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Summary 

Background. In females, ovarian cancer is the 5th cancer-related death cause and the 

deadliest gynaecological cancer. High-grade serous ovarian cancer accounts for the 

majority of ovarian cancer cases and is associated with poor prognosis and high rates of 

resistance. Although, the majority of new therapeutics show success in preclinical stages 

they do not provide significant benefits in clinical settings. New treatment strategies 

relating to cancer hallmarks such as sustained proliferative signalling and non-mutational 

epigenetic modifications which are regulated through proteins such as polo-like kinase 1, 

PLK1, and bromodomain-containing protein, BRD4, respectively, hold potential. 

Results. An advanced pre-clinical drug development pipeline was developed, 

incorporating RNA and ATAC-seq, to identify the mechanism of action of BI 2536 and 

BI 6727, two compounds that target PLK1 in isolation and/or in combination with BRD4. 

High-grade ovarian cell lines expressed PLK1 and BRD4 and higher PLK1 expression 

was associated with greater sensitivity to BI 2536 and BI 6727. Drugs reduced cell 

viability through induction of G2/M cell cycle arrest, followed by DNA damage and 

apoptosis. RNA-seq and ATAC-seq results provide evidence for the inhibition of PLK1 

function as cell cycle pathways were differentially regulated whereas BRD4 expression 

and genes were not affected significantly. 

Impact. Implementation of functional genomics, involving genomics, transcriptomics, 

and epigenomics, into drug development and screening, was proven to be a robust strategy 

to study cancer complexity and result in new druggable target discoveries. Both 

compounds have undergone clinical trials, with inconsistent classification and an in-depth 

understanding of their mechanism of action in HGSOC could inform future PLK1 

targeting strategies for HGSOC. 
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1 Introduction 

1.1 Cancer 

Cancer is comprised of a group of diverse diseases and is defined by uncontrolled cellular 

growth and often characterised by an ability to metastasise, i.e., invade other tissues and 

organs beyond the primary source (World Health Organization, 2019). In 2020, the 

estimated number of new cancer cases exceeded 18 million worldwide and the number is 

projected to reach 28 million by 2040 (Cancer Research UK, n.d.-b). It was reported that 

in 2016 chemotherapy cost £1.4 billion a year which accounted for approximately 10% of 

the central budget of NHS England (NHS England, 2016). By 2025, the number of people 

living with cancer in the UK is estimated to reach 3.5 million, increasing the number of 

families affected, and placing a huge burden on NHS systems and resources (Macmillan 

Cancer, n.d.).  

1.2 Solid tumour cancers 

Malignant tumours are classified into solid and liquid tumours. Solid tumour cancers 

(STCs) can originate in various organs and tissues, including the lung, breast, prostate, 

colon, ovaries, pancreas, and are defined by the formation of a mass or solid lump of 

abnormal cells (Weinberg, 2013). Whereas, liquid tumours primarily affect the blood and 

the immune system; examples include leukaemia (blood), lymphoma (lymphocytes) and 

myeloma (plasma cells) (Weinberg, 2013). STCs are the leading cancers in cancer-related 

mortality (Figure 1-1) (World Health Organization, 2020a). In 2020, in both females and 

males, the highest number of cancer-related deaths was due to lung cancer (World Health 

Organization, 2020a). The second most deadly cancer in females was breast cancer, in 

males- prostate, followed by colorectal cancer, in both (World Health Organization, 
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2020a). Two gynaecological cancers, ovarian and corpus uteri (endometrial), were among 

the ten deadliest cancers in females (World Health Organization, 2020a).  

1.2.1 Gynaecological Cancers  

Gynaecological cancers are one of the deadliest STCs, originating in the female 

reproductive organs (Cancer Research UK, 2022b). These cancers include cervical, 

 

 
Figure 1-1. Estimated number of cancer incident cases and deaths in females and males in UK. 

Cancers are ranked by the number of deaths. Incidence rates are in blue, mortality rates- red. 

Graphs created in https://gco.iarc.fr/  (World Health Organization, 2020a). 

https://gco.iarc.fr/
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ovarian, uterine, vulvar and vaginal (CDC, 2023).  The most common gynaecological 

cancer is corpus uteri referred to as endometrial cancer, a type of uterine cancer which 

accounted for over 11 thousand new cases and over 2 thousand UK female deaths in 2020 

(World Health Organization, 2020a). The second most common, yet the deadliest 

gynaecological cancer, is ovarian cancer (OC), followed by less common cervical cancer 

which has an incidence rate 3 times lower than that of endometrial cancer (World Health 

Organization, 2020a). The two rarest are vulvar and vaginal cancers with 1500 and 300 

new cases in 2020, respectively (World Health Organization, 2020a). The incidence and 

mortality of all gynaecological cancers are predicted to follow an upward trend to 2040 

(Figure 1-2), with ovarian cancer possessing the biggest concern, shown by the smallest 

difference between new cases and number of deaths (World Health Organization, 2020b). 

 

Figure 1-2. Estimated number of new cases and deaths from endometrial, ovarian and 

cervical cancer in females. Estimated number for the 2020-2040 period. Obtained from World 

Health Organization (2020b). 
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1.3 Ovarian cancer 

In 2020, OC ranked 8th in the number of new cancer cases in females worldwide (World 

Health Organization, 2020a). With over 6000 new cases and over 4000 deaths in the UK, 

OC ranks 5th among the deadliest cancers in females (World Health Organization, 2020a). 

The UK Million Women study linked higher mortality rates to the later stages, older age, 

higher BMI, and smoker status (Gaitskell et al., 2022). Females diagnosed at stage III and 

stage IV showed a seven-fold and ten-fold higher risk of death, respectively, when 

compared to early stage I diagnosis (Gaitskell et al., 2022).  

1.3.1 Ovarian Cancer Classification 

OC is classified into three categories depending on the cell origin (Figure 1-3). The lowest 

proportion of OC cases is germ cell and sex-cord stromal while approximately 90% of OC 

cases are epithelial (Rojas et al., 2016). Epithelial ovarian cancer (EOC) is further 

subdivided into five histological subtypes. Starting from the most common, accounting 

for approximately 70% of all EOC cases is serous OC (Rojas et al., 2016). Other 

histological subtypes are clear cell (∼12%), endometrioid (∼10%), mucinous (∼3%) and 

malignant Brenner (∼1%)(Rojas et al., 2016). Serous OC is further divided into two 

grades: high-grade and low-grade serous ovarian cancer (Rojas et al., 2016). High-grade 

Figure 1-3. Ovarian cancer types by cell origin and histological subtypes of epithelial. 

Percentages in the brackets indicate prevalence. Adapted from Rojas et al. (2016). Created in 

Biorender. 
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serous OC (HGSOC) cells are poorly differentiated or undifferentiated, have abnormal 

appearance and have greater replication and metastasis potential than low-grade serous 

OC (Rojas et al., 2016).  

1.3.2 High-grade serous ovarian cancer 

HGSOC is associated with poorer survival compared to low-grade serous OC tumours 

(Gaitskell et al., 2022; Gockley et al., 2017). Median survival in females with stage III 

and IV HGSOC was 43.8 and 32.5 months, respectively, in contrast to 98.1 and 55.2 

months in low-grade serous OC patients (Gaitskell et al., 2022; Gockley et al., 2017). The 

majority of HGSOC patients are TP53 gene mutation carriers, which lessens p53's ability 

to induce cell cycle arrest for reparation of deoxyribonucleic acid (DNA) damage as well 

as induce apoptosis in response to DNA damage or mutations (Bell et al., 2011; Ozaki & 

Nakagawara, 2011).  

1.3.3 Diagnosis and treatment 

The high rates of mortality in OC are attributed to late diagnosis because of non-specific 

symptoms, no specific biomarker and resistance to chemotherapy arising at recurrence 

(Brain et al., 2014; Garzon et al., 2020). To diagnose OC, extensive tests are performed 

including pelvic exams, imaging such as ultrasound or CT scans, blood tests, sometimes 

surgery and genetic testing (Cancer Research UK, n.d.-a). Cancer antigen 125 (CA125) is 

the biomarker that may indicate the presence of OC (Cancer Research UK, n.d.-a). 

However, its levels can be elevated because of other conditions such as uterine fibroids, 

endometriosis (Cancer Research UK, n.d.-a). For example, one study examined CA125 

levels in females with endometriosis diagnosis and the mean serum CA125 level was 

49.93 ± 4.30 U/mL which could lead to false positives OC diagnosis as the normal range 

is 0-35 U/mL (Karimi-Zarchi et al., 2016). The non-specific symptoms that can include 

persistent bloating, abdominal pain, and fatigue are often disregarded thus highest 

percentage of OC diagnoses are of stage III/IV which decreases their survival chances and 

results in more complex treatment (Torre et al., 2018). 

Current treatment strategies may involve surgery, chemotherapy, radiotherapy, hormone 

and/or targeted therapy (Cancer Research UK, 2022a). The treatment strategy is 

determined by the following factors: ovarian cancer tumour size, type, location, whether 
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it had metastasised, i.e. spread further from the primary site, and general patient health 

(Cancer Research UK, 2022a). Possible surgery options include removal of both ovaries 

and the fallopian tubes (bilateral salpingo-oophorectomy), removal of cervix and removal 

of womb (abdominal hysterectomy). Standard chemotherapy is platinum-based or 

combination therapy (Cancer Research UK, 2022a). The most common chemotherapy is 

carboplatin alone or in combination with paclitaxel (Taxol) (Cancer Research UK, 2022a). 

Platinum-based compounds damage cellular DNA through cross-linkage of DNA 

molecules, leading to cell death (Bardal et al., 2011). Paclitaxel is an antimicrotubular 

agent which stabilizes microtubules during mitosis, stopping cells from dividing (Kampan 

et al., 2015). Despite the initial response to these drugs, the biggest issue that is associated 

with OC treatment is cancer reoccurrence and resistance to standard chemotherapy 

(Pokhriyal et al., 2019). 

1.3.4 Next-generation drug treatment strategies relating to specific cancer 

hallmarks  

Targeted therapies are being introduced to improve the outcome of OC treatment (Lim & 

Ledger, 2016). In the development of next-generation drugs, that target specific hallmarks 

of the disease, it is useful to understand the cancer development process’ and how cancer 

cells differ from normal cells (Hanahan, 2022; Hanahan & Weinberg, 2000; Hanahan & 

Weinberg, 2011). Targeted therapies according to their effect on cancer can be assigned 

cancer hallmarks illustrated in Figure 1-4. The following are hallmarks with targets that 

can be inhibited by targeted therapy: angiogenesis through Vascular endothelial growth 

factor (VEGF), sustained proliferative signal through Epidermal growth factor receptor 

(EGFR) and folate receptor, evasion of apoptosis through Insulin-like growth factor 

receptor (IGFR) and genome instability through poly-ADP ribose polymerase (PARP) 

(Lim & Ledger, 2016).  

Angiogenesis is the formation of new blood vessels crucial for cancer development as it 

provides cancer with oxygen, nutrients as well as growth factors (Adair & Montani, 2010). 

VEGF is a molecule which promotes angiogenesis, and its inhibition leads to disrupted 

angiogenesis (Shibuya, 2011). Currently out of all of the anti-angiogenesis drugs, the 

VEGF inhibitor -bevacizumab, also known as Avastin® is approved to treat OC patients 
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(Hall et al., 2020; Hall et al., 2013). DNA damage repair is one of the genome stability-

ensuring functions and PARP is one of the key molecules involved (Morales et al., 2014). 

PARP repairs single-strand DNA breaks via the base excision repair/single-strand break 

repair pathway (Javle & Curtin, 2011). In OC, when PARP is inhibited, an accumulation 

of single-strand breaks results in DNA double-strand breaks which cannot be repaired due 

to alternative DNA repair pathways (Della Pepa et al., 2015). The alternative DNA 

damage repair pathway is used due to the absence of functional BRCA1 or BRCA2 

proteins in OC, causing chromosomal instability resulting in apoptosis (Tangutoori et al., 

2015; Ward et al., 2015). Current PARP inhibitors in the clinic are Niraparib (Zejula®), 

Olaparib (Lynparza®) and Rucaparib (Rubraca®). EGFR promotes proliferative 

signalling and is overexpressed in approximately 70% of OC cases (Kohler et al., 1992; 

Mak et al., 2021). Its expression is associated with poor prognosis (Tas et al., 2014). 

Although EGFR seems to hold potential as a target for inhibition, monoclonal antibodies 

Figure 1-4. Hallmarks of ovarian cancer. (Hanahan, 2022; Hanahan & Weinberg, 2000; 

Hanahan & Weinberg, 2011) Created in BioRender. 
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against EGFR such as cetuximab and EGFR tyrosine kinase inhibitors such as gefitinib 

did not show great efficacy as OC treatment (Lim & Ledger, 2016). Folate Receptor α 

(FRα) is overexpressed in OC which increases available folate levels in cancer cells 

resulting in tumour growth (Ledermann et al., 2015). FRα inhibitors are not yet approved 

for OC treatment but hold potential as BGC 954 induced partial response and EC145 in 

combination with pegylated liposomal doxorubicin was superior to standard therapy, 

respectively (Banerjee et al., 2022; Naumann et al., 2013). Insulin-like growth factor 1 

(IGF1R) promotes cell growth and is involved in the inhibition of apoptosis and is 

overexpressed in low-grade serous OC representing a minority of OC (King et al., 2011; 

Weroha & Haluska, 2008). However, anti-IGF-1R mono-antibodies such as 

teprotumumab, did not have positive effect on STC patients (Qu et al., 2017). 

1.4 Role of cell cycle and epigenetic modulators in cancer development 

With new treatment strategies emerging, the range of OC resistance, to inhibitors such as 

PARPi, is also expanding (Miller et al., 2022). Therefore, a better understanding of cancer 

resistance mechanisms and alternative, new treatment strategies and drugs is required. 

Targeting sustained proliferative signalling, downregulating proteins involved in the cell 

cycle, and proteins involved in non-mutational epigenetic reprogramming hold potential 

because cell cycle proteins such as polo-like kinases (PLK) are overexpressed in OC 

alongside amplification of epigenetic modulators such as bromodomain and extra-

terminal containing proteins (BET) (Liu et al., 2017; Rhyasen et al., 2018). Cell cycle 

targeting inhibitors such as prexasertib for checkpoint kinases 1 and 2,  adavosertib, 

WEE1 inhibitor, as well as BET inhibitor undergoing clinical trials provide validity that 

it is a potential treatment strategy and requires further development (Andrikopoulou et al., 

2021; Konstantinopoulos et al., 2022; Lheureux et al., 2021). 



9 

 

1.4.1 Polo-like kinases 

PLKs are a group of serine/threonine protein kinases that are one of the key regulators of 

the cell cycle and mitosis (Zitouni et al., 2014). There are five PLKs present in humans, 

PLK1, PLK2, PLK3, PLK4 and PLK5 (Zitouni et al., 2014). PLKs are characterized by 

their structural components which are an N-terminal serine/threonine kinase domain, and 

a C-terminal polo-box domain (PBD) (Figure 1-5). While the kinase domain is a catalytic 

domain which binds adenosine triphosphate (ATP) (except in PLK5), subcellular 

localization and catalytic activity regulation of PLKs are regulated by PBD (Barr et al., 

2004; Shin et al., 2015; Song et al., 2000). As illustrated in Figure 1-5, PLK1-3 are more 

homologous in their structure because of their kinase domain but have unique PBDs 

(Kressin et al., 2021). Whereas PLK4 and PLK5 are structurally and thus functionally 

different from the rest of the PLK family members. 

PLK1, the most studied PLK, regulates the cell cycle, including G2/M transition and 

mitosis checkpoints (De Cárcer et al., 2011). During mitosis, Plk1 localization changes as 

mitosis progresses. Initially in prophase, Plk1 localizes in centrosomes, in prometaphase 

and metaphase it associates with kinetochores, in anaphase- central spindle and lastly in 

telophase, PLK1 resides in the midbody (Petronczki et al., 2008). PLK1 promotes mitotic 

entry as it phosphorylates, and activates Cdk1-cyclin B as well as centrosome maturation, 

chromosome condensation, spindle assembly, chromosome segregation and cytokinesis- 

cell and cytoplasm division into two daughter cells (Kagami et al., 2017; Lane & Nigg, 

1996; van de Weerdt & Medema, 2006). PLK2 is expressed in the G1 phase and is 

required together with PLK4 for centriole duplication which is initiated during the G1/S 

transition (Habedanck et al., 2005; Warnke et al., 2004). PLK3 is activated in response to 

Figure 1-5. Structure of Polo-like kinases. Polo-like kinases (PLK) contain kinase domain (red) 

and polo-box (PB) domain (green). Adapted from (Xu et al., 2012). Created with BioRender. 
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oxidative stress, DNA damage and promotes cell cycle arrest and apoptosis (Xie et al., 

2005). PLK5 does not have a functional kinase domain but can ectopically be expressed 

in response to stimuli and induce cell cycle arrest and apoptosis similarly to PLK3 

(Andrysik et al., 2010). 

In HGSOC, TP53, gene coding for p53 protein, is mutated in 97% of HGSOC cases losing 

its ability to act as a tumour suppressor and regulating genes which regulate cell cycle 

arrest and apoptosis (Vousden & Prives, 2009; Y. Zhang et al., 2016). The repressor 

function of p53 on forkhead box M1 (FOXM1) expression is impaired (Barsotti & Prives, 

2009; Bell et al., 2011). Therefore, FOXM1 is upregulated which leads to overexpression 

of its target genes, such as PLK1, which has a detrimental role in proliferation (Bell et al., 

2011; Zhou et al., 2014). PLK1 overexpression has been detected in several types of 

cancer tumours, including OC implying that PLK1 upregulation has a role in 

tumorigenesis (Liu et al., 2017; Weichert et al., 2005; Zhang et al., 2015). Significantly 

higher expression levels of PLK1 are observed in stage III-IV OC patients with high-grade 

OC such as HGSOC, which can be expected because overexpressed PLK1 also inhibits 

p53 function resulting in aggressive tumourigenic status (de Cárcer, 2019; Takai et al., 

2001; Zhang et al., 2015). The oncogenic PI3K pathway can also be activated as a result 

of PLK1 overexpression as it inhibits tumour suppressor, PTEN, leading to an increased 

cell proliferation rate (de Cárcer, 2019). 

1.4.2 Bromodomain containing proteins 

BETs are proteins, referred to as epigenetic readers, which bind to acetylated lysine 

residues on histone tails and transcription factors (Marmorstein & Zhou, 2014). BET 

family members include BRD2, BRD3, BRD4 and the testis-restricted BRDT (Taniguchi, 

2016). BET proteins contain two bromodomains (BD1 and BD2) which recognise N-

acetyl residue, an extra-terminal domain which facilitates protein-protein interactions and 

a C-terminal domain (Marmorstein & Zhou, 2014; Trivedi et al., 2020; Werner et al., 

2020). These BETs have an important role in epigenetic regulation, gene expression, and 

chromatin remodelling. BRD4 directly interacts with, and regulates the recruitment of 

positive transcription elongation factor b (p-TEFb) to promoters and promotes RNA 

polymerase II-mediated transcription elongation, the second phase of transcription 
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initiation (Altendorfer et al., 2022; Jang et al., 2005). BRD4 can also bind the Mediator 

complex, a coactivator complex, which interacts with transcription factors, recruits, and 

activates RNA polymerase II (Bhagwat et al., 2016). In addition to these binding 

functions, BRD4 can phosphorylate RNA polymerase II and function as a histone 

acetyltransferase (HAT); acetylating histones, thus having a role in chromatin remodelling 

(Devaiah et al., 2016; Devaiah et al., 2012). BRD2 can bind to the E2F transcription factor 

and increase transcription of E2F-regulated genes (Denis et al., 2000).  

The BRD4 gene was found to be amplified most frequently in HGSOC patients in contrast 

to other cancers such as uterine, lung, breast (Rhyasen et al., 2018). BRD4 is associated 

with higher expression of oncogenes, such as NRG1, MYC, NOTCH3 (Rhyasen et al., 

2018; Ucar & Lin, 2015). BRD4 amplification leads to increased P-TEFb-dependent 

phosphorylation of RNA polymerase II, which stimulates transcription of oncogenes 

which is essential for cancer proliferation (Jang et al., 2005). BRD4 binds to promoters, 

enhancers and super-enhancers- a group of enhancers located near genes such as the MYC 

oncogene and changes in BRD4 expression lead to oncogenic growth (Lovén et al., 2013).  

1.5 PLK1 inhibitors  

Due to the overexpression and abnormal activity of PLK1 in cancer processes, the specific 

inhibition of this protein has become a prominent goal in advanced therapeutic 

development (Su et al., 2022). Normal, or non-cancerous cells, have been shown to exhibit 

reduced sensitivity to such PLK1 inhibition, demonstrating the potential for less off-target 

effects (Liu et al., 2006).  

There are several selective PLK1 inhibitors in preclinical and clinical trial phases, 

including Onvansertib (PCM-075, NMS-P937) ATP inhibitor, GSK461364 and TAK-

960, N-terminal catalytic domain inhibitors. Onvansertib underwent a phase Ib study in 

combination therapy for patients with relapsed or refractory acute myeloid leukaemia with 

planned phase II (Zeidan et al., 2020). Ovansertib is also being studied in the ongoing 

phase II trial in metastatic colorectal cancer as part of a combination treatment with 

irinotecan, fluorouracil [5-FU], and leucovorin (FOLFIRI) and bevacizumab (Cardiff 

Oncology, 2023b). Phase II trial in chronic myelomonocytic leukaemia is in the 

recruitment stage (Mayo Clinic, 2023). It is also being tested in combination with 
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paclitaxel for triple-negative breast cancer, to explore synergistic capabilities with 

paclitaxel (Cardiff Oncology, 2023a). Olmos et al. (2011) reported the results of a phase 

I clinical trial on GSK461364 treatment for advanced STCs including two cases of OC. 

The best outcome was stable disease which was also observed in one OC patient. The drug 

had a short half-life of 9-13 h and the most common grade 3-4 adverse events were venous 

thrombotic emboli and myelosuppression (Olmos et al., 2011). HMN-214, a PLK1 

inhibitor, underwent phase I trial for advanced STCs such as colorectal, non–small cell 

lung carcinoma, breast carcinoma, and oesophageal carcinoma (Garland et al., 2006). 24% 

of patients in response to HMN-214 treatment had a stable disease, the rest had a 

progressive disease. Terminal half-life was dose-dependent and ranged from 10.0 to 11.1 

h. Lastly, TAK960, PLK1 inhibitor, efficacy studies were terminated in the phase I trial 

due to drug ineffectiveness in advanced nonhematologic malignancies and commercial 

reasons (Millennium Pharmaceuticals, 2014). 

Overall, PLK1 inhibition shows promise as an STC treatment strategy, especially, 

improved, newest-generation inhibitors. Despite that information on OC is lacking and 

thus more extensive research is required to establish PLK1 inhibition effectiveness.  

1.6 Bromodomain inhibitors 

The development of bromodomain inhibitors is in relatively early phases, the first 

bromodomain inhibitor molibresib (GSK525762, I-BET 762) was described only in 2010 

(Nicodeme et al., 2010). Since then, the drug has gone to phase II clinical trials but did 

not achieve predefined clinically significant response rates in any of the STCs tested, 

including testis carcinoma, small cell lung cancer, castration-resistant prostate cancer, 

triple-negative breast cancer (Cousin et al., 2022). JQ1 was the second BRD inhibitor 

described, now it is used in preclinical models only, due to the short half-life (1 h) it is not 

suitable for clinical trials (Trabucco et al., 2015). ODM-207 underwent Phase 1–2, 

multicentre, non-randomised open-label in STCs including castration-resistant cancer, 

melanoma, oestrogen receptor-positive breast cancer where the observed response was a 

stable disease, progressive disease, or non-measurable disease (Ameratunga et al., 2020). 

Birabresib (MK-8628/OTX015), BRD2, BRD3, and BRD4 inhibitor, achieved complete 

and partial responses in several acute leukaemia and diffuse large B-cell lymphoma 
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patients (Amorim et al., 2016; Berthon et al., 2016). Thrombocytopenia was a common 

adverse event thus 14 days on, 7 days off scheduled treatment was suggested for further 

phase II investigation. Birabresib was tested in phase I trial for castrate-resistant prostate 

cancer and non-small-cell lung cancer half-life of 3.6 -5.3 h (Lewin et al., 2018). The most 

common adverse event was also thrombocytopenia as previously observed in 

haematological cancer. 7% of patients partially responded which was the best response 

and in 60% the disease was stable (Lewin et al., 2018). 

1.7 Dual target PLK1 and BRD4 inhibitors: BI 2536 and BI 6727  

Next-generation anticancer drugs which have dual action and can target both protein 

families have been in development. First generation PLK1 and BRD4 inhibitor, BI 2536 

and its derivative, second generation - BI 6727 are the two most prominent examples. 

Although their dual targeting is debatable and, in the literature, they are more commonly 

classified as selective PLK1 inhibitors rather than dual inhibitors. BI 2536 downregulated 

the expression of PLK1 protein and mRNA specifically in hepatocellular carcinoma, while 

also significantly reducing the half-maximal inhibitory concentration (IC50) for 

adriamycin and other drugs in adriamycin-resistant hepatocellular carcinoma cells (Li et 

al., 2019). In neuroblastoma cells, the IC50 of BI 2536 ranged between 17 and 28 nM and 

BI-2536 decreased MCM2 and MCM10 expression levels and induced apoptosis (Hsieh 

et al., 2022). BI 2536 induced apoptosis in triple-negative breast cancer cells (TNBC) but 

not in healthy cells (Maire et al., 2013). It also effectively inhibited tumour growth in vivo 

TNBC-patient-biopsy xenografts models and the combination with chemotherapy agents 

reduced the time to achieve complete response and prevent recurrence (Maire et al., 2013).  

Ciceri et al. (2014) determined the binding constant of BI 2536 (37 ± 3 nM) and BI 6727 

(79 ± 3 nM) with BRD4, which confirmed the strong interaction and ability of both drugs 

to bind BRD4. Kinome-wide profiling data showed that BI 2536 was highly selective for 

PLK1, PLK2, PLK3 and confirmed BI 2536 and BI 6727 ability to interact with BET 

bromodomains (Ciceri et al., 2014). In stimulated primary human cell types and co-

cultures BI-2536 acted differently to selective BET or PLK inhibitors displaying 

polypharmacology and its profile clustered with both BET and PLK inhibitors (Ciceri et 

al., 2014). Both BI 2536 and BI 6727 inhibit BRD4 by its displacement from chromatin 
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which results in suppression of c-MYC expression in B lymphoblast cells (Ciceri et al., 

2014). The authors also suggested that the dual targeting inhibitor can have an effect on 

novel combinations of predictive biomarkers different from those of the PLK/BET only 

inhibitors. Among 14 kinase inhibitors, BI 2536 had the strongest inhibitory BRD4 ability 

with the IC50 of 25 nM and its potency closely resembled that of JQ1 (Ember et al., 2014). 

Interestingly, in a study on HIV-1, both BI 2536 and BI 6727 activated long terminal 

repeat transcription through BET and not PLK inhibition which reactivates the virus for 

subsequent killing (Gohda et al., 2018). In acute myeloid leukaemia cells, BI 2536 

IC50 values were 88.5 nM and it decreased MYC, a downstream target of transcription 

mediated by BRD4, protein expression after 12h with 100 nM BI 2536 treatment (Mu et 

al., 2020). Contrary to that, in another study on acute myeloid leukaemia, a compound 

with increased BRD4 inhibition potency had a higher viability percentage in comparison 

to BI 2536, hypothesising that anti-proliferative potential of BI 2536 is due to PLK1 

inhibition (Koblan et al., 2016). They confirmed that neither the compound with increased 

BRD4 potency nor JQ1 had a strong effect on cell cycle while PLK1 selective inhibitors, 

GSK461364 and BI 2536 induced cell arrest at G2/M (Koblan et al., 2016). 

1.7.1 BI 2536 and BI 6727 in ovarian cancer 

In preclinical studies BI 2536 inhibited OVCAR-8 growth with IC50 of 7.19 ± 3.60 nM 

whereas ABCB1-overexpressing human ovary NCI-ADR-RES cells were highly resistant 

to BI 2536, IC50= 1273.30 ± 191.20 nM (Wu et al., 2013). Only one study used OC cell 

lines, comparing the BI 6727 effect to JQ1, and found that BI 6727 anti-proliferative 

activity and effect on OC cell viability closely resembled that of the BRD4 inhibitor (Z. 

Zhang et al., 2016). Yet the experiments performed with BI 6727 were not extensive, thus 

authors emphasized the importance of determining precise BI 6727 mechanism of action 

in advanced OC cases (Z. Zhang et al., 2016). 

BI 2536 underwent the multicentric parallel phase II trial in 2010 (Schöffski et al., 2010). 

Patients had one of five solid tumour types, including ovarian cancer. Despite not moving 

further, the drug had the greatest effect on OC patients. More than 75% of treated ovarian 

cancer patients had at least stable disease according to RECIST (Schöffski et al., 2010). 

Concluding that exploration of the use of PLK1 inhibitors is warranted, BI 2536 derivate, 
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BI 6727, was created to improve drug efficacy (Schöffski et al., 2010). BI 6727 also 

reached randomized phase II clinical trials where its efficacy was compared to 

chemotherapy in platinum-resistant or -refractory OC patients (Pujade-Lauraine et al., 

2016). The half-life of BI 6727 was significantly longer than that of BI 2536, 143 h versus 

17–34 h respectively. Grade 3 and 4 drug-related haematological adverse events were 

observed in both trials with lower incidence in BI 6727 treated than BI 2536, but more 

often than in patients who received chemotherapy (Pujade-Lauraine et al., 2016; Schöffski 

et al., 2010). Adverse events included neutropenia, thrombocytopenia, febrile neutropenia 

(33.3% BI 2536 vs. 5.6% BI 6727), anaemia, and pain. Both drugs showed high potential 

in preclinical models but did not result in satisfactory clinical response, raising the 

question; why PLK1/BRD4 was more effective in OC patients compared to other STCs? 

Indeed, exploring the effect of potential dual inhibition using BI 2536 and BI 6727 as 

probes may provide insight into the HGSOC development, enabling exploration of the 

gene expression patterns and functional cancer pathways that are affected in the presence 

of these drugs. Furthermore, the conflicting literature on the targets of BI 2536 and BI 

6727 raises questions about whether these drugs have their effect by targeting and 

inhibiting PLK1 solely or if they express dual targeting abilities, by targeting BRD4 too. 

In the majority of research papers outlined previously, the drugs are regarded as PLK1 

inhibitors which disregards the potential inhibitory effect on BRD4, thus attributing the 

mechanism of action on PLK1 rather than joint inhibition. Ember et al. (2014) supported 

the statement that the use of kinase inhibitors in BET-sensitive cell lines, to probe 

signalling pathways, could lead to false conclusions if the simultaneous BET inhibition is 

indeed contributing to the anti-cancer effect. 

1.8 Functional genomics and drug development 

In the past, cancer research and treatments were unidirectional focusing on and targeting 

altered single genes and proteins but the number of clinically effective new single 

druggable targets is close to being depleted (Menghi & Liu, 2022). In addition, with new 

single-target therapeutics being developed the drug resistance range also increases 

(Menghi & Liu, 2022; Miller et al., 2022). Moving forward approaches utilising functional 

genomics are essential to have a better understanding of cancer and its complexity. 
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Functional genomics encompasses a range of multiplex techniques including 

transcriptomics RNA seq, epigenetics- Chip-seq for investigation of genome-wide 

functions, and establishing interactions between genes and proteins instead of the classical 

gene-by-gene approach (Gasperskaja & Kučinskas, 2017).  Using a functional genomics 

approach, researchers performed genome-scale CRISPR-Cas9 loss-of-function screens 

across over 800 cancer cell lines and found that overexpression of phosphate importer 

SLC34A2, observed in OC which was associated with disrupted phosphate efflux leading 

to the discovery of therapeutic vulnerability in ovarian carcinoma (Bondeson et al., 2022).  

In the Genomics of Drug Sensitivity in Cancer project over 200 compounds were tested 

that were either approved to be used in the clinic, in preclinical stages or experimental 

drugs, and over 600 statistically significant associations were established between the 

cancer functions event and compounds tested (Iorio et al., 2016). One of which was that 

squamous lung cancer cell lines carrying inactivating mutations of MLL2, a chromatin 

modifier, were sensitive to the anti‐androgen compound bicalutamide. These studies 

represent big-scale data analysis from hundreds of cell lines, however, the same principles 

can be applied to study several cell lines for instance in this study where they integrated 

RNA- and ATAC-seq (Assay for Transposase-Accessible Chromatin) for the 

development of 3-chloropiperidines as a potential anticancer drug in colorectal 

adenocarcinoma cells (Carraro et al., 2022). This approach helped them potentially 

identify more susceptible and resistant tumour types for further drug development 

(Carraro et al., 2022). This research also attempts to utilise functional genomics at a small 

scale, using RNA-seq and ATAC-seq to better understand OC response to both PLK1 and 

PLK1/BRD4 inhibiting drugs. 
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1.9 Hypothesis, Aims and Objectives  

As introduced here, the advent of functional genomics and the inclusion of techniques 

such as Chromatin immunoprecipitation, ATAC-seq and RNA-seq at the 

genome/transcriptome scale, has enabled a more in-depth understanding of drug 

compound mechanism of action in early-stage, preclinical drug development. Due to the 

expression profiles of PLK1 and BRD4 proteins in subtypes of OC, particularly HGSOC, 

this research aimed to add in-depth cellular and molecular understanding of specific PLK1 

inhibitors BI 2536 and BI 6727 on cell line models of HGSOC. The hypothesis states 

simply that ‘The integration of functional genomics, in the form of RNA and ATAC seq, 

to the drug development pipeline will inform the optimal strategy for PLK1/BRD4 

targeting in the future’. To test this hypothesis a series of objectives have been devised: 

1. Define the IC50 concentration of BI 2536 and BI 6727 in HGSOC cell lines 

expressing both PLK1 and BRD4 proteins; 

2. Assess the specificity of the drug molecules, in HGSOC cell lines, to define the 

optimal time exposure for functional genomic screening; 

3. Perform RNA-seq analysis of HGSOC cell lines, in the presence of both 

compounds, to determine the effect on whole transcriptome expression levels; 

4. Perform ATAC-seq analysis of HGSOC cell lines, in the presence of both 

compounds, to determine the effect on the chromatin landscape and specifically 

changes in chromatin accessibility; 

5. Use a series of informatic and cellular, molecular approaches and assays to 

validate the mechanistic understanding of both compounds in HGSOC. 
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2 Methods 

2.1 Cell culture 

2.1.1 Cells 

OC cell lines were sourced from ATCC: CAOV3 (HTB-75), OVCAR-3 (HTB-161), 

UWB1.289 (CRL-2945), SKOV3 (HTB-77). CAOV3 are HGSOC cells isolated from the 

ovary of ovarian cancer patient (ATCC, n.d.-a). OVCAR3 are HGSOC cells isolated from 

the malignant ascites of a female with progressive ovarian cancer (ATCC, n.d.-b). SKOV3 

are epithelial OC cells which were isolated from the ovary of a 64-year-old (ATCC, n.d.-

c). UWB1.289 cells are epithelial OC cells that were isolated from the tumour of papillary 

serous histology from breast and ovarian cancer patient and has a germline BRCA1 

mutation (ATCC, n.d.-d). 

2.1.2 Media 

SKOV3 and OVCAR-3 cells were maintained in RPMI 1640 media (Gibco™, 11875093) 

with 20% of fetal bovine serum (FBS) (Gibco™, 10270106),10 μg/mL of Insulin solution 

from bovine pancreas (Sigma, I0516), penicillin (100 units/mL)-Streptomycin (100 

μg/mL) (P/S) (Gibco™, 15140122).  UWB1.289 and CAOV3 were grown in DMEM/F-

12, GlutaMAX™ media (Gibco™, 10565018) media with 10% of FBS and same 

concentration of P/S. Stripped media was also prepared by substituting FBS with charcoal-

stripped FBS (Gibco™, 12676029).  

2.1.3 Culturing 

Cells were stored in liquid nitrogen and brought up for culturing. Cells were thawed 

rapidly by placing vials in a 37 °C water bath and gently mixed with appropriate media 

prewarmed to 37 °C and centrifuged for 3 min at 300 g to retrieve cell pellet. The 

supernatant was discarded, and cells were resuspended in 7 mL of media and transferred 

to T25 flask. Cells were maintained in the humidified incubator at 37 °C, 5% CO2. When 

the confluency of 80 % or above was reached cells were passaged. Media was discarded 

from the flask and cells were washed with PBS (Gibco™, 10010015). 2 mL of Trypsin-

EDTA (Gibco™, 25300062) was added and flask was returned to the incubator for a few 

minutes till cells were detached from the bottom of the flask. 8 mL of media was added to 

inactivate the trypsin and cell suspension was transferred to a 15 mL tube and centrifuged 
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at 300 g for 3 min. The supernatant was removed and cells were resuspended in 15 mL of 

media and transferred to a T75 flask. Cells were grown until reaching 80% confluency 

(~2-3 days), whereby the passaging step was repeated again. 

2.2 Drug compounds 

The compounds of interest BI 2536 (CAY17385) and BI 6727 (CAY18193) where 

obtained from Cambridge Bioscience. DMSO (Sigma, D8418) was the vehicle control 

used to dissolve and dilute stock compounds to a working concentration [1 mM]. 

Staurosporine (Tocris, 1285) was used as a positive control. 

2.3 Cell viability Assay 

2.3.1 2D 

Cells were seeded on white TC treated 96 well plates at a density: 2 × 103 (CAOV3), 3 × 

103 (UWB1.289), 2 × 103 (OVCAR-3), 1 × 103 cells per well (SKOV3). Cells were seeded 

with 100 μL of stripped media and grown for 24 h at 37 °C, 5% CO2. BI 2536 and BI 6727 

were diluted with stripped media to achieve 20 μM, 2 μM, 200 nM, 20 nM, 2 nM 

concentrations. Staurosporine was diluted to 20 μM concentration. DMSO was diluted in 

the same ratios to achieve same concentration as in the 20 μM compound solutions. Media 

was discarded using multichannel pipette from 96 well plate and 50 μL of drug, positive 

control or DMSO was added per well in triplicates. Luminescence solution was prepared 

by adding 10 μL of MT Cell Viability Substrate, 1,000X (Promega, G971A) and 10 μL 

NanoLuc® Enzyme, 1,000X (Promega, E499A) to 4980 μL of stripped media. 50 μL of 

luminescence solution was added to each well. Plate was incubated for 24 h at 37 °C, 5% 

CO2. Luminescence readings were taken by FLUOstar Omega (BMG LABTECH) reader 

prewarmed to 37 °C at three different timepoints, 24, 48 and 72 h after the treatment. In 

between the readings plate was kept in the incubator.  

2.3.2 3D 

Cells were seeded on ultra-low attachment 3D 96-well plates (CLS4520, Sigma) at a 

density: 2 × 103 (CAOV3), 2 × 103 (UWB1.289), 2 × 103 (OVCAR-3), 1 × 103 (SKOV3) 

cells per well. Cells were seeded with 100 μL of stripped media and grown for 24 h at 37 

°C, 5% CO2. Drugs and DMSO were prepared as described in 2.3.1. Prior to treatment, 

50 μL of media was carefully removed from each well with multichannel pipette without 



20 

 

disturbing the spheroids. 50 μL of drug, positive control or DMSO was added per well in 

triplicates and plate was incubated for 48 h, 5% CO2. CellTiter-Glo® 3D Reagent 

(Promega, G9682) was transferred from -20 °C to 4 °C and kept at room temperature (RT) 

before taking readings, following manufacturer’s recommendations. 100 μL of CellTiter-

Glo® 3D Reagent were added to each well and plate was shaken for 5 min to disrupt the 

spheroids. Plate was incubated at room temperature in the dark for 25 min. Luminescence 

readings were taken by FLUOstar Omega reader. 

2.4 Western Blot  

Cells were seeded on 6-well plates at a density of 4 × 105 (CAOV3) and 5 × 105 (OVCAR-

3) cells per well with stripped media. Plates were incubated for 24 h at 37 °C, 5% CO2. 

Media was discarded and cells were treated either with DMSO, 100 nM BI 2536 and 100 

nM BI 6727 for 24, 48 and 72 h. Lysis buffer was prepared by adding 3 μL of 1X Halt™  

Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, 1861281) to 300 μL of 

RIPA buffer (Sigma, R-0278) and kept on ice. Media was discarded and cells were washed 

2 times with PBS. 75 μL of lysis buffer was added to each well and cells were scraped 

with cell scrapers. Lysate was transferred to Eppendorf tubes and tubes were left on ice 

for 30 min with constant agitation and vortexed every 5 min. Lysate was centrifuged at 

8,000 × g for 10 min at 4 °C. The supernatant was transferred to new Eppendorf tubes and 

protein was stored at -80 °C.  

2.4.1 Protein quantification 

Protein was quantified using the DC™ Protein Assay Kit II (5000112). 3g of Bovine 

serum albumin (BSA) (Pan Biotech, P061391050) was dissolved in double distilled water 

and BSA standards were prepared using the following ratios: 
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Samples were diluted 1:4 ratio with nuclease-free water. 5 μL of BSA standards and 

samples were loaded into 96 well plate in triplicates. 40 μL of Reagent S was mixed with 

2 mL of reagent A in a tube. 25 μL of A+S followed by 200 μL of reagent B were added 

to each well. Plate was protected from light and incubated for 15 min. Absorbance at 750 

nm was measured with the FluoStar Omega plate reader. Protein quantities of samples 

were calculated using the standardised BSA concentration curve in Microsoft Excel. 

2.4.2 SDS-PAGE 

Samples were diluted with nuclease-free water in PCR tubes to 30 ng of protein. 190 μL 

of 2X Laemmli Sample Buffer (BioRad, 1610737) was mixed with 10 μL of β-

mercaptoethanol in the fume hood and added to diluted samples in 1:1 ratio. PCR tubes 

were loaded on to the thermal cycler (BioRad) at 95 °C for 5 min to denature protein. 4–

20% Mini-PROTEAN® TGX™ Precast Protein Gel (BioRad, 4561094) was placed into 

the box casket and 1X Running buffer was poured to cover electrodes. 3.5 μL Precision 

Plus Protein Dual Color Standards (BioRad, 1610374) were loaded into the first and last 

well of the gel and samples containing 30 ng of protein in between the standard. The 

electrophoresis was run with the following conditions: 5 min at 100V and then 35 min 

170V. 

 Concentration BSA ddH2O 

Stock 300 μg/μL 3 g 10 mL 

A 1500 ng/μL 10 μL (Stock) 1990 μL 

B 1000 ng/μL 667 μL (A) 333 μL 

C 750 ng/μL 500 μL (A) 500 μL 

D 500 ng/μL 500 μL (B) 500 μL 

E 250 ng/μL 500 μL (D) 500 μL 

F 125 ng/μL 500 μL (E) 500 μL 

G 75 ng/μL 100 μL (C) 900 μL 

H 25 ng/μL 100 μL (E) 900 μL 

O 0 ng/μL 0 μL 1000 μl 

 

Table 2-1. BSA standards preparation. BSA and double distilled H2O proportions were 

combined to achieve standard concentrations in the second column. 
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2.4.3 Membrane transfer 

Trans-Blot Turbo Transfer System (BioRad) was used to perform protein transfer. The gel 

was removed from the cast and gently placed on the membrane in between ion reservoir 

stacks from Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs (BioRad, 1704156) in 

the cassette. The top layer was added to the gel and the remaining air bubbles were 

removed by rolling. Electrophoresis was run with 1 mini TGX setting at 25V for 3 min. 

2.4.4 Antibody incubation 

The membrane was blocked in 5% BSA blocking buffer for 1 h on a rocker at RT, 

followed by the addition of the primary antibody of choice with the manufacturer’s 

recommended dilution. Following antibodies were used anti-PLK1 (Cell Signalling, 

4513), anti-phospho Cyclin B1 (Ser133) (Cell Signalling, 4133), anti-BRD4 (Bethyl, 

A301-985), anti-γH2A.X (Cell Signalling, 2577), anti-cleaved PARP (Cell Signalling, 

9541), anti-Phospho-Histone H3 (Ser10) (Cell Signalling,9701) and anti-GAPDH (Santa 

Cruz, sc-47724). The membrane was incubated with the antibody at 4 °C overnight on a 

rocker to maintain constant agitation. Antibody was discarded and the membrane was 

washed with 1X Tris-buffered saline with Tween (TBS-T) for 30 min on a rocker changing 

buffer every 5 min. HRP-conjugated secondary antibodies either anti-mouse (Cytiva, 

NA931V) or anti-rabbit (Cytiva, NA934V) diluted (1:2000) in 5% BSA blocking solution 

and membrane was incubated with secondary antibody for 1 h at RT on the rocker. The 

secondary antibody was discarded and the washing step with 1X TBS-T described above 

was repeated. The membrane was taken out of the washing buffer and Clarity™ Western 

ECL Substrate (BioRad, 1705060) was added to the membrane and incubated for 1 min 

in the dark. The membrane was imaged on the ChemiDoc MP Imaging system (BioRad). 

2.5 Cell cycle assay 

Cells were seeded on the 6-well plate at a density of 4 × 105 (CAOV3) and 5 × 105 

(OVCAR-3) cells per well with a stripped media. Plate was incubated for 24 h at 37 °C. 

Media was discarded and cells were treated either with DMSO, 10, 100 nM BI 2536, BI 

6727, 100 nM staurosporine (positive control) and kept in the incubator for 24 and 48 h. 

After 24h media was transferred to 15 mL tubes. Cells were washed once with 1 mL of 

PBS and PBS was collected in the same tubes. 200 μL of trypsin was added into each well 
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and incubated till most of the cells were detached. 800 μL of media was added to each 

well and cell suspension was transferred to the same tubes. Tubes were centrifuged for 7 

mins at 200 g at RT. Supernatant was discarded, cell pellet was resuspended in 0.5 mL of 

PBS and centrifuge 5 minutes at 350 g. Supernatant was discarded and tubes were gently 

vortexed for cell pellet to detach. 3 mL of freshly prepared 70% ethanol, kept at -20 °C, 

was slowly added with the dropper to each tube with gentle vortexing in order to fix the 

cells. Tubes were placed in -20 °C for 2 h and then to 4 °C. These steps were repeated for 

cells treated for 48 h. All tubes were then centrifuged for 5 min at 200 g, RT. Ethanol was 

discarded and cells were resuspended in 2 mL of PBS and incubated at RT for 1 min. 

Tubes were centrifuged for 5min at 400 g, RT and resuspended in 200 μL of DAPI staining 

solution containing 1 μg/mL of DAPI. Cells were incubated with DAPI stain for 30 

minutes in the dark (RT). CellStream (Luminex) was used to take measurements. 

2.6 Apoptosis assay 

Cells were seeded, treated, and collected in the tubes as described in 3.5. Tubes were 

centrifuged for 7 min at 300 g, at 4°C. Supernatant was discarded and cell pellet was 

resuspended in 1 mL of cold staining buffer (Biolegend®, 420201). Tubes were 

centrifuged 7 minutes at 300 g 4 °C, and supernatant was discarded. This procedure was 

repeated once more. DMSO and staurosporine-treated cells were gently resuspended in 

200 μL of Annexin V binding buffer (Biolegend®, 422201) and BI 2536, BI 6727-treated 

cells were resuspended in 100 μL of the binding buffer. Cell suspensions were transferred 

to 1.5 mL Eppendorf tubes. DMSO and Staurosporine-treated cells were divided into two 

Eppendorf tubes. One tube with DMSO-treated cells was left unstrained. 5 ul of Annexin 

V (Biolegend®, 640945) was added to all tubes except one staurosporine treated cells. 10 

ul of PI (Biolegend®, 421301) was added to all tubes except to the annexin stained 

staurosporine-treated cells. Tubes were gently vortexed and incubate 15 min in the dark 

at RT. Additional 100 μL of Annexin V binding buffer was added to each tube before 

loading samples onto CellStream flow cytometer. 

2.6.1 Flow cytometry 

The instrument was initialized and calibrated. New experiment was created and unstained 

DMSO-treated cells, Staurosporine Annexin only and Staurosporine-cells stained for PI 
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only cells were used to check saturation of FSC, SSC, 488 lasers and set appropriate 

settings accordingly. Settings were saved and experiment was closed. New compensation 

experiment was created unstained and single stained control were loaded again and 

recorded. Compensation experiment was saved and opened in analysis program to create 

compensation matrix. Previously created experiment was opened, laser settings were 

loaded, and compensation matrix was applied. All samples including unstained DMSO, 

single and double stained samples were loaded, and 10,000 singlets were recorded from 

each. 

2.7 RNA-seq 

2.7.1 RNA extraction 

Cells were seeded on the 12-well plate at a density of 2 × 105 cells per well and grown for 

24 h. Cells were treated with 100 nM BI 6727, 100 nM BI 2536 and DMSO. Cells were 

maintained at 37 °C, 5% CO2 for 24 h. RNA was isolated using RNeasy Plus Mini Kit 

(Qiagen, 74136). Media was discarded and cells were washed with PBS twice. 350 μL of 

cold RLT lysis buffer was added to the cells and scraped using scraper. RNA samples 

were transferred to gDNA eliminator spin columns and centrifuged at 8000 g for 30 sec. 

One volume (350 μL) of freshly prepared 70% ethanol was added to the flow through and 

transferred to the RNeasy spin column. Tubes with the column were centrifuged and flow 

through was discarded. Flow through was discarded and columns were then washed with 

700 μL of RW1 buffer. Columns were centrifuged at 8000 g for 15 sec and washing was 

repeated. 700 μL of RPE buffer was added to the columns and centrifuged at 8000 g for 

30 sec. Flow through was discarded and 500 μL of RPE buffer was added to the columns 

and left for 1 min to soak. Columns were centrifuged for 1 min at 8000 g and flow through 

was discarded. 500 μL of RPE buffer was added once more and columns were centrifuged 

for 2 min at the same speed. Column were placed in collection tubes and 50 μL of Rnase 

free water was added. Tubes with columns were centrifuged for 1 min at 8000 g. RNA 

quality control step was performed using Nanodrop. For high quality RNA 260/280, 

230/260 values are supposed be greater than 1.9. Samples with lower numbers were 

additionally cleaned using RNAClean XP (Beckman Coulter, A63987) magnetic beads 

according to the manufacturers protocol and quality control step was repeated. Samples 

were stored in -80 °C. 
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2.7.2 Sequencing and data analysis 

Three biological replicates of RNA extracted from OVCAR-3 and CAOV3 cells treated 

for 24 h with DMSO, 100 nM BI 2536 and 100 nM BI 6727 were sent off to Novogene 

for Eukaryotic mRNA library preparation using poly-A enrichment and sequencing (pair-

ended reads, 150bps). Novogene performed quality control and sequenced samples. As 

described in our previous paper quality check was carried out for raw reads FASTQ files 

using FastQC tool (Andrews, 2019; Quintela et al., 2023). Human genome GRCh38/hg38 

was used as a reference to align reads using STAR universal RNA-seq aligner (Dobin et 

al., 2012). In STAR -quant Mode GeneCounts Table argument was used to create tables 

with gene counts. For normalisation of gene counts DESeq2 median of means method was 

used (Love et al., 2014). DESeq2 was used to correct for multiple hypothesis testing and 

determine significantly modified transcripts between DMSO, control and BI 2536 or BI 

6727 experimental samples (FDR < 0.05). Using WebGestalt platform, gene set 

enrichment analyses (GSEA) and gene set over-representation  analyses (ORA)  were 

performed to compare lists of differentially expressed genes between both cell lines 

treated with BI 2536 and BI 6727 to gene datasets related to major pathway (Liao et al., 

2019).  Venn diagrams were created from the lists of genes using the Venny website 

(Oliveros, 2015). Principal component analysis (PCA) was performed  using  the  

factoextra package (Lê et al., 2008).  Package ggplot2 was used for volcano plots and 

visualisation of pathways (Wickham, 2016). 

2.8 ATAC-seq 

Cells were seeded on the 6-well plate at a density of 4 × 105 cells per well with a stripped 

media. Plate was incubated for 24 h at 37°C. Media was discarded and cells were treated 

either with DMSO, 100 nM BI 2536 nM and 100 nM BI 6727 for 24 h, Media was 

discarded, and cells were washed with PBS twice. 0.05% Trypsin-EDTA was added to 

detach the cells. After cells were detached, trypsin was deactivated with media. Cell 

suspension was transferred to the 15 mL tube and wells were washed with warm PBS to 

obtain the remaining cells. The following steps were performed using ATAC-seq kit 

(Diagenode, C01080002). Cells were centrifuged at 500 x g for 10 min at 4 °C. Resulting 

supernatant was discarded and cell pellet was resuspended in cold PBS with Proteinase 

inhibitor cocktail. Total and viable cell number was determined by mixing cell suspension 
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with Trypan blue in equal ratios and counting cells in the TC20 Automated Cell Counter 

(Bio-Rad). Volume containing 5 × 104 cells was transferred to the new 1.5 mL Eppendorf 

tubes. Cells were centrifuged at 500 x g for 10 min at 4 °C. Supernatant was carefully 

discarded with pipette and cell pellet was gently resuspended in 50 µl of cold ATAC Lysis 

Buffer 1 + Digitonin on ice. Tubes were incubated for 5 min on ice. To stop lysis, 1 mL 

of cold ATAC Lysis Buffer 2 was added to each tube. Lysate was centrifuged at 500 x g 

for 10 min at 4 °C and 1 mL of supernatant was discarded. Lysate was centrifuged again 

at 500 x g for 5 minutes at 4°C and the remaining supernatant was removed, and pellet 

was kept on ice. Tagmentation buffer was prepared as per manufacturer’s protocol. Nuclei 

pellet was gently resuspended in 50 μL of tagmentation buffer and tubes were placed into 

thermomixer (Eppendorf ThermoMixer® C) at 37 °C for 35 min at 350 rpm. DNA binding 

buffer was added immediately to stop tagmentation reaction and suspension was 

transferred to DNA binding columns. Columns were centrifuged at 12,000 x g for 30 sec 

and the flow-through was discarded. 200 µl of DNA Wash Buffer was added to the column 

and columns were centrifuged at 10,000 x g for 30 sec. Wash step was repeated once 

again. The column was place in a new 1.5 ml microcentrifuge tube and 12 µl of DNA 

Elution Buffer was added to the column matrix. Tubes with columns were centrifuged at 

10,000 x g for 30 sec. 

2.8.1 PCR 

10 µl of tagmented libraries were mixed with 25 µL of 2x High-Fidelity Mastermix and 

14 µL of nuclease-free water in PCR tubes. 1 µl of Unique dual indexes (UDI) from 24 

UDI for Tagmented libraries kit (Diagenode, C01011034) was added to the mix. PCR was 

run as per protocol for initial 5 cycles. 

2.8.2 Additional PCR cycles 

qPCR was used to determine number of additional PCR cycles to add to the initial 5 cycles. 

5 μL of amplified libraries from 2.8.1 were mixed with 5 μL of 2x High-Fidelity 

Mastermix, 0.25 μL of UDI 1, 0.15 μL of 100x SYBR and 4.6 μL of nuclease-free water. 

20 qPCR cycles were run as per protocol. Fluorescence (y) versus cycles (x) graph was 

used to find maximum fluorescence intensity. The number was divided by 3 and 

corresponding number was matched to cycle number. The libraries required 5 more cycles 
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thus tagmented DNA was amplified for 5 more cycles. qPCR step was only repeated for 

one biological replicate of each cell line and both required 10 PCR cycles in total. 

2.8.3 Double-sided library cleanup 

AMPure XP beads (Beckman Coulter, A63880) were used to clean up libraries and 

remove primer dimers. 22.5 or 25 μL of AMPure XP beads was mixed with 45 or 50 μL 

of library, respectively, depending on whether the qPCR step was carried out previously. 

Tubes were incubated for 10 min at RT and placed on the magnetic rack for the magnetic 

beads to bind the magnet and form pellet. Supernatant was transferred to the new tube and 

mixed with 58.5 or 65 μL of magnetic beads, respectively and incubated for 10 min at RT. 

While keeping tubes on the magnetic rack, supernatant was discarded and beads were 

washed with 100 μL of 80% ethanol twice. Remaining ethanol was discarded with a 

pipette and beads were left to dry until they had matte appearance. Tubes were then 

removed from the rack and beads were resuspended in 20 μL of DNA Elution Buffer and 

incubated for 10 min at RT. Tubes were placed on magnetic rack and supernatant was 

transferred to DNA LoBind® tubes (Eppendorf, 0030108051) and stored at -20 °C.  

2.8.4 Quality control 

Double-stranded DNA quantity was measured using Qubit™ 1X dsDNA High Sensitivity 

(HS) kit (Invitrogen™, Q33230) as per manufacturer’s protocol. Bioanalyzer High 

Sensitivity DNA Analysis kit (Agilent, 5067-4626) was used to visualise library profiles 

on Agilent Bioanalyzer (G2939A). Successful libraries contained four peaks each 

representing free DNA, mononucleasomal, dinucleosomal and trinucleosomal DNA. In 

the presence of additional primer, adapter dimer peaks or >1000 bp peaks, additional size 

selection was required. 

2.8.5 Additional size selection 

Samples were brought to 50 μl volume by estimating initial library volume and adding 

nuclease free water. In the presence of both primer dimers and large fragments double-

size selection was repeated as described in 2.8.3. In the presence of primer dimers left-

side cleanup was performed. 90 μl of AMPure XP beads was mixed with 50 μl of diluted 

library and incubated for 10 min. PCR tubes were placed on the magnetic rack and 

supernatant was carefully discarded. 100 μl of 80% ethanol was added to the tubes and 
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discarded, this was repeated. Beads were left to dry out and were resuspended in 20 μL of 

elution buffer. Tubes were incubated for 10 min and placed on a magnetic rack. Eluted 

DNA was transferred to DNA LoBind® tubes and stored at -20 °C. 

2.8.6 Sequencing and data analysis 

Prepared libraries were sent for sequencing to Novogene. Quality control was performed 

for raw read files using FastQC tool (Andrews, 2019). Indexed human genome 

GRCh38/hg38 was used as a reference to align trimmed reads using Bowtie 2 (Langmead 

& Salzberg, 2012). SAMTOOLS tool was used to convert SAM files to BAM, sort them, 

remove blacklist and index them (Danecek et al., 2021). DeepTools2 was used to make 

bigwig files while peak calling was carried out using MACS2 (Ramírez et al., 2016; Zhang 

et al., 2008). Peaks and reads were visualized using an IGV genome browser while 

DiffBind function was used for comparative analysis between control and treatment cells 

(Gentleman et al., 2004; Robinson et al., 2023). 

2.9   Statistical analysis  

Analysis of variance was conducted on each dataset following an initial evaluation for 

normality (Anderson-Darling or Kolmogorov-Smirnov test). Parametric and or non-

parametric analysis was then conducted accordingly. FlowJo 10.8.1 was used to perform 

cell cycle analysis while GraphPad Prism 10.0.2 was used to analyse data. Cell viability 

curves using the least squares fitting method were produced from means of biological 

triplicates to calculate IC50 values for the selection of optimal drug doses for further 

experiments. Basal protein levels from untreated cell line protein lysates were determined 

by Western blot and quantified using BIO-RAD Image Lab 6.1 and normalized by 

GAPDH. Further Western blots were used as a qualitative technique. One biological 

replicate was performed per protein of interest, thus no statistical tests were used. The 

genome-wide analysis utilised RBGO informatics pipelines, assaying quality control 

through gene set enrichment and pathway analysis. All statistical values are provided in 

the results section, p-value < 0.05 represents significant results.  
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3 Results 

3.1 PLK1 and BRD4 are expressed in ovarian cancer tissue 

This project focuses on PLK1 and BRD4 dual inhibitors thus it was firstly determined 

whether these targets are expressed in serous OC. The Human Protein Atlas contains 

information about the expression of genes coding for proteins such as PLK1 and BRD4 

(Figure 3-1). Antibody-stained healthy ovary samples antibody shows low intensity for 

PLK1 and moderate intensity for BRD4. PLK1 stain intensity ranged from low to high 

and BRD4 moderate to high in different serous cystadenocarcinoma samples emphasizing 

the cellular heterogeneity aspect of serous OC. PLK1 stain localization varied between 

nuclear or cytoplasmic/ membranous nuclear and BRD4 stained was nuclear, 

corresponding to its function in gene expression through interaction with chromatin. 

Figure 3-1. Normal ovary tissue and serous cystadenocarcinoma stained with anti-PLK1 and 

anti-BRD4 antibody. Tissues stained with HPA053229 antibody for PLK1 and CAB068177 

antibody for BRD4. Samples are matched only for one patient. PLK1 and BRD4 staining came 

from different patients. Localization of proteins is indicated above the samples. Obtained from 

the Human Protein Atlas (n.d.-a, n.d.-b). 
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3.2 BRD4 and PLK1 are expressed in ovarian cancer cell lines 

As PLK1 and BRD4, drug targets, are expressed, it confirms that BI 2536 and BI 6727 

are appropriate candidates for this study. Model selection was the first step that I 

undertook to study drug effects on OC cells. For initial exploration and cell line selection 

experiments OVCAR-3, CAOV3, SKOV3 and UWB1.289 cell lines were chosen. The 

data from Human Protein Atlas was used to determine PLK1 and BRD4 expression levels 

(Human Protein Atlas, n.d.-a, n.d.-b). RNA expression levels were used to compare PLK1 

and BRD4 expression between the cell lines and the healthy ovarian tissue (Figure 3-2). 

There was no data for the UWB1.289 cell line. 

The number of transcripts for PLK1 in normal ovary tissue, represented as transcripts per 

million (nTPM), is 2.2 while in OC cell lines that number is significantly greater 

(OVCAR-3- 47.9, CAOV3- 73.3, SKOV3- 93.6). BRD4 is highly expressed in normal 

ovary tissue (nTPM = 29.2) but its expression is upregulated in both CAOV3 (31.8) and 

SKOV3 (48.8) whereas in OVCAR-3, BRD4 nTPM is 26.6.  

 

To corroborate the basal protein expression levels of PLK1 and BRD4 in vitro, I 

performed Western Blots. As expected, PLK1, BRD4 and GAPDH band location on the 
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Figure 3-2. PLK1 and BRD4 mRNA expression levels in normal ovarian tissues and OC cancer 

cell line . Gene expression is quantified as transcripts per million (nTPM), n = 1. Obtained from 

the Human Protein Atlas (n.d.-a, n.d.-b). 
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blot correspond to their molecular weight, 62, 238 and 36 kilodalton (kDa), respectively. 

As shown in Figure 3-3, BRD4 band is below 250 kDa marker band, on left, and band 

location correlates to its molecular weight of 238 kDa. Blots (Figure 3-4) were cropped 

for comparative purposes and to produce Figure .  

The graph below summarizes PLK1 and BRD4 expression levels which were normalized 

by GAPDH expression (Figure 3-5). UWB1.289 had the highest PLK1 and BRD4 

expression while CAOV3 exhibited high BRD4 expression and the lowest PLK1 

expression in comparison to other OC cell lines. BRD4 expression was lowest in OVCAR-

3 and PLK1 was expressed moderately. Whereas SKOV3 highly expressed BRD4 and 

had moderate PLK1 levels. 

 

 

 

62 kDa 

238 kDa 

36 kDa 

238 kDa 

Figure 3-3. Blot of basal BRD4 expression in OC cell lines aligned to standards. Precision Plus 

Protein Dual Color Standards (BioRad, 1610374) on the left, basal protein levels in OVCAR-3, 

CAOV3, SKOV-3 and UWB1.289 grown in media, on right. BRD4 molecular weight is 238 kDa. 

Figure 3-4. Western blot of basal BRD4 and PLK1 expression in OC cell lines protein lysates. 

Basal protein levels in OVCAR-3, CAOV3, SKOV-3 and UWB1.289 grown in media. Protein 

molecular weight is indicated on the right in kilodaltons (kDa). GAPDH (36 kDa) is loading 

control. 
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The experimental protein expression levels differed from the Human Protein Atlas gene 

expression data, while in CAOV3, PLK1 protein levels were lower than in the rest of OC 

cell lines on transcript level, according to protein atlas data, PLK1 expression was higher 

in CAOV3 than in OVCAR-3. The BRD4 protein expression trend from experimental data 

matched the Human Protein Atlas gene expression. 

3.3 PLK1/ BRD4 inhibition leads to a significant decrease in cell viability 

BI 2536 and its derivative, BI 6727, are classified as dual target PLK1 and BRD4 

inhibitors and their inhibitor effect on OC cells was measured using cell viability assay, 

RTGlo. Graphs show OVCAR-3, CAOV3, SKOV-3 and UWB1.289 viability in the 

presence and absence of each compound at 48h and 72h (Figure 3-6). 

BI 2536 and BI 6727 significantly decreased the viability of all OC cell lines, in a dose-

dependent manner. Both drugs significantly inhibited growth of OC cell lines at 

nanomolar doses, which is consistent with previous findings in EOC cancer (Huo et al., 

2022; Raab et al., 2019).  

Figure 3-5. Normalized basal BRD4 and PLK1 expression in OC cell lines. Basal protein levels 

in protein lysates from OVCAR-3, CAOV3, SKOV-3 and UWB1.289 as determined by Western 

blot quantified with Image Lab software and normalized by GAPDH expression, n = 1. 
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At 48h in OVCAR-3, SKOV-3 and UWB1.289, BI 2536 inhibited cell growth in a 

comparable manner. With BI 6727 the highest inhibition percentages at low doses were 

achieved in OVCAR-3 and SKOV-3. BI 2536 and BI 6727 had a comparable effect on 

CAOV3 cell viability at 48h but was the least affected cell line compared to other OC cell 

lines. At 72h, the OVCAR-3 curve did not change significantly but in CAOV3 cells both 

compounds induced a comparable decrease in viability. Long exposure to BI 2536 had the 

greatest inhibitory effect on SKOV-3 and UWB1.289 cells and with BI 6727 in OVCAR-

3 and SKOV-3.  

  

Figure 3-6. OC cell viability dose response curves. Graphs show OVCAR-3 (green), CAOV3 

(blue), SKOV-3 (black) and UWB1.289 (red) cell viability with BI 2536 and BI 6727 treatment 

at 48h and 72h. Each point represents a mean of biological triplicates, n = 3, error bars are 

standard error of the mean (SEM). Staurosporine is positive control (+; 0% viability), DMSO 

is negative control (100% viability). Least squares regression fitting model was used to fit 

data. 

BI 2536 BI 6727

48h

72h
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IC50 values indicate that CAOV3 was the least sensitive to both BI 2536 and BI 6727 

compounds with IC50s over 1 and 1 μM at 48h and 60 and 412 nM, respectively (Table 

3-1). BI 2536 was more effective in inhibiting CAOV3 growth with lower concentrations 

at both timepoints. At 48h, IC50 for BI 2536 in UWB1.289 was 13 nM and decreased at 

72h to 3 nM, with long exposure BI 6727 IC50 decreased two times, from 147 nM to 70 

nM. BI 6727 (IC50 = 20 nM) was more effective in growth inhibition in OVCAR-3 

compared to BI 2536 (IC = 70 nM) at 48h and longer exposure (23 nM vs 49 nM). BI 

2536 had a significant inhibitory effect on SKOV-3 cells, especially with 72h treatment  

and BI 6727 had comparable IC50 (48h- 20 nM, 72h- 29 nM) to the OVCAR3 IC50 

values. 

3.4 BRD4/PLK1 inhibition reduces spheroid viability 

3D models allow for the closer resemblance of realistic cell-cell interactions and the 3-

dimensional structure of tumours (Kapałczyńska et al., 2018). 3D viability assay was 

performed at 48h after the treatment with each compound, using the 3D RTGlo assay kit 

(Figure 3-7). 

  IC50 (μM)   

  SKOV-3 OVCAR-3 CAOV3 UWB1.289 

BI 2536 48h 0.037 0.070 1.025 0.013 

BI 6727 48h 0.020 0.020 0.963 0.147 

BI 2536 72h 0.006 0.049 0.060 0.003 

BI 6727 72h 0.029 0.023 0.412 0.070 
 

Table 3-1. BI 2536 and BI 6727 half-maximal inhibitory concentration (IC50) at 48 and 72 

h. IC50 values were determined for OVCAR-3, CAOV3, SKOV-3 and UWB1.289 by fitting 

least squares regression model. 



35 

 

BI 2536 and BI 6727 similarly inhibited cell growth in 3D spheroids. With both drugs, the 

greatest inhibitory effect was seen in SKOV-3 (650 nM- BI 2536; 470 nM-BI 6727) and 

CAOV3 (590 nM- BI 2536; 520 nM-BI 6727) which differs from 2D viability results 

where CAOV-3 cell line was least sensitive to both drugs (Table 3-2). OVCAR-3 had the 

highest IC50 values for both drugs over 3.7 μM. In UWB1.289 there was a significant 

variation in BI 2536 and BI 6727 replicates resulting in ambiguous IC50 value which were 

estimated to be over 1 μM.  

Taking into consideration, PLK1 and BRD4 gene and protein expression levels together 

with cell viability data the research was narrowed to HGSOC cell lines: CAOV3 and 

OVCAR-3 as models to study mechanism of action of BI 2536 and BI 6727. OVCAR-3 

expresses highly PLK1 and moderately BRD4 whereas in CAOV3 PLK1 expression was 

  IC50 (μM)   

  SKOV-3 OVCAR-3 CAOV3 UWB1.289 

BI 2536 0.65 3.73 0.59 1.11 

BI 6727 0.47 3.71 0.52 1.67 
 

Table 3-2. BI 2536 and BI 6727 half-maximal inhibitory concentration (IC50) at 48 h in 

spheroids. IC50 values for OVCAR-3, CAOV3, SKOV-3 and UWB1.289 spheroids were 

determined by fitting least squares regression model. 

 

Figure 3-7. OC spheroid viability dose response curves. Graphs show OVCAR-3 (green), 

CAOV3 (blue), SKOV-3 (black) and UWB1.289 (red) spheroid viability with BI 2536 and BI 

6727 treatment at 48h. Each point represents a mean of biological triplicates, n = 3, error bars 

are standard error of the mean (SEM). Staurosporine is positive control (+; 0% viability), 

DMSO is negative control (100% viability). Least squares regression fitting model was used 

to fit data. 

BI 2536 BI 6727
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low yet cell viability in both cells was reduced with nanomolar doses. Therefore, these 

cell lines were chosen as high and low PLK1 expression models. Although SKOV3 and 

UWB1.289 highly expressed BRD4 and PLK1 and responded to the treatments, OVCAR-

3 and CAOV3 represent HGSOC better as SKOV3 was determined to poorly resemble 

HGSOC and it resembled endometrioid or clear cell subtype whereas UWB1.289 cells 

have BRCA1 mutation and this subset of serous OC can be treated with PARP inhibitors, 

therefore, finding drugs for OC which do not carry BRCA mutation is intended (Anglesio 

et al., 2013; Barnes et al., 2021; Beaufort et al., 2014; Domcke et al., 2013). 

3.5 BI 2536 and BI 6727 upregulate PLK1 and BRD4 protein expression  

Drug dose choice is an important aspect of drug development as the dose has to be optimal 

to induce detectable changes in protein/ gene expression without inducing cell death or 

decrease in viability in all the cells. Aiming to partially reduce viability that would range 

from 20% to 80% of the cells and for the ability to perform comparative analysis between 

cell line and treatment, 100 nM drug concentration was chosen for further exploration. 

Western blots were then performed for CAOV3 and OVCAR-3 cells treated with 100 nM 

BI 2536 and BI 6727 to explore the efficacy and effect of this dose throughout three 

timepoints: 24, 48 and 72 h. PLK1 and BRD4 were studied as direct BI 2536 and BI 6727 

Figure 3-8. Western blot protein expression in BI 2536 and DMSO- treated CAOV3 and 

OVCAR-3 cells. PLK1, BRD4 and p-cyclin B1 (Ser133) protein expression levels at 24, 48, 72 h 

after the treatment. Cells were treated with DMSO (-) or 100 nM BI 2536 (+). GAPDH is a 

loading control. 



37 

 

targets as well as phosphorylated cyclin B1 at Ser 133 (p-cyclin B1 (Ser133)) which gets 

phosphorylated directly by PLK1 (Jackman et al., 2003). 

At 24h in CAOV3 and OVCAR-3 PLK1 expression was upregulated upon the treatment 

with 100 nM BI 2536 and BI 6726 (Figure 3-8). The downstream target of PLK1, p-cyclin 

B1, upregulated expression correlated to PLK1 expression in OVCAR3 treated with BI 

2536, but not in CAOV3 where p-cyclin B1 expression did not change. In OVCAR3, cells 

exposed to BI 2536 treatment for 48h triggered PLK1 and p-cyclin B1 expression 

upregulation but resulted in lower expression when compared to 24h, with further 

decrease in PLK1 and p-cyclin B1 expression at 72h. Whereas in CAOV3, at 24h and 48h 

timepoints PLK1 expression was upregulated and with longer, 72h drug exposure PLK1 

expression decreased. BRD4 expression was not affected by BI 2536 treatment in CAOV3 

while in OVCAR3 there was minimal increase in BRD4 expression which peaked at 72h, 

opposite to PLK1 expression. 

 BI 6727 treatment resulted in similar protein expression trends seen in BI 2536 treated 

cells (Figure 3-9). In both cell lines upon treatment with BI 6727, PLK1 upregulation seen 

at 24 h decreased with longer exposure. Where p-cyclin B1 expression in CAOV3 was the 

 

 

Figure 3-9. Western blot protein expression in BI 6727 and DMSO- treated CAOV3 and 

OVCAR-3 cells. PLK1, BRD4 and p-cyclin B1 (Ser133) protein expression levels at 24, 48, 72 h 

after the treatment. Cells were treated with DMSO (-) or 100 nM BI 6727 (+). GAPDH is a loading 

control. 
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same as in BI 2536 treated cells, in OVCAR3 cells BI 6727 did not induce any expression 

change. On the protein level, both BI 2536 and BI 6727 resulted in increased levels of 

PLK1 and BRD4 in both cell lines. The upregulated protein levels of drug targets upon 

treatment indicate that BI 2536 and BI 6727 do not inhibit expression of PLK1 and BRD4 

but as determined by cell viability assay, they decrease cell viability. It raises a question 

of what the mechanism of action of BI 2536 and BI 6727 is and whether it differs between 

the drugs. To explore this question, changes in transcriptome level relating to PLK1 

inhibition and chromatin level relating to BRD4 function were interrogated using RNA-

seq and ATAC-seq, respectively. For these experiments, 24 h treatment was chosen 

because protein expression changes are observed at 24 h thus it should be an optimal time-

point to detect changes in gene expression and chromatin accessibility. 

3.6 RNA-seq 

RNA sequencing enables to study the transcriptome, mRNA, of the cell and detect 

treatment-induced changes in gene expression. The experiment aims to study the genome-

wide expression patterns and changes in response to the BI 2536 and BI 6727 treatments. 

This enables detecting genes, and pathways which inform the mechanism of action of 

these drugs.  

CAOV3 and OVCAR-3 cells were grown for 24 h and treated with DMSO, 100 nM of BI 

2636 and BI 6727 for 24 h. RNA was extracted and sent to Novogene where libraries were 

prepared using poly(A) enrichment of the mRNA for pair-ended, 150 bp Illumina 

Sequencing. Prior to sample sequencing, RNA passed the quality control stage, RNA 

integrity score for all samples was 10 indicating that RNA was intact.  
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3.6.1 Sequencing quality control and alignment efficacy 

Pipeline above was used to carry out RNA-seq analysis (Figure 3-10). Novogene 

sequenced samples and raw reads were received in fastq files. Scythe tool is usually used 

to remove adaptor contamination, but it was not necessary because raw reads did not have 

adapter contamination. Sickle tool was then used for removal of low quality 3’-end of 

reads resulting in trimmed reads in .fastq format. More than 99% of total reads were pair 

reads with nearly 0% of pair reads removed whereas half of single reads were kept (0.2%) 

and half trimmed (0.2%). An example of 2nd replicate of OVCAR-3 treated with BI 2536 

is shown in Figure 3-11. From total of almost 76 million of reads, 4682 paired reads were 

discarded accounting for 0.006% of total reads and 118150- single reads, accounting for 

0.16%.  

Figure 3-10. RNA-seq data analysis pipeline: from raw reads to pathway analysis. Raw data is 

in purple, tools and their functions are in green with the output files in blue. 
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To determine the accuracy of a sequencing platform the base calling is used because it is 

possible the given base was called incorrectly by the sequencer (Illumina Technical Note). 

FASTQC report indicated the high quality of reads with Phred Score equal or greater than 

35 across each base position as shown in Figure 3-12 (Andrews, 2019). All samples 

passing quality control were aligned to the GRCh38/hg38 human genome using STAR 

alignment tool (Dobin et al., 2012). The alignment was successful as the percentage of 

Figure 3-11. Sickle adaptive trimming output for the 2nd replicate of OVCAR-3 treated with 

BI 2536. PE-pair ended forward and reverse file. 

Figure 3-12. FASTQC: mean quality value across each base position in the read. Phred Quality 

Score is used for base calling accuracy. Position on x axis is base pairs (bp). 
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uniquely mapped reads was in the range of 92-95% (Table 3-3). For instance, OVCAR-3 

treated BI 2536 2nd replicate from pair-end reads that were kept, which is 37829115 pairs, 

35349782 (93.5%) were mapped uniquely, only 1523776 (4.0%) mapped to too many loci, 

37769 (0.1%) unmapped because of too many mismatches, 883796 (2.3%) unmapped 

because too short and 33992 (0.09%) unmapped because of other reasons. All previous 

QC checks were successful thus STAR alignment gene count file, .geneCountTab was 

created for further analysis. 

3.6.2 Principal component analysis 

Then principal component analysis (PCA) graphs were created from gene counts to study 

the variance between the treatment groups (Figure 3-13). PCA showed the difference 

between CAOV3 (left), and OVCAR-3 (right) cell lines gene expression treated with 

DMSO, 100 nM BI 2536 and 100 nM BI 6727 for 24 h. While in OVCAR-3 all treatments 

form separate clusters, in CAOV3 just BI 6727 treated samples forms a distinct cluster. 

Although CAOV3 three replicates with DMSO and BI 2536 treated cells are scattered, the 

low variance between DMSO and BI 2536 in every replicate separately shows that BI 

2536 did not significantly different. The difference in response to BI 2536 treatment 

Treatment Read Length No. of Reads
% Uniquely 

Mapped

% Mapped 

to too many 

loci

% Unmapped Coverage

CAOV3 DMSO 1 297 36586289 92.63% 4.02% 3.35% 6.1

CAOV3 DMSO 2 297 30100650 91.98% 4.13% 3.88% 4.98

CAOV3 DMSO 3 297 37069300 92.09% 3.97% 3.95% 6.14

CAOV3 BI 2536 1 297 42999297 92.26% 3.75% 4% 7.14

CAOV3 BI 2536 2 297 43093100 91.54% 4.71% 3.75% 7.1

CAOV3 BI 2536 3 297 28995819 92.86% 3.98% 3.15% 4.85

CAOV3 BI 6727 1 297 30750498 94.50% 3.04% 2.47% 5.23

CAOV3 BI 6727 2 298 35625600 93.86% 3.12% 3.02% 6.04

CAOV3 BI 6727 3 297 34298923 93.67% 2.85% 3.48% 5.78

OVCAR-3 DMSO 1 297 38501891 92.34% 4.54% 3.11% 6.4

OVCAR-3 DMSO 2 298 43348471 93.16% 4.03% 2.81% 7.29

OVCAR-3 DMSO 3 298 35288166 92.86% 4.93% 2.20% 5.92

OVCAR-3 BI 2536 1 297 40821633 92.97% 3.61% 3.43% 6.83

OVCAR-3 BI 2536 2 298 37829115 93.45% 4.03% 2.53% 6.38

OVCAR-3 BI 2536 3 298 40332363 92.07% 5.16% 2.76% 6.71

OVCAR-3 BI 6727 1 297 28260231 94.91% 2.80% 2.29% 4.83

OVCAR-3 BI 6727 2 297 31304108 94.05% 3.04% 2.91% 5.3

OVCAR-3 BI 6727 3 297 35102775 93.23% 3.35% 3.42% 5.89

Table 3-3. Mapping metrics from trimmed reads alignment to reference human genome. 

Percentages are percentage reads that were either uniquely mapped, mapped to too many loci or 

unmapped.  
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between CAOV3 and OVCAR-3 highlights that HGSOC is a heterogenous and thus result 

in different effect upon treatment with same drug.  

3.6.3 Differential analysis 

Gene count files were normalized using DESeq2 median of means method by the 

treatment to output normalized gene counts (Love et al., 2014). DESeq2 was used to 

determine significantly regulated transcripts between treatment and control. To visualise 

DESeq2 results volcano plots were produced (Figure 3-14). This analysis enables the 

 

CAOV3 OVCAR-3

DMSO 100 nM BI 2536 100 nM BI 6727Figure 3-13. Principal component analysis (PCA) showing distribution of RNA-seq data 

from CAOV3, and OVCAR-3 treated with DMSO, 100 nM BI 2536 or 100 nM BI 6727 for 

24 h. Three biological replicates of each cell line treated with DMSO (blue), 100 nM BI 2536 

(red) and 100 nM BI 6727 (green) were sequenced, n = 3. Each point represents one biological 

replicate. 
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exploration of upregulated and downregulated genes between BI 2536 and BI 6727 

treatments and cell lines. 

The higher number of significantly upregulated and downregulated gene transcripts in 

OVCAR-3 reflects greater variance between clusters in PCA plot (Figure 3-13). 

Clustering of CAOV3 treatment groups in PCA is also explained by the five-fold greater 

number of genes with significantly altered expression in BI 6727 (1559 genes) in 

comparison to BI 2536 (283 genes) treatment. Upon BI 2536 treatment there were 167 

and 303 significantly upregulated genes in CAOV3, and OVCAR-3 cell line, respectively. 

BI 6727 treatment induced significant upregulation of 684 (CAOV3) and 2387 (OVCAR-

3) genes. 40% of genes with significant change were downregulated in both cell lines by 

 

Figure 3-14. Gene transcript levels in CAOV3 and OVCAR-3 in response to BI 2536 and BI 

6727 treatment. Volcano plots illustrate number of gene transcript levels after 24 h 100 nM 

BI 2536 and 100 nM BI 6727 treatment that are upregulated (red), downregulated (blue), or 

not changed significantly, (p-value > 0.05; grey). Logarithmic fold change shows the extent of 

upregulation or downregulation of gene transcripts when compared to DMSO, vehicle control 

gene expression. 

CAOV3 OVCAR-3

BI 6727

BI 2536

up-regulated down-regulated not-significant
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BI 2536 treatment whereas BI 6727 treatment downregulated over 55% and 50% genes in 

CAOV3 and OVCAR-3, respectively. 

Figure 3-15 shows gene counts after filtering for genes that have absolute log2fold change 

greater than 0.58 (absolute fold change > 1.5). In CAOV3 there were 269 (158 

upregulated, 111 downregulated) and 892 (342 upregulated, 550 downregulated) 

differentially expressed genes in BI 2536 and BI 6727 treatment groups, respectively. In 

OVCAR-3, there were 561 (288 upregulated, 273 downregulated) and 3225 (1600 

upregulated and 1625 downregulated), in BI 2536 and BI 6727 treatment groups, 

respectively. 

Figure 3-15. Filtered upregulated, downregulated and total gene counts in CAOV3 and 

OVCAR-3 cells treated with 100 nM BI 2536 and 100 nM BI 6727 for 24 h. Filtered genes 

have an absolute log2fold change greater than 0.58 (absolute fold change > 1.5) and p-value 

< 0.05. 



45 

 

The distribution of upregulated and downregulated genes is shown in the Venn diagrams 

(Figure 3-16). Venn diagrams were produced to find unique and common differentially 

expressed genes between treatments and cell lines. The highest number of overlapping 

downregulated genes were between CAOV3 and OVCAR-3 treated with BI 6727, which 

was 374 accounting for 23% and 68% of total downregulated genes in OVCAR-3 and 

CAOV3, respectively. BI 6727 induced upregulation of 1379 and downregulation of 1157 

unique genes in OVCAR-3 accounting for approximately 69% and 57% of the total 

number of upregulated and downregulated genes, respectively. Whereas, BI 2536 induced 

downregulation in 155 genes including MYCN. In CAOV3, BI 6727 treatment resulted in 

the upregulation of 206 unique genes. There were 15 genes that were upregulated and 2 

downregulated in both cell lines in response to both treatments. The 15 upregulated genes 

were FAM72B, FOS, PLK1, BUB1, ANLN, AURKA, CDCA8, GAS2L3, CDCA3, IQGAP3, 

SMTN, KNSTRN, DLGAP5, CDCA2, CKAP2L while 2 downregulated were RP11-

469H8.6 and MAP2K6. Interestingly, PLK1 was one of the upregulated genes suggesting 

a feedback loop as a response to the drug. 

3.6.4 Pathway analysis 

Gene set enrichment analysis (GSEA) was performed to retrieve differentially regulated 

pathways. Results in Figure 3-17 showed significantly upregulated pathways that were 

common in at least two cell lines/treatments and all significantly downregulated pathways. 

Figure 3-16. Venn diagram comparisons with upregulated and downregulated genes in 

CAOV3 and OVCAR-3 cells treated with 100 nM BI 2536 and 100 nM BI 6727 for 24 h. 

Downregulated Upregulated 
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CAOV3 treated with BI 6727 had upregulated pathways with the highest normalized 

enrichment ratio which is defined as a normalized number of observed genes divided by 

the number of expected genes in that pathway (Figure 3-17). Wnt and Notch signalling, 

reproduction, cellular responses to stress and external stimuli, homology-directed, DNA 

and DNA double-strand break repair, and deubiquitination were upregulated common 

pathways in CAOV3 cells treated with BI 2536 and BI 6727 treatment groups. In 

OVCAR-3, BI 2536 or BI 6727 treatment resulted in upregulation of genes involved in 

resolution of sister chromatid cohesion, mitotic prometaphase, kinesins, AURKA 

activation by TPX2 and amplification of signal from the kinetochores. RHO GTPase 

effectors and cell cycle were only upregulated pathways that common between CAOV3 

treated with BI 2536 and BI 6727 and OVCAR-3 with BI 2536 but not OVCAR-3 treated 

with BI 6727. 

Significantly downregulated pathways differed between cell lines and treatments, only 

RNA metabolism was downregulated in CAOV3 and OVCAR-3 treated with BI 6727. 

There were no significantly downregulated pathways in response to BI 2536 treatment in 

CAOV3 and small molecule transport was downregulated in OVCAR-3 treated with BI 

Figure 3-17. Pathways from gene set enrichment analysis (GSEA) of differentially 

expressed genes in CAOV3 and OVCAR-3 treated with BI 2536 and BI 6727. Significantly 

upregulated common pathways between at least two cell lines/treatments (left) and 

significantly downregulated pathways (right). False Discovery Rate (FDR) ≤ 0.05, p-value < 

0.05. 
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2536. BI 6727 significantly downregulated genes relating to metabolism of amino acids 

and derivatives in CAOV3 and metabolism in general, as well as protein, nucleotides and 

fatty acid metabolism in OVCAR-3. Translation initiation complex formation was 

downregulated in OVCAR-3 and translation, eukaryotic translation initiation and 

termination in CAOV3 in response to BI 6727. Genes regulating G1/S transition and DNA 

replication pathways were downregulated in BI 6727-treated OVCAR-3 cells.  

BI 2536 in CAOV3 uniquely upregulated genes in transcriptional regulation by RUNX1, 

pre-NOTCH transcription, translation, expression and processing, mitotic prophase, and 

condensation of prophase chromosomes (Figure 3-18). BI 2536 only in OVCAR-3 

significantly upregulated genes related to the separation of sister chromatids, cell cycle 

checkpoints, G2/M transition, mitosis/M phase-related pathways: mitotic spindle 

Figure 3-18. Pathways from gene set enrichment analysis (GSEA) of differentially 

expressed genes in CAOV3 and OVCAR-3 treated with BI 2536 and BI 6727. Significantly 

upregulated unique pathways. False Discovery Rate (FDR) ≤ 0.05, p-value < 0.05. 
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checkpoints, metaphase and anaphase. BI 6727 in CAOV3 upregulated RNA Polymerase 

II transcription and gene expression, post-translational protein modification, histone 

modification. BI 6727 in OVCAR-3 uniquely upregulated genes in regulation of PLK1 

activity at G2/M transition, loss of Nlp from mitotic centrosomes, loss of proteins required 

for interphase microtubule organization from the centrosome, recruitment of mitotic 

centrosome proteins and complexes, recruitment of NuMA to mitotic centrosomes, 

centrosome maturation. 

Overall, RNA-seq results show that drugs target cell cycle-associated pathways, and gene 

expression through transcription, translation, and metabolism. Altered transcription and 

histone modification relate to BRD4 function, validating further exploration of epigenetic 

changes in response to the drugs. 

3.7 ATAC-seq 

3.7.1 Protocol optimisation 

ATAC-Seq was chosen to explore what effect BI 2536 and BI 6727 have on chromatin 

level, and how the changes in accessible chromatin regions relate to the gene expression 

studied with RNA-seq method. ATAC-seq utilises prokaryotic transposon 5 (Tn5) 

transposase enzyme binds to open chromatin regions and cuts DNA into fragments. The 

successfully prepared libraries should contain fragments ranging from 200 bp to 1000 bp.  

Protocol was optimised because ATAC-seq has never been performed in our lab 

previously. The table below shows the different conditions such as cell number, 

tagmentation time and total PCR cycle number that were tested and determined optimal 

conditions for CAOV3 and OVCAR3 cells (Table 3-4).  

 

Table 3-4. ATAC-seq protocol optimisation. Tested and optimal conditions for ATAC-seq 

library preparation from CAOV3 and OVCAR-3 cells. 

Conditions Tested Optimal

Number of cells 50,000; 75,000; 100,000 50,000

Tagmentation time 30; 35 min 35 min

Shaking during tagmentation no shaking; 300 rpm; 1000 rpm 300 rpm

Total PCR cycles 7, 10, 16 10 cycles
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The number of cells has an impact on the fragmentation of DNA because the aim is to 

have a diverse library with a range of different-size fragments, low cell number leads to 

overtagmentation where the majority of the library consists of small fragments because 

the Tn5 transposase will be too high or on the contrary high cell numbers lead to 

undertagmentation where large fragments comprise the library. The greatest quality 

libraries were achieved with 50,000 cells which applied to both cell lines. Tagmentation 

time and shaking can also lead to undertagmentation- too short and overtagmentation- too 

long. An appropriate number of PCR cycles is essential to avoid oversaturation of libraries 

and reduce GC and size bias.  

Libraries were prepared with optimal conditions from CAOV3 and OVCAR-3 treated 

with 100 nM BI 2536 and 100 nM BI 6727 for 24 h in biological triplicates. Majority of 

libraries had primer dimers present as shown in figure below which would show up as 

peak after lower maker (Figure 3-19).  

Therefore, additional cleanup was required. Below are library profiles showing the size 

distribution of DNA fragments in prepared libraries 3-20. In all libraries each peak 

corresponds to nucleosome-free, mononucleosome, dinucleosome and multinucleosome 

fragments.  

 

Figure 3-20. ATAC-seq libraries prepared from CAOV3 cells treated with DMSO, 100 nM 

BI 2536 or BI 6727. Bioanalyzer trace shows lower and upper marker peaks with nucleosome-

free, mononucleosome, dinucleosome and multinucleosome peaks in between. 

Figure 3-19. Presence of primer dimers in CAOV3 cells treated with 100 nM BI 2536 library. 

Library profile shows two peaks after the lower maker peak (first peak) representing primer 

dimer contamination. 
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3.8 Quality control, alignment and peak calling 

All prepared libraries were successfully sequenced, and the following pipeline was used 

to analyse ATAC-seq raw reads datasets (Figure 3-21).  

FASTQC tool was used to carry out quality control which showed that Nextera adaptor 

sequences were present (Figure 3-22). Scythe was used to remove adaptor contamination 

while Sickle tool was used to remove low quality read ends.  

 

 

Figure 3-21. ATAC-seq data analysis pipeline: from raw reads to pathway analysis. Raw 

data is in purple, tools and their functions are in green with the output files in blue. 
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FASTQC reports showed high quality of samples as shown in Figure 3-23 thus trimmed 

read were aligned to indexed human genome. 

Then a series of steps were carried out using SAMTOOLS including SAM file conversion 

to BAM, sorting BAM files, removing blacklist and indexing BAM file. Peak calling was 

performed to produce narrowPeak files with called peaks as shown in Figure 3-24.  

Figure 3-22. Adapter content in CAOV3 treated with DMSO 1st replicate. Black line 

represents Nextera Transposase Sequence. Adapter contents show whether fastq files and 

reads in them have a significant amount of adapter sequences. In the presence of adapters, 

adapter trimming is performed. 

Figure 3-23. Per base sequence quality of CAOV3 treated with DMSO 1st replicate. Blue 

line is a mean quality, central red line is the median value and whiskers represent the 10% 

and 90% points. 
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Finally, DiffBind was used to carry out differentially regulated peak analysis. 

3.8.1 Differentially regulated peaks 

After Peak calling, the comparative analysis showed that there was a difference between 

control, DMSO-treated cell lines and 100 nM BI 2536 or 100 nM BI 6727 treated cells. 

Differentially regulated peak counts are shown in Table 3-5. OVCAR-3 had a greater 

number of both upregulated and downregulated peaks in both treatment groups in contrast 

to CAOV3. Upregulation and downregulation between BI 2536 and BI 6727 treatments 

differed depending on the cell line. In CAOV3 treated with 100 nM BI 2536, there were 

over 1800 differentially regulated peaks and less than 200 in BI 6727 treatment. Whereas 

in OVCAR-2 treated with BI 6727 there were over two-fold greater number (>48000) of 

differentially regulated in contrast to OVCAR-3 treated with BI 2536 (>19000). 

Furthermore, the greatest number of differentially regulated peaks were downregulated 

implying a closed chromatin state in response to the treatment and only a few peaks were 

upregulated. In CAOV3, BI 2536 treatment resulted in less than 1800 downregulated 

peaks whereas in OVCAR-3 the peak count was more than ten-fold greater (18870). In 

OVCAR-3 treated with BI 6727 downregulated peak count was over 48000 when 

compared to CAOV3 where there were barely any downregulated peaks detected (157). 

Cell line Treatment Upregulated Downregulated

BI 2536 45 1797

BI 6727 24 157

BI 2536 219 18870

BI 6727 81 48486

CAOV3 

OVCAR-3

… 

Figure 3-24. Called peaks in CAOV3 treated with DMSO 1st replicate. One row represents 

one called peak. The first column indicates which chromosome (chr) it is, second- start 

coordinate of the peak, third- end coordinates, 4th- name, 5th- score, 6th- strand, 7h- signal 

value, 8th- -log10(pValue), 9th - -log10(qvalue), 10th- peak. 

Table 3-5. Differentially regulated peak counts in CAOV3 and OVCAR-3 treated with 100 

nM BI 2536 and 100 nM BI 6727 after 24 h. 
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3.8.2 Differentially regulated peaks enriched near promoters 

For further analysis, a gene list was produced from the upregulated and downregulated 

peaks that were enriched near the promoter region of the corresponding gene. The ATAC-

seq analysis was limited to promoter regions because analysis of other regions involves 

greater complexity. Results shown in Table 3-6 indicate that there were more 

downregulated peaks enriched at promoter in OVCAR-3 than CAOV3 correlating to total 

count of differentially regulated peaks. No upregulated peaks enriched at promoter were 

present in OVCAR-3 whereas in CAOV-3 there 39 and 1 peak in BI 2536 and BI 6727 

treatment respectively. Out of 1797 downregulated peaks 86 were enriched the promoter 

in CAOV3 treated with BI 2536, and 22 out of 157 in BI 6727 treated cells. In OVCAR-

3, 3% (601) of downregulated peaks were enriched near promoter in BI 2536 treatment 

group and almost 4% (1818) in BI 6727.  

Following are the examples of peak differences between control and treatment groups in 

genes selected from the gene list (Figure 3-25). In DMSO control profile (red) the peaks 

were higher in comparison to treatment peaks (blue) which indicate accessibility of these 

genes for transcription. 

Cell line Treatment Upregulated Downregulated

BI 2536 39 86

BI 6727 1 22

BI 2536 - 601

BI 6727 - 1818

CAOV3 

OVCAR-3

Table 3-6. Differentially regulated peak counts enriched near the promoter in CAOV3 and 

OVCAR-3 treated with 100 nM BI 2536 and 100 nM BI 6727 after 24 h. 
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3.8.3 Transcriptome and chromatin accessibility interlink 

The correlation between open chromatin regions from ATAC-seq analysis and gene 

expression from RNA-seq was explored (Table 3-7).  

Cell line Treatment 

ATAC-seq upregulated ATAC-seq downregulated 

RNA-seq 

upregulated 

RNA-seq 

downregulated 

RNA-seq 

upregulated 

RNA-seq 

downregulated 

CAOV3 
BI 2536 0 0 0 2 

BI 6727 0 1 2 0 

OVCAR-3 
BI 2536 - - 5 26 

BI 6727 - - 146 107 

 

Table 3-7. ATAC-seq and RNA-seq overlapping genes. 

In CAOV3 there were 2 genes (MT1F, TFF2) that were downregulated on transcript level 

and had downregulated peaks near the promoter in response to BI 2536 treatment. With 

BI 6727 treatment, SLC7A2 gene had an upregulated peak near promoter but it was 

downregulated on transcript level. FBLN2 and VGF were upregulated in RNA-seq but 

downregulated in ATAC-seq in CAOV3 cells treated with BI 6727. In BI 2536-treated 

OVCAR-3 there were 5 upregulated genes (CEL, GOLGA8B, RNU4ATAC, RNVU1-6, 

Figure 3-25. DMSO treated CAOV3 and OVCAR-3 peaks overlay from DMSO control and 

BI 2536 or BI 6727. Red- DMSO, blue- BI 2536/BI 6727. 
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RNVU1-7) but the correlating peaks enriched near promoter were downregulated. In 

addition, 26 downregulated genes and downregulated peaks enriched near promoter of 

same gene. These genes included ADAM21, ADGRF1/2, AQP5/9, BDH2, BTC, CPM, 

DEF6, EDN2, GALNT5, GRAMD1C, HGD, HKDC1, KRT15, MAP2K6, PALMD, PI15, 

REM2, SLC2A9, THRSP, TNFSF10, TNFSF15, TRIM22, UNC5B-AS1, VIT. In BI 6727 

treated OVCAR-3, there were 146 upregulated genes with downregulated peaks and 107 

downregulated genes with downregulated peaks. BI 6727 ribosomal proteins.  

3.8.4 BI 6727 treatment effect on chromatin accessibility at the promoter of 

genes involved in cell cycle 

ORA pathway analysis was carried out for the differentially regulated peaks enriched near 

promoters in corresponding genes. Although in CAOV3 there were no significantly 

upregulated and downregulated pathways (FDR > 0.05) with BI 2536, there was an 

indication of upregulation in chromatin modifying enzymes and chromatin organization 

and downregulation of ATP synthesis, TNF signalling pathway. CAOV3 treated with BI 

6727 results indicated non-significant downregulation of TNF receptor superfamily  

members mediating non-canonical NF-kB pathway (FDR=0.5) and post-translational 

protein phosphorylation (FDR=1). In OVCAR-3, no significantly downregulated 

pathways in response to BI 2536 treatment. BI 6727 in OVCAR-3 induced 

downregulation in peaks enriched near the promoter of genes that are involved in the cell 

cycle including cyclin B2 (CCNB2), cell division cycle 27 (CDC27), centromere protein 

E and C (CENPE; CENPC), PLK4, ALMS1 centrosome and basal body associated protein. 

Further, significantly downregulated pathways (FDR ≤ 0.05) regulated by genes with 

downregulated peaks enriched near the promoter of either upregulated or downregulated 

genes from RNA-seq were explored (Figure 3-26). The downregulated pathways were 

translation, its initiation and elongation, post-translational protein phosphorylation; cell 

cycle and mitosis-related pathways such as mitotic G2-G2/M phases, G2/M transition, 

prometaphase, centrosome maturation, organelle biogenesis and maintenance. These 

pathways were further validated using a range of different experiments. 
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Figure 3-26. Pathways from over-representation analysis of OVCAR-3 treated with BI 6727 

with downregulated peaks enriched near promoters of genes that were either upregulated or 

downregulated in RNA-seq. False discovery rate (FDR) ≤ 0.05, p < 0.05. 
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3.9 Cell Cycle assay 

3.9.1 BI 2536 and BI 6727 induce accumulation of cells in G2/M 

RNA-seq and ATAC-seq analysis showed changes in expression genes involved in the 

cell cycle pathway. Cell cycle assay was performed to study the distribution of cell 

populations in different cycle phases informing the mechanism of action of BI 2536 and 

BI 6727. At 24 h, 10 nM BI 2536 treatment induced accumulation of cells in G2 phase in 

both CAOV3 (32.8%) and OVCAR3 (32.5%) compared to DMSO treated cells (10.7% 

and 13.1% respectively) as shown in Figure 3-27. Interestingly, same concentration BI 

6727 treatment did not induce similar accumulation and G2 cell population in CAOV3 

was 17.2% and OVCAR3- 15.8%.   

100 nM BI 2536 and BI 6727 treatments induced cell accumulation in the G2 phase at 24 

h and 48 h in a similar manner in both cell lines (Figure 3-28). At 24h, 100 nM BI 2536 

and BI 6727 treated OVCAR3 cells G2 population was 58% and 51%, respectively, 

greater than in the control group and G0/G1 phase cell population was 32% and 35% 

lower. CAOV3 compared to OVCAR3, at 24 h, had less significant changes in G2-phase 

cell population size, it increased by 28% in 100 nM BI 2536 and 25% in 100 nM BI 6727-

treated group. At 48 h, the difference in G2 population increase between CAOV3 and 

 

Figure 3-27. Cells distribution in G1, S and G2/M phases. Flow cytometry cell cycle 

analysis of CAOV3 and OVCAR3 cells treated with DMSO, 10 nM BI 2536, 10 nM 

BI6727 for 48h. 
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OVCAR3 cell lines was similar 42% vs 55% (BI 2536) and 34% vs 50% (BI 6727) 

respectively. 

3.10 Pathway exploration 

3.10.1 PLK1 inhibitors induce DNA damage, cell cycle arrest and apoptosis 

To further inform the mechanism of action of dual target inhibitor Western Blots were 

performed to determine what effect the inhibitor has on the expression of target protein 

and downstream proteins. RNA-seq indicated that cells were undergoing DNA damage, 

and as γH2AX is phosphorylated in response to DNA double-strand breaks, it was used 

to measure DNA damage induced by the treatments (Mah et al., 2010). Indication of G2/M 

phase arrest in RNA-seq, ATAC-seq and cell cycle was further explored through 

phosphorylated histone H3 expression as it gets phosphorylated when chromatin is 

condensing at G2 early M phase (Hightower et al., 2012). The decrease in cell viability 

observed in the viability assay was further interrogated through PARP expression which 

 

Figure 3-28. Cell cycle at 24 h and 48 h after the 10, 100 nM BI 2536 and BI 6727 treatment 

on CAOV3 and OVCAR-3. Error bars are coefficient of variation (CV). 
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is cleaved by caspases during apoptosis and can be also indicative of another form of cell 

death, pyroptosis (Boulares et al., 1999).  

BI 2536 induced γH2AX upregulation in both CAOV3 and OVCAR3 within 24h (Figure 

3-29). In CAOV3, the upregulation was lower than in OVCAR-3 at all timepoints. With 

longer exposure, at 48 h and 72 h γH2AX was highly expressed in OVCAR3. In both cell 

lines both BI 2536 and BI 6727 induced pHH3 upregulation from 24h and with long 

exposure (Figure 3-30). 

 

 

Figure 3-29. Western blot protein expression in BI 2536 and DMSO-treated CAOV3 and 

OVCAR-3 cells. Protein expression levels at 24, 48, 72 h after the treatment. Cells were 

treated with DMSO (-) or 100 nM BI 2536 (+). GAPDH is a loading control. 
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In contrast to BI 2536-treated CAOV3 cells, BI 6727 upregulated pHH3 expression at 24 

h but the upregulation decreased at 48 h and further at 72h after the treatment. The 

moderate upregulation of γH2AX and cleaved PARP in response to BI 6727 was 

consistent with the expression of BI 2536-treated CAOV3 cells. OVCAR3 cells treated 

with 100 nM BI 6727 followed similar expression trends as seen in cells treated with BI 

2536. At 24h, BI 6727 induced moderate accumulation of γH2AX and cleaved PARP in 

OVACR-3 cells and a significant increase in pHH3. γH2AX was highly upregulated with 

longer exposure to BI 6727 treatment in OVCAR-3 cells. In OVCAR-3 at 48h, cleaved 

PARP expression peaked but decreased at 72 h whereas pHH3 expression remained 

upregulated throughout all timepoints.  

Overall, Western blot analysis showed that drugs induce G2/M arrest, followed by DNA 

damage and cell death. 

3.11 Apoptosis assay 

3.11.1 BI 2536 and BI 6727 inhibition induces early and late apoptosis 

Viability assay and increase in PARP protein expression implied that cell viability 

decreased upon the treatment and potentially induced apoptosis. Cells were stained with 

Propidium iodide and Annexin V-FITC to detect early and late apoptotic cell populations 

in response to BI 2536 and BI 6727. An important aspect of successful population 

Figure 3-30. Western blot protein expression in BI 6727 and DMSO-treated CAOV3 and 

OVCAR3 cells. Protein expression levels at 24, 48, 72 h after the treatment. Cells were 

treated with DMSO (-) or 100 nM BI 6727(+). GAPDH is a loading control. 
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differentiation is the compensation of the laser. Because same laser is used to detect both 

stains compensation is required to separate different populations. As shown in Figure 3-

31, at 48h CAOV3 live, apoptotic and late apoptotic populations are well defined showing 

that compensation was successful. Whereas OVCAR3 same populations are less defined 

implying that the applied compensation matrix was not effective and it is more difficult to 

compare these populations.  

At 48h there was an 8% and 7% increase in CAOV3 early apoptotic population size with 

100 nM BI 2536 and 100 nM BI 6727, respectively. Upon treatment with 100 nM BI 2536 

late apoptotic/necrotic cell population size doubled and with 100 nM BI 6727 it has 

increased approximately three times. In OVCAR3, BI 2536 induced a 5% increase in late 

apoptotic/necrotic cell population while BI 6727 treated cell population was twice the size 

of DMSO treated cells. Less than a 5% increase was detected in early apoptotic cell 

populations in both treatment groups compared to DMSO control. Results indicate that in 

response to BI 2536 and BI 6727 cells can undergo early apoptosis as well as late 

apoptosis- necrosis or pyroptosis.  

 

Figure 3-31. Flow cytometry apoptosis assay with 100 nM BI 2536 and BI 6727 treatment at 

48 h in CAOV3 and OVCAR-3. Apoptotic cells are in the bottom right quadrant and necrotic 

cells are in the top right quadrant. Healthy cells are in the bottom left quadrant.  
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3.12 Results summary 

Findings are summarized in the following table (Table 3-8). 

Cell line CAOV3 OVCAR-3 

Basal PLK1 

expression 
Low/moderate (+/−) High (+/+) 

Basal BRD4 

expression 
High (+/+) Moderate (+/−) 

 

Treatment BI 2536 BI 6727 BI 2536 BI 6727 

2D: Cell 

viability 

Moderate 

sensitivity 

Moderate 

sensitivity 
Sensitive Sensitive 

Exposure 

when most 

sensitive 

Long exposure 
Long 

exposure 
Short exposure Short exposure 

3D: Cell 

viability 
Sensitive Sensitive 

Moderate 

sensitivity 

Moderate 

sensitivity 

PLK1 
↑ - 24, 48 h, 

relative ↓- 72 h 

↑ - 24, 48 h, 

relative ↓- 72 

h 

↑ - 24 h, 

 relative ↓ 48, 

72 h 

↑ - 24 h, 

relative ↓ 48, 

72h 

BRD4 
↑ long 

exposure 

↑ long 

exposure 

↑ long 

exposure 
↑ long exposure 

p-cyclin B1 No change No change 

↑ - 24 h, 

 relatively ↓ 48, 

72 h 

No change 

RNA-seq: 

ranking by the 

highest 

number of 

differentially 

expressed 

genes 

4 2 3 1 

RNA-seq: 

Upregulated 

pathways 

Cell cycle, 

WNT, NOTCH 

signalling, 

DNA damage 

repair, stress 

response 

Cell cycle, 

WNT, 

NOTCH 

signalling, 

DNA damage 

repair, stress 

response, 

transcription, 

histone 

modification 

Cell cycle, 

mitosis, G2/M 

transition 

AURKA 

signalling 

Mitosis, 

AURKA 

signalling, 

PLK1 

regulation at 

G2/M transition 

RNA-seq: 

Downregulated 

pathways 

- 
Translation, 

metabolism 

Transport of 

small 

molecules 

Translation, 

metabolism 

ATAC-seq: 

ranking by the 

highest 

number of 

3 4 2 1 
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differentially 

regulated 

peaks 

Downregulated 

pathways 
- - - 

Mitosis, G2/M 

transition, 

translation 

Cell cycle ↑ G2/M ↑ G2/M ↑ G2/M ↑ G2/M 

pHH3 ↑ 

↑ - 24 h, 

 relative ↓ 48, 

72 h  

↑  ↑ 

γH2AX ↑ ↑ ↑ ↑ 

Cleaved PARP ↑ ↑ ↑ ↑ 

Cell death 
Early and late 

apoptosis 

Early and late 

apoptosis 
Late apoptosis Late apoptosis 

 

Table 3-8. Summary of experimental results: CAOV3 and OVCAR-3 response to BI 2536 and 

BI 6727 treatment. 

  



64 

 

4 Discussion 

OC is the deadliest gynaecological cancer, which is linked to late detection, lack of 

effective treatment, and recurrence with associated resistance (Chandra et al., 2019). After 

decades of stagnation in OC cancer treatment strategies newest drugs such as PARP 

inhibitors for BRCA1 mutation carriers were introduced (Tangutoori et al., 2015). Despite 

observed positive results in preclinical stages new drugs often fail in clinical trials. One 

example of this can be seen in small molecule inhibitors targeting PLK1. PLK1 is a protein 

of which high expression is linked to high grade, including HGSOC, and OC stage, and is 

associated with sustained proliferative signalling, invasion, and resisting cell death that 

are the hallmarks of the disease (Takai et al., 2001). Drugs targeting PLK1 are generally 

described as monotherapies or dual inhibitors those targeting both PLK1 and BRD4. 

BRD4 is an epigenetic reader, also overexpressed in OC and its amplification is linked to 

overexpression of oncogenes such as MYC, NRG1 and is associated with nonmutational 

epigenetic reprogramming, cancer hallmark, resulting in sustained proliferative signalling, 

genome instability, invasion and metastasis (Bell et al., 2011; Drumond-Bock & Bieniasz, 

2021). In this project, an interdisciplinary, multi-omics-based analysis was conducted on 

BI 2536 and BI 6727, two inhibitors targeting PLK1 and BRD4, and their associated 

pathways, that have shown positive results in vitro but stagnated in clinical trial 

progression due to not unsatisfactory response as a monotherapy and hematologic 

toxicities (Schöffski et al., 2010). BI 6727 was derived from BI 2536 to improve its 

efficacy which resulted in several cases of partial response and most cases had stable 

disease compared to BI 2536 which only achieved stable disease yet BI 6727 was not 

superior to chemotherapy (Pujade-Lauraine et al., 2016; Schöffski et al., 2010). 

Researchers also suggested patient screening to identify biomarkers in patients who were 

more sensitive to the treatment (Pujade-Lauraine et al., 2016). 

This research was focused on transcriptomic, RNA-seq, and epigenetic, ATAC-seq, 

approaches trying to understand how they interlink. Proteomic analysis was used as a 

qualitative technique to validate observed effects on protein level. CAOV3 and OVCAR-

3 were chosen as HGSOC cell models. Choosing cell lines with different basal expression 

of drug targets allows exploration of basal expression as a prognostic marker to determine 

response to PLK1/BRD4 inhibition. With reference to the Table 3-8, summarizing results, 
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OVCAR3 had high basal PLK1 and moderate BRD4 expression and was more sensitive 

to both BI 2536 and BI 6727 treatments with lower IC50 values than CAOV3. Whereas 

in CAOV3, PLK1 expression was low and BRD4 high and was more sensitive to BI 6727 

than BI 2536. PLK1 and BRD4 protein levels were increased in response to both 

treatments. The greatest response represented by the number of differentially regulated 

gene and peaks was observed in OVCAR-3 treated with BI 6727 with associated 

downregulated translation, G2/M transition and metabolism. BI 2536 and BI 6727 induced 

cell cycle arrest at G2/M arrest leading to DNA damage relating to upregulated γH2AX 

levels. Both cell lines underwent cell death including early and late apoptosis. Multi-omics 

approach provided an insight into the mechanism of action at three different levels: 

chromatin, transcriptome and protein, and observations were mostly interlinked between 

these levels.  

The overlap between ATAC and RNA approaches can further be interrogated but was not 

done for the purpose of this project as it was aimed at trying to optimise and adapt the 

approach for drug screening in HGSOC. More detailed analysis is warranted as ATAC-

seq has more layers to it, containing information on transcription factor binding dynamics, 

and differential regulation of peaks at gene enhancers not only promoters (Bentsen et al., 

2020; Crump et al., 2021). The differences between transcript levels and accessible 

chromatin regions between cell lines in response to the same drugs as seen in my findings 

show that a multi-omics approach can be developed further to identify biomarkers, 

signatures and new targets and then used on tumour samples to choose the correct 

treatment strategy as we move closer to personalised treatments (Gallo Cantafio et al., 

2018). 

The novelty of this research is that it is the first attempt to use RNA-seq and ATAC-seq 

for both selective PLK1 or dual PLK1/BRD4 inhibitor testing. In a recent study, ATAC-

seq and RNA-seq were used to study platinum resistance in HGSOC which was 

determined to be driven by chromatic changes at DNA regions in between the coding 

genes resulting in altered gene expression (Gallon et al., 2021). To strengthen my findings 

and the multi-omics approach, other HGSOC cell lines should be included such as 

KURAMOCHI and OVSAHO as PLK1 inhibition holds potential in OC treatment (Mei 
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et al., 2021). Learning from this project's findings and clinical trial results, a bigger 

HGSOC population needs to be interrogated to gain a better understanding of prognostic 

makers in HGSOC which would then translate into the clinic and allow for the evaluation 

of patient suitability for PLK1 inhibitor treatment. 

4.1 Cellular heterogeneity 

Cellular heterogeneity is one of the most challenging OC characteristics despite that OC 

is mostly treated as a homogenous disease. The aim of comparing two cell lines was to 

attempt to understand whether the same drug can lead to different outcomes. The cellular 

heterogeneity indeed was apparent as OVCAR-3 cells were more sensitive to both BI 2536 

and BI 6727 treatments in comparison to CAOV3. The higher basal expression of PLK1 

and moderate BRD4 expression in OVCAR-3 but PLK1 low expression and high BRD4 

expression in CAOV3 provides evidence for their diverse sensitivity as well as the first 

insight into mechanism of action of the drugs. As they are both known PLK1 inhibitors, 

greater response in OVCAR-3 correlates with high basal PLK1 expression in contrast to 

CAOV3 with low PLK1 expression. Both BI 2536 and BI 6727 reduced OVCAR-3 cell 

viability in 2D cell viability assay. OVCAR-3 were more sensitive with short exposure 

while CAOV3 required longer exposure to achieve similar IC50 values. On the contrary, 

OVCAR-3 spheroids were less sensitive than CAOV3 to both drugs. 3D cell viability 

assay in OVCAR-3 showed a worse response suggesting that more complex spheroid 

structure and physiological differences in contrast to monolayer culture increase 

resistance to both drugs as previously established in the literature (Jensen & Teng, 2020). 

The differences in the drug response are further seen in protein expression as well as on 

transcript level where at 24h PLK1 expression increased but protein levels decreased 

relatively at 48 h time point in OVCAR-3 and later, at 72 h, in CAOV3. Initial surge in 

PLK1 protein in CAOV3 takes longer for PLK1 to decrease correlating with cell viability 

assay findings where CAOV3 required longer exposure to achieve similar IC50s as in 

OVCAR-3. In neuroblastoma cells, greater response to BI 2536 in terms of cell viability 

decrease and lower IC50s was partially associated with high basal PLK1 expression 

confirming that basal expression does have a prognostic potential for cell response (Z. Li 

et al., 2020). 
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4.2 Mechanism of action 

4.2.1 PLK1 inhibition related effects 

Upon PLK1 inhibition, PLK1 protein and mRNA expression increased, suggesting that 

drugs do not inhibit PLK1 expression but rather its function. Initial accumulation of PLK1 

protein also suggests that there is a compensatory feedback loop occurring. Drugs are 

binding to PLK1 but not degrading it as they are not degraders which in the short term 

results production of more PLK1 to compensate for its loss of function. Therefore PLK1 

accumulated in the cell which is visible in the first 24 h after the treatment. As PLK1 is 

highly involved in centrosome maturation, downregulation of this pathway as indicated 

by ATAC-seq on OVCAR-3 treated with BI 6727 suggests that PLK1 function is 

impaired. In addition, Plk1 directly promotes mitotic entry by phosphorylating cyclin B1 

(Toyoshima-Morimoto et al., 2001). As shown by Western blots, there is a slight 

indication of cyclin B1 phosphorylation in BI 2536 where it is first upregulated and then 

downregulated in OVCAR-3. Whereas in CAOV3 as well as in both cell lines in response 

to BI 6727, there is no change in p-cyclin B1 expression suggesting that PLK1 function is 

impaired, and cells struggle to enter mitosis. 

4.2.2 BRD4 inhibition-related effect 

BRD4 protein expression is upregulated after long exposure (72 h) with both drugs which 

correlated with previous findings where upon treatment with BET inhibitors, BRD4 

accumulated as well we inefficiently inhibited c-MYC and required longer exposure with 

higher concentration to achieve protein inhibition (Lu et al., 2015). If BI 2536 and BI 6727 

are binding BRD4 but inhibition is not effective enough it can potentially trigger cell 

defence and compensation mechanisms, as drugs are not selective enough to inhibit BRD4 

and expression of downstream targets such as c-MYC but enough to disrupt cells to 

synthesis more BRD4. 

As drugs in cell-free assay were less selective to BRD4 than PLK1, the increase in BRD4 

expression after longer exposure suggests that both BI 2536 and BI 6727 bind to PLK1 

and exert their inhibitory effect whereas their potential BRD4 inhibition takes longer and 

thus its inhibition effect on cells is moderate and additive rather than primary and causing 

the changes observed. This theory correlates with CAOV3 higher expression of BRD4 
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and being less sensitive to both drugs. Because if BRD4 inhibition would be the cause of 

the effect that were observed, BI 2536, with a better ability to bind BRD4, would have a 

greater effect than BI 6727 in CAOV3. However, BI 6727 is less selective to BRD4 than 

BI 2536 and has greater effect on CAOV3 suggesting that the effect that is seen in CAOV3 

is primarily because of PLK1 inhibition rather than BRD4. Interestingly, ALDH1A1 

expression downregulation is linked to BET inhibitors, JQ1 and i-BET726 and was 

downregulated in OVCAR-3 upon treatment with BI 6727 (Yokoyama et al., 2016). 

However, when compared to OVCAR-3 expression in response to I-BET151 and I-

BET585, BI 2536 and BI 6727 did not induce significant downregulation in genes related 

to BRD4 including MYCN, NRG1, as well as HEXIM1, an established biomarker for 

evaluation of BET inhibition efficacy in OC (Quintela et al., 2023). Whereas FOXM1, 

PLK1 which shows opposite response than BET inhibitors in OC as they were upregulated 

on transcript level (Z. Zhang et al., 2016). FOS expression was also upregulated upon BI 

2536, BI 6727 and I-BET treatments (Quintela et al., 2023).  

Transcription was upregulated as determined by RNA-seq but cell viability was 

decreasing, thus ATAC-seq assay was used to interrogate changes in chromatin 

accessibility as BRD4 is epigenetic reader but also functions as HAT. If BRD4 binding to 

chromatin is disrupted, histone deacetylases (HDAC) no longer compete for acetylated 

lysine site and can exert their function, remove acetyl residues. While HATs and HDACs 

are displaced from condensed chromatin during mitosis, BRD4 is present and acts as HAT 

to de-compact chromatin at its target loci in later mitosis stages to promote trasncription 

(Devaiah et al., 2016; Kruhlak et al., 2001). Thus when BRD4 acts as HAT and is inhibited 

then histones do not get re-acetylated. ATAC-seq results showed that there more 

downregulated peaks than upregulated indicating closing on the chromatin thus 

supposedly preventing transcription factors and RNA Polymerase II to access genes. 

Indeed, I-BET inhibitors were shown to reduce histone acetylation levels at promoter 

regions by blocking BRD4 interaction with histones which supports my findings on 

downregulation of peaks enriched at gene promoter (Nicodeme et al., 2010).  
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4.2.3 Cell cycle arrest 

RNA-seq and ATAC-seq data indicating differentially expressed genes and differentially 

regulated peaks near the promoter of genes involved in the cell cycle, more specifically 

G2/M transition, and early mitosis led to cell cycle exploration by flow cytometry. BI 

2536 and BI 6727 induced cell cycle arrest as cells were accumulating in the G2/M phase 

correlating with previous findings where BI 2536 induced cell cycle arrest at G2/M in 

A2780, epithelial endometroid OC (Huo et al., 2022). Interestingly, BI 2536 induced cell 

accumulation in the G2/M phase at a lower dose, 10 nM in comparison to BI 6727 but at 

a higher dose both drugs induced comparable accumulation. 

Indication of G2/M arrest which relates to PLK1 function led to the exploration of 

expression of mitotic marker, pHH3, a protein phosphorylated during chromatin 

condensation in mitosis. The histone H3 phosphorylation is initiated in the late G2 phase, 

early prophase while its dephosphorylation gradually occurs throughout late anaphase, 

early telophase, therefore, mitotic cells in metaphase express high levels of pHH3 (Lee et 

al., 2014). Because PLK1 is involved in G2/M transition and mitotic entry, an increase in 

pHH3 expression observed in CAOV3 treated with BI 2536 and OVCAR-3 treated with 

BI 2536 and BI 6727 at 24, 48 and 72 h indicate that PLK1 inhibition affects cells and 

leads to accumulation in late G2 phase, early phases of mitosis when chromatin is in a 

condensed state as phosphorylation of cyclin B1 is also impaired as discussed previously.  

Through PLK1 inhibition cell cycle is stopped permanently with the chromatin not 

undergoing decondensed which can be linked back to BRD4 as HAT loss of function 

which contributes to the loss of PLK1 function thus cells are stuck at G2/M phase unable 

to mediate further mitosis progression. As chromatin is condensed, transcription is not 

reactivated leading to downregulated translation, and protein synthesis as seen in RNA-

seq and ATAC-seq. Yet, the BRD4 inhibition role in cell cycle arrest at G2/M is rather 

debatable. BI 2536 induced G2/M arrest similarly to selective PLK1 inhibitor, 

GSK461364, in lymphoma cells while JQ1 did not have a strong effect on cell cycle and 

HBL-4, a potent BRD4 and PLK1 degrader, induced G0/G1 arrest in acute myeloid 

leukaemia suggesting that BI 2536 effect on cell cycle and viability primarily to PLK1 

inhibition and not BRD4 (Koblan et al., 2016; Mu et al., 2020). Compared to finding from 
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our previous paper, upon treatment with BI 2536 and BI 6727 both CAOV3 and OVCAR-

3 had significantly higher G2/M cell population than I-BET 151 or I-BET 858 treated cells 

which confirms that PLK1 inhibition leads to cell cycle arrest (Quintela et al., 2023). 

4.2.4 DNA damage and apoptosis 

Downregulated peaks enriched near promoter of genes in organelle biogenesis and 

maintenance as well as upregulation in genes related to DNA damage response indicate 

that cells are undergoing stress and potentially DNA damage which was confirmed 

through upregulated γH2AX expression. As cell viability was decreased upon the 

treatment with both drugs, cleaved PARP expression was studied and found to be 

upregulated indicating induction of apoptosis. Apoptosis assay was also performed which 

showed that there were two populations of cells: some undergoing early apoptosis and 

others late apoptosis, or necrosis, pyroptosis which has been previously observed in OC 

where BI 2536 induced both apoptosis and gasdermin E-dependent pyroptosis (Huo et al., 

2022).  
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4.2.5 Proposed mechanism of action 

 

Figure 4-1. Proposed mechanism of action of BI 2536 and BI 6727 in HGSOC. 

Even though PLK1 protein is upregulated at 24 h and its mRNA expression is also 

upregulated in all cell lines, at 48-72h its protein expression starts decreasing which can 

be a consequence of this cascade (Figure 4-1). PLK1 function but not expression is 

impaired by both BI 2536 and BI 6727 leading to cell cycle arrest as indicated by cell 

cycle assay and pHH3 protein accumulation at G2/M, early mitosis which indicates 

chromatin condensation thus downregulation in chromatin accessibility as seen by ATAC-

seq downregulated peak which can also be linked to partial BRD4 inhibition. Cell cycle 

arrest leads to DNA damage coupled with downregulated transcription which was not 

indicated by RNA-seq showing only 24 h gene transcript levels and transcription was 

potentially reduced later at 48-72 h. Both, ATAC-seq and RNA-seq, findings suggest the 

downregulation of ribosomal proteins and translation, in other terms protein synthesis is 

downregulated which ultimately leads to cell death in the form of apoptosis or 

necrosis/pyroptosis.  
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4.3 Limitations  

RNA-seq differentially regulated genes and ATAC-seq differentially regulated peaks 

enriched near promoters overlapped only partially. Timepoint selection could have led to 

these findings, thus to improve, two time points similar to Carraro et al. (2022) study 

should be compared to make proper correlations between epigenetic and transcriptomic 

landscapes. 

Techniques such as single-cell RNA-seq and ATAC-seq would provide a more detailed 

view in comparison to bulk RNA and ATAC-seq approaches that were used in this study. 

Even at the cell line level, the response to the drugs varies between the same cell line cells 

while some populations are more sensitive and undergo cell death others can resist the 

treatment which could result in broader terms result in relapse. Therefore, using scRNA-

seq and scATAC-seq would enable us to explore distinct cell populations and determine 

which are more resistant to the treatment and determine prognostic signatures of HGSOC 

(Kagohara et al., 2020; Van de Sande et al., 2023). 

Lastly, single cell lines are only indicative of what might be occurring in real OC tumours 

as they lack complexity. Implementing 3-dimensional co-culture OC models with cells 

such as immune cells, cancer-associated fibroblasts in combination with a single-cell 

omics approach would allow a better platform for drug testing and increase the quality of 

preclinical studies (Tofani et al., 2021). 

4.4 Further research 

4.4.1 Dual target inhibitors versus combination treatment 

CAOV3 and OVCAR-3's higher sensitivity to BI 6727 explains better trial outcomes with 

BI 6727 compared to BI 2536 yet the outcomes of the trial were not satisfactory for drug 

to move further at least as a monotherapy. The effectiveness of BI 6727 and its lower 

binding affinity to BRD4 also shows that targeting BRD4 and PLK1 at least with a dual 

inhibitor does not necessarily lead to a better response. It is not to be said that targeting 

PLK1 and BRD4 in combination is ineffective. Therefore, further studies need to be 

conducted to compare the advantages of improved dual PLK1/BRD4 inhibitors over 

selective PLK1 or BRD4 inhibitors as well as their combination. A few points that need 

to be considered are cost-effective: whether more potent PLK1/BRD4 dual inhibitors are 
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more cost-effective than drug combinations as well as how adverse events compare in 

dual inhibition versus drug combinations. 

4.4.2 RP11-469H8.6 

Although, HGSOC signatures were not a predefined outcome of this project one of two 

downregulated genes that was present in both cell lines and both treatments was RP11-

469H8.6. It is a long non-coding RNA which has recently been associated with epithelial-

mesenchymal transition in endometrioid cancer (Jin et al., 2023). Interestingly, RP11-

469H8.6 was also found to be downregulated in OVCAR-3 upon 24 h I-BET151 and I-

BET858 treatment (Quintela et al., 2023). Microprotein inhibiting actin cytoskeleton was 

identified to be encoded by RP11-469H8.6 and its downregulated expression in head and 

neck squamous cell carcinoma and renal cell carcinoma was positively correlated with 

disease (M. Li et al., 2020; Li et al., 2022). In OC, changes in long non-coding RNAs’ 

expression and mutation have a significant effect on various OC aspects including 

tumorigenesis, metastasis as well as prognosis and diagnosis (Zhan et al., 2018). For 

instance, the expression of RP11-284N8.3.1 can be used to differentiate late-stage OC 

patients into high-risk (low RP11-284N8.3.1 expression) and low-risk (high RP11-

284N8.3.1 expression) (Guo et al., 2015). This observation raises questions for further 

studies of whether RP11-469H8.6 differential regulation has any prognostic or therapeutic 

potential in HGSOC. 
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5 Conclusion 

BI 2536 and BI 6727 exert their therapeutic effect mainly through PLK1 inhibition. BRD4 

inhibition effects are not definite but suggest that the drugs may have polypharmacological 

characteristics. BI 6727 successful inhibition of both OVCAR-3 and CAOV3 shows that 

the lower BRD4 binding capacities may be more beneficial in terms of decreased cell 

viability and apoptosis induction in comparison to BI 2536. The research findings also 

show that HGSOC cannot be treated as a homogenous subtype and thus treatment should 

be chosen based on basal expression and prognostic biomarkers which are yet to be 

identified. Just as PARP inhibitors are used in OC-carrying BRCA mutation patients, 

tumours could be tested for PLK1 expression and correlation can be established in 

response to next-generation PLK1 inhibitors. Lastly, the multi-omics approach provides 

an interesting overlap between chromatin landscape and transcriptome and gives valid 

insights that can be further confirmed with qualitative experiments such as Western blots. 

With further optimisation, the multi-omics approach possesses great potential in larger-

scale drug screening for HGSOC and other cancers. 
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