SW2_152F in vivo mouse cell line xenografts or PDX 

xenografts to assess the effect of CBX2 inhibition in a more translationally relevant model.  

These steps discussed would further validate the findings of this study along with helping to 

assess the utility of the CBX2 inhibitor in preventing TNBC growth, ultimately adding 

translational validation that CBX2 is a genuine therapeutic target for TNBC. 
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