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Abstract 
 

High-grade serous ovarian cancer (HGSC) is common, with poor 

prognosis. Limited therapeutic options are available, and the 

development of new therapies is of high priority. The RNA Polymerase 

I (Pol I) transcription inhibitor CX-5461 has shown efficacy in both 

chemotherapy-sensitive and -resistant ovarian cancer through its ability 

to activate the DNA damage checkpoint. Here, we combine a genome-

wide RNAi screening approach with a focussed drug screen to identify 

potential targets whose inhibition can enhance the efficacy of CX-5461. 

We demonstrate that CX-5461 combined with knockdown of 

homologous recombination DNA repair genes shows cooperative cell 

proliferation inhibition in several HGSC cell lines. We also demonstrate 

combinatorial efficacy between CX-5461 and topoisomerase 1 (TOP1) 

depletion or the TOP1 poison Topotecan. The combination induces cell 

death, cell cycle arrest and senescence even after drug withdrawal. The 

mechanism of their cooperativity relies on a cell cycle-independent, 

nucleolar DNA damage response (DDR) associated with topological 

stress at the ribosomal DNA and is independent of the ability to inhibit 

PoI I transcription or induce global replication stress. Despite dose-

limiting toxicities hampering the broad use of Topotecan in the clinic, 

combined treatment with CX-5461 and low-dose Topotecan exhibits 

striking therapeutic efficacy in vivo, thus providing evidence for a novel 

strategy to treat HGSC.  
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1.1. Poor prognosis of ovarian cancer 

 

Ovarian cancer (OC) ranks as the seventh most common cancer in females 

worldwide (8th overall), with 240,000 new cases diagnosed every year. It is one 

of the deadliest gynaecological cancers, causing more than 152,000 deaths 

worldwide, and over 1,000 in Australia [1]. OC is often (~85%) diagnosed at 

advanced stage (stage III or above) due to the location of the lesion and the lack 

of symptoms in early stages [2]. The overall five-year survival rate of OC is 43% 

(90% for stage I and only 19% for stage IV) and has not significantly improved 

over the past thirty years when compared with other cancers such as breast cancer, 

which has raised from 60% to 89% [3]. There is also no effective method to 

prevent OC. Clearly, the identification of new therapeutic strategies and 

biomarkers of early detection is essential for achieving better patient outcome. 

 

1.2. Characteristics of high grade serous ovarian cancer (HGSC) 

 

OC is classified into three main types: (i) epithelial (EOC), (ii) germ cell and (iii) 

stromal. EOC origins from the epithelium, the outer cells that cover the ovary, 

fallopian tubes and uterus. This type is common and accounts for >90% of all OC 

cases. Germ cell tumours are derived from the reproductive cells of the ovary, 

while stromal ovarian cancer originates from hormone-producing cells. Both of 

these types are rare (1~2%) [4]. 

 

There are five major histological subtypes of EOC, namely, high-grade serous 

carcinoma (HGSC), low-grade serous carcinoma (LGSC), endometrioid 

carcinoma (ENOC), clear cell carcinoma (CCC) and mucinous carcinoma (MUC), 

with the prevalence of ~60%, ~9%, ~15%, ~12% and ~4% respectively [5, 6] 

(Table 1.1). HGSC has a similar morphology under microscopy to LGSC except 
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for marked nuclear atypia and increasing number of mitoses. However, they have 

major differences in terms of origins and genomic profile. There is strong 

evidence suggesting that most HGSCs start from fallopian tube epithelium, while 

LGSCs likely originate from ovarian surface epithelium [5, 7, 8]. Whole genome 

sequencing studies have shown that TP53 mutations are nearly universal in HGSC 

samples (>95%), while such mutations are rare in LGSC [6, 9, 10]. Furthermore, 

it has been reported that about 15-20% of HGSC patients have germline mutations 

of the breast-related cancer antigen (BRCA) gene [11]. BRCA1/2 play a crucial 

role in the homologous recombination (HR) DNA repair process. When taking 

the mutations of other HR components into account, i.e. RAD51 and Fanconi 

anaemia (FA) genes, then up to 50% of HGSCs are deficient in HR [12, 13]. This 

may explain why most HGSC have a favourable initial response rate to current 

standard chemotherapy, while later relapse and development of acquired drug 

resistance are frequent. Recent comparative genomic hybridization (CGH) studies 

also showed that HGSC have a higher level of DNA amplifications and deletions 

compared to other EOC subtypes. These are associated with genomic instability 

in HGSC, which might be a consequence of TP53 and HR deficiency [11, 14]. 

Some other oncogenic mutations, such as EGFR, PI3K, AKT2, c-MYC, ERBB2 

have also been reported, but the variation is high between different studies [14, 

15].  

 

In addition to histological subtypes, EOC has also been classified by other criteria. 

For example, the Bowtell group sorted serous and endometrioid ovarian cancer 

into six molecular subtypes (C1-C6) based on gene-expression patterns including 

stromal, mesenchymal, immune, cell motility, cell surface/secreted markers, β-

catenin/TCF/LEF transcription targets and MAPK pathway activation signatures 

[16]. Moreover, the Thiery and Mori groups identified five distinct molecular 

subtypes of EOC (Epi-A, Epi-B, Mes, Stem-A and Stem-B) which show different 

pathway enrichment in fibrinolysis, metastasis, extracellular matrix, TGFβ and 
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chromatin modification [17]. Another classification system includes the concept 

of Type I and Type II ovarian cancer, which distinguishes ovarian carcinogenesis 

by its origin. Those histological subtypes with clearly stated precursor lesions, 

such as endometroid, clear cell, mucinous and low grade serous carcinoma, are 

designated as Type I ovarian cancer, while Type II is assigned to those with 

unclear origins or developed de novo from the fallopian tube and/or ovarian 

surface epithelium, such as HGSC [18, 19]. However, clinically, histological 

subtypes are still currently being used as the standard classification system for 

diagnosis and treatment. 

 

1.3. Current and emerging therapeutic options for HGSC and outcomes 

 

The current standard therapeutic approach for treating HGSC is optimal debulking 

surgery (removing as much of the tumour tissue as possible) followed by adjuvant 

chemotherapies with a combination of platinum-based (e.g., carboplatin or 

cisplatin) and taxane-based (e.g., paclitaxel) drugs [2]. Platinum-based 

compounds cause DNA adducts that induce DNA damage and trigger cell death 

[20]. Meanwhile, taxane-based compounds block mitosis by stabilising 

microtubule polymers [21]. Most HGSCs (80%) are initially sensitive to 

platinum/taxane therapy but acquired drug resistance emerges during subsequent 

treatment cycles. Primary chemotherapy resistance is observed in 15–20% of 

cases [2, 22]. Generally, patients with BRCA1/2 mutations have better prognosis 

after platinum-based chemotherapy than their non-BRCA1/2 mutated 

counterparts. This is due to the impaired HR functions of BRCA1/2 mutated cells 

to repair DNA double-strand breaks (DSB) caused by DNA-damaging agents, 

resulting in massive genomic instability and cell death [23, 24]. Despite this, cases 

of relapse are frequently observed in over 80% of patients [25].  
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Recurrent ovarian cancer can be divided into two groups. For those that are still 

‘platinum-sensitive’, re-challenge with platinum-based therapies is normally the 

first option until the tumour becomes platinum-resistant or the patients can no 

longer tolerate the side-effects [2]. The platinum compounds are often used in 

combination with other drugs (e.g., paclitaxel or liposomal doxorubicin) to 

increase the response rate (RR) and extend the progression-free survival (PFS) 

[25]. The recent introduction of poly (ADP-ribose) polymerase (PARP) inhibitors, 

including Olaparib and Niraparib, has led significant change in clinical practice 

[26-28]. PARP enzymes play indispensable roles in base excision repair (BER) 

and single-strand DNA break (SSB) repair pathways. When encountering an SSB, 

PARP1 binds to the break and uses NAD+ to add poly (ADP-ribose) (PAR) 

polymers onto itself (auto-PARylation), histones and chromatin-associated 

proteins. This modification leads to the relaxation of chromatin and serves as a 

scaffold to recruit DNA damage repair proteins [29]. When PARP is inhibited, 

SSB will remain unrepaired, either leading to DSB directly or causing replication-

associated DSB, both of which require HR to repair [30, 31]. This results in 

synthetic lethality when treating HR-deficient tumours that are unable to repair 

DSB [27, 32, 33]. In addition to the inhibition of SSB repair, PARP inhibitors can 

also trap PARP on DNA, causing replication stress [29, 34, 35]. In a recent phase 

3 trial (the SOLO1 trial) evaluating the efficacy of Olaparib as maintenance 

therapy in patients with newly diagnosed, BRCA1/2 mutated, advance ovarian 

cancer (including high-grade serous and endometrioid ovarian cancer), the 

treatment of Olaparib reduced the risk of disease progression or death by 70% 

compared to placebo, which brought substantial PFS patient benefit [36]. 

Additionally, as cancer cells are more dependent on the complementary pathways, 

such as BER and single-strand repair pathways, to repair DNA damage and 

survival, the therapeutic effect of PARP inhibitors could be further exploited by 

combining with platinum-based drugs [37, 38]. A Phase 2, randomized trial in 

recurrent platinum-sensitive ovarian cancer showed that the combination of 
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Olaparib with carboplatin and paclitaxel followed by Olaparib monotherapy 

improved PFS from 9.6 to 12.2 months compared with the paclitaxel/carboplatin-

treated arm [39]. Besides PARP inhibitors, angiogenesis inhibitors including 

vascular endothelial growth factor (VEGF) inhibitors (Bevacizumab) and VEGF 

receptor inhibitors (Pazopanib, Cediranib, etc) present another option for 

‘platinum-sensitive’ patients [2, 25, 40]. Multiple trials have demonstrated that 

adding anti-angiogenic agents to chemotherapy can significantly improve PFS but 

fail to improve the overall survival (OS), while the underlying mechanisms are 

still unclear [25]. Further investigation is also required to determine which 

patients would benefit most from these anti-angiogenesis therapies.  

 

Nevertheless, OC inevitably develops acquired resistance to platinum-therapies, 

which are classified as ‘platinum-resistant’ [41]. The whole-genome sequencing 

(WGS) analysis performed by the Bowtell group in acquired platinum-resistant 

and platinum-sensitive HGSC patients revealed four main molecular changes 

associated with acquired chemo-resistance, two of which are related to the 

restoration of HR function, including reversions of germline BRCA1 or BRCA2 

mutations and loss of BRCA1 promoter methylation. The overexpression of the 

drug efflux pump MDR1, as well as the alteration in molecular subtypes that have 

been associated with poor drug uptake and primary chemo-resistance, are the 

other two major causes. The Bowtell group also identified a high correlation 

between Cyclin E (CCNE1) amplification and primary chemo-resistance [11, 42, 

43]. 

 

Even the latest approved PARP inhibitors cannot avoid the development of 

resistant disease. PARP inhibitor resistance occurs through multiple mechanisms, 

including the restoration/reactivation of HR pathways, the overexpression of the 

drug efflux pump MDR1 and the loss/mutation of PARP [44-46]. As the 

therapeutic efficacy of PARP inhibitors is largely dependent on compromised HR, 
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it is not surprising that the restoration/reactivation of HR results in resistance to 

PARP inhibitors. Multiple mechanisms can cause the restoration/reactivation of 

HR, including but not restricted to direct reversion mutations of BRCA1/2 genes 

[44, 47, 48], the mutation of p53-binding protein 1 (53BP1), alterations in 

microRNAs that shift the balance of DNA repair from NHEJ to HR [49, 50], or 

the increased stability of the replication forks [51]. A closer examination of these 

mechanisms reveals that there is a significant overlap between the drug resistance 

mechanisms of PARP inhibitors and platinum-based therapies. In fact, cross-

resistance between PARP inhibitors and platinum compounds has already been 

identified in some studies [47]. Thus, although the improved selectivity and 

tolerability of PARP inhibitors has remarkably influenced the clinical treatment 

of HR-deficient OC, it still cannot solve the problem of drug resistance in OC 

treatment [52]. Thus, new therapies that can overcome drug resistance, including 

the restoration/reactivation of HR function, are still of high demand to improve 

the prognostic outlook of OC patients.  

 

For these ‘platinum-resistant’ patients, and those with primary chemotherapy 

resistance (‘platinum-refractory’), several salvage regimens are available 

including PARPi, which still work in some cases as its therapeutic mechanism is 

not totally reliant on HR status [53]. A recent report has demonstrated that PARP-

1 can promote ribosome biogenesis and cell proliferation through PARylation of 

DDX21, an RNA helicase that localizes at nucleoli and promotes rDNA 

transcription when ADP-ribosylated, and this process can be blocked by PARPi 

irrespective of BRCA status [54]. Other options include Topoisomerase I 

inhibitors (e.g., Topotecan), Topoisomerase II inhibitors (Etoposide or 

Doxorubicin), microtubule inhibitors (Paclitaxel), alkylating reagents 

(Altretamine, Ifosfamide), anti-metabolites (Gemcitabine), estrogen receptor (ER) 

inhibitors (Tamoxifen, in ER-positive tumours) and epidermal growth factor 

receptor 2 (ERBB2, or HER2) inhibitors (Herceptin, in HER2-positive tumours) 
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[55, 56]. These drugs can either be used as monotherapies or in combinations [25, 

41, 57]. However, the response rate (RR) is merely 10% and the OS is miserably 

short, indicating a high possibility of developing resistance to these drugs [25]. 

 

Due to the rapid progress in molecular pathology-based diagnosis and drug 

development in the last decade, a number of emerging therapies are underway 

(Table 1.2). One practical and direct way is to target the phosphatidylinositol-3-

kinase (PI3K)/ Protein kinase B (PKB, also known as AKT)/mammalian target of 

rapamycin (mTOR)-signalling pathway, which is hyperactivated in some HGSC 

tumours (Table 1) [14, 15]. A recent phase 2 trial combining the mTORC1 

inhibitor Everolimus and the aromatase inhibitor Letrozole (which inhibits 

estrogen production) showed a promising extension of PFS regardless of platinum 

sensitivity [58]. However, no significant improvement was seen when using 

Temsirolimus, another mTORC1 inhibitor, alone [15, 59, 60]. Some trials have 

also attempted to target PI3K/AKT/mTOR by inhibiting upstream tyrosine kinase 

receptors (EGFR, HER2, IGF-1R, etc) either with antibodies or small molecular 

inhibitors, but with moderate and variable outcomes [56]. The disappointing 

results may be explained by the complexity and redundancy of these pathways, 

which might be resolved by using drug combinations. Moreover, it is also difficult 

to define which patients would benefit from these therapies [15]. 

 

The recent breakthrough in immune checkpoint inhibitors has opened a new door 

for ovarian cancer therapy development. Immune checkpoints are a group of 

negative regulators attenuating normal T-cell activation to prevent pathologic 

over-activation, which may result in the development of autoimmune or 

inflammatory disorders. These include programmed cell death ligand 1 (PD-

L1)/programmed cell death 1 (PD-1), cytotoxic T lymphocyte-associated protein 

4 (CTLA-4), and many other molecules [61]. However, tumour cells may also 

take advantage of this system to escape from immune surveillance that normally 



 9 

eliminate malignant cells from the body, i.e. by overexpressing PD-L1 on the 

tumour cell surface, which will inhibit the activity of Teff cells [62-64]. As a result, 

by inhibiting immune checkpoints with antibodies, e.g. anti-PD-1 (Opdivo, 

Keytruda), anti-PD-L1 (Tecentriq), or anti-CTLA-4 (Yervoy), it is possible that 

the tumour immune-suppressive microenvironment could be reversed and the 

immune surveillance system could be reactivated to execute its function [62, 65-

67]. A number of trials have been conducted and marked effects have been seen 

in some solid tumours, especially in melanoma, renal cancer and lung cancer [68-

70]. The results in ovarian cancer are also promising. PD-1/PD-L1 blockade in 

advanced and platinum-resistant EOC showed consistent, durable and significant 

RR at 10-17% and disease control rate (DCR) at 40-50% [71-74], while CTLA-4 

antibody achieved durable response lasting for more than 4 years in a patient 

previously immunised with an ovarian tumour cell vaccine GVAX [74]. GVAX 

is irradiated, patient-derived pancreatic cancer cells genetically modified to 

secrete the cytokine granulocyte-macrophage colony stimulating factor (GM-

CSF), which is expected to stimulate the immune system [75]. Since most patients 

experience stabilisation of disease rather than regression, drug combinations are 

currently being investigated to boost the therapeutic potential for immune 

checkpoint blockade, especially with other kinds of immunotherapies or 

conventional cytotoxic chemotherapies, which have been reported to be able to 

enhance the immunogenicity of cancer [76-78]. These trials are still ongoing and 

the results are promising. With the rapid growth of the cancer immunology field, 

it is anticipated that immunotherapy will be a game-changer in future ovarian 

cancer treatment. 

 

Another drug currently under development, APR-246 (also known as PRIMA-

1MET), adopts a unique and interesting approach to treat OC by targeting mutant 

p53, a target previously regarded as ‘undruggable’ [79, 80]. APR-246 reactivates 

p53 by binding covalently to cysteines in mutant p53, leading to structural 
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refolding and restoration of wild-type p53 function, thus inducing cell apoptosis 

[81]. As p53 is almost universally mutated in HGSC, and has a crucial role in 

tumour initiation [11], there is a strong rationale for reactivation of mutant p53 to 

allow dramatically improved therapy of a wide range of chemo-resistant and 

chemo-refractory HGSC. In fact, research has shown that APR-246 overcomes 

resistance to chemotherapies in both ovarian cancer cell lines and primary cancer 

cells from patients [79, 80]. Phase Ib/II trials of APR-246 in combination with 

platinum-based therapy in both platinum-sensitive and resistance patients are 

currently underway [81]. 

 

A few other candidates, e.g. new angiogenesis inhibitors, new PI3K/AKT/mTOR-

signalling pathway inhibitors, new chemo-drugs, and anti-α-folate receptor (FR) 

therapies, are also under investigation [2, 25, 40]. However, there is a lack of 

convincing clinical trial results to support their efficacy. 

 

 

1.4. Dysregulated RNA Polymerase I (Pol I) transcription in cancer and its 

implication in HGSC 

 

1.4.1. Upregulated Pol I transcription in malignant cells 

 

Distinct from bacterial transcription being conducted by a single RNA polymerase, 

Pol I is the only RNA Polymerase in mammalian that transcribes the 45S pre-

ribosomal RNA (rRNA), which is rapidly processed into the 28S, 5.8S and 18S 

rRNAs. Together with the 5S rRNA (transcribed by RNA Polymerase III) and a 

variety of ribosomal proteins (RP) derived from the translation of RNA 

Polymerase II transcribed mRNAs, they form functional ribosomes [82]. As 

actively growing and proliferating cells are highly reliant on ribosomes to produce 
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proteins for replication, Pol I transcription can contribute up to 60% of the global 

cellular transcription levels [83]. rDNA transcription predominantly occurs in the 

nucleoli (rRNA synthesis can also happen in mitochondria [84]), where 

approximately 400 copies of rDNA genes are present as tandem repeats. Enlarged 

nucleoli, an indication of accumulated macromolecules at the sites of rRNA 

synthesis, can be detected in cancer cells by microscopy and are often regarded as 

a marker of malignancy [85, 86]. As the total number of mRNA molecules is 

greater than the number of ribosomes in most cell types, while the synthesis of 

rRNA limits the production of ribosomes, the transcription of rDNA is  the rate-

limiting step of protein synthesis and hence cell growth especially in highly 

proliferating cells [87]. Inhibition of RNA Polymerase I Transcription Factor 

(TIF-IA, also known as RRN3) function by a dominant-negative mutant can retard 

the growth of HEK293T cells, while the overexpression of a constitutively active 

version of TIF-IA can further accelerate proliferation, even in rapidly growing 

HEK293T cells [88]. Alterations in nucleolar morphology and increased synthesis 

of 45S pre-rRNA together with the activation of an alternative pre-RNA synthetic 

pathway, have also been related to the aggressiveness of human breast cancer cells 

[89]. Similar up-regulation of Pol I transcription has also been observed in 

hepatitis B (HBV) and hepatitis C (HCV) virus-infected hepatocellular 

carcinomas (HCCs) [90, 91]. However, even though the role of dysregulated Pol 

I transcription in facilitating tumourigenesis and cancer progression has long been 

observed, the molecular basis of how this process is regulated was largely 

overlooked until recent years [92].  

 

1.4.2.  Brief overview of Pol I transcription machinery 

 

There are three major stages in Pol I transcription (as well as transcription by other 

RNA polymerases), namely initiation, elongation and termination. Figure 1.1A 
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shows a simplified diagram describing Pol I transcription initiation. In human 

cells, the first event in Pol I pre-initiation complex formation (PIC) is the binding 

of the upstream binding factor (UBF) to the upstream control element (UCE) in 

the rDNA promoter region. UBF is a key transcription factor for rDNA genes and 

is specifically localised at the nucleolus. This colocalization is cooperatively 

regulated by the first high-mobility group (HMG) box (HMG box 1), the C-

terminal acidic region (AR) and the linker region (LR) between the HMG and AR 

region of the UBF protein. The truncation of the AR domain attenuates its 

localisation at the nucleolus and redistribute it throughout the nucleus, while the 

interruption of the HMG box 1 can entirely abolish its localisation at the nucleolus 

[93]. UBF binds to the minor groove of DNA as a dimer and wraps the DNA into 

a right-handed loop at 140bp length with its HMG box, a motif known to bind 

DNA. This manoeuvre brings the core promoter and the UCE into close proximity, 

thus creating the correct scaffold for the promoter selectivity factor (SL1 complex) 

to bind to the core promoter and C-terminal of UBF [94-96]. Pol I is then recruited 

to PIC via TIF-IA (RRN3), a regulatory factor that is associated with the 

initiation-competent subpopulation of Pol I (Pol Iβ) [94, 95]. The SL1 complex 

contains one TATA-binding protein (TBP) and at least four Pol I-specific TBP-

associated factors (TAFs), which facilitate the specific recognition of the rDNA 

promoter and recruitment of Pol I. It has also been reported that SL1 can stabilise 

the dynamic binding of UBF dimers to the rDNA promoter region, as well as 

maintain the hypomethylation status in the rDNA promoter region [82, 83, 97]. 

After the formation of PIC, the Pol I enzyme needs to be released from the 

complex to conduct efficient transcription, namely ‘promoter escape’, which is 

mediated by the phosphorylation of RRN3 and the binding of UBF to PAF53, a 

Pol I-specific heterodimer [82, 98]. As described previously, this is a rate-limiting 

step in rDNA synthesis and the phosphorylation status of RRN3 has a significant 

impact on cell growth [88]. The phosphorylation of RRN3 is regulated by multiple 

pathways in response to intracellular or extracellular changes, e.g. cell cycle, 
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nutrient, and drug treatment, which will be reviewed later [99].  

Although Pol I can independently generate a basal level of rDNA transcription, 

the efficient elongation of rDNA genes requires several other proteins, including 

Topoisomerase I/IIα which relieve the positive and negative supercoiling ahead 

of and behind the Pol I transcription complex [82, 100-103]. A number of DDR 

and repair components are also incorporated into the ‘Pol I holoenzyme’, 

including TFIIH, Cockayne syndrome B protein (CSB), Werner’s syndrome 

helicase (WRN), Ku70/80 and several components of the NER machinery [104-

106]. They are proposed to conduct transcription-coupled DNA repair occurring 

at rDNA genes to promote rDNA transcription, however the exact mechanism is 

still not fully understood [107]. Notably, UBF also plays an important role during 

this stage by phosphorylation-dependent remodelling of the rDNA chromatin, and 

its distribution is not restricted to the rDNA promoter region or the rDNA gene 

[108-110]. Our laboratory has previously demonstrated that the depletion of 

UBF1 directly silences the rDNA genes via increased binding of linker histone 

H1, an assembly of transcriptionally inactive chromatin structures that impedes 

the accessibility of the chromatin [111-113]. Besides, a few other chromatin 

remodellers are also involved in this process with various functions, e.g. the 

histone chaperones nucleolin, nucleophosmin, nucleosome remodelling and 

deacetylation (NuRD) complex and Williams syndrome transcription Factor 

(WSTF) [114, 115]. Transcription termination also involves a number of DNA 

binding elements and enzymes, including transcription termination elements 

binding factor TTF-I which pauses Pol I [116], the Polymerase I and transcript 

release factor PTRF [117], the 5’ end to 3’ end exonuclease XRN2 which cleaves 

the nascent rRNA [118] and the RNA helicase SEN1 which releases the rRNA 

from the rDNA [82, 119]. TTF-I has also been associated with re-initiation of Pol 

I by facilitating the juxtaposition of the terminator and promoter elements, which 

results in the formation of DNA loops [82, 117]. 
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1.4.3.  Regulation of Pol I transcription 

 

Figure 1.1B summarises the positive and negative regulators of Pol I transcription. 

Pol I transcription is generally regulated by two mechanisms, namely the number 

of active rDNA genes and the rate of transcription [82]. These two mechanisms 

are dynamically regulated; for example, the decrease in active rDNA copy number 

can be compensated by an increased rate of Pol I transcription, resulting only in a 

minor change in overall rRNA synthesis [113, 120].  

 

The number of actively transcribed rDNA genes can be affected by multiple 

factors, including but not restricted to the copy number of rDNA genes [121, 122], 

the methylation status in rDNA promoter region [123-127], the competitive 

binding of UBF and nucleosome components (histones) in rDNA coding regions 

[96, 111, 128, 129], the distribution of histone modifications at the rDNA 

promoter and intergenic spacers (IGS) [127, 128, 130], the binding of the insulator 

binding protein CTCF at the spacer promoter of rDNA [128, 130], and the binding 

of nucleolar remodelling complex (NoRC) associated RNA (also known as pRNA) 

to the rDNA promoter region [131]. NAD-dependent deacetylase sirtuin-1 

(SIRT1) has been reported to be involved in NoRC by deacetylating TIF-IB, 

which will silence the rDNA and form heterochromatin in response to nutrient 

deprivation [132-134].  

 

c-MYC, a transcription factor frequently amplified in cancer, plays a key and 

broad role in regulating Pol I transcription [135]. c-MYC activates rDNA 

transcription by both direct binding to rDNA promoter region and promoting the 

expression of Pol I transcription cofactors, including UBF, SL1 and RRN3 [136]. 

The binding of c-MYC to the rDNA chromatin is correlated to the increase in the 

acetylation of histone H3 and H4, which is an indicator of an open chromatin 

structure [137, 138]. c-MYC has also been reported to interact with TBP and TAF 
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components of the SL1 complex, which may facilitate recruitment of Pol I to the 

rDNA promoter [137]. It can also enhance the expression of RPs, which further 

promotes the manufacturing of ribosomes [85, 139].  

 

Some other pathways also contribute to Pol I transcription regulation, especially 

the ERK pathway and PI3K/AKT/mTOR pathway [140]. The extracellular signal-

regulated kinase (ERK, also known as MAPK) pathway is a signalling cascade 

that transfers the mitotic signal from cell-surface receptors, mainly receptor 

tyrosine kinases (RTK, e.g. HER2) or G-protein-coupled receptors (GPCRs), to 

the nucleus via a chain of protein kinases (Ras-Raf-MEK-ERK, Ras is not a kinase 

but a GTPase) [141]. It is one of the most frequently mutated and activated 

pathways in human cancer (~30%), which plays a predominant role in cell growth 

and proliferation [142]. c-MYC, TIF-IA and UBF are among the numerous targets 

of ERK [85]. Upon phosphorylation, the MYC protein is stabilised, thus 

facilitating its role in transcriptional regulation [143]. The previously described 

constitutively activated version of TIF-IA that accelerates the proliferation of 

HEK293T cells was generated by replacing a specific serine (serine 633) 

phosphorylated by ERK to aspartate (S®D), which mimics constitutive 

phosphorylation [88, 139]. ERK phosphorylates UBF at its HMG boxes and 

regulates Pol I elongation by inducing rDNA chromatin remodelling [108, 144, 

145]. In addition, ERK has been reported to stimulate the expression of TBP, 

which is a key component of the SL-1 complex, as well as cyclin D, whose 

downstream kinases CDK4/6 phosphorylate and activate UBF [139, 146]. 

 

Similar to the ERK pathway, the PI3K/AKT/mTOR pathway is another important 

kinase cascade that transmits and amplifies the proliferative signals from 

membrane-bound receptors (e.g. HER2, HER2 activates both ERK and AKT 

pathways), which is frequently mutated and activated in human cancer [147, 148]. 

For example, phosphatase and tensin homolog (PTEN), a negative regulator of 



 16 

downstream AKT pathway by dephosphorylating phosphatidylinositol-3,4,5-

trisphosphate (PIP3), is found mutated in more than 70% of prostate cancer cases 

[149-151]. Although the PI3K/AKT/mTOR pathway promotes cell proliferation 

and growth mainly by stimulating protein translation via mTOR complex 1 

(mTORC1) activation [152], our laboratory as well as others have shown that the 

AKT pathway has a more direct role in regulating Pol I transcription [153]. We 

previously showed that the ribosomal protein S6 kinase 1 (S6K1), a major 

downstream target of mTORC1, phosphorylates UBF at its C-terminal activation 

domain, and a rapamycin-insensitive mutant of S6K1 stimulates rDNA 

transcription in the absence of serum [154, 155]. We have also shown that AKT 

can cooperate with c-MYC to promote rDNA transcription independent of 

mTORC1 [156], probably through casein kinase II (CK2), a protein kinase which 

can be phosphorylated and activated by AKT, which in turn phosphorylates and 

activates TIF-IA [157, 158].  

 

A number of negative regulators are also involved in Pol I transcription regulation, 

including some well-known tumour suppressors, like PTEN, p53 and RB [139]. 

It is not surprising to detect enhanced rDNA transcription in PTEN mutant tumour 

cells when the inhibitor of AKT activation has been removed [159]. However, 

reports have also shown that PTEN may regulate the Pol I machinery in a more 

direct way as it can be co-immunoprecipitated with SL-1 and be crosslinked to 

rDNA repeats [160]. p53 is mutated in half of human tumours, and has been 

reported to repress rDNA transcription at multiple levels by both direct and 

indirect mechanisms [161]. Research has shown that recombinant p53 inhibits 

rDNA transcription in a cell-free transcription system by blocking the interaction 

between UBF and SL-1, and this blockade can be abolished by some point 

mutations that are commonly found in human cancer [162]. p53 can also activate 

the retinoblastoma tumour suppressor protein (RB) via p21, which binds to UBF 

and inhibits its interactions with SL-1 [161, 163-165]. Additionally, p53 can 
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suppress the expression of c-MYC by direct binding to its promoter [166], 

promote PTEN gene expression by direct binding to its upstream element [167], 

and deactivate mTOR via the tuberous sclerosis (TSC) 1/2 complex [168]. 

Furthermore, p53 can slow down rDNA transcription by inducing expression of 

the downstream CDK4/6 inhibitor p21 and thus blocking cell cycle progression 

[169]. As described previously, CDK4/6 can phosphorylate and activate UBF 

[146]. A p53 regulator, the nucleolar ARF protein (p14ARF) has been shown to 

regulate Pol I transcription through both p53-dependent and -independent 

pathways [170]. Hyperproliferative signals provoked by oncogenic stimuli (e.g. 

RAS mutant) can activate p14ARF, which can either bind and inhibit mouse double 

minute 2 homolog (MDM2) to ubiquitinate and inactivate p53 or bind to the 

rDNA gene promoter and interfere with UBF phosphorylation [161, 170]. Taken 

together, the ARF-p53-RB axis regulates both cell cycle and Pol I transcription, 

posing an important barrier against tumorigenesis. 

 

However, from what has been reviewed above, it is clear that the regulatory 

pathways of Pol I transcription are complex and have significant crosstalk 

between each other. One potential mechanism of tumours becoming resistant to 

the inhibitors against these pathways is by the activation of redundant pathways 

that override the inhibition [148, 171, 172]. Therefore, it is important to target 

pathways as far downstream as possible to reduce the likelihood of redundancy or 

to use combination treatments to achieve complete blockade of the pathways 

[173-175].  

 

1.4.4.  Altered Pol I regulation pathways in HGSC 

 

The expression of components of the Pol I transcription machinery has recently 

been found to be increased after chemotherapy, including UBF, POLR1B (the 
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second largest catalytic subunit of Pol I) and RRN3 [176]. Moreover, the Pol I 

regulation pathway has been found consistently altered in HGSCs [177]. As has 

been reviewed in previous sections, p53 mutation is predominant in HGSC and 

can be found in almost every HGSC case. The mutation of p53 is believed to be 

an early and crucial event in the initiation of HGSC and has been associated with 

the high chromosomal instability observed in HGSC [9, 11]. Next generation 

sequencing studies of p53 mutated HGSCs revealed that the majority of mutations 

occurs in exon 5-8, all of which encode the DNA-binding domain of p53 protein 

[178-180]. Of the mutations, 60-70% were missense and commonly associated 

with high p53 accumulation in cells. Low p53 accumulation was seen in 60% of 

HGSC associated with non-missense mutations, which accounts for 10-15% of 

the total mutations [181]. This is an interesting finding because the aggregated 

mutant p53, compared to p53 null, not only abrogates the tumour suppressor 

function of wild-type p53, but also promotes tumour progression and drug 

resistance in ovarian cancer, and is therefore considered a gain-of-function 

mutation [182-184]. It also highlights the involvement of nonsense-mediated 

mRNA decay (NMD) in carcinogenesis. NMD is a conserved surveillance 

mechanism used by the cells to eliminate transcripts with premature termination 

codons [185]. The NMD has been associated with the downregulation of tumour 

suppressor genes, like BRCA2, with NMD-elicit mutations which contribute to 

the genesis of particular cancers, though in the case of p53 it might be beneficial 

as the premature p53 transcripts could carry deleterious gain-of-function 

mutations [186-189]. The acquired function of mutant p53 is related to its altered 

binding to some chromatin regulatory genes, including methyltransferases MLL1 

and MLL2 as well as acetyltransferase MOZ, which promotes genome-wide 

increases of histone methylation and acetylation [184, 190, 191]. This is also the 

reason why the restoration of wild type p53 function by targeting mutant p53 is 

increasingly gaining attention. Loss of RB, another negative regulator of Pol I 

transcription, is also found in 11% of HGSCs [192, 193]. This might be an 
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indication of drug resistance, which will be discussed in the following paragraph.  

 

Alteration in the PI3K/AKT/mTORC1 pathway is found in 40% of HGSCs and is 

often associated with poor prognosis [15, 192]. The most common alterations are 

the amplification or upregulation of PIK3K and AKT1/2/3, which account for 20% 

and 15% of HGSCs respectively, with few overlaps between each other. 

Mutations are rare for both genes [15, 192]. On the other hand, the loss or mutation 

of PTEN accounts for 5-7% of HGSCs [192, 194]. Amplification or mutations in 

other genes such as HER2, mTOR, TSC1/2 have also been reported, but the 

incidence is low [194]. Although there is a strong rationale to treat HGSCs with 

PI3K/AKT/mTOR inhibitors due to its high frequency, clinical trial results have 

generally been disappointing [195]. A recent study indicated that this may be 

caused by 1) the activation of the ERK pathway, 2) loss of RB, and 3) altered 

expression of AKT isoforms [192]. As a result, the dual inhibition of AKT and 

ERK pathways or the use of pan-AKT inhibitors may be required for future 

therapy development. Detailed molecular analysis of tumour samples will also be 

necessary to identify the patients who will benefit most from the treatment. 

 

Alterations in the ERK pathway occur in one-third of HGSCs, including the 

amplification of RAS isoforms (13%), the amplification of BRAF (7%) and loss 

or mutation of neurofibromatosis type 1 (NF1) (12%), a negative regulator of RAS 

[192, 196]. The high level of phosphorylated and activated MAPK has been 

related to the poor prognosis of HGSC, with median OS at 39 months compared 

to low pMAPK at 52 months [197]. However, it can also be used as a predictive 

marker for MEK inhibitor treatments as demonstrated in pre-clinical models [198]. 

Notably, upregulation in the ERK pathway frequently overlaps with upregulation 

in the AKT pathway (~40%) [192], which further confirms the crosstalk between 

these two pathways, and suggests the necessity of dual inhibition of both pathways. 

In fact, Dr Karen Sheppard from our program has already shown that the 
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combination of selective PI3K/mTOR and RAS/ERK pathway inhibitors can 

induce synergistic inhibition of ovarian cancer cell growth [173].  

 

A key regulator of Pol I transcription, c-MYC, together with CCNE1 and MDS1 

and EVI1 complex locus protein EVI1 (MECOM), are also found highly 

amplified in more than 20% of tumours by somatic copy number alterations 

(SCNAs) analysis [177, 199]. c-MYC overexpression is sufficient to 

independently transform the immortalised human fallopian tube secretory 

epithelial cell (FTSEC), and form high-grade Müllerian carcinomas that show 

morphologic, histologic, immunophenotypical, and genomic similarity to human 

HGSC, revealing the crucial and fundamental role of c-MYC in HGSC 

development [200]. 

 

1.5. Rationale to use CX-5461, an RNA Polymerase I transcription inhibitor, 

to treat ovarian cancer 

 

As Pol I transcription has a significant impact on cell proliferation and its 

regulatory pathways are frequently altered in HGSC, it is rational to investigate 

the potential of targeting Pol I transcription for cancer therapy development [201]. 

Moreover, Pol I is the downstream of many OC oncogenes and therefore its 

targeting may overcome many of the resistance mechanisms to pathway inhibitors 

[99, 103, 156, 202-207]. Several compounds are currently available, including 

Actinomycin D, BMH-21 and CX-5461 [208]. Until 2009, Actinomycin D, a 

classic chemotherapy drug, has been the only compound that has shown selective 

inhibition of Pol I transcription. Actinomycin D blocks the elongation of Pol I by 

intercalating the GC-rich regions of DNA within the transcription complex, and 

shows specific Pol I inhibition at a concentration lower than 5nM [209]. However, 

Actinomycin D also inhibits Pol II transcription and DNA replication at higher 
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doses, causing strong DNA damage and toxicity that limits its use in the clinic 

[210]. In 2010, BMH-21 was identified in a cell-based high-throughput screen of 

synthetic chemical libraries using p53 transcriptional activation as the readout, 

and later was characterised as a Pol I transcription inhibitor [211]. It acts by 

binding to GC-rich DNA within the rDNA, inhibits Pol I transcription and 

activates degradation of the Pol I catalytic subunit RPA194 (POLR1A) and the 

Pol I complex [212, 213]. However, it does not activate DNA damage signalling, 

and instead induces cell cycle arrest and apoptosis via p53-dependent nucleolar 

stress, and has shown therapeutic effects in vivo [211, 214, 215]. 

 

On the other hand, CX-5461, a novel Pol I transcription inhibitor developed by 

our program in collaboration with Cylene Pharmaceuticals (now Senhwa 

Biosciences), not only reduced rDNA transcription [216, 217], but showed 

therapeutic efficacy in a variety of blood and solid tumours, either as a single 

agent or in combination [205, 217, 218] (Table 1.3). CX-5461 is the first Pol I 

transcription-specific inhibitor introduced to the clinic. In a phase I dose-

escalation study in patients with advanced haematological malignancies (Peter 

MacCallum Cancer Centre, Melbourne, Australia), therapeutic efficacy (partial 

response + stable disease) was observed in 6 out of 16 patients with heavily pre-

treated advanced hematologic malignancies [219]. The encouraging results have 

provided support for further clinical trials with larger number of patients. 

Meanwhile, another phase I/II trial in triple-negative breast cancer (TNBC) with 

BRCA1/2 mutations or homologous recombination deficiency (HRD) is currently 

being conducted in Vancouver, BC, Canada. Different from Actinomycin D, CX-

5461 inhibits Pol I transcription by disrupting the recruitment of the SL1 complex 

to rDNA promoter region, thus impeding the initiation stage of Pol I transcription 

[218, 220]. CX-5461 executes its anti-proliferative effect via multiple 

mechanisms (Figure 1.2). In a B-cell lymphoma mouse model, CX-5461 induces 

nucleolar disruption and activation of p53-dependent apoptotic signalling while 
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sparing the normal B cell population, thereby working similarly to BMH-21 [221]. 

More specifically, CX-5461 treatment causes nucleolar disruption, releasing 

ribosomal proteins (RP), particularly RPL5 and RPL11, from the nucleolus, and 

their binding to MDM2, a p53 E3 ubiquitin ligase, leads to the accumulation of 

p53. This process can be blocked by overexpressing mutant p53 or the apoptosis 

inhibitor BCL-2 [221, 222]. However, in acute lymphoblastic leukaemia (ALL) 

cells, CX-5461 induces caspase-dependent apoptosis independent of p53 status. 

Instead CX-5461 activates the DNA damage checkpoint ataxia telangiectasia-

mutated (ATM)/ ATM- Rad3-related (ATR) pathways, and its therapeutic effect 

can be further enhanced in combination with ATR inhibitors [223] or checkpoint 

kinases 1 and 2 (CHK1/2) inhibitors [224], which we have further confirmed in 

p53-null B-cell lymphoma [220]. Moreover, our data showed that the activation 

of ATM/ATR pathways is caused by an unusual open chromatin structure by an 

unknown mechanism that does not induce conventional DNA damage, and is 

specific to CX-5461 but not Actinomycin D [220]. The p53-independent anti-

tumoural effect of CX-5461 has also been observed in a number of other mouse 

models of blood and solid tumours, including colorectal carcinoma [225], 

epithelial ovarian cancer [176, 225], melanoma [218], prostate cancer [226], 

multiple myeloma (MM) [227] and acute myeloid leukaemia (AML) [228]. In 

aggressive AMLs, CX-5461 outperforms standard chemotherapies and reduces 

leukaemia-initiating cell (LIC) populations via both p53-dependent apoptosis and 

p53-independent cell cycle arrest [228]. In multiple myeloma, CX-5461 induces 

p53-independent apoptosis by suppressing c-MYC expression, which is 

associated with MYC mRNA silencing mediated by RPL5 and the RNA-induced 

silencing complex (RISC) [227]. In osteosarcoma, CX-5461 induces p53-

dependent autophagy-mediated cell death via the mTOR pathway [229]. A similar 

autophagy phenotype has also been reported in melanoma cells but it seems to be 

p53-independent [218]. 
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CX-5461 has shown therapeutic potential in epithelial ovarian cancer as well. 

Selective lethality of CX-5461 against BRCA1/2 deficient cancer cells has been 

identified in various malignancies, including ovarian cancer cells. In these cases, 

CX-5461 acts as a DNA G-quadruplex stabiliser and induces DNA damage that 

is repaired by homologous recombination (HR) and non-homologous end joining 

(NHEJ) pathways [225]. However, CX-5461 only shows a variable response in 

EOC patient-derived xenograft (PDX) models with mixed background [176]. As 

HR deficiency occurs only in half of the HGSC patients, and restoration of HR 

function is a major cause of drug resistance, targeting HR-proficient HGSCs is 

still a critical challenge in the ovarian cancer therapy field. 

 

One feasible alternative approach is to use drugs in combination. CX-5641 has 

shown enhanced therapeutic effects when combined with other drugs. In prostate 

cancer, using CX-5461 together with a PIM kinase inhibitor dramatically reduced 

large invasive lesions in both high-MYC and low-MYC expression mouse models 

and PDXs [226]. In lymphoma, combining CX-5461 with the mTORC1 inhibitor 

Everolimus doubled survival of Eμ-Myc lymphoma-bearing mice via independent 

pathways of each drug [230]. As a result, there is a rationale to investigate whether 

CX-5461 can cooperate with other drugs to treat HR-proficient HGSCs. 
 

1.6. The DNA damage response (DDR) as a response to CX-5461 treatment 

 
Cells are constantly dealing with DNA damage caused by various exogenous and 

endogenous DNA-targeting exposures, such as replication stress, telomere 

shorting, UV light, chemical toxins, and reactive oxygen species (ROS) that are 

generated during general metabolism and inflammation. Tens of thousands of 

DNA lesions are generated in the human body per day [231]. These lesions can 

stall genome replication and transcription, and if not repaired or improperly 

repaired, they could lead to mutations or large-scale genomic aberrations that may 
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lead to neurodegeneration, infertility, immunodeficiencies, and tumorigenesis, 

posing a significant threat to the survival of lives [232]. In order to cope with these 

threats, the body utilises intricate signalling pathways and repair mechanisms to 

regulate a variety of DNA lesions to protect genomic stability. In addition, a 

dysregulated DDR is frequently associated with cancer development, which may 

result in hypersensitivity or resistance to cancer therapy and can be exploited for 

the improvement of cancer treatment [233]. Cells can activate a number of distinct 

pathways responding to different types of DNA damage with common and 

distinct mechanisms, which will be covered in details in the following section 

(Table 1.4 and Figure 1.3).  

 
 

1.6.1. DNA damage sensors and DNA damage repair 

 
DNA double-strand break repair 

 

Double-strand DNA breaks (DSBs) are the most dangerous DNA lesions as they 

can lead to massive loss of genetic information, chromatin translocation and cell 

death [234]. On the other hand, a number of cancer treatments utilise DSBs to kill 

cancer cells. DSBs can be induced by ionizing radiation (IR) and TOP2 inhibitors 

(e.g. doxorubicin) directly, both of which are widely used for cancer treatment 

[235, 236]. DSBs can also be indirectly generated from other DNA lesions, for 

example, a replication fork colliding with a single-strand break (SSB) or collapsed 

replication forks [237]. This mechanism plays an even more important role in 

cancer therapy because it can be used to target replicating cells but spare the non-

replicating cells. A handful of chemotherapeutic agents depend on this ‘DNA 

lesions to DSBs’ conversion including cisplatin and Topoisomerase I (TOP1) 

inhibitors [238]. Non-homologous end joining (NHEJ) and homologous 

recombination (HR) are the two major pathways involved in repairing DSBs. 
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NHEJ is a repair pathway that can happen in all cell cycle phases (some reports 

claim that NHEJ only happens in G0/G1), while HR is another pathway which 

only occurs in the late S and G2 phases as it requires the homologous sequences 

on the sister chromatid [239]. In mammalian cells, the direct DSBs are 

predominantly repaired by NHEJ, while HR is specifically required for the repair 

of indirect DSBs induced by the collapsed replication forks (caused by the 

replication stress). Furthermore, HR is involved in repair of inter-strand cross-

links (ICLs), which can cause replication stress as well, where it collaborates with 

NER [240, 241].  

 

The canonical NHEJ (C-NHEJ) repair process can be divided into three stages. 1) 

When DSBs occur, the Ku70/Ku80 complex binds to the exposed DNA ends, 

followed by the recruitment and activation of the catalytic subunit DNA-PKcs. 2) 

Activated DNA-PKcs is then recruited and phosphorylates a variety of nucleases 

(e.g. Artemis), polymerases and polynucleotide kinases to process the ends. 3) 

The processed DNA ends are re-ligated by the XRCC4-LIG4 complex [242]. 

However, in the absence of functional C-NHEJ genes, like Ku70/80, a redundant 

alternative end-joining (alt-NHEJ or A-EJ) also exists [243]. When engaged by 

the alt-NHEJ, the DSBs ends are resected by MRE11 and CtIP nucleases, leaving 

short single-strand DNAs ready to be annealed [244, 245]. Microhomologic 

annealing with 2 to 4 complementary nucleotides then occurs between the ssDNA 

overhangs and the gap is filled by XRCC1 and Ligase III [246].The alt-NHEJ is 

highly mutagenic, particularly deleterious mutagenic, and is thus regarded as a 

significant contributor to the poor repair accuracy of NHEJ [247]. 

 

The HR repair process can be divided into four steps, namely 1) initiation, 2) 

homologous pairing and DNA strand exchange, 3) DNA heteroduplex extension, 

and 4) resolution [248]. Upon the detection of DSBs, the exposed DNA breaks 

are processed by nucleases and helicases (MRN nuclease complex, MRE11-
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RAD50-NBS1) to form ssDNA at 3’ tails of both ends via BRCA1, which 

competes with 53BP1, a promoter of NHEJ, to promote HR repair [249-252]. The 

MRN complex also activates ataxia-telangiectasia mutated (ATM), which 

phosphorylates a number of substrates including CHK2, MRE11, NBS1, H2AX 

and RAD51 to induce S and G2 arrest and stimulate HR repair [253]. Replication 

protein A (RPA) is then recruited to the ssDNA to protect it from forming 

secondary DNA structures [254]. The recruitment of RPA can activate ataxia-

telangiectasia and Rad3-related (ATR), which can also phosphorylate a number 

of substrates (just like ATM) including CHK1 and RAD51 to induce S and G2 

arrest and stimulate HR repair [255]. Next, RAD51 proteins are assembled onto 

the ssDNA with help of BRCA2 and RAD51 paralogs (RAD51B, RAD51C, etc.), 

and form a nucleoprotein filament called the presynaptic filament [256, 257]. The 

presynaptic filament is stabilised by RAD54, and invades into the homologous 

dsDNA region of sister chromatids to form a joint molecule. The RAD51 proteins 

are then removed by RAD54, followed by the recruitment of DNA polymerase to 

synthesise DNA using sister chromatids as templates [258, 259]. After the repair 

of the DNA breaks, the DNA heteroduplex is resolved or dissolved by Holliday 

junction resolvase and DNA ligase or RecQ helicase and topoisomerase III 

respectively, both of which produce two intact repaired dsDNA molecules [260].  
 

NHEJ most frequently occurs during V(D)J recombination in the early stages of 

T and B cell maturation when a large number of DSBs generate highly diversified 

immunoglobins and T cell receptors [261]. This process is physiological and is 

not considered as a threat to genomic stability. However, during normal cellular 

homeostasis, the formation of DSBs is often pathologic and requires high-

confidence repair to maintain the integrity of the genome. Even though NHEJ is 

able to repair the majority of the DSBs without an error, under circumstances 

when multiple DSBs exist, there is a high possibility that the NHEJ pathway 

would re-join the wrong DNA ends and create chromatin deletions or 
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translocations, which pose a significant threat to genome integrity. Furthermore, 

DSBs are not always blunt and single-strand DNA overhangs are sensitive to 

DNA modification enzymes such as endonucleases or polymerases (including the 

alt-NHEJ), which can cause frame shift mutations in the genome even if NHEJ 

re-ligates the right ends [262]. The unreliable DNA repair caused by NHEJ has 

been exploited by the latest gene editing technique CRISPR-Cas9, which induces 

multiple DSBs in the coding region of target genes. Deletions, insertions or frame-

shift mutations are likely to occur if these DSBs are repaired by NHEJ, thus 

delivering efficient gene knockout [263].  

 

Compared to NHEJ, homologous recombination (HR) uses a more reliable 

procedure to repair DSBs. Different from NHEJ, which can be activated 

throughout the cell cycle, HR repair is normally active for the repair of DSBs and 

ICLs during S and G2 phases when the sister chromatids are available [264]. HR 

also occurs during meiosis when DSBs are created intentionally to facilitate the 

recombination between sister chromatids which, in turn, promotes genetic 

diversity in the offspring [265]. In comparison with NHEJ, the HR provides an 

error-free, but less-efficient DSB repair pathway to maintain genomic stability. 

HR is the preferred way cells use to repair pathologic DSBs, as homologous 

recombination-deficient (HRD) cells demonstrate slower proliferation rate and 

hypersensitivity to genotoxic drugs compared to HR-proficient cells [266, 267]. 

However, when faced with excessive DSBs or defects in HR repair pathways, 

cells can only use error-prone NHEJ as a salvage DNA repair pathway, which 

leads to a more mutagenic genome and later tumourigenesis [268]. Due to the lack 

of homologous sequence pairing, NHEJ may join the wrong ends when multiple 

DSBs are happening at the same time, thus causing chromatin loss or chromatin 

translocation. The unfaithful repair by NHEJ has been considered to be the cause 

of the BCR-ABL fusion which is commonly found in chronic myelogenous 

leukaemia (CML), acute lymphoblastic leukaemia (ALL) or acute myelogenous 
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leukaemia (AML) [269]. This HR deficiency-chromosomal instability model is 

also currently being used to explain the initiation and progression of HGSC [11].  

 

Base Excision Repair  
 

Base excision repair (BER) removes abnormal bases which are oxidized, 

deaminated or alkylated. These abnormal bases are recognised and removed by 

corresponding glycosylases, causing apurinic/apyrimidinic (AP) sites [270]. The 

AP sites are then hydrolysed by an AP endonuclease, such as APE1, creating a 

DNA ‘nick’ [271]. The ‘nick’ can be repaired either by short-patch BER which 

fills a single nucleotide or by long-patch BER which fills up to 13 nucleotides. 

The single nucleotide in the short patch repair is replaced by DNA polymerase-β 

(Pol β) and the gap is re-ligated by ligase 3 (LIG3), and up to 13 nucleotides in 

long patch repair are replaced by Pol δ or Pol ε and re-ligated by LIG1 [272-274]. 

Both types of BER are promoted by XRCC1 and PARP1, which serve as 

molecular scaffold for the components of BER [240, 275-277]. 

 

Mismatch repair 

 

Mismatch repair (MMR) is similar to BER, which corrects the altered bases 

(mispaired or fraudulent nucleotide) in the genome. The difference between 

MMR and BER is that MMR does not rely on the lesion-specific N-glycosylases 

of BER to recognise DNA lesions, which allows MMR to repair a wider range of 

base alterations [278]. MMR recognises abnormal bases by MSH2-MSH3 

heterodimers, followed by the recruitment of MutLα complex (MLH1 and PMS2) 

to the lesion [279]. The endonuclease 1 (EXO1) is then recruited to cleave out the 

damaged oligonucleotide [280]. The resynthesis step is same as the long-patch 

BER [240, 275, 281]. 
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DNA single-strand break repair 
 

The single-strand breaks (SSBs) repair is similar to BER (part of BER ). SSBs are 

the most common lesions that occur in cells, which are predominantly generated 

as BER intermediates (the DNA ‘nick’). The stalling of TOP1 enzymes on 

chromatin is another source of SSBs [276]. Different from BER, trapped TOP1 

needs to be removed by tyrosyl-DNA phosphodiesterase 1 (TDP1) [282-284]. The 

exposed DNA ends may need to be modified by polynucleotide kinase 

phosphatase (PNKP; a 3ʹ DNA phosphatase and 5ʹ DNA kinase) to restore the 

correct chemical configuration for base replacement and re-ligation [285]. The 

following steps are the same as BER [275, 276]. Examining the role of TOP1 in 

the response to targeting rDNA transcription with CX-5461 is a major focus of 

the studies described in the later part of this thesis and a detailed introduction of 

the functions of TOP1 can be found in Chapter 5.  
 

 

Nucleotide excision repair 

 

Nucleotide excision repair (NER) acts to repair bulky DNA adducts such as UV-

light-induced lesions (mostly intra-strand crosslinks, but can be inter-strand 

crosslinks as well) [286]. It is also partially involved in ICL repair [287]. NER is 

classified into transcription-coupled repair (TC-NER) which removes DNA 

lesions blocking RNA polymerase progression and global genomic repair (GG-

NER), which remove DNA lesions independent of transcription [288]. The initial 

steps are different for these two pathways: the TC-NER requires Cockayne 

syndrome WD repeat protein A (CSA) and CSB [289], while the GG-NER is 

dependent on Xeroderma pigmentosum group C-complementing protein (XPC)–

RAD23B and DNA damage-binding protein (DDB) to recognise the lesions [290]. 

XPA, replication protein A (RPA) and TFIIH are involved in both pathways [291-
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293]. The damaged oligonucleotides are removed by XPG and ERCC1–XPF [294, 

295], and the following resynthesis step is exactly the same as the long-patch BER 

[232, 240, 275]. It is worth noting that the trans-lesion synthesis (TLS), mediated 

by Pol ν, REV1 and Pol ζ, may be used to bypass the inter-strand crosslinks, which 

leave NER an error-prone repair pathway [296].  

 

Inter-strand crosslinks repair 

 

ICLs are DNA lesions that the nucleotides of complementary DNA strands are 

covalently linked, thus preventing the separation of the DNA double helix and 

inhibiting transcription and replication. It is  one of the main exogenous causes of 

replication stress [297]. While the transcriptional coupled ICLs are mainly 

repaired by the NER pathways, the repair of replication coupled ICLs requires the 

cooperation of NER, HR and Fanconi anaemia (FA) pathways [298]. The FA 

pathway is extremely complex, with over 15 components. Some components are  

components of other DNA repair pathways. For example, FANCD1 is  BRCA2 

while FANCO is RAD51C, both of which are crucial components of HR [299]. 

The FANC and HR pathways indeed work closely with each other to repair the 

ICLs. When the replication fork is stalled by an ICL, the FANCM–FAAP24–

MHF1/2 complex recognises the stalled replication fork structure and recruits the 

FA core complex to the ICL region [300]. FANCM also activates the ATR-CHK1 

cell cycle checkpoint response, which in turn phosphorylates multiple FA proteins, 

including FANCA/E/D2/I [301-303]. Monoubiquitinated FANCD2 (the 

monoubiquitylation is crucial for FANCD2’s function) and FANCI are then 

recruited to the DNA lesion and act as a platform to recruit multiple nucleases, 

possibly FANCP/SLX4 or ERCC1–XPF, to execute nucleolytic incisions 

flanking the ICL [304-306]. The incision creates DSBs as well as leaves the cross-

linked nucleotides isolated and tethered to the complementary strand, which is 

bypassed by TLS [307]. NER removes remaining adducts and fills the gap. The 
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DSB created by the incision is repaired by HR using the newly synthesized DNA 

strands, rather than the sister chromatid, as the template [308]. Lastly, the USP1–

UAF1 complex removes monoubiquitin from FANCD2-I [309, 310]. Due to the 

existence of TLS, ICL repair is  error prone and is a source of point mutations 

[311, 312]. 

 

The repair of replication stress 

 

Replication stress is a phenomenon when the DNA replication machinery is 

obstructed by intracellular or extracellular factors, such as stalled TOP1 enzymes 

or ICLs, which results in stalled replication forks. These forks, if not restored, 

would lead to replication fork collapse, which may result in DSBs and seriously 

undermine genomic stability and cell survival. Replication stress can arise from 

various sources, including but not restricted to ssDNA caused by missing 

nucleotides (e.g. nicks and gaps) , DNA lesions (e.g. adducts and dimers), R-loops, 

DNA secondary structure, or enzymes trapped on the DNA [313].  

 

Nicks and gaps are common by-products of several DNA repair pathways (e.g. 

nucleotide excision repair (NER) and base excision repair (BER)) and the release 

of topological stress by TOP1, which cleaves one strand of the DNA helix to 

relieve the topological stress (See details of TOP1 in section 5.1.1). A DSB forms 

passively when the DNA replication machinery encounters a DNA nick or gap. 

The repair of this type of DSB is very similar to conventional HR, which also 

involves i) initiation, (ii) homologous pairing and DNA strand exchange, (iii) 

DNA heteroduplex extension, and (iv) resolution, except that the intact DNA 

branch, rather than the sister chromatid, is used as the template of the repair [313]. 

 

The DNA replication machinery can also be stalled by DNA adducts, proteins 

trapped on chromatin or DNA secondary structures, like G4-DNA or RNA-DNA 
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hybrids (R-loops, see details about R-loops in section 5.2.8). Upon the blockade 

of DNA replication machinery, RPA protein binds to the ssDNA in the stalled 

replication forks to prevent the formation of secondary DNA structures [314]. It 

also activates DDR components, particularly ATR, to inhibit cell cycle 

progression and suppression of late origin firing, which provides additional time 

to allow the source of stress to be removed [315, 316]. However, it is possible that 

the stress cannot be removed, and the forks fail to restart and collapse, leading to 

DSB formation. Under this scenario, conventional HR would restore replication 

using sister chromatids as templates [313, 317]. 

 

Replication stress can also happen when the replication machinery encounters 

DNA dimers, which are commonly caused by UV-B or other chemicals. DNA 

dimers block the progression of DNA polymerases but not DNA helicases, thus 

uncoupling the replication machinery and creating long ssDNA between the 

lesion and helicases [318]. Similar to other scenarios, RPA proteins binds to the 

ssDNA and activates downstream response factors including ATR and ATM, 

which stall the helicase in order to repair to the lesion [319-322]. The DNA dimer-

induced replication stress can be overcome by two different mechanisms: i) The 

DNA dimers, together with the adjacent nucleotides, can be cleaved by nucleases 

(e.g. Mus81) and creates DSBs [323]. The DSBs are then repaired by HR using 

the intact DNA strand as the template; ii) The replication fork can reverse, rewind 

the parental DNA and extrude the newly replicated strands. The stalled DNA 

strands then employ the HR pathway and bypass the DNA lesion using the 

extruded strands as templates. This lesion bypass pathway is also termed “DNA 

damage tolerance” (DDT) [324].  

 

CX-5461 has been reported to induce replication stress by both Xu, et al. and our 

group [225, 325]. Also, Xu, et al. proposed that the CX-5461 induces replication 

stress as a G4-DNA stabiliser [225]. Due to the strong association of CX-
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5461/TOP1 and replication stress, we investigated its contribution to the 

combination of CX-5461 and TOP1 inhibition, and the details can be found in 

section 5.2.7. 

 

1.6.2. Cellular responses to DNA damage 

 
The DDR is not only a DNA damage sensing-repair mechanism, but also 

orchestrates the cell cycle via checkpoint signalling cascades to provide sufficient 

time for repair and prevent replication and mitosis with DNA damage, which, if 

not repaired, will lead to mitotic catastrophe and genomic instability (Figure 1. 3). 

Three PI3K-related protein kinase (PIKK) family of enzymes, ATM, ATR and 

DNA-PKcs, play the central role in this cascade [326]. ATM is recruited by the 

MRN complex to the lesion upon DSB generation and is activated via 

autophosphorylation at S1981 [327], while ATR binds to the RPA-coated ssDNA 

via its partner protein ATR interacting protein (ATRIP) in response to multiple 

types of DNA damage (BER, MMR, NER, ICL, HR, etc), and is activated by 

autophosphorylation at T1989 [328], which is recognised by topoisomerase 

binding partner 1 (TOPBP1) in complex with the RAD17-RFC2-5 clamp loader, 

the 9-1-1 complex (RAD9–RAD1–HUS1), Claspin, and RHINO [328]. DNA-

PKcs is traditionally regarded as a key component of non-homologous end-

joining (NHEJ) (See Chapter 1.1.5 for details), but has recently been reported to 

regulate ATM [329]. This regulation can be both positive and negative; while the 

presence of DNA-PKcs promotes the stability of ATM protein [330], it negatively 

regulates ATM activity through phosphorylation of ATM at multiple sites [331]. 

 

ATM/ATR/DNA-PKcs phosphorylate several shared or unique substrates, with 

the most studied ones being RPA32 (by all three PIKKs), checkpoint kinases 1 

and 2 (CHK1 by ATR and CHK2 by ATM/DNA-PKcs [332]), KRAB-associated 

protein 1(KAP1 by ATM and ATR), 53BP1 (by ATM) [333, 334], p53 (by ATM 



 34 

and ATR), and H2AX (by ATM/ATR, or by DNA-PKcs in the absence of ATM) 

[335]. 

 

RPA32 (also called RPA2) is one of the three subunits of RPA that binds and acts 

as the first sensor of ssDNA [336]. ssDNA is commonly caused by DNA damage 

or replication/transcriptional stress. The binding of RPA not only prevents the 

ssDNA from forming secondary DNA structures, but also activates the DDR, 

particularly ATR, to inhibit cell cycle progression and suppress late origin firing, 

which provides additional time to allow the source of stress to be removed [337, 

338]. Multiple PIKK-mediated phosphorylation sties have been identified at the 

N-terminus of RPA32, including S4, S8, T21, S12 and S33, however, there is no 

consensus about how these three PIKKs target specific sites [339]. A popular 

model is that upon the formation of the RPA-ssDNA complex, it is recognised 

and phosphorylated by the ATRIP-ATR complex at S33. In turn, S33 

phosphorylation promotes the ATM/DNA-PKcs-mediated phosphorylation at S4, 

S8 and S12 [340, 341]. The full activation of ATR is dependent on the 

phosphorylation of S4 and S8, and mutations at these sites can largely impair the 

capability of ATR to phosphorylate the downstream targets like CHK1 [329]. 

TOPBP1 is also required for this process [321].  

 

53BP1 is a large protein with molecular weight over 200kDa. It does not carry 

any enzymatic activity but instead serves as a recruitment platform for other DDR 

components, including RAP1 interacting factor 1 (RIF1) and Pax transactivation 

domain-interacting protein (PTIP), both of which are the key components of C-

NHEJ [342]. 53BP1 is a highly regulated protein with numerous phosphorylation 

sites including 32 PIKKs and 41 CDKs phosphorylation sites. It has been reported 

that ATM phosphorylates 53BP1 at multiple sites, including T302, S831, S176, 

S178 and S452 [343], while the binding of 53BP1 to ATM also promotes the self-

phosphorylation of ATM at S1981, as well as the phosphorylation of CHK2 at 
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Y68 by ATM [344]. 53BP1 can also be phosphorylated by ATR in the case of 

UV-induced DNA damage [343]. After phosphorylated by ATM, 53BP1 recruits 

RIF1 and PTIP to the DSB sites, blocks the DNA ends resections and activates 

the downstream NHEJ DNA repair process, with the exact mechanisms remaining 

unclear [345]. One of the profound roles played by the 53BP1 during this process 

is its competitive binding to the DSB sites against BRCA1, a key initiator of the 

HR process, thus acts as an antagonist of the HR (See details of HR and BRCA1 

in section 1.6.1). The loss of BRCA1 blocks the resections of DNA breaks and 

shifts the balance of DNA repair towards the 53BP1 mediated C-NHEJ [346], 

while the double knockout of BRCA1 and 53BP1 rescues the BRCA1 deficiency 

and shifts the balance back to HR [347]. The competition between BRCA1 and 

53BP1 thus orchestrates a key decision-making process in determining the 

pathways used for DSBs repair [348]. However, the question still remains 

regarding how cells shift from the 53BP1 promoted NHEJ in G1 to the BRCA1 

promoted HR in S/G2 under normal circumstances without 53BP1 or BRCA1 

deficiencies. Reports have shown that 53BP1(or BRCA1) is still functional in 

S/G2(or G1) phases in the absence of BRCA1 (or 53BP1), suggesting the 

existence of a third-party regulatory mechanism [349]. CtIP nucleases have been 

proposed to be the key regulator in this process as it is resection activity is 

controlled by the phosphorylation by CDKs in S phase [350], and mutations at its 

CDK phosphorylation sites lead to the failure of the removal of RIF1 from the 

DSB sites [349].  

 

CHK1 is activated by ATR-mediated phosphorylation at residues S317 and S345 

[351]. Activated CHK1 can further phosphorylate CDC25A and CDC25C, which 

dissociate their binding from cyclin-dependent kinases 2 and 1 (CDK2 and 

CDK1), respectively, and maintain CDK2 and CDK1 in an inactive status, thus 

causing cell cycle arrest at G1/S, S and G2 phases [352, 353]. CHK1 also 

phosphorylates and activates WEE1, a nuclear kinase that inhibits CDK1 by 
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phosphorylating it at Y15 [354, 355]. Similarly, CHK2 is activated by 

ATM/DNA-PKcs-mediated phosphorylation at residue T68 upon DSB generation 

[356, 357], and the activation of CHK2 can also phosphorylate CDC25A and 

CDC25C and induce cell cycle arrest and senescence [358, 359].  

 

p53 is one of the main substrates of ATM (some reports claim that p53 can be 

activated by ATR as well [320]). p53 plays a central role in tumour suppression 

by either blocking the cell cycle by promoting the expression of p21 or/and p27, 

a cyclin-dependent kinase inhibitor that is able to bind and deactivate CDK1/2/4/6 

[360], or by inducing apoptosis by promoting the expression of apoptosis 

activators BID, BAX, NOXA and PUMA [361]. ATM stabilises and activates p53 

either by directly phosphorylating p53 protein at S15, by phosphorylating p53 

protein at S20 via CHK2, or by indirectly phosphorylating and deactivating 

HDM2, the well-known p53 suppressor [362, 363]. Apart from p53, a recent 

finding has identified KAP1 as a phosphorylation target of ATM as well. KAP1 

has been reported as a suppressor of p21 gene transcription under basal conditions. 

However, the ATM and CHK2 can phosphorylate KAP1 at S824 and S473 

respectively upon DNA damage, and the KAP1 phosphorylation deactivates 

KAP1-suppressive function and p21 expression is increased [364, 365]. 

 

Moreover, ATR (in response to ssDNA or replication stress), ATM or DNA-PKcs 

in the absence of ATM can phosphorylate the histone H2A variant (H2AX) at 

serine 139 on chromatin flanking DSB sites [366-368]. This phosphorylation 

creates a binding platform for Mediator of DNA damage checkpoint protein 1 

(MDC1) [369], which subsequently recruits E3 ubiquitin ligase RNF8 and 

RNF168 to the DSB foci [370, 371]. RNF8 and RNF168 ubiquitylate linker 

histone H1 at Lys-63 and H2A at Lys-13/15 respectively [372, 373], leading to 

the recruitment and retention of BRCA1 and 53BP1 to the DSB sites [374]. In 

general, upon the formation of DSBs, the MRN, ATM, MDC1 and 
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RNF8/RNF168 are among earlier responders found at the DSB foci, followed by 

the 53BP1 and BRCA1 and the downstream cascades [370].  

 

Recently, a new pathway has emerged to connect DNA damage to inflammation, 

senescence, and cancer. The cGAS–cGAMP–STING pathway is a conserved 

mechanism that is used to detect the existence of microbial DNA in the cytosol to 

alert the host immune system to respond to microbial infections [375]. However, 

recent research has revealed that this pathway can respond to innate accumulation 

of cytoplasmic DNA caused by DNA damage by cytotoxic drugs or irradiation as 

well [376, 377]. Briefly, the cGAS–cGAMP–STING pathway consists of cyclic 

guanosine monophosphate (GMP)–adenosine monophosphate (AMP) synthase 

(cGAS), which is a DNA sensor that triggers innate immune responses through 

producing the second messenger cyclic GMP-AMP (cGAMP), which in turn 

binds and activates the adaptor protein Stimulator of Interferon Genes (STING).  

 

The cytosolic DNA is typically in the form of micronuclei, which is the result of 

intense DNA damage and genomic instability. Genomic instability includes DNA 

alterations ranging from nucleotide instability (NIN) to microsatellite instability 

(MIN) and chromosomal instability (CIN) [378]. Micronuclei indicate CNI which 

is the most common form of genomic instability and can cause changes in both 

chromosome number and structure. A number of methods are available to assess 

each type of genomic instability, including karyotyping (CIN), flow cytometry 

(CIN), single nucleotide polymorphism (SNP) arrays (CIN, NIN), genome 

sequencing (CIN, NIN), and polymerase chain reaction (PCR) (MIN) [379]. Upon 

binding cytosolic DNA, cGAS catalyses the reaction of GTP and ATP to form 

cyclic cGAMP [380]. cGAMP then binds to stimulator of interferon genes 

(STING), which phosphorylates IRF3 via TBK1 [381]. IRF3, in turn, translocates 

to the nucleus to activate transcription of inflammatory genes including ligands 

of natural killer (NK) cells such as NKG2D ligands, type I IFNs and other 
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cytokines [382]. These inflammatory proteins attract NK cells and CD8+ T 

lymphocytes to remove the damaged cells [383].  

 

In addition to the inflammatory responses, it has been reported that the cGAS–

cGAMP–STING pathway can regulate cellular senescence as well. It is believed 

that cGAS–cGAMP–STING-induced senescence occurs mainly via the 

senescence-associated secretory phenotype (SASP) [384, 385]. SASP is a 

phenomenon by which senescent cells produce and release a group of cytokines, 

chemokines and proteases, such as IFN-β, IL-1β, IL-6, and IL-8, to the 

extracellular environment to modulate senescent cells themselves and the 

microenvironment [383]. Multiple reports have shown that these cytokines, as 

well as interferons can enhance senescence either via p53 pathways or via 

ATM/ATR pathways by enhancing the levels of reactive oxygen species (ROS) 

[386-388]. 

 

Taken together, the DDR is a highly complex network, which has evolved to 

maintain genomic stability and prevent disease, and generally plays a suppressive 

role in tumorigenesis, although sometimes it can be taken advantage of by tumour 

cells to act against the cytotoxic drug by increasing DNA repair capacity or 

facilitating the invasion and metastasis [389]. The genesis of a high proportion of 

HGSC is associated with alterations in the DDR pathways that are the target for 

first line therapy with platinum-based cytotoxics and now PARP inhibitors. 

Furthermore, targeting the DDR is also a key therapeutic mechanism of CX-5461 

based therapies (See section 1.5 and 1.6.1). Therefore, a better understanding of 

the DDR network is required for the development of new therapies, including CX-

5461 based therapies, to combat OVCA.  
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1.7. Hypothesis, aims and approach 

 

Currently there is a lack of therapeutic options for chemo-refractory and chemo-

resistant HGSC patients, and the prognosis is dismal. New therapies are required 

to improve the prognosis of ovarian cancer patients. The association between low 

rDNA CpG methylation level (high transcription level of rDNA) and shorter PFS 

in ovarian cancer [390, 391] as well as the frequent alteration in the complex 

RAS/PI3K/MYC network regulating Pol I activity in HGSCs [208] has made 

ribosome biogenesis a logical target for OVCA treatment. CX-5461, a Pol I 

transcription inhibitor, has shown therapeutic efficacy in a number of blood and 

solid tumours, and is currently undergoing clinical trials in advanced 

haematological malignancies and breast cancer. However, as of yet it has only 

shown moderate effects in EOC, especially those with proficient HR pathways. 

In fact, our preliminary data utilising a panel of 36 ovarian cancer (OVCA) cell 

lines suggest that acute CX-5461 treatment results in cell cycle arrest but not cell 

death. As a result, we hypothesise that some genes can be targeted to enhance the 

therapeutic outcome of CX-5461 in HGSC with proficient HR pathways. By 

adopting a genome-wide RNAi screen approach, we aim to identify potential 

targets, preferably drug targets, whose inhibition can cooperate with CX-5461 to 

enhance its anti-tumoural effect against ovarian cancer. 
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Table 1.1 Histotypes and genetic alterations of OC 

 
 

  Epithelial type Germ type Stromal type 

Subtypes High-grade serous 
carcinoma (HGSC) 

Low-grade 
serous 
carcinoma 
(LGSC) 

Clear cell 
carcinoma 
(CCC) 

Endometrioid 
carcinoma 
(ENOC) 

Mucinous 
carcinoma 
(MUC) 

- - 

Origin Fallopian tube 
epithelium 

Ovarian 
surface 
epithelium 

Endometrium Endometrium Unclear Primitive 
germ cells 
  

Sex-cord 
stromal cells 

Prevalence (of 
all OC cases)1 

~54% ~8% ~11% ~13% 3~4% 1~2% 1~2% 

Genomic 
instability 

High Low Low Low Low Low Low 

Genetic 
alteration 

TP53 mut (>90%) TP53 wt TP53 wt TP53 wt2 TP53 wt TP53 wt TP53 wt 

  BRCA1/2(~15%) 
HR deficiency (up 
to 50%) 

HR deficiency 
rare (<8%) 

HR proficient HR proficient HR proficient HR proficient HR proficient 

  EGFR, PI3K, 
AKT2, c-MYC, 
ERBB2 

KRAS, 
BRAF, 
ERBB2 
(>68%) 

ARID1A 
PIK3CA  

CTNNB1(~44%) 
ARID1A 
PIK3CA 

KRAS (up to 
80%) 
ERBB2 

c-KIT 
Cyclin D2 

FOXL2 
DICER1 

5-years 
survival rate 

~40% ~70% >70% >90% ~78% >82% >90% 

 
1The sum is not 100% as some rare OC subtypes are not included in the table.  
2Some reviews have claimed that TP53mut in late ENOC could be up to 50%, 
while some other reviews have indicated that those samples should better be 
classified as HGSC [5, 16]. 
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Table 1.2 Novel drugs recently approved or under development for OC 

 
 

Category Agent (manufacturer) Mechanism of action Clinical status 

Targeted 
agents 

VEGF-
dependent 

angiogenesis 
inhibition 

Cediranib (AZD2171) 
(AstraZeneca) 

Oral VEGFR-1,-2,-3 
tyrosine kinase 

inhibitor 

Failed as single drug; 
Phase II as drug 

combination 

Nintedanib (BIBF1120) 
(Boehringer Ingelheim) 

Oral VEGFR, 
PDGFR, FGFR 
tyrosine kinase 

inhibitor 

Failed as single drug; 
Phase III as drug 

combination 

PARP 
inhibitors 

Olaparib (AZD2281) 
(AstraZeneca) 

Oral Poly (ADP-
ribose) polymerase-1,-

2 inhibitor 
FDA Approved 

Rucaparib (CO-338) (Clovis 
Oncology) 

Oral Poly (ADP-
ribose) polymerase-1,-

2 inhibitor 
FDA Approved 

Niraparib (MK-4827) (Merck) 
Oral Poly (ADP-

ribose) polymerase-1,-
2 inhibitor 

FDA Approved 

MEK 
inhibitors 

Selumetinib (AZD6244) 
(AstraZeneca) 

Oral inhibitor of 
MEK-1,-2 

Phase II as single 
drug; Phase I as drug 

combination 

Binimetinib (MEK162) 
(Novartis) 

Oral inhibitor of 
MEK-1,-2 

Failed as single drug; 
Phase I as drug 

combination 

Cytotoxic 
agents  

 
Etirinotecan pegol 

(NKTR-102) 
(Nektar) 

Inhibits 
Topoisomerase I (IV) 

Phase II as single 
drug 

 

Paclitaxel poliglumex 
(CT2103) 

(CTI BioPharma) 
Mitotic inhibitor (IV) FDA approved 

Lurbinectedin (PM1183) 
(PharmaMar) 

Marine-derived DNA 
minor groove binder 

(IV) 
FDA approved 

Therapeutic 
vaccines 

 Catumaxomab 
(Trion Pharma) 

Trifunctional antibody 
binds EpCAM, CD3, 

and Fc receptor 

FDA approved, but 
commercially failed 
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Table 1.3 Current application of CX-5461 

 
 
  Tumour types Treatments Models Mechanisms

B-cell lymphoma CX-5461 only [179] Cell lines, xenografts and 

mouse models

p53-dependent apoptosis 

via nucleolar stress

CX-5461+Everoulimus [188] Cell lines and xenografts Independent pathways of 

each drug

B-cell lymphoma (p53-null) 

[189]

CX-5461 only Cell lines and xenografts p53-independent cell cycle 

arrest via DNA damage 

checkpoint

CX-5461+CHK1/2i Cell lines and xenografts p53-independent cell death

Acute lymphoblastic 

leukemia 

CX-5461 only [182] Cell lines p53-independent cell cycle 

arrest via DNA damage 

checkpoint

CX-5461+ATM/ATRi [181] Cell lines p53-independent apoptosis

CX-5461+CHK1/2i [181] Cell lines p53-independent apoptosis

Acute myeloid leukemia 

[186]

CX-5461 only Cell lines, xenografts and 

PDX

p53-dependent apoptosis 

and -independent cell cycle 

arrest

Multiple myeloma [185] CX-5461 only Cell lines p53-independent apoptosis 

via c-MYC suppression

Osteosarcoma[187] CX-5461 only or CX-

5461+doxorubicin

Cell lines and xenografts p53-dependent autophagy-

mediated cell death

Pancreatic cancer [176] CX-5461 only Cell lines, xenografts p53-independent 

autophagy

Melanoma [176] CX-5461 only Cell lines, xenografts p53-independent 

autophagy

Prostate cancer[184] CX-5461+ PIM kinase 

inhibitor

Cell lines, mouse model and 

PDXs

p53-independent cell cycle 

arrest

Multiple types with 

BRCA1/2 deficiency [183]

CX-5461 only Cell lines, xenografts and 

PDXs

p53-independent cell death

Epithelial ovarian cancer 

[190]

CX-5461 only Cell lines and PDXs p53-independent cell cycle 

arrest

Advanced haematological 

malignancies

CX-5461 only Ongoing clinical trial N/A

Breast cancer CX-5461 only Ongoing clinical trial N/A

Table 1.2 Current application of CX-5461



 43 

Table 1.4 Predominant DNA damage repair pathways  

 
 

DDR mechanism Type of damage Source of 
damage 

Damage 
sensors 

Signal 
transducers 

Damage repair 
effectors 

Cell cycle 
dependency 

Mismatch repair 
(MMR) 

DNA mismatches 
and 

insertion/deletion 
loops 

DNA replication 
MSH2, MSH3, 
MSH6, MLH1, 

PMS2 
 EXO1, POLD, 

LIG1 G1/S 

Base excision 
repair 
(BER) 

Abnormal DNA 
bases 

Alkylating 
agents, etc 

DNA 
glycosylase, 

APE1 
 As for SSBR G1/S 

Single-strand 
break repair 

(SSBR) 

Single-strand DNA 
breaks 

IR, ROS, TOP I 
inhibitors, H2O2, 
alkylating agents, 

etc 

PARP  
XRCC1, PNKP, 

POLβ, FEN1, 
TDP1, Aprataxin, 

LIG1, LIG3A 

G1/S 

Nucleotide 
excision 

repair (NER) 

Lesions that disrupt 
the DNA 

double-helix 

Alkylating 
agents, X-linkers, 

bulky base 
adducts and UV 
photo-products 

RNA 
polymerase, 
XPC, DDB2, 

CSA 

XPA, XPF, RPA 

XPG 
ERCC1 
POLE 

POLD1 
LIG1, LIG3 

G1/S 

Interstrand 
cross-link (ICL) 

repair 
ICLs X-linking 

agents 

FA core 
complex 

(FANCA, B, 
C, E, F, G, 
L and M) 

BRCA2, FAND2, 
BRIP1, PALB2], 
RAD51C, SLX4 

Shared with 
HR, TLS, 
and NER 

S 

Translesion 
synthesis (TLS) 

Base damage 
blocking 

replication- 
fork progression 

UV, 
alkylating 

Agents, ICL, etc 
PCNA RAD6, RAD18 REV1, POLH 

POLI, POLK S 

Non-homologous 
end- 

joining (NHEJ) 

Double-strand DNA 
breaks ( 
DSBs) 

IR, TOP2 
Inhibitors, V(D)J Ku70/Ku80 DNA-PK 

XRCC4, XLF, 
LIG4, APLF, 

Artemis 
PAXX, WRN 

G1/S/G2 

Homologous 
recombination 

(HR) 
DSBs 

Stalled replication 
forks, ICLs, sites 

of meiotic 
recombination, 

TOP I inhibitors 

MRN 

ATM, ATR, 
MK2, CtIP, 

BRCA1/BARD1, 
BRCA2, PALB2, 

RPA 

RAD51, 
MUS81/EME, 
SLX1/SLX4, 

RTEL1, BLM, 
TOP3, POLQ, 

PARI, RECQL5, 
FANCJ, BLM 

S/G2 

ATM-mediated 
DDR 

signalling 
DSBs  MRN 

ATM, CHK2, 
MDC1, 53BP1, 
MCPH1/BRIT1, 

RNF8, 
RNF168/RIDDLIN 

and BRCA1 

 S/G2 

ATR-mediated 
DDR 

signalling 

ssDNA, resected 
DSBs 

 
ATRIP, RPA, 
RAD9-RAD1-

HUS1 

ATR, CHK1, 
Claspin, 

MCPH1/BRIT1 
and BRCA1, CtIP 

 S/G2 

 



 44 

Figure 1.1 The initiation and regulation of Pol I transcription 

 
A. A brief diagram of the mechanism for Pol I transcription initiation. B. A 

summary of the key positive and negative regulators of Pol I transcription and 

their regulatory targets.     
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Figure 1.2 p53-dependent and -independent mechanisms of CX-5461 

 
A schematic diagram of the p53-dependent and -independent anti-tumoural 

mechanisms of CX-5461. The p53-dependent mechanism involves the release of 

ribosomal proteins (RP), particularly RPL5 and RPL11, from the nucleolus, and 

their binding to MDM2, a p53 E3 ubiquitin ligase, leads to the accumulation of 

p53, thus causing apoptosis and cell cycle arrest. On the other hand, the p53-

independent mechanism induces cell cycle arrest via ATM/ATR pathways, with 

the exact triggers remaining unknown.  

 
 

*Figure 1.2 is a direct re-use of Figure 3 with no modification from Yan, S.; Frank, 

D.; Son, J.; Hannan, K.M.; Hannan, R.D.; Chan, K.T.; Pearson, R.B.; Sanij, E. 

The Potential of Targeting Ribosome Biogenesis in High-Grade Serous Ovarian 

Cancer. Int. J. Mol. Sci. 2017, 18, 210. (https://www.mdpi.com/1422-

0067/18/1/210) 

 

The figure is reprinted under the Creative Commons Attribution License (CC BY 

4.0) (http://creativecommons.org/licenses/by/4.0/). Copyright MDPI 2017. 
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Figure 1.3 Summary of the DNA damage repair mechanisms 

 
A schematic summary of the currently known DNA damage repair mechanisms 

including the base excision repair (BER), mismatch repair (MMR), nucleotide 

excision repair (NER), non-homologous end joining (NHEJ), homologous 

recombination (HR) and inter-strand crosslink (ICL) repair. Although the sensors 

of different types of DNA damage are normally different from each other, there 

is  significant overlap during the repair process, especially in ICL repair.  

 
 
 
*Figure 1.3 is a direct re-use of Figure 2, 3, 4b and 5 with no modification from 

Curtin NJ, DNA repair dysregulation from cancer driver to therapeutic target. 

Nature Reviews Cancer. 2012, 12:801. 

(https://www.nature.com/articles/nrc3399#article-info).  

 

These figures are reprinted by permission from Springer Nature: Nature 

Reviews Cancer, DNA repair dysregulation from cancer driver to therapeutic 

target, Nicola J Curtin, Copyright Springer Nature 2012. Journal’s homepage: 

https://www.nature.com/nrc/. See detailed license agreement in Appendix II.   
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Figure 1.4 ATM- and ATR-mediated DDR and cell cycle checkpoint 

 
A schematic diagram of the ATM/ATR-mediated DDR signalling cascade to the 

cell cycle checkpoint (adopted from Nicola C. 2012). ATM mainly responds to 

DSBs while ATR reacts to a variety of DNA damage lesions whenever the RPA-

ssDNA complex is formed. There is significant crosstalk among the ATM-CHK2 

and ATR-CHK1 cascades, which facilitate the amplification of DDR signalling 

but also pose a challenge to dissect the pathways in mechanistic studies.  

 
 
 
*Figure 1.4 is adapted from Figure 6 with modifications from Curtin NJ, DNA 

repair dysregulation from cancer driver to therapeutic target. Nature Reviews 

Cancer. 2012, 12:801. (https://www.nature.com/articles/nrc3399#article-info).  

 

Specifically, additional pathway components (p21 and KAP1), cross-talks 

between CHK1/CHK2 and CDC25A/C, and DNA lesions (the negative 

supercoiling) were added to the figure to better represent the updated 

understanding of the pathways since Curtin’s review was published 7 years ago 

in 2012. 

 

The figure is reprinted by permission from Springer Nature: Nature Reviews 

Cancer, DNA repair dysregulation from cancer driver to therapeutic target, Nicola 

J Curtin, Copyright Springer Nature 2012. Journal’s homepage: 

https://www.nature.com/nrc/. See detailed license agreement in Appendix II.   
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2.1.  Cell lines and cell culture 

 

OVCAR3, OVCAR4, CAOV3 and SKOV-3 cell lines were obtained from the 

National Cancer Institute. All cell lines were short tandem repeat (STR) 

characterised against ATCC or ExPASy database to ensure the authenticity of the 

origin. Mycoplasma tests were performed routinely by PCR to prevent 

contamination. All cells were cultured in RPMI-1640 media (Gibco) 

supplemented with 10% Fetal Bovine Serum (FBS, Sigma) and 2mM GlutaMax 

(Gibco) at 37°C and 5% CO2.  

 

2.2. Cell line authentication and mycoplasma testing 

 
The cell line authentication was performed using the short tandem repeat (STR) 

profiling analysis service provided by the Victorian Centre of Functional 

Genomics (VCFG) or Australia Genome Research Facility (AGRF). The 

mycoplasma test was performed using the polymerase chain reaction (PCR) 

method. Briefly, the cell line genomic DNA was purified using the 

NucleoSpin Tissue DNA purification kit (Macherey-Nagel). The PCR was 

performed using the following conditions: 

 

Primer sequences: 

 

Myco = 520 bp 

Forward – YGCCTGVGTAGTAYRYWCGC 

Reverse – GCGGTGTGTACAARMCCCGA 

  * YR are redundant base pairs, ie ‘wild cards’ for all myco species 

 

Cytochrome b + control band = 375 bp 
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Forward – CCATCCAACATCTCAGCATGATGAAA 

Reverse – GCCCCTCAGAATGATATTTGTCCTCA 

 

PCR reaction 

 

Stock buffers Final 

concentrations 

1 x 25 µL 

5x buffer (-)MgCl2 1x 5 µL 

25 mM MgCl2 2.5 mM 2.5 µL 

10 mM dNTPs 0.4 mM each 1 µL 

5u/µL Promega Go Taq 

DNA polymerase 

1.25 u 0.25 µL 

10 µM myco For * 1.25 µM 3 µL 

10 µM myco Rev * 0.3 µM 0.75 µL 

10 µM cytB For * 0.6 µM 1.5 µL 

10 µM cytB Rev * 0.6 µM 1.5 µL 

Sample in K buffer  2 µL 

MQ H2O  7.5 µL 

 

PCR Thermocycling Protocol: 
 
1)  94 °C  3’ 00” } x1 
 
2)  94 °C  1’ 00” } 
 50 °C   1’ 00” } x35 
 72 °C   1’ 00” }  
 
3)  72 °C   10’00”} x1 
 
4)  10 °C  ∞ 
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Electrophoresis of the PCR product was run using a 2% agarose gel. All cells 

should have a 375bp cytochrome b band, but mycoplasma-contaminated cells 

would have an extra 520bp band.  
 

2.3. Pharmacological inhibitors 

 

CX-5461 was provided by Cylene Pharmaceuticals and Senhwa Biosciences (San 

Diego, CA, USA) and was dissolved in 50 mM NaH2PO4. Topotecan (trade name 

Hycamtin) was purchased from Novartis and was dissolved in 0.9% saline. Q-

VD-OPh (pan-caspase inhibitor) was purchased from APExBIO and was 

dissolved in DMSO. Streptonigrin, B02 and Spironolactone were purchased from 

Sigma-Aldrich and was dissolved in DMSO. Pentoxifylline was purchased from 

Sigma-Aldrich and was dissolved in water. AT13387 (Onalespib), 17-AAG 

(Tanespimycin), KU-55933 (ATM inhibitor), VE-821 (ATR inhibitor) and 

ActinomycinD were purchased from Selleckchem and was dissolved in DMSO. 

Doxorubicin and cisplatin solution were purchased from Hospira and diluted in 

1xPBS. TMPyP4 (G4-DNA stabiliser) was purchased from Santa Cruz 

Biotechnology and was dissolved in water. 

 

2.4. High-throughput RNAi screen and analysis 

 

The RNAi screen and analysis protocol were established and performed with the 

help of the Victorian Centre of Functional Genomics (VCFG). Briefly, on a 

typical day of primary screen, 160µl Dharmafect (DF) 4 (Horizon Discovery) was 

mixed with 50ml Opti-MEM (Gibco), and 44µl lipid:Opti-MEM mixture was then 

aliquoted to 384-well plates containing 6µl 1µM SMARTpool siRNA duplexes 

(Horizon Discovery) using BioTek EL406 washer dispenser. The transfection 

mixture was mixed and complexed for 20 minutes, and 12.5µl mixture was then 
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aliquoted into other three plates (4 replicates in total) using Caliper ALH3000 

liquid handling platform. During this period, OVCAR4 cells were trypsinised and 

diluted to 5.6x104 cells/ml. 25µl OVCAR4 cells (1400 cells) were then dispensed 

into 384-well plates using the EL406, with the final concentration of the 

SMARTpool siRNA at 40nM. Plates were pulse-spun and were then incubated at 

37°C and 5% CO2. 24 hours later, the transfection media was replaced with 50ul 

RPMI-1640 media (10% FBS + 2mM GlutaMAX) containing either 80nM CX-

5461 or 400nM NaH2PO4. Cells were further incubated for 48hrs and were then 

fixed with 2% PFA in 1xPBS for 10min, followed by permeabilization in 0.3% 

TritonX-100 in 1xPBS (PBST) for 10min. Cells were washed with 1xPBS once 

and were next stained with 100ng/ml DAPI (Gibco) for 20min. Cells were washed 

with 1xPBS twice and then sent for imaging analysis using ArrayScan VTI high-

content system (Thermo Fisher Scientific). For the secondary screen, the 1µM 

SMARTpool siRNAs were replaced by 0.45µM individual siRNA duplexes, with 

all the other conditions remaining the same.  

 

2.5. BRCA2 and TOP1 knockdown using siRNA 

 

Knockdown of BRCA2 and TOP1 was performed using similar conditions to the 

screen. Briefly, 6.36µl Dharmafect 4 was mixed with 1993.64µl Opti-MEM. 

660µl lipid: Opti-MEM MEM mixture was then mixed with 90µl 1µM OTP-NT, 

siTOP1 or siBRCA2 SMARTpool siRNAs to reach a final concentration of 40nM. 

The transfection mixture was mixed and complexed for 20 minutes, and 125µl 

mixture was then aliquoted into 8-well chamber slides (Nunc Lab-Tek II). 14,000 

OVCAR4 cells in 250µl RPMI-1640 media were then added on top of the mixture 

and was incubated for 24hrs before a media change to standard RPMI-1640 media. 

Cells were cultured for another 48 hours before drug treatment and 

immunofluorescent staining. 
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2.6. Generation of inducible BRCA2 knockdown OVCAR4 cell lines 

 
24h before transfection 

Plate T75 flask (Greiner) with 5x106 HEK293T cells in 10mL HEK293T media 

(DMEM+10%FBS+2mM GlutaMax). 

 

Transfection 

Change media with 10 mL fresh HEK293T media. 
 

Mix the following in serum-free DMEM: 

VSVG    2.25 µg (1 µg/µl stock) 

RSV-REV    2.25 µg (1 µg/µl stock) 

pMDLg/pRRE   2.25 µg (1 µg/µl stock) 

pLKO-TetON-shBRCA2  6.75 µg 

Polyethylenimine (PEI)  67.5 µl (1 µg/µl stock) 

DMEM    up to 500 µl 

 

Vortex, incubate for 30-45 min at RT. Add to HEK293T cells, swirl well to 

distribute.  

 

pLKO-TetON-shBRCA2 plasmid was kindly provided by Prof. Madalena 

Tarsounas [392]; the lentivirus packaging plasmids VSVG, RSV-REV and 

pMDLg/pRRE were purchased from Addgene; PEI was from Sigma Aldrich and 

DMEM media is from Gibco. 

 

24 hours post-transfection 

Change media with 8mL fresh HEK293T media 
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Plate 5x105 OVCAR4 cells in T75 flask for transduction.  

 

Transduction 

AM (8:00-9:00): Harvest 1st batch virus. Filter viral supernatant through sterile 

0.45-µm filter (Millipore) into tube. Add 8 µg/ml polybrene (Sigma Aldrich). 

Replace 8mL media on HEK293T cells. Aspirate media from OVCAR4 cells. 

Add virus + polybrene to the cells. Incubate for 8 hours. 

 

PM (4:00-5:00): Harvest 2nd batch virus. Filter viral supernatant through 

sterile 0.45-µm filter into tube. Add 8µg/ml polybrene. Add virus + polybrene to 

the cells.  

 

24 hours post-transduction 

Change to the routine cell culture media. Culture the cells from another 72 hours 

in the presence of 1µg/ml puromycin (Sigma Aldrich) to select the successfully 

transfected cells. Add 0.2µg/ml doxycycline (Sigma Aldrich) to induce the 

BRCA2 knockdown.  

 

2.7. RT-qPCR for BRCA2 knockdown efficiency, SASP and Pol I 

transcription inhibition 

 

2.7.1 RNA extraction 

 

RNeasy Mini Kit (QIAGEN) was used for RNA extraction and purification. All 

steps were conducted according to the manufacture’s protocol. Briefly, cells were 

washed with cold 1xPBS and was then lysed with 350µl Buffer RLT. 500ul 70% 

ethanol was then added to the lysate, and the mixture was transferred to RNeasy 

Mini spin columns. The flow-through was discarded after centrifugation, and the 
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columns were further washed with Buffer RW1 and Buffer RPE. The purified 

RNA was then eluted in RNase-free water and was quantified using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific). 

 

2.7.2 Reverse transcription and complementary DNA (cDNA) 

synthesis 

 

100ng RNA sample in 14.7µl RNase-free water was mixed with 4µl 5x First-

strand buffer (Invitrogen), 0.2µl RNase Inhibitor (Invitrogen), 0.1µl 0.1M 

Dithiothreitol (DTT) and 1µl DNase (Promega). The mixture was incubated at 

37°C for 15 minutes and then at 65°C for another 15 minutes for DNase heat 

inactivation. The DNase treated sample was then mixed with 1.3µl Random 

hexamers (Invitrogen), 3µl 10mM dNTP and 8.7µl RNase-free water. The 

mixture was incubated at 65°C for 5 minutes and on ice for 1 minute. 4µl 5x First-

strand buffer, 1µl 0.1M DTT, 1µl RNase Inhibitor and 1µl SuperScript III Reverse 

Transcriptase (Invitrogen) were then added into the mixture. The cocktail was 

incubated at 25°C for 5 minutes, followed by 50°C for 60 minutes and 70°C for 

15 minutes. 

 

2.7.3 Quantitative Real-time Polymerase Chain Reaction (qPCR) 

 

The synthesised cDNA from 2.7.2. was diluted 50 times in RNase-free water, and 

4µl diluted cDNA sample was mixed with 5µl 2x Fast SYBRGreen Master Mix 

(Thermofisher) and 1µM specific primers (forward and reverse). The qPCR 

mixture was plated in triplicate in MicroAmp Optical 96-well reaction plates 

(Applied Biosystem). The plates were sealed and spun at 2000rpm for 5min at 

4°C. the RT-qPCR reaction was performed by the StepOne Plus Real-Time PCR 
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system (Applied Biosystems) using relative quantification and a 0.7°C melt-curve 

increment. Primers used are listed in Table 2.2. RNase-free water was used as 

negative control, while NONO was used as internal control. 

 

2.8. Protein extraction and quantification for western blots 

 

Protein was extracted from exponentially growing cells following indicated 

treatments. Cells were washed with 1xPBS twice and were then lysed with 

western solubilization buffer (see Table 2.3 for formulas). The lysate was heated 

at 95°C for 5 minutes, sheared 3 times with a 26-gauge needle and centrifuged at 

13000rpm for 1 minutes to remove insoluble precipitate. The detergent-

compatible protein assay (500-0112, Bio-Rad) was used to determine the protein 

concentration using a Benchmark Microplate reader (170-6850, Bio-Rad) and 

bovine serum albumin (BSA) (B9000S, New England Biolabs) as the standard. 

 

2.9. Western blots for DDR components 

 

Equal amounts (~20µg) of protein were prepared in 6x sample loading buffer and 

separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in western 

running buffer (Table 2.3) using the mini-Protean Tetra Cell system (Bio-Rad) 

with either 12% or 5% SDS-PAGE resolving gel (Table 2.3) depending on the 

molecular weight (mw) of target proteins (5% for protein with mw>100kD, and 

12% for mw<100kD). PageRuler Plus MW ladder (26629 Thermo Fisher) and Hi-

Mark MW ladder (LC5699 Thermo Fisher) were used to indicate the protein 

molecular size. Protein was wet transferred to Immobilon-P polyvinylidene 

fluoride (PVDF) membranes (IPVH00010 Millipore) in wet transfer buffer at 4°C 

(5% gels: 180min at 70V in 5% MeOH transfer buffer; 12% gels: 60min at 250mA 

in 15% MeOH transfer buffer). PVDF membranes were blocked 5% skim milk 
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(w/v) (Diploma) + TBST (prepared fresh) for 45 minutes and were washed 3x 5 

min in TBST to remove milk. Membranes were then incubated with primary 

antibodies diluted in 5% BSA + TBST + 0.02% sodium azide at 4°C overnight on 

the roller (except anti-tubulin antibody, which was diluted in 5% skim milk (w/v) 

+TBST). Membranes were washed 3x10 min in TBST and incubated with horse-

radish-peroxidase (HRP)-conjugated secondary antibodies in 5% skim milk (w/v) 

+ TBST for 2 hours at room temperature on a roller. Membranes were further 

washed in 3x10 min in TBST to remove residual antibodies and developed with 

Amersham ECL Western Blotting Detection Reagent (GE Lifescience). 

Membranes were exposed to X-ray films (Fujifilm SuperRX). Tubulin served as 

a loading control.  

 

2.10.  IF staining for RAD51 foci, G4-DNA stabilisation, TOP1 expression 

and R-loop formation 

 

5,000 OVCAR4 cells were seeded into 8-well Nunc™ Lab-Tek™ II Chamber 

Slides™ (Catalog# 154534) per well. Cells were cultured for 72 hours, followed 

by drug treatments for 3 hours at indicated doses together with 10µM 5-ethynyl-

2'-deoxyuridine (EdU). Cells were then processed for immunofluorescence 

staining as follows.  

 
For R-loop (DNA:RNA hybrids, S9.6), pRPA32 S4/S8, pRPA2 S33 and 

pATR T1989: 

1) Wash slides 2x in ice cold PBS  

2) Fix in 4 % PFA for 10min at RT 

3) Wash 2x in cold PBS 

4) Permeabilisation: ice-cold methanol for 10 min and ice-cold acetone for 1 

min on ice 
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5) Wash 3x 5min with PBS on rocker 

6) Block in 1x PBS + 5% Goat (or chicken) serum + 0.3% Triton X-100 for 

30mins at RT in humid chamber 

7) Incubate slides with primary antibodies diluted in 1x PBS + 1% BSA + 0.3% 

Triton X-100 for 1hr at 37⁰C in humid chamber (add 100µl of antibody mix & 

cover with a coverslip) 

8) Wash 3x 5min in PBS on rocker 

9) Incubate slides with DAPI and fluorochrome-conjugated secondary 

antibodies diluted at 1:600 in 1x PBS + 1% BSA + 0.3% Triton X-100 for 1hr at 

37⁰C in humidified chamber protected from light (add 100µl of antibody mix & 

cover with a coverslip) 

10) Wash 3x 5min in PBS on rocker (Protect from light) 

11) Incubate with EdU staining buffer for 30min 

12) Wash 3x 5min in PBS on rocker 

13) Mount with Vectashield Mounting Media (VectorLabs) and seal slides with 

a coverslip and nail polish 

 

For all other antibodies: 

1) Wash slides 2x in ice cold PBS  

2) Fix in 4 % PFA for 10min at RT 

3) Wash 2x in cold PBS 

4) Permeabilise with 0.3% Triton X-100 in PBS for 10mins at RT 

5) Block in 1x PBS + 5% Goat (or chicken) serum + 0.3% Triton X-100 for 

30mins at RT 

6) Incubate slides with primary antibodies diluted in 1x PBS + 1% BSA + 0.3% 

Triton X-100 for 1hr at 37⁰C in humid chamber (1:100 RAD51 and 1:100 

gammaH2AX antibodies) 

7) Wash 3x 5min in PBS on rocker 
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8) Incubate slides with DAPI and fluorochrome-conjugated secondary 

antibodies (Mouse-488/Rabbit-594) diluted 1:500 in 1x PBS + 1% BSA + 0.3% 

Triton X-100 for 1hr at 37⁰C in humid chamber (Protect from light) 

9) Wash 3x 5min in PBS on rocker 

10) Incubate with EdU staining buffer for 30min 

11) Wash 3x 5min in PBS on rocker 

12) Mount with Vectashield Mounting Media (Vectorlabs) and seal slides with 

a coverslip and nail polish 

 

2.11. Image acquisition and analysis 

 

The screen images were captured using an Arrayscan VTI high content system 

(Thermofisher) and analysed with Cellomics software (Thermofisher). High-

resolution images were captured by a Zeiss ELYRA PS.1 confocal microscope 

and were analysed with ImageJ (FIJI) [393] and CellProfiler [394].  

 

2.12.  Cell death and cell cycle analysis (FACS) 

 

For flow cytometry analysis of cell death and cell cycle, cells were labelled with 

10µM BrdU for 30min, and the supernatants were collected into a 50ml tube. 

Cells were rinsed with 1xPBS once (the wash was collected as well), and 

trypsinised with 0.25% Trypsin-EDTA. The trypsin was neutralised by 1ml cell 

growth media, and all the liquid and cells were collected into the 50ml tubes. Cells 

were rinsed with cold 1xPBS once, and were then suspended in 1ml cold 1xPBS. 

5mL ice-cold 80% ethanol was drop-wisely added into the tubes while 

maintaining a gentle vortex, and the mixture was incubated on ice overnight. The 

fixed cells were spun down, and were resuspended in 1ml of 2N HCl/0.5% Triton 

X-100 (v/v) for 30min. The fixed cells were spun down again, and were 
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resuspended in 1ml 0.1M Na2B4O7.10H2O (pH 8.5) to neutralise the acid. The 

cells were then collected and resuspended in 100μl anti-BrdU (Becton Dickinson 

Cat. #347580) (0.5μg/ml) in dilution buffer (PBS + 2% fetal bovine serum) + 0.5% 

Tween-20 for 30min at room temperature, washed with dilution buffer, collected 

and resuspended in 100μl in Alexa Fluor 488 donkey anti-mouse IgG (Invitrogen 

Cat. #A21202) (5μg/ml) in dilution buffer + 0.5% Tween-20 for 30min on ice, 

then washed with dilution buffer. Cells were resuspended in 10 μg/ml propidium 

iodide (PI) in dilution buffer at approximately 2x106 cells/ml, transferred into 5ml 

polystyrene tubes through a cell-strainer cap, then analysed by flow cytometry on 

a BD FACS Canto II. Quantitation of cell cycle population was performed using 

FlowJo analysis software (Figure 2.1 and 2.2). 

 

2.13.  Drug dose response curves, cell proliferation assay and checkerboard 

assay 

 

Drug dose response curves, cell proliferation and checkerboard assays were 

conducted in a similar way as the screen. Briefly, cells were seeded into 96-well 

plates with cell number adjusted to the treatment time to reach ~90% confluence 

at the endpoint. 24 hours later, cells were drugged according to the schedule and 

incubated in a humidified chamber until the endpoints. For ovarian cancer cells, 

cells were fixed, permeabilised and stained as in the screen, and were counted 

using an ArrayScan VTI high-content system. For B-lineage acute lymphoblastic 

leukaemia cells, the cell viability was quantified using CellTiter-Glo (Promega). 

The drug dose response curves were generated in Prism7 (GraphPad) using 

ordinary nonlinear regression fit. The 50% inhibition of cell growth (GI50) and 

total growth inhibition (TGI) dosages were obtained by curve interpolation. 
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2.14. Clonogenic assay 

 
The clonogenic assay is a cell biology technique for studying the effectiveness of 

specific treatments on the survival and proliferation of cells. Briefly, on day 0, 

10,000 OVCAR4 cells per well were seeded into 6-well plates (BD Falcon). Cells 

were cultured for 24 hours, then drugged as indicated. 48 hours after drug 

treatment, the drugs were removed by washing twice with 1xPBS. Cells were then 

cultured in normal media for another 5 days until the vehicle cells reached 

confluency. Cell were then fixed with 100% methanol for 10mins, stained with 

0.1% crystal violet solution for at least 20 mins and washed with 1xPBS 

thoroughly. The stained plates were thoroughly dried and analysed. 

 

2.15. DNA comet assay 

 

DNA comet assays were performed using the CometAssay Reagent Kit (4250-

050-K Trevigen). All steps were conducted according to the manufacturer’s 

protocol. Briefly, cells treated with indicated pharmacological inhibitors were 

trypsinised and washed once with ice cold PBS, and then resuspended in ice cold 

PBS at 1x105 cells per ml. Cells were mixed with molten LMAgarose at 37°C at 

a ratio of 1:10 and 50µl of the mixture was immediately pipetted onto a 

CometSlide. The slides were left in the dark at 4°C for 30 minutes to solidify the 

agarose and was then immersed in 4°C Lysis Solution overnight. On the next day, 

the slides were immersed in freshly prepared Alkaline Unwinding Solution for 1 

hours at 4°C in the dark, and electrophorized in 4°C Alkaline Electrophoresis 

Solution at 21V, 300mA for 40 minutes. The slides were washed with ddH2O 

twice, followed by 70% ethanol for 5 minutes. Slides were dried at 37°C for 15 

minutes, and then stained with 2.5µg PI in PBS for 30 minutes at room 

temperature. Slides were rinsed in ddH2O twice and completely dried at 37°C. 
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The comet images were captured using VS120 Virtual Slide Microscope 

(Olympus) and analysed with OpenComet (a plugin of ImageJ) [395]. 
 

2.16. Establishment and drug treatment of in vivo xenograft model 

 

All animal studies were conducted according to the protocols approved by the 

Animal Ethics Committee at the Peter MacCallum Cancer Centre (Ethics number 

E557). Animals were housed in the animal facilities at the Peter MacCallum 

Cancer Centre.  

 

2.16.1 Subcutaneous engraftment of mice with OVCAR3 cells 

 

OVCAR3 cells for subcutaneous engraftment were obtained from Dr George Au-

Yeung and expanded to 5x108 cells (~75 T175 flasks). One the day of 

transplantation, all cells were harvested from the flasks and 3.8x108 cells were 

reconstituted in 3.125ml of PBS and mixed with 3.438ml of Matrigel (Corning) 

on ice. Meanwhile, 50 female NOD scid gamma (NSG) immunodeficient mice at 

6-8-weeks old (purchased from the Garvan institute) were anaesthetised by 

isoflurane and 100µl ice cold PBS:Matrigel mixture with 6x106 OVCAR3 cells 

was subcutaneous injected into the right flank using a pre-cooled 0.3 ml insulin 

syringe. Mice were observed until their recovery from the anaesthetic. 

 

2.16.2 Assessment of OVCAR3 cell engraftment 

 

Tumour bearing mice were weighed and measured twice weekly (spread evenly 

throughout the week) when all tumours appeared to be measurable 

(approximately > 4mm x 4mm). All measurements were recorded using electronic 

calipers. Once tumours reached an average volume of 100 mm3, mice were 
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randomised into 4 groups of 10 mice, and that day was defined as day 1. CX-5461 

(3 mg/ml) and its vehicle, 25mM NaH2PO4, were dosed at 0.1ml /10g mouse 

weight via oral gavage twice weekly (Mon/Thurs or Tues/Fri) while Topotecan 

(0.5 mg/ml for the first experiment and 0.25 mg/ml for the second one) and its 

vehicle (Saline) were dosed at 0.1ml/10g mouse weight via intraperitoneal (i.p.) 

injection twice weekly (Mon/Thurs or Tues/Fri). Mice were dosed for four 

consecutive weeks for a total of 8 doses. The mice body weight and tumour 

volumes were closely monitored during and after the treatment period. 

 

2.16.3 Sacrifice of the engrafted mice 

 

Mice were sacrificed using cervical dislocation when they demonstrated disease 

burden compatible with the ethical end-point of the experiment (tumour volume > 

1200 mm3 weight loss ≥ 20%, or other signs of illness or distress. 

 

2.17. Statistical analysis and the quantification of synergistic effects 

 

Prism 7 (GraphPad) was used for all the statistical analyses as indicated, including 

dose response curves, student’s t-tests, Wilcoxon rank-sum tests (nonparametric 

test), ordinary one-way ANOVA, Kruskal-Wallis tests (nonparametric one-way 

ANOVA) and Mantel-Cox tests (survival curve). The synergistic effects were 

quantified using either Combenefit (software based on the Bliss independence) or 

CalcuSyn (Biosoft, a software based on the combination index theorem of Chou-

Talalay) [396, 397]. 
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Table 2.1 Antibodies and staining reagents 

 

Antibody Company Catalogue No. Application (dilution) 

pCHK1 (S345) (133D3) Cell Signalling 2348 WB (1:1000) 

pCHK2 (T68) (C13C1) Cell Signalling 2197 WB (1:1000) 

pATM (S1981) [EP1890Y] Abcam ab81292 WB (1:2000) 

pATR (T1989) GeneTex GTX128145 WB (1:2000), IF (1:100) 

pKAP1 (S824) Abcam Ab133440 WB (1:1000), IF (1:100) 

gH2AX (S139) Merck Millipore 05-636-I WB (1:1000), IF (1:100) 

gH2AX (S139)  Abcam ab81299 WB (1:2000) 

H2AX  Abcam ab20669 WB (1:1000) 

pRPA32 (S4/S8) Bethyl A300-245A WB (1:1000), IF (1:100) 

pRPA2 (S33) Novus NB100-544 WB (1:2000), IF (1:200) 

RAD51 Abcam ab63801 IF (1:100) 

DNA G-quadruplex (G4) (1H6) Merck Millipore MABE1126 IF (1:100) 

DNA-RNA Hybrid (S9.6) Kerafast ENH001 IF (1:100) 

TOP1 Abcam ab3825 IF (1:100) 

UBF (F-9) Santa Cruz sc-13125 IF (1:100) 

UBF (WT1F) In-house   IF (1:400) 
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Goat-anti-Mouse HRP Bio-Rad 172-1011 WB (1:10000) 

Goat-anti-Rabbit HRP Bio-Rad 170-6515 WB (1:5000) 

Goat-anti-Mouse Alexa Fluor 488 Thermo Fisher A-11001 IF (1:500) 

Goat-anti-Rabbit Alexa Fluor 594 Thermo Fisher A-11012 IF (1:500) 

DAPI Thermo Fisher D1306 IF (1:2000) 

Click-iT™ EdU Alexa Fluor™ 647 
Imaging Kit Thermo Fisher C10340 IF (1:1000) 

BrdU (B44) BD Biosciences 347580 FACS 

Sheep-anti-Mouse IgG FITC MP Biomedicals 0855520 FACS 

Propidium Iodide (PI) Sigma Aldrich P4170 FACS 
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Table 2.2 Oligo-primers for RT-qPCR 

 
Gene Species Direction Sequence 

47S pre-rRNA 
5’ External 
Transcribed 
Sequence 
(5’ETS) 

Human Forward GGC GGT TTG AGT GAG ACG AGA 

    Reverse ACG TGC GCT CAC CGA GAG CAG  

47S pre-rRNA 
5’ External 
Transcribed 
Sequence 
(ITS1-2) 

Human Forward GAAACCTTCCGACCCCTCT 

    Reverse GCCAGACGAGACAGCAAAC 

47S pre-rRNA 
5’ External 
Transcribed 
Sequence 
(ITS2-1) 

Human Forward GAG AGA GAC GGG GAG GGC GG 

    Reverse CCG AGG GAG GAA CCC GGA CC 

5S pre-rRNA 
(5S-1) 

Human Forward GTC TAC GGC CAT ACC ACC CT 

    Reverse AGC CTA CAG CAC CCG GTA TT 

NONO Human Forward CAT CAA GGA GGC TCG TGA GAA G 
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    Reverse TGG TTG TGC AGC TCT TCC ATC C 

MYC Human Forward CAG CTG CTT AGA CGC TGG ATT 

    Reverse GTA GAA ATA CGG CTG CAC CGA 

BRCA2 Human Forward GCG CGG TTT TTG TCA GCT TA 

    Reverse TGG TCC TAA ATC TGC TTT GTT GC 

IL1a Human Forward ACT GCC CAA GAT GAA GAC CA 
 

  Reverse CCG TGA GTT TCC CAG AAG AA 
 

IL6 Human Forward AGT GAG GAA CAA GCC AGA GC 

  Reverse CAT TTG TGG TTG GGT CAG G 

IL8 Human Forward GTC TGC TAG CCA GGA TCC AC  
 

   Reverse GCT TCC ACA TGT CCT CAC AA 
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CXCL1 Human Forward  AGT CAT AGC CAC ACT CAA GAA TGG 
 

   Reverse  GAT GCA GGA TTG AGG CAA G 
 

p16 Human Forward GGG GGC ACC AGA GGC AGT 
 

   Reverse GGT TGT GGC GGG GGC AGT T 
 

p21 Human Forward GGC AGA CCA GCA TGA CAG ATT 
 

   Reverse GCG GAT TAG GGC TTC CTC TT 
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Table 2.3 Buffers and reagents 

 
Reagents Formulas 

Phosphate Buffered Saline 
(1xPBS) 

137mM NaCl; 2.7mM KCl; 4.3mM Na2HPO4; 1.47mM KH2PO4; 
ddH2O; Adjust to a final pH of 7.4. 

Western sol buffer 0.5mM EDTA; 20nM HEPES; 2% (w/v) SDS; Adjust to a final pH 
of 7.9 

Tris Buffered Saline with 
Tween20 (TBST) 

50mM Tris, 150mM NaCl; 0.1% (v/v) Tween20 

6x Protein Sample Loading 
Buffer 

2% (w/v SDS), 0.4M Tris-HCL pH 6.8; 48% (v/v) Glycerol; 
58mM b-ME; 0.25% (w/v) Bromophenol Blue 

Tris-Glycine-SDS Running 
Buffer (western running buffer) 

25mM Tris; 192mM Glycine; 0.1% (w/v) SDS pH 8.7 

Tris-Glycine-Methanol 
Transfer Buffer (wet transfer 
buffer) 

25mM Tris; 192mM Glycine; 5% or 15% Methanol 

12% SDS-PAGE resolving gel 12% (v/v) Acryl/Bis (19:1) polyacrylamide, 375mM Tris-HCL pH 
8.7, 0.1% (w/v) SDS, 0.015% (w/v) ammonium persulfate (APS), 
0.015% (v/v) tetramethylethylenediamine (TEMED), ddH2O 

5% SDS-PAGE resolving gel 5% (v/v) Acryl/Bis (19:1) polyacrylamide, 375mM Tris-HCL pH 
8.7, 0.1% (w/v) SDS, 0.015% (w/v) APS, 0.015% (v/v) TEMED, 
ddH2O 

4% SDS-PAGE stacking gel 4% (v/v) Acryl/Bis (19:1) polyacrylamide, 125mM Tris-HCL pH 
6.8, 0.1% (w/v) SDS, 0.112% (w/v) APS, 0.112% (v/v) TEMED, 
ddH2O 

EdU Staining Buffer 100mM Tris, pH 8.5; 1mM CuSO4, 100mM ascorbic acid, 10µM 
Alexa Fluor 647-azide in DMSO 
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Figure 2.1 Analysis of subG1 fraction (cell death) 

 
HGSC cells (OVCAR3, OVCAR4, CAOV3) treated with pharmacological 

inhibitors were trypsinised, fixed with 90% ethanol, stained with PI and analysed 

by flow cytometry (Canto II). A-C, 100,000 single cells of the correct morphology 

containing 2N to 4N DNA content were assessed. D, SubG1cells were counted 

from the DNA content (PI) histogram. 
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Figure 2.2 Cell cycle Analysis 

 
HGSC cells (OVCAR3, OVCAR4, CAOV3) treated with pharmacological 

inhibitors were labelled with 10µM BrdU for 30min, trypsinised, fixed with 80% 

ethanol, stained with PI and analysed by flow cytometry (Canto II). A-C, 100,000 

single cells of the correct morphology containing 2N to 4N DNA content were 

assessed. D, G1 (2N), S (replicating) and G2/M (4N) phase cells were separated 

and counted using PI-BrdU plots. 
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Chapter 3.  Combining a genome-
wide RNAi screen and chemical 

compound screen to identify targets 
that can cooperate with CX-5461 
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3.1. Introduction 

 

High-throughput screening (HTS) allows researchers, with the help of automation 

platforms, to conduct large-scale chemical, genetic, or pharmacological tests to 

identify candidates that can induce certain desired biological effects. Since its 

introduction in the 1980s, it has gained increasing popularity in the biomedical 

research field, and is becoming routine in the drug discovery industry [398]. 

According to a recent survey, one-third of the recently approved drugs (or leads) 

was first identified using HTS [399].  

 

HTS was initially less frequently used in academic research compared to industry, 

mainly due to its high cost. However, the completion of the Human Genome 

Project in 2003, as well as the discovery of RNA interference (RNAi) in 1998, 

fundamentally changed the approach of biomedical research. The combination of 

genomics, RNAi/cDNA libraries and HTS (the so-called functional genomics) 

allows researchers to study the interaction or role of a particular biochemical 

process even without knowing the exact function of certain genes or drugs. In fact, 

HTS is currently an important approach to study the function of particular genes 

by identifying all the interacting components [399].  

 

HTS can be conducted in many different ways, but generally consists of three 

important steps, namely target library selection, screen method development and 

hit identification [400]. A target library is the range of candidates from where the 

potential hits will be selected, which can be antibodies, protein fragments, 

chemical compounds, RNAi (siRNA, shRNA, miRNA), cDNA or the latest 

CRISPR-Cas9 guide RNA (sgRNA) [401, 402]. It can differ in scale as well, 

which can be genome-wide or pathway-specific when using a genomic approach; 

or range from an FDA-approved drug library with just over 3,000 small molecules 

to a comprehensive lead library with millions of chemicals in a compound screen. 



 82 

The screening method is another crucial factor in HTS, which can be performed 

in a cell-free system, immortalised/primary cells, organoids, worms or animals. 

In addition, apart from the conventional arrayed screen formats, some genomics-

based screens (shRNA, cDNA or sgRNA) can also be performed in pooled 

formats if cell survival/hyperproliferation is expected, and the enriched hits can 

be identified by next-generation sequencing (NGS). Hit identification is the last 

but also the most important step in HTS. Eliminating false-positive/negative 

results is necessary to ensure the quality/reliability of the screen. As a result, a 

robust readout/reporter that can represent the desired biological effects is required 

[400]. Overall, all HTS methods have their own advantages and disadvantages. 

The most important consideration is to choose the method that can best fit the 

researcher’s requirements. Sometimes more reliable results can be drawn by 

performing multiple HTSs targeting the same biological effect via different 

approaches.  

 

3.2. Overview of HTS methods and the rationale of using siRNA and 

chemical compound screens 

 

RNAi, CRISPR-Cas9 and chemical compounds are popular choice of HTS 

methods. RNAi was first discovered in 1998 by Fire and Mello [403]. The 

combination of RNAi and the Human Genome Project has allowed researchers to 

target any gene of interest as long as the DNA sequence of the target is known. 

RNAi can be delivered in both RNA (siRNA) and DNA (shRNA) forms [404]. 

siRNAs (small interfering RNAs) are double strand RNA fragments with a typical 

size of 21-23nt. Upon being transfected into the cells by lipid or 

polyethyleneimine (PEI), the guide strands that are complementary to the target 

mRNA incorporate into the RNA-induced silencing complex (RISC), and activate 

Argonaute, the enzyme that cleaves the complementary mRNA. The passenger 
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strands are reported to be degraded upon binding of the guide strand to RISC [405]. 

However, research has shown that the passenger strands can induce RNAi and 

cause unwanted knockdown effects [406]. As a result, most commercially 

available siRNAs have chemical modifications on the passenger strands that 

reduce non-specific binding, thus alleviating off-target effects [407]. Nevertheless, 

the design of the guide strand sequence is still the key to efficient and reliable 

RNAi knockdown [408]. shRNA (short hairpin RNA) is siRNA in a DNA form. 

Different from siRNA, shRNA needs to be encoded into vectors, such as plasmid 

or virus, before being transfected or transduced into cells. Once in the cells, 

shRNA is transcribed into a single-strand stem-loop forming a Pri-shRNA. The 

Pri-shRNA is then sequentially processed (cleaved) by Drosha enzymes to form 

Pre-shRNA and later Dicer enzymes to form 21-25nt dsRNA duplexes that are 

similar to siRNA [409]. One advantage of shRNA is that, when encoded into 

lentivirus or retrovirus, it can incorporate into the genome, thus inducing stable 

knockdown and allowing researchers to study the long-term effects of inhibiting 

specific genes. 

 

The introduction of the CRISPR-Cas9 (Clustered Regularly Interspaced Short 

Palindromic Repeats and CRISPR-associated protein 9) system in 2014 provided 

a new option for functional genomic studies in the mammalian system [410]. 

Different from siRNA and shRNA that target mRNAs, CRISPR-Cas9 utilises 

sgRNA (single guide RNA) and a long RNA scaffold consisting of multiple pieces 

of pre-designed RNA sequence to target specific DNA sequences. The Cas9 

endonuclease can then cleave the genome at specific sites and induce double-

strand breaks (DSBs) [411]. DSBs can be repaired by either error-prone non-

homologous end joining (NHEJ) or error-free homology-directed repair (HDR). 

If the Cas9 cut sites are repaired via NHEJ, insertions and/or deletions will be 

introduced and disrupt the targeted locus [412]. These alterations are permanent 
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and normally can induce a thorough disruption of desired genes if both copies are 

edited.  

 

All HTS techniques, including compounds, siRNA, shRNA and CRISPR-Cas9 

have their unique pros and cons (Table 3.1). Compound screening using FDA-

approved drugs has a great potential for clinical impact. Dose titration can also be 

applied to avoid losing candidates due to large “single agent” effects of the 

knockdown/knockout of important factors. However, the number of compounds 

included in this list is just above 1,000, which makes it less likely to identify novel 

targets as the compounds are well studied. Meanwhile, a comprehensive 

compound library may contain millions of drug leads which makes a screen 

without a specific drug target challenging. siRNA provides a convenient way to 

manipulate the expression of certain genes. However, its short half-life time limits 

its use in long-term experiments. In addition, the delivery of siRNA normally 

requires transfection, which restricts its use in some primary cells that are difficult 

to transfect [413]. shRNA encoded by lentivirus can partially solve this problem. 

Lentivirus can achieve high transduction efficiency in most cell lines, even in 

primary cells. The incorporation of a virus gene into the genome also allows stable 

knockdown of the desired gene, which provides the opportunity for studying the 

long-term effect of gene inhibition. However, due to the involvement of infectious 

virus, safety issues are still a major concern for the large-scale application of this 

technique. Additionally, both siRNA and shRNA techniques may exhibit off-

target effects and the knockdown efficiency is variable between different 

experiments and cell lines [413]. CRISPR-Cas9, on the other hand, provides a 

thorough and complete removal of target genes, which is desired in many studies, 

especially when redundant proteins can still play a major role in a particular 

biological process. Nevertheless, the variability of gene editing efficiency in 

individual cells (some are repaired by HDR thus no gene mutation is induced) 

limits its use in arrayed screens. Recent studies revealing the strong off-target 
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effects related to CRISPR-Cas9 have also raised concerns about the reliability of 

CRISPR-Cas9 screening [414-416]. Each screening technique has its advantages 

and limitations, however, the key is to choose the method that best addresses the 

biological question.  

 

A genome-wide siRNA screen followed by a focused chemical compound screen 

was selected for our approach. We made this choice based on a number of reasons: 

a. A lentiviral pooled shRNA or sgRNA screen is more suitable for screening 

for gene inhibition that can promote cell survival/proliferation, while our 

screen was aimed at identifying gene inhibition that could cause synthetic 

lethality. 

b. Most drugs used in the clinic are inhibitors rather than agonists. As a result, 

a knockdown screen is more suitable than a cDNA library-based gene 

overexpression screen. 

c. The mechanism of CX-5461 is not fully understood. It is better to screen 

all available genes rather than particular pathways. 

d. siRNA better mimics the effects of drugs than gene editing. The primary 

goal of our screen is to identify potential drug targets that can synergise 

with CX-5461 to treat HR proficient HGSC. Similar to chemical 

compounds, siRNA causes temporary inhibition on the targets, which better 

mimics the effects of drugs than gene editing which causes permanent 

effects. Further, compared to CRISPR-Cas9 which thoroughly abolished 

the expression of the targets, siRNA can only partially inhibit the target 

expression, which is also similar to chemical inhibitors [417]. 

e. CRISPR-Cas9 is more suitable for genetic biomarkers screens rather than 

drug targets screens [418].CRISPR-Cas9 would bring unnecessary noise 

into the screen. Both Cas9 and CX-5461 cause DDR [225, 419, 420]. The 

use of CRISPR-Cas9 may interfere with the interaction between CX-5461 

and targeted genes and lead to unreliable results. For example, if enhanced 
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DDR was observed with CRISPR-Cas9 mediated gene knockout, there 

would be difficulties to distinguish whether the effect is caused by the 

CRISPR-Cas9 itself or the loss of the gene. 

 

3.3. The design of the genome-wide siRNA screen 

 

The screen comprised six different steps (Figure 3.1A):  

1) Selection of the most suitable cell line for the screen; 

2) siRNA transfection optimisation; 

3) The primary screen. The primary screen was performed in a 384-well format 

in the presence of vehicle or CX-5461 using cell number (DAPI counting) as a 

readout. The whole-genome SMARTpool siRNA library (Dharmacon) targeting 

more than 18,000 genes was used in the primary screen. Each pool consists of 

four siRNA duplexes all designed to target distinct sites within protein-coding 

genes to ensure efficient gene knockdown effect. Targets that met certain criteria 

synergistic action with CX-5461 were selected for the secondary deconvolution 

screen; 

4) The secondary deconvolution screen. Individual siRNA duplexes, rather than 

the pooled siRNA mix, were used for the secondary screen. Targets with two or 

more of the four siRNA duplexes that met predefined synergistic criteria were 

regarded as high-confidence candidates and were marked for further investigation; 

5) Verification of the identified candidates in other HGSC cell lines; 

6) Further in vitro and in vivo investigation of the identified targets. 

 

The workflow of the primary and secondary screen was similar (Figure 3.1B). 

1400 OVCAR4 cells were seeded and reversed transfected with siRNA duplexes 

in 384-well plates (4 replicate plates). 24hrs later, the transfection media was 

replaced with either vehicle or CX-5461 containing media (2 replicate plates 
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respectively). Cells were then incubated for another 48hrs before being fixed with 

paraformaldehyde (PFA). After that, cells were stained with DAPI and counted 

with Cytation 3 (BioTek).  

 

3.4. Cell line selection and screen optimisation 

 

The OVCAR4 cell line was selected for the screen based on following reasons: 1) 

high genomic similarity to high grade serous ovarian cancer (HGSC) with respect 

to copy-number alterations [6]; 2) Appropriate doubling time at approximately 43 

hours which allowed at least one cell cycle during the drug treatment [421]; 3) 

Intermediate GI50 dosage sensitivity to CX-5461 amongst our 31 human ovarian 

cancer cell line panel to allow a significant window in which to measure increased 

sensitivity. Two other HGSC cell lines, CAOV-3 and OVCAR-3, were also 

selected for validation experiments based on similar criteria (Figure 3.1C). We 

included the ovarian clear cell cancer (OCCC) line SKOV3 in our panel as well 

because it was known to be resistant to current platinum-based chemotherapy and 

the newly introduced PARP inhibitors [422, 423]. The inclusion of the SKOV3 

cell line also provides an opportunity to test whether the identified synergistic 

combination can be applied to other ovarian cancer cell types, which may help to 

expand the indications of our findings. Additionally, all four cell lines possess 

functional BRCA1/2 genes and have mutant p53 (OVCAR3, OVCAR4 and 

CAOV3) or is p53-null (SKOV3) [6].  

 

One key factor in an siRNA screen is cell seeding density. Ideally, the final cell 

confluence of negative control should be approximately 90%, which creates 

sufficient dynamic range for synthetic lethality identification. Over-confluency 

will lead to low transfection efficiency and should be avoided. We identified the 
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optimum seeding density to be 1400 cells per well by performing a preliminary 

cell proliferation assay with multiple conditions in 384-well plates (Figure 3.2A). 

 

Another key factor affecting the reliability of siRNA-based screen is the 

transfection efficiency of siRNA and transfection-related toxicity. Effective gene 

knockdown will never be achieved if the siRNA duplexes cannot be delivered into 

the cells. On the other hand, transfection-related toxicity may also cause false-

positive results due to unexpected low cell counts. In order to achieve the 

maximum transfection efficiency with lowest possible toxicity, we carried out a 

preliminary transfection optimisation experiment to determine the optimal 

transfection conditions. Briefly, we tested a number of transfection conditions 

with different transfection reagents (Dharmafect 1,2,3,4) and reagent 

concentrations, with either OTP-NT or siPLK1/siTOX as negative or positive 

control respectively. OTP-NT (ON-TARGETplusTM Non-targeting) is a non-

targeting control siRNA that is used to determine the baseline cellular response in 

RNAi experiments. Theoretically, it should not cause any cytotoxic effect and the 

cell survival percentage should always be greater than 90% compared to non-

transfected cells. siPLK1, in contrast, targets polo-like kinase 1 (PLK-1), a key 

component involved in mitotic spindle formation and cell-cycle progression [424, 

425]. Depletion of PLK1, especially in cancer cells, dramatically inhibits cell 

proliferation and induces apoptosis, and is routinely used in the VCFG as a 

positive control, which should reduce cell viability by 90% [426]. siTOX is 

another positive control provided by Dharmacon, which should reduce cell 

viability by 99%. siRRN3 was used as a positive control of synergy effect with 

CX-5461. RRN3 is a component of the Pol I transcription complex and showed a 

weak synergistic effect with CX-5461 in our preliminary experiments. After 

comparing the cytotoxicity and transfection efficiency of multiple transfection 

conditions, we selected Dharmafect 4 at 0.035µl per well for the following screen 

(Figure 3.2B and C). 
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The optimal concentration of CX-5461 also needs to be defined for the screen. 

Ideally, the dosage should be sufficient to cause a desired effect on the cells while 

allowing sufficient dynamic range for identifying synthetic lethal effects. We set 

this threshold at a 20% reduction in relative cell number compared to vehicle-

treated cells, which corresponds to a dosage of 80nM CX-5461, as obtained from 

a dose-response curve performed in a 384-well plate using cells transfected with 

OTP-NT (Figure 3.2D). We used 10nM linear interval for the CX-5461 dosage 

points which is not a routine practice for a normal dose response curve (which 

normally use log ratios to cover large dosage ranges). Although this practice failed 

to show the cell response at higher dosages of CX-5461, it offers the resolution 

we need to determine the optimum CX-5461 dosage for the screen. 

 

The final siRNA transfection mixture composes of 1.5µl siRNA duplexes (1µM), 

11µl lipid:Opti-MEM (0.035µl Dharmafect 4+10.965µl Opti-MEM), and 25µl 

OVCAR4 cells (1400 cells). During the screen, the siRNA and lipid:Opti-MEM 

were mixed and complexed for 20min in plate wells. Cells were then added on 

top of the mixture into each well by using a liquid handling robot. Plates were 

short spun and incubated for 24hrs before a media change. 

 

Figure 3.3A demonstrates the typical layout of the screen plates. Columns 1 and 

24 were left blank to avoid edge effects (liquid in the edge wells evaporates faster 

than other wells). Column 2 and 23 are filled with positive/negative controls, 

while all the remaining wells were filled with SMARTpool siRNAs.  

 

3.5. Quality control of the screen 
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Multiple quality control measures were adopted to ensure the reliability and 

reproducibility of the screen results, including Z’ factor, health report (standard 

deviation and %CV), plate metric QC (heat map), correlation plots, scatterplots, 

and data normalisation. 

 

3.5.1 Z’ factor 

 

Z’ factor is a parameter used to evaluate the sufficiency of the dynamic range 

between positive and negative controls. The formula for Z’ factor is: 

 
The concept of Z’ factor is similar to that of student t-test. It measures the 

difference between the sum of the SDs of the positive/negative controls and the 

absolute difference between the means of positive/negative controls. The high 

SDs or/and the low difference of means would reduce the Z’ factor value, 

indicating the poor differentiation between positive/negative controls. In contrast, 

a Z’ factor close to 1 indicates a significant difference between positive/negative 

controls. A Z’ factor at 0 suggests that the absolute difference between the means 

is 3 times larger than the sum of the SDs of positive/negative controls, which is 

the minimum acceptable dynamic range (difference) between positive/negative 

controls in our study. The Z’ factor should always be greater than 0 in our study, 

especially between siPLK1 (the positive control) and OTP-NT (the negative 

control). If the factor is negative in certain plates, they are reassessed and repeated 

if necessary. Poor Z’ factors might be caused by a reduced dynamic range (e.g. 

by low transfection efficiency) or/and high variability.  

 

Figure 3.3B is an example of Z’ factors report extracted from the screen. 

According to the table, the positive/negative control pair (mock/PLK1, OTP/PLK) 
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in all plates, treatments and replicates have Z’ factors greater than zero. While the 

mock/RRN3 and OTP/RRN3 pairs have low Z’ factors under vehicle treatment 

conditions, the values increased significantly in the drug-treated plates, which 

indicates the presence of synergistic effects. 

 

3.5.2 Health reports 

 

The health reports include the standard deviation and %CV (Coefficient of 

Variation) of the positive and negative controls in each plate. %CV= standard 

deviation/mean x 100%. This parameter indicates the variability of controls within 

every plate, which could be the cause of unexpectedly low Z’ factors.  Based on 

our experience with genome-scale screens, we define acceptable %CV between 

10-24%, which is a window that still allows consistent statistical determination. 

 
Figure 3.3C is an example of the health reports extracted from the screen. As can 

be seen from the table, the %CV of mock, OTP, and RRN3 controls are all 

within %CV=10%. The %CV is quite high for PLK1 which is caused by the low 

cell number. It is acceptable in this case due to the high cytotoxicity caused by the 

PLK1 knockdown and the significant dynamic range between PLK1 and OTP 

groups. 

 

3.5.3 Plate metric QC 

 

The plate metric QC compares the numerical differences of the controls on the 

left (column 2) and right (column 23) sides and presents the results in either table 

or heat map form. This parameter is used to evaluate if there are any technical 

issues caused by unequal dispensing by the BioTek. The maximum tolerated 

difference is 30%. 
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Figure 3.3D is an example of the LHS vs RHS (left to right column) report 

extracted from the screen. We can see that the LHS vs RHS ratio in all plates and 

replicates are within the range (0.7 to 1.3). Figure 3.4A is an example of heat map 

report extracted from the screen. The distribution of low/medium/high cell count 

wells is even across the whole plate, indicating no systematic technical issues with 

the screen. 

 

3.5.4 Correlation plots 

 

Correlation plots are used to compare the variability and reproducibility of 

replicates. The ratio should be as high as possible. A Pearson correlation 

coefficient (parametric) and Spearman correlation coefficient (non-parametric) 

over 0.8 indicates a good correlation between replicates. The results are 

demonstrated as correlation plots.  

 

Figure 3.4B is an example of correlation plots extracted from the screen. The 

Pearson and Spearman correlation coefficients are 0.89 and 0.87 respectively, 

both of which indicate good reproducibility between replicate plates. All the 

replicates with Pearson and Spearman correlation coefficient lower than 0.75 are 

re-assayed. 

 

3.5.5 Scatterplots and normalisation 

 

The raw data of each library plate are accumulated and visualised by accumulated 

scatterplots, with controls being highlighted by different colours. This is one of 

the most straightforward and intuitive ways to identify any systematic problem 

with particular screen runs.  
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As the whole genome screen was performed in a time span of four months, it was 

almost inevitable to observe some variability of raw plate readouts between 

weekly screen runs. Normalisation is the most common strategy adopted to 

alleviate this problem. In our screen, we normalised data of each library plate to 

the median of the negative control OTP-NT. 

 

Figure 3.4C and D are the scatterplots of the primary screen before and after 

normalisation. The primary screen was conducted in batches over a 4-month time 

period (16 384-well plates per week), so some variations in the cell count readout 

will be present between different batches. For example, in the vehicle panel of 

Figure 3.4C, the cell counts of plate 12032-12014 (the box with red dash) is 

generally lower than that of plate 12015-12018 (the box with blue dash), which 

makes it difficult to directly compare the results between plates. However, after 

the normalisation (the vehicle panel of Figure 3.4D), the distribution of the dots 

(blue, green, cyan and grey ones, which stand for the PLK1, OTP, RRN3 controls 

and samples respectively) of plate 12032-12018 (the box with red/blue dash) 

becomes more uniform, which enables comparison between plates.  Any plates 

retaining high variability after normalisation were re-assayed. 

 

3.6. Screen cut-off criteria 

 

We set a number of cut-off criteria to identify strong synergistic candidates. We 

first excluded genes with a very low level of expression based on microarray data 

(Affymetrix 1.0ST expression array) obtained from Dr Karen Sheppard [173]. 

The threshold was arbitrarily set at 20 (normalised expression level), and 1,395 

out of 18,120 genes were filtered out during this step (Figure 3.5A). Bliss 

independence was then calculated to quantify the synergistic effect. Bliss 



 94 

independence is calculated as "#$%%&'((*+,-	/0*+,-	1)
("#$%%&'((*+,-	/))∗("#$%%&'((*+,-	1))

, which 

compares the observed combination effects with the predicted combination effects, 

and is widely used to analyse drug combination data to screen for candidate drug 

combinations [427, 428]. In our study, the Drug A is the siRNAs and the Drug B 

is CX-5461 (Figure 3.5B). Bliss independence lower than 0.9 is considered as 

synergy, while a value higher than 1.1 is considered as antagonism. Values 

between 0.9 and 1.1 are regarded as additive effects. However, during the 

preliminary experiments, we observed some false positive synergy readouts 

caused by the low relative cell number. For example, assuming the relative cell 

number of siRNA+CX-5461 (compared to OTP-NT transfected cell w/o CX-5461 

treatment) is 0.05, while the relative cell number of siRNA is 0.1, and relative cell 

number of CX-5461 is 0.8, the Bliss independence is 0.625, which indicates 

strong synergistic effects. However, the actual change between siRNA+CX-5461 

and siRNA is only 0.05, which is too small to be considered as synergistic effects. 

In order to solve this problem, we adopted another parameter that monitors the 

reduction of relative cell number between siRNA+CX-5461 and siRNA, whereas 

the cut-off was set to be higher than 0.25 in the primary screen. The application 

of these criteria ruled out the majority of the candidates, and the remaining 372 

genes were selected for the secondary deconvolution screen (Figure 3.5A and 

Appendix I).  

 

The secondary screen was conducted in a similar way as the primary screen with 

the exception that the SMARTpool siRNA mix was replaced by four individual 

siRNA duplexes targeting the same target. The Bliss independence was set to be 

lower than or equal to 0.8. Individual siRNA duplexes that can fulfil this criteria 

were identified as high confidence hits. Genes with more than 2 (out of 4) high 

confidence hits are classified as potential strong synergistic candidates. 17 
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potential strong synergistic candidates survived the secondary screen (Figure 

3.5A, Table 3.2 and Appendix I). 

 

3.7. Summary of the results 

 

372 genes were identified from the primary screen. Gene pathway analysis by 

MetaCoreTM (Thomson Reuters) was performed to identify if these hits were 

enriched in certain pathways. The results showed gene enrichment in DNA 

damage, inflammation/immune response, cell adhesion and potassium transport 

pathways, with DNA damage being at the top of the list (Figure 3.5C). 

  

Among the 372 selected candidates, 17 were validated through the secondary 

screen (Table 3.2). Pathway enrichment analysis showed predominant enrichment 

in the DNA damage pathway (Figure 3.5D). Specifically, 3 out of 17 candidates, 

including RAD54L, BRCA2, and RAD51AP1, belong to this pathway. 

RAD51AP1 (RAD51 associated protein 1) is a RAD51 accessory protein that 

specifically stimulates joint molecule (the four-stranded branched intermediates 

formed by the conversion of the paired broken DNA and homologous duplex 

DNA during HR) formation through the combination of structure-specific DNA 

binding and physical contact with RAD51 [429]. RAD54L (DNA repair and 

recombination protein RAD54-like) is a multifunction protein. RAD54L binds 

RAD51 via its N-terminus and moves along chromatin to stimulate the DNA 

strand exchange activity of RAD51 [430]. It is also involved in the removal of 

RAD51 proteins after DNA joint formation and recombination initiation have 

occurred [258, 431, 432]. BRCA2, on the other hand, directly binds the single 

strand DNA during the initial step of the homologous recombination repair and 

facilitates the binding of RAD51 recombinase to the ssDNA and stimulate strand 

invasion [249, 433, 434]. These three genes play crucial roles in the homologous 
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recombination (HR) DNA repair pathway, consistent with the interactions 

between CX-5461 and HR pathway noted in sections 1.6.1 [429].  

 

Gene network analysis (GNA) was also performed to identify the most critical 

genes in a range of candidates. GNA is largely based on protein-protein 

interaction (PPI) network, which records all the experimentally proven (or 

predicted) protein-protein interactions (connections) [435]. GNA normally 

identifies a small quantity of highly connected protein nodes, known as hubs, and 

many poorly connected nodes. It is widely believed that these ‘hotspots’ (hubs) 

are more important in organizing the network, which, in turn, convey the 

biological significance of network architectures, a key concept in systems biology 

[436]. Under the synthetic lethality genetic screen background, this means that 

deletion of a hub protein is more likely to be lethal than deletion of a non-hub 

protein, a phenomenon known as the centrality-lethality rule [437]. This method 

is commonly used to identify the most potent biomarkers or drug targets from a 

number of candidates [438]. NetworkAnalyst, with the STRING Interactome 

protein-protein interaction (PPI) database, was used to analyse and visualise the 

results in our screen [439]. According to Figure 3.5E and Table 3.3, BRCA2 and 

TOP1 were identified as the top two hubs measured by degree or betweenness. In 

a graph network, every gene is treated as a node. The degree of a node is the 

number of connections (interaction, activation, inhibition, phosphorylation, etc) it 

has to other nodes. According to the theory of the networking analysis, the more 

connections the gene has (i.e. the greater the degree value is), the more important 

role it plays in the gene regulation networks [439]. Thus, the genes with the most 

connections (the “hubs”) are considered the most important genes in the gene 

network. The betweenness centrality measures the number of shortest paths going 

through the node, which is also used to measure the importance of nodes.  
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Based on these analyses, RAD54L, BRCA2, RAD51AP1 and TOP1 were chosen 

for further in vitro investigation. 

 

3.8. A mini chemical compound screen identifies small molecules that can 

cooperate with CX-5641 

 
siRNAs are powerful tools in genetic studies. However, their application in the 

clinic is still limited by the delivery efficiency and stability issues [440, 441], 

although a number of chemically modified or nanoparticle-coated siRNAs are 

currently under development aiming to solve these problems [442, 443]. In 

contrast, a more practical way is to use commercially available molecules, 

preferably approved drugs, to mimic the effects of the siRNA knockdown to 

confirm the results from the RNAi screen as well as improve the clinical impact 

of the findings. This approach has been adopted by a number of previous studies 

and has been proven to be both efficient and effective. For example, Veronica 

Veschi, et al. combined epigenetic siRNA and chemical screens to identify 

SETD8 inhibition as a therapeutic strategy for p53 activation in high-risk 

neuroblastoma [444] while Yen-Ling L. et al utilised a synergistic combination 

of small molecule inhibitors and RNA interference to target the antiapoptotic 

BCL-2 protein in head and neck cancer cells [445]. 
 
We also adopted a similar approach to identify the potential drug combinations 

that could improve the drug efficacy of CX-5461 in treating HGSC based on the 

candidates we identified from the RNAi screen. 9 small molecules targeting the 

RAD54L, BRCA2, RAD51AP1 and TOP1 were tested in a mini chemical 

compound screen to identify potential drug combinations with CX-5461, 

including Topotecan, streptonigrin, B02, AT13387, 17-AAG, spironolactone, 

pentoxifylline, KU-55933 and VE-82. Among them, Topotecan is a TOP1-
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specific inhibitor, which blocks the re-ligation function of the TOP1 enzyme and 

has been approved as a second-line treatment option for ovarian cancer since 1996 

[446, 447]; Streptonigrin has been reported to inhibit RAD54 by both direct 

binding and generating reactive oxygen species (RAD54 is a ATPase-dependent 

DNA translocases) [432, 448, 449]; B02 efficiently and specifically inhibits DNA 

strand exchange activity of RAD51 (RAD51 is a DNA homologous recombinase), 

and is able to disrupt RAD51 foci formation in response to DNA damage and 

inhibit DSB repair and DSB-dependent HR [450]; AT13387 (Onalespib) is a heat 

shock protein 90 (HSP90, a chaperone protein) inhibitor that can disrupt the 

expression of a variety of proteins including BRCA2, and is currently under phase 

1/2 clinical trials either as a single agent or in combination to treat various types 

of cancer [451-454]; 17-AAG (Tanespimycin) is another HSP90 inhibitor that is 

also under phase 2 clinical trials [455-457]; spironolactone is an approved drug 

for antihypertension and has also been found to impair RAD51 foci formation, 

sensitise cancer cells to DNA damaging agents like PARP inhibitors and cross-

linking agents and inhibit tumour growth in xenografts [458]; pentoxifylline is an 

approved drug for the treatment of cerebral ischemia and a variety of other 

vascular disorders such as intermittent claudication, which has also shown 

synergistic effects with radiotherapy in cancer patients through the inhibition of 

homologous recombination repair [459]; KU-55933 and VE-821 are inhibitors of 

ATM and ATR, respectively, both of which are under clinical trials and are able 

to inhibit HR indirectly [460-462]. In addition to these 9 drugs, we also included 

4 additional drugs, namely Everolimus (mTORC1 inhibitor), BMN-673 

(Talazoparib, PARP inhibitor), Cisplatin and ABT-199 (Venetoclax, BCL-2 

inhibitor) since they have demonstrated synergy with CX-5461 in our previous 

studies [230], have been approved for ovarian cancer treatment or their target is 

present in the candidate list.  
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The focussed chemical compound screen was performed in a similar format as the 

RNAi screen. Briefly, 450 OVCAR4 cells in 40ul media were seeded into 384-

well plates on Day 0 using the EL406 microplate dispenser (BioTek). Fewer cells 

were seeded as the drug treatment period was 5 days in the chemical compound 

screen compared to 2 days in the siRNA screen. 24 hours later (Day 1), media 

was replaced by the media containing pharmacological inhibitors of interest either 

with or without 50nM CX-5461. 5 days after the drug treatment (Day 6), cells 

were fixed and counted (Figure 3.6A). The cell counts were normalised to the 

median cells counts of the vehicle (DMSO)-treated cells either with or without 

CX-5461 treatment, e.g. the Topotecan/CX-5461 co-treated cells were normalised 

to 50nM CX-5461-treated cells, while the Topotecan-treated cells were 

normalised to vehicle-treated cells. 8 different doses were used to test the effects 

of drug combination with a fixed dose of CX-5461 (50nM) (Figure 3.6B). 50nM 

is approximately the GI40 dosage of CX-5461 at 5 days of treatment, which leaves 

a sufficient window for the identification of synergistic effects. 

 

The screen results were presented in a heatmap format by Prism 7 software using 

the mean relative cell number generated from N=5 experiments (Figure 3.6C). 

The red and blue colours represent low and high mean relative cell number 

respectively. Cells with dual treatment of chemical inhibitors and CX-5461 were 

compared in parallel with cells treated with chemical inhibitors only. If the co-

treatment of both drugs could alter the drug response pattern and sensitise the cells 

to the tested chemical compounds, then the chemical compound potentially 

synergises with CX-5461. Strong synergy with dual treatment occurs when dual 

treatment is ‘red’ and chemical inhibitors only treatment is ‘blue’ at the same 

dosage. Drug combinations with increased sensitivity at two or greater continuous 

dosage points are defined as potential synergistic combinations and highlighted 

with green boxes in Figure 3.6C, which indicates that CX-5461 can synergise with 
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the chemical compound within a reasonable dosage window (at least 1 log) with 

a continuous trend. 

 

The results revealed that 11 out of the 14 combinations have synergistic effects at 

different degrees. Specifically, 17-AAG, KU-55593，BMN-673 and cisplatin 

have the strongest synergistic effects with CX-5461 with respect to dosage 

windows (6-8 dosages), followed by spironolactone, AT13387, B02, Topotecan, 

VE-821, KU-55593+VE821 at 3-5 dosages. Topotecan and streptonigrin 

synergised with CX-5461 with a relatively narrow dosage window at 2 dosages. 

In contrast, pentoxifylline, Everolimus and ABT-199 did not show any synergistic 

effect with CX-5641. With regard to the degree of synergistic effects, 17-AAG at 

dosage point 2, Topotecan at dosage point 4, KU-55593+VE821 at dosage point 

5 and BMN-673 at dosage point 4 had the strongest synergistic pattern. On the 

other hand, although streptonigrin showed synergistic effects with CX-5461, it 

only presented at low dosage points which was insufficient to inhibit cell growth. 

In summary, a number of HR, DDR and TOP1 inhibitors showed synergy with 

CX-5461, which further confirmed the results of our RNAi screen as well as 

provided new potential therapeutic opportunities for ovarian cancer.  
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3.9. Discussion 

 

The studies presented in this chapter utilised both high-throughput genetic and 

pharmacological tools to screen for potential new targets whose inhibition could 

synergise with RNA Polymerase I inhibitor, CX-5461, to treat HGSC in a cell line 

model. After the primary and secondary siRNA-based screens, 17 genes were 

identified from the library as high confidence hits for synergistic effects with CX-

5461. These hits were enriched in the HR repair pathways including RAD54L, 

RAD51AP1, and BRCA2, while gene network analysis revealed that the BRCA2 

and TOP1 were the most important genes in the list.  

 

One concern about the RNAi screen is that only a small number of candidates (17 

genes) were identified from our screen which equates to less than 1% of the library. 

We attributed this circumstance to two potential causes. First, we defined strict 

criteria for selecting the strongest synergistic candidates. There may still be 

accessory/other important interactors to be identified from the screen data if we 

use less strict inclusion criteria. Second, the 48hrs drug treatment time used in the 

screen was empirically determined by our experience in haematological 

malignancies in which rapid apoptosis can be induced by CX-5461 within six 

hours [221]. However, we observed distinct responses of ovarian cancer cells to 

CX-5461 treatment compared to blood cancer cells. Cell cycle arrest, rather than 

apoptosis, was observed after CX-5461 treatment, and the GI50 dosage (the 

concentration of drug that causes a 50% reduction in proliferation) was 

significantly lower after prolonged treatment, which indicates a delayed response 

to CX-5461 in ovarian cancer cells. This means that we were likely to have seen 

stronger synergistic effects and identified more candidates if we treated cells for 

longer time periods. 
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Another concern regarding the 17 genes is that the results of the pathway 

enrichment analysis might be biased due to the limited number of inputs. We thus 

further verified these findings using a mini chemical compound screen in addition 

to the siRNA screen to identify potential synergistic drug combinations. A number 

of pharmacological inhibitors were included in the screen including potential HR, 

DDR and TOP1 inhibitors as well as approved drugs for ovarian cancer. A fixed 

dose of CX-5461 was combined with pharmacological inhibitors at different 

doses, which allowed us to identify the trend and strength of the synergistic effects 

as well as the therapeutic window for each synergistic combination. We did not 

see any synergy with the CX-5461/Everolimus combination, which has 

demonstrated strong synergistic effects in treating MYC-driven lymphoma [230]. 

This highlights the distinct responses between different types of cancer. 

Encouragingly, a number of HR, DDR as well and TOP1 inhibitors showed good 

synergy with CX-5461. Specifically, HSP90 inhibitors, 17-AAG and AT13387; 

the RAD51 inhibitor B02 and potential HR inhibitor spironolactone showed 

remarkable synergistic effects in inhibiting cell proliferation with CX-5461 at 

various dosages, supporting a correlation between HR deficiency and high CX-

5461 sensitivity. As HR status can be determined by the gene sequencing of 

mutations in the HR pathways, personalised medicine could be provided to HGSC 

patient with different genetic background. For those HR-deficient patients, CX-

5461, which does not induce strong DNA damage and is well tolerated in patients, 

may provide an alternative treatment option for this patient cohort in addition to 

conventional chemotherapies, which damage DNA and is associated with strong 

side effects. This prospect is strongly supported by studies conducted by other 

groups. Xu, et al. showed that CX-5461 can induce selective lethality in BRCA1/2 

deficient colorectal and triple negative breast cancer (TNBC) xenografts [225]. 

For those patients possessing proficient HR pathways and are likely to be 

insensitive to the conventional chemotherapies, drug combinations with CX-5461 

and the HR inhibitors described above might be an option. However, risks are 
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associated with this option as the systematic inhibition of HR pathway might lead 

to the hypersensitivity of normal tissues to CX-5461, which could result in severe 

side effects. This concern could be mitigated as ovarian cancer patients with 

germline BRCA mutations are currently receiving standard chemotherapies [463]. 

Furthermore, both ATM and ATR inhibitors, KU-55593 and VE821, have shown 

strong synergistic effects with CX-5461, indicating that not only DNA damage 

repair pathways, but also DNA damage sensing and signalling pathways are 

involved in the cellular response to the CX-5461 treatment. This result further 

supports our previous finding that CX-5461 activates non-canonical ATM/ATR 

signalling [420]. Additionally, CX-5461 synergises with the classic and emerging 

drugs used for first and second-line ovarian cancer treatment, including cisplatin, 

Topotecan and PARP inhibitor BMN-673 (Talazoparib). One important outcome 

from our findings is that although CX-5461 alone is not efficient in killing ovarian 

cancer cells, it can enhance the effects of standard therapies. This concept is 

further strengthened when taking the potential adverse effects into account. 

Unlike conventional chemotherapeutic drugs, CX-5461 does not induce severe 

side effects such as haematological suppression or neurotoxicity. However, CX-

5461 does result in phototoxicity, causing mucositis, nausea, dry eyes and hand-

foot syndrome [464, 465]. All these side effects are minor and easy to control. 

This may allow CX-5461 to be a safe drug combination partner with established 

drugs to treat ovarian cancer. 

 

The synergistic candidates identified from the siRNA screen and mini drug screen 

will allow us to potentially improve the therapeutic efficacy of CX-5461 in 

treating ovarian cancer. We selected BRCA2 and TOP1 for further investigation 

based on their highest ranking in the gene analysis network and that they are 

current drug targets in ovarian cancer treatment. BRCA2 plays a predominant role 

in the HR pathway and is the second most frequently mutated gene in HGSC 

(15~20%) [11]. BRCA2-deficient ovarian cancer is normally sensitive to 
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chemotherapy and has a better prognosis than its proficient counterparts. This 

selectivity has also been observed with CX-5461, which has been reported to be 

a DNA G-quadruplex (G4-DNA) stabiliser [225]. G4-DNA is a naturally formed 

four-stranded DNA secondary structure that has been shown to regulate various 

cellular pathways including DNA replication, gene expression and telomere 

maintenance [466-468]. G4-DNA can be unwound and resolved by DNA 

helicases such as such as Pif1, FANCJ, Bloom syndrome (BLM) [466, 469]. The 

persistence of G4-DNA caused by a stabiliser or the absence of these helicases 

induces replication fork stalling and collapse. The HR pathway has been reported 

to play a role in the repair of this damage [470]. The potential of targeting BRCA2 

compromised tumours using G4-DNA stabilisers, such as PDS or CX-5461, has 

been investigated in multiple studies, and the results are promising [225, 471]. 

The presence of BRCA2 in the candidate list is a good demonstration of the 

efficacy and reliability of the screen.  

 

TOP1 encodes DNA topoisomerase I, a highly conserved housekeeping enzyme 

that relieves the supercoiling and torsional tension of DNA caused by DNA 

replication and transcription by transiently nicking and re-joining one of the two 

strands of DNA [472]. TOP1 can be inhibited by Camptothecin and its chemical 

derivatives, Topotecan and Irinotecan [473]. Intriguingly, Topotecan is currently 

being used in the clinic as a second-line treatment option for chemo-resistant 

HGSC, which suggests that TOP1 plays a critical role in HGSC development and 

will be discussed in greater detail in the following chapter [447, 474]. In short, 

BRCA2 and TOP1 showed a strong presence in both clinical and laboratory 

indications and were thus selected for in-depth investigation. Some of the other 

candidates from the mini drug screen including the ATM/ATR inhibitors, 

cisplatin and PARP inhibitors, are currently being investigated by Dr Elaine Sanij 

from our laboratory in combination with CX-5461 to treat ovarian cancer. 
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Table 3.1 Summary of the HTS methods available in Victorian Centre of 

Functional Genomics (VCFG) in Peter MacCallum Cancer Centre  

 
 

Category Compounds siRNA shRNA sgRNA 
(CRISPR-Cas9) 

Scale Library from 
WEHI including 
FDA approved 
drugs (~4100) 

Genome-wide 
(>18000 genes) or 
customised 

Genome-wide 
(>18000 genes) 
or customised 

Genome-wide 
(>19000 genes)  

Formats Arrayed Arrayed Pooled Pooled 

Delivery Direct treatment Transfection Lentivirus 
infection 

Lentivirus 
infection 

Effect Depending on 
individual drugs 

Transient (2-7 days) 
knockdown 

Stable 
knockdown 

Stable knockout 

Advantages Clinical impact;  
Controllable 
dosage 

Can target almost 
every gene 

Can target almost 
every gene;  
Long-term effect 

Can target almost 
every gene;  
Permanent effect 

Disadvantages Limited coverage; 
Mechanism of 
some drugs are 
not clear 

Off-target effects;  
Some cell lines are 
difficult to transfect; 
Knockdown 
efficiency is not 
guaranteed; 
Short effective time 

Off-target effects; 
Knockdown 
efficiency is not 
guaranteed 

Off-target effects;  
Some genes’ 
knockout is lethal 
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Table 3.2 High confidence synergistic candidates list 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Table 3.3 List of top hubs 
 
 
  
Label Degree Betweenness
TOP1 23 827.97
BRCA2 21 731.17
RAD54L 7 200.87
RAD51 3 156.63
RAD51AP1 3 97
TP53 2 432.13
RAD52 2 73.67
RECQL 2 73.67
UBC 2 49
DMC1 2 15.63
RAD51C 2 15.63
RAD51B 2 15.63

# of siRNA 
duplexes Candidates

4/4 RAD54L BRCA2

3/4 LHFPL2

2/4

SACS SELE ATP9B BCL2L13
RAD51AP1 FUCA1 MYO18B ZNF77
ANKRD36 BPIFB4 C18orf19 IGFBP1
USH1G TOP1
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Figure 3.1 Design of the screen 

 
A. The screen consisted of six different procedures: 1) cell line selection, 2) 

transfection optimisation, 3) primary screen, 4) secondary screen, 5) testing in 

other cell lines and 6) further studies in vitro and in vivo. B. The workflow of the 

primary and secondary screen. During a typical round of the primary or secondary 

screen, the OVCAR4 cells were seeded and reverse transfected on Day 1. On Day 

2, the transfection media was removed and replaced by the fresh growth media 

with either vehicle or 80nM CX-5461. Cells were cultured for another 2 days, and 

were fixed, stained and counted on Day 4. C. GI50 dosages (concentration of drug 

to cause 50% inhibition of cell growth) of our panel of 36 ovarian cancer cell line 

after 48 hours treatment of CX-5461. The raw data were provided by Dr Karen 

Sheppard. Cell lines with mutant p53 are in red, while ones with wild type p53 

are in blue. This is no correlation between p53 status and CX-5461 sensitivity. 

The OVCAR3, OVCAR4, CAOV3 and SKOV3 cell lines that were used in our 

study are indicated by the red arrows. 
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Figure 3.2 Screen optimization 

 
A. A series of experiments using cells with different transfection conditions (with 

OTP-NT) were tested to determine the optimal cell seeding density. A cell 

confluence of 90% 48 hours after OTP-NT transfection was necessary. 1400 cells 

per well met this requirement and was thus selected for the actual screen. B. OTP-

NT transfected cells were compared to non-transfected cells to determine the 

cytotoxicity of the transfection conditions. DF3 and DF4 demonstrated lower 

toxicity than DF1 and DF2 as the relative cell number was always above 0.9 when 

compared to non-transfected control. C. siPLK1 and siTOX were used as the 

positive controls to determine the efficiency of different transfection conditions. 

Relative cell number lower than 0.15 with siPLK1 and Relative cell number lower 

than 0.05 with siTOX indicated high transfection efficiency. DF4 at 0.03µl and 

0.04µl per well met these criteria. N=1 experiment. D. The IC20 dosage 

(concentration of drug to cause 20% reduction of cell number compared to vehicle) 

of CX-5461 (80nM) after 48 hours treatment was selected for the screen as it 

could cause a reduction in cell number that still allowed sufficient dynamic range 

for identifying synthetic lethal effects. Combined data of N=3 experiments 

presented as mean±SD. 
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Figure 3.3 Quality controls of the screen 

 
A. Layout of the screen plates. Columns 1 and 24 were filled with media to 

prevent evaporation. Columns 2 and 23 contained randomized negative and 

positive controls. Columns 3-22 contained 320 randomly distributed siRNAs.  

B. Example of Z’ factors. The Z’ factors of mock/PLK1 and OTP/PLK1 pairs 

were always larger than 0, which indicated the significant dynamic range between 

positive and negative controls. The Z’ factors of OTP/RRN3 pair became larger 

after drug treatment, which was an indication of the existence of synergistic effect. 

C. Example of health reports. %CV below 15% indicated low variation and good 

reproducibility between replicates of positive and negative controls. The 

high %CV of siPLK1 was acceptable due to the low cell numbers.  

D. Example of LHS vs RHS report. The LHS:RHS ratio were within the range of 

0.7 to 1.3 which indicated low edge effects within the plates.  
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20150609 cell.count 12039 1021 1157 1.13 1192 1293 1.08
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Figure 3.4 Quality controls of the screen (continued) 

 
A. Example heat map report. Relative cell numbers compared to mean of OTP-

NT controls were as indicated: red, very low; blue, low; green, comparable; and 

cyan, very high. The map shows that the four colours were randomly distributed 

across the plate, which indicated low edge effects within the plate. All positive 

controls were in red or blue, which indicated the robustness and reliability of the 

controls. B. Example of correlation report. The correlation plots measured the 

reproducibility between the two replicates. A Pearson correlation coefficient over 

0.8 indicated good correlation between the replicates. C, D. Examples of 

scatterplots of the primary screen (C) before and (D) after normalization. The 

variability between plates was dramatically reduced after normalisation. 
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Figure 3.5 Summary of screen criteria and siRNA screen results 

 

A. Target selection criteria. Genes with very low expression level were first 

excluded from the candidates list. The primary and secondary deconvolution 

screens were then performed and targets were selected based on the relative cell 

number and Bliss independence. B. Calculation of the Bliss independence. 

Generally, the Bliss independence measures the difference between the actual and 

the predicted drug effects on relative cell number. C. Pathway enrichment of 

primary screen candidates. Pathways with p-value lower than 0.01 were listed. 

Candidates were enriched in the DNA damage pathway, followed by 

inflammation and cell adhesion pathways. D. Pathway enrichment of secondary 

screen candidates. Pathways with p-value lower than 0.05 were listed. Candidates 

were enriched in the DNA damage pathway, followed by cell cycle pathways. E. 

Gene networking analysis showed that TOP1 and BRCA2 were at the hubs of the 

17 genes network, which indicated the most important targets in the candidate list. 
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Figure 3.6 Summary of mini chemical compound screen and results 

 
A. The workflow of the mini chemical compound screen. 450 OVCAR4 cells 

were seeded into 384-well plates per well on Day 0. On Day 1, the media was 

removed and replaced by the fresh growth media with chemical compounds either 

with or without 50nM CX-5461. The drug concentrations are listed in B. Cells 

were cultured for another 5 days, and were fixed, stained and counted on Day 6. 

C. The screen results were presented in a heatmap. The red and blue colours 

indicate low and high relative cell number, respectively. Cells with dual treatment 

of chemical inhibitors and CX-5461 were compared in parallel with the cells 

treated with chemical inhibitors only. If the co-treatment of both drugs altered the 

drug response pattern and sensitised the cells to the tested chemical compounds, 

then it indicates that the chemical compound potentially synergises with CX-5461. 

Drug combinations with increased sensitivity to at least two continuous dosage 

points are defined as potential synergistic combinations and highlighted with 

green boxes, which indicates that the CX-5461 can synergise with the chemical 

compound in a dosage window of at least 1 log. The heatmap was generated using 

the mean relative cell number of N=5 experiments. 
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treatment 



 121 

4.1. Introduction 

 

As a key component of the HR pathway, BRCA2 mutation is associated with 

improved survival and chemotherapy response in ovarian cancer [475]. However, 

its relationship with CX-5461 sensitivity remained unclear until 2017 when a 

study reported that CX-5461 demonstrates selective lethality in BRCA1/2 

deficient mammary and colorectal tumours both in vivo and in vitro. The 

synergistic effect was attributed to the lethal level of DNA damage caused by the 

HR-deficient cells’ incapability of repairing blocked replication forks and ssDNA 

gaps or breaks induced by CX-5461 [225]. This finding prompted the 

implementation of a phase I clinical trial l evaluating CX-5461 in 24 patients with 

advanced solid tumours. Among them, one BRCA2 mutant patient has obtained 

a partial response (PR) with a 67% reduction in disease burden while four other 

patients with BRCA1/2 mutations have obtained stable disease (SD) as the best 

response. No severe adverse effect was observed during the treatment and these 

results have led to the planning of a phase II study for breast cancer patients with 

germline HR deficiency or tumour HRD aberrations [464]. However, the 

therapeutic potential of CX-5461 in HR-deficient ovarian cancer has yet to be 

explored. Due to the high level of similarity between the breast and ovarian cancer 

genetics revealed by the genomic DNA copy number arrays, DNA methylation, 

exome sequencing, mRNA arrays, microRNA sequencing, and reverse phase 

protein arrays [476, 477], it is rational to expect that HR-deficient ovarian cancer, 

particularly with BRCA2 mutations, would show an enhanced sensitivity of CX-

5461 similar to that of HR-deficient breast cancer. Three HR components, 

BRCA2, RAD54L and RAD51AP1 were identified from our screen to be 

synergistic with CX-5461 when targeted (Figure 4.1C), which further prompted 

us to investigate the interaction between HR and CX-5461, as well as the cellular 

and molecular mechanisms behind the synergistic effects. We decided to focus on 

BRCA2 in the following sections as the prevalence of BRCA2 mutation in ovarian 
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cancer (5.5~5.8%) is much higher than that of RAD54L and RAD51AP1 (<1%) 

[478-480]. These observations and thoughts led to the formation of following 

hypotheses: i) The synergistic effect we observed from the screen is valid and 

reproducible; ii) Cell lines with stable BRCA2 knockdown or other HR 

deficiencies are more sensitive to CX-5461 treatment; iii) Enhanced DNA damage 

and genomic instability is the cause of the synergistic effects.  

 

To assess these hypotheses, we utilised both molecular and cellular biology tools 

to validate the findings obtained from the RNAi screen. A genetically modified 

OVCAR4 cell line containing a doxycycline-inducible BRCA2 knockdown 

transgenic construct was also generated to evaluate the long-term response of HR 

deficient cell lines to CX-5461.  
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4.2. Results 

 

4.2.1  Knockdown of BRCA2 using siRNA synergises with CX-5461 in 

inhibiting cell proliferation  

 
Potential off-target effects are a complicating factor in assessing the functional 

outcomes of RNAi [408]. In order to verify that the synergistic effects identified 

in the screen are the result of the on-target inhibition of BRCA2, we first 

performed validation experiments to confirm the knockdown of BRCA2. RT-

qPCR was used to determined BRCA2 messenger RNA (mRNA) level in 

OVCAR4 cells transfected with SMARTpool siBRCA2 or the OTP-NT control. 

The results showed that the SMARTpool siBRCA2 successfully reduces the 

mRNA level of BRCA2 by 80%, indicating a successful knockdown of BRCA2 

(Figure 4.1A). 

 

In order to confirm the reliability and reproducibility of the synergistic effect 

between BRCA2 inhibition and CX-5461 treatment, we performed cell 

proliferation assays with CX-5461 or/and siBRCA2 using the same treatment 

conditions as the primary screen. Consistent synthetic lethality was observed in 

siBRCA2-transfected OVCAR4 cells treated with 80nM CX-5461 for 48 hours, 

in which the transfection of siBRCA2 or treatment of CX-5461 alone moderately 

reduced the cell proliferation by 10-15% compared to control while the 

combination treatment markedly reduced the cell counts by more than 50% 

(Figure 4.1B). The corresponding Bliss independence score of siBRCA+CX-5461 

treatment was 0.658, indicating a strong synergistic effect, which is in accordance 

with the Bliss independence plots extracted from the screen (Figure 4.1C). 
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4.2.2  BRCA2 knockdown abolishes RAD51 foci formation 

 

We next confirmed the functional inhibition of BRCA2 after siBRCA2 

transfection by measuring RAD51 foci number in response to CX-5461 or 

doxorubicin treatment. BRCA2 is required for the recruitment of RAD51 in 

response to multiple types of DNA damage. Loss of BRCA2 impairs the 

recruitment of RAD51 to the DNA damage lesion, thus inhibiting HR function 

[260]. In order to assess the impact of BRCA2 knockdown on RAD51 foci 

formation, we performed immunofluorescence staining of RAD51 and gH2AX in 

BRCA2 knockdown cells treated with either doxorubicin or CX-5461. gH2AX is 

a marker of DNA strand breaks [358] while doxorubicin can block the re-ligation 

function of TOP2 which induces DNA DSBs directly [481]. As shown in Figure 

4.2A and 4.2B, loss of BRCA2 abolished the formation of RAD51 foci after 1µM 

CX-5641 or 1µM doxorubicin treatment, but did not affect the formation of 

gH2AX foci, which indicates the presence of DNA strand breaks. This result 

demonstrates the successful inhibition of BRCA2 function by SMARTpool 

siBRCA2 transfection. 

 

4.2.3 Combined treatment of siBRCA2 and CX-5461 induces massive 

genomic instability 

 

A closer examination of the cells under microscopy revealed that the combined 

treatment of siBRCA2 and CX-5461 induced massive genomic instability as 

measured by micronuclei numbers. This phenomenon was comparable to PLK1 

knockdown but was not observed with single treatment of siBRCA2, siTOP1 or 

CX-5461, or combined treatment of siTOP1 and CX-5461 (Figure 4.3A and 4.3B). 

As PLK1 (polo-like kinase 1) plays an important role in the initiation, 

maintenance, and completion of mitosis, and its inhibition leads to aneuploidy, 
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micronuclei, disorganized spindle poles and defects in chromosomal alignment 

[424, 425], this finding indicates that the synergistic effect between CX-5461 and 

loss of BRCA2 is likely to be caused by excessive, unrepairable DNA damage 

during mitosis (also called mitotic catastrophe). Similar phenotypes were not 

observed in combined treatment of siTOP1 and CX-5461, indicating the 

involvement of a different synergistic mechanism other than mitotic catastrophe. 

This provided an important clue for the mechanistic study of the combination 

effect between CX-5461 and TOP1 inhibition, which will be extensively 

discussed in Chapter 5.  

 

4.2.4 Cells with stable BRCA2 knockdown are more sensitive to CX-

5461 treatment 

 
About 5.5-5.8% HGSC patients harbour an inactive BRCA2 gene [11]. While we 

examined the impact of short-term siRNA knockdown, in order to study the 

longer-term effects, we generated a genetically modified OVCAR4 cell line 

carrying a doxycycline-inducible BRCA2 knockdown transgenic construct. This 

construct contains a shRNA gene targeting BRCA2 under the control of a Tet-On 

transactivator. As the Tet-On transactivator is only active in the presence of 

doxycycline [482], we can thus control the expression of shBRCA2 by culturing 

cells with or without doxycycline. 

 

To generate the cell line with inducible shBRCA2 construct, the OVCAR4 cells 

were infected with the lentivirus carrying the pLKO-Tet-On-shBRCA2 construct 

(kindly provided by Prof. Madalena Tarsounas). Cells were selected with 

puromycin, and the successfully transduced cells were then cultured with or 

without doxycycline for at least 7 days before experiments (Figure 4.4A). The 

BRCA2 knockdown efficiency was measured by RT-qPCR to detect the mRNA 
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level of BRCA2. The results showed that the mRNA level of BRCA2 was reduced 

by 60% in the presence of 0.2µg/ml doxycycline, indicating a successful 

knockdown of BRCA2 (Figure 4.4B). 

 

To determine whether the OVCAR4 cells with stable BRCA2 knockdown are 

more sensitive to CX-5461 treatment, we performed the dose response assay of 

CX-5461 in cells with or without doxycycline induction. In a dose response assay, 

cells are treated with a series of drug doses and plots of drug dosages vs. cell 

growth inhibition are generated. We found that, compared to the cells without 

doxycycline induction, the dose response curve of OVCAR4 cells with BRCA2 

knockdown shifts to the left, which indicates an increased sensitivity to CX-5461 

treatment. The 50% inhibition of cell growth (GI50) and total growth inhibition 

(TGI) dosages also decreased by 45% from 68nM to 40nM and 540nM to 284nM 

respectively (Figure 4.4C). These results suggest that the inhibition of BRCA2 

can sensitise cells to CX-5461 treatment. 
 

4.3. Discussion 

 

The studies presented in this chapter utilised both molecular and cellular biology 

tools to study the interaction between homologous recombination pathway and 

CX-5461. Strong synergistic effects and increased sensitivity to CX-5461 

treatment were observed in BRCA2 knockdown cells either with siRNA or 

shRNA. As mutated BRCA2 is present in 10-15% of HGSC patients, CX-5461 

provides a potential therapeutic option for this patient cohort. When considering 

other HR pathway components, e.g. RAD51 and RAD54L, then this percentage 

can be up to 50%. We and others have identified a synergistic effect between CX-

5461 and BRCA2 deficiency. In 2017, Xu, et al. showed that CX-5461 can induce 

selective lethality in BRCA1/2-deficient colorectal and triple negative breast 
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cancer (TNBC) xenografts [225]. Moreover, from the pharmaco-genomics data 

generated by Dr Karen Sheppard and Dr Elaine Sanij, gene set enrichment 

analysis (GSEA) also indicates a correlation between CX-5461 sensitivity and HR 

status in a panel of OVCA cell lines [325]. Together, these data strongly support 

the therapeutic potential of CX-5461 in treating HR-deficient HGSC. As the phase 

I/II clinical trial of CX-5461 in triple-negative breast cancer (TNBC) patients with 

BRCA1/2 mutation or homologous recombination deficiency (HRD) is currently 

underway and the activity of CX-5461 has been observed in some of these patients 

[464]. A clinical trial of CX-5461 in HR-deficient OVCA is planned to commence 

at Peter Mac in 2019. 

 

One shortcoming of this chapter is that we did not carry out specific experiments 

to assess the possibility of off-target effects for some knockdown reagents, which 

we showed to synergise with CX-5461 [408]. We used individual siRNA duplexes 

in the secondary screen against BRCA2 and TOP1. For inducible shRNA BRCA2 

knockdown, we utilised RT-qPCR and showed knockdown. We also utilised 

immunofluorescence staining for TOP1 and validated its knockdown with siRNA. 

However, we cannot eliminate the possibility that the synergistic phenotypes we 

observed could be caused off-target effects. To address this, we could introduce 

an RNAi-insensitive ORF of BRCA2 to test if it could rescue the synergistic 

effects [483, 484]. The RNAi-insensitive ORF can be generated by using 

synonymous mutations which abolish siRNA binding sequences but not alter the 

amino acid sequences, nor the function of the proteins [485]. Other methods 

include RNA-Seq which can be used to monitor the global mRNA level changes 

or using siRNA with 1 to 2-base-pair altered as negative controls [483]. However, 

rescue experiments would provide the best evidence for on-target effects of the 

knockdowns. 
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Another concern raised from our results regards the degree of sensitisation to CX-

5461 treatment in BRCA2-deficient cells. It is possible that the 50% drop in the 

GI50 and TGI dosage with BRCA2 knockdown is too small to be significant 

(Figure 4.4C). This argument can be addressed by the fact that the dose response 

assay was carried out in a shRNA knockdown background. However, due to the 

limited knockdown efficiency of shRNA, the mRNA level of BRCA2 was only 

decreased by 60% (Figure 4.4B), compared to that of siBRCA2 at 80% (Figure 

4.1A).  Although we do not know the exact cause of this difference, it could be 

associated with the design of the antisense oligos as we did not use the same 

sequences for the siBRCA2 and shBRCA2 construct. Another cause may involve 

the low Dicer expression in some ovarian cancer cell lines, which has been 

associated with poor silencing efficiency (See detailed description of shRNA and 

Dicer in section 3.2) [486]. It is possible that the remaining 40% of BRCA2 

expression is functional and can provide resistance to CX-5461 treatment. The 

sensitisation could be more significant if BRCA2 knockout, rather than 

knockdown, cell lines were used. Xu, et al. used isogenic BRCA2 knockout cell 

lines in their study and the drop of the GI50 and TGI dosages with CX-5461 

treatment in BRCA2 knockout cell lines was 90% [225]. Similar results have also 

been observed by our group when the RAD51C knockout OVCAR8 cell line 

(another HGSC cell line [487]) was used [325]. Specifically, upon the treatment 

of low dose CX-5461, the RAD51C knockout cells exhibited increased sensitivity 

to growth inhibition compared to OVCAR8 cells, while increased cell death was 

observed in the RAD51C knockout cells with high dose CX-5461 treatment, both 

of which confirmed synthetic lethality between CX-5461 and HR deficiency.  

 

A third question regarding our study is why BRCA1, which is frequently 

associated with HGSC tumorigenesis, was not identified as a target in the screen. 

BRCA1 did not pass the primary screen due to weak synergistic readouts. This 

could be caused by 1) the unsuccessful knockdown with the SMARTpool 
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siBRCA1, or 2) the lack of synergy between CX-5461 and BRCA1 deficiency. 

The second possibility is particularly interesting because a similar phenomenon 

has also been reported in at least three independent clinical studies [488-490]. 

Specifically, in these studies, significant improvements in overall survival with 

cytotoxic therapies was observed in HGSC patients with BRCA2 mutation 

compared to those with BRCA1 mutation. This disparity has been attributed to the 

closer association of BRCA2 with HR than BRCA1, which has been reviewed in 

detail by Liu, et al [491]. Briefly, BRCA1 acts during the initial steps of DDR, 

which senses and mediates the downstream DNA damage signals, while BRCA2 

is directly involved in HR, which loads RAD51 to damage sites or stalled 

replication forks. BRCA2 is thus considered to be more directly related to HR 

(See details of BRCA1/2 and HR in section 1.6.1). In order words, although the 

BRCA mutation status is generally considered to be a prognosis marker of HGSC, 

BRCA2 appears to play a more significant role than BRCA1.  

 

The results from this chapter have been incorporated into another parallel study 

in the laboratory led by Dr Elaine Sanij investigating the combination effects of 

BRCA2 gene with other HR and DDR components, including RAD51, BRCA1, 

ATM/ATR, CHK1/CHK2, PARP and conventional chemotherapy drug cisplatin. 

Significant clinical impact can be generated if CX-5461 can synergise with 

approved drugs which are currently used to treat HGSC. For example, in Dr Elaine 

Sanij’s study, the individual or combined use of CX-5641 and PARP inhibitor has 

been tested both in vitro and in vivo with distinct HR backgrounds [325]. In 

OVCAR8 cells, the loss of RAD51C dramatically increased the cells’ sensitivity 

to CX-5461 to a level similar to that of talazoparib (BMN673), and the 

combination of these two drugs further extended the therapeutic efficacy. When 

tested in PDX models, the results varied between different HR backgrounds. In a 

BRCA2 mutated HGSC PDX model, the individual treatment of CX-5461 and 

Olaparib both exhibited anti-tumoral efficacy and the combination of these two 
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further extended the survival of the mice. However, in a BRCA1 promoter 

hypermethylated, cisplatin resistant/refractory HGSC PDX model, the single 

treatment of Olaparib failed to show any therapeutic efficacy while significant 

benefit was still observed with CX-5461 single treatment. No further extension of 

survival was observed with the combination of these two drugs in this model. 

These data demonstrated the different sensitivity spectrum between CX-5461 and 

the PARP inhibitors, and the potential of combining these two molecules. Other 

possible drug combinations are also under evaluation, and hopefully more 

combinations could be identified to benefit HGSC patients. 
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Figure 4.1 Validation of the synergistic effect between CX-5461 and BRCA2 

knockdown 

 

A. RT-qPCR quantification of BRCA2 mRNA confirmed the successful 

knockdown of BRCA2. The mRNA level of BRCA2 decreased averagely 77% 

after siBRCA2 transfection. Combined data of N=3 experiments presented as 

mean±SEM. ****p<0.0001, student’s t-test was used. B. Cell proliferation assay 

with siBRCA2 confirmed the synergistic effect between CX-5461 and BRCA2 

knockdown. There was a significant decrease of cell number after treating 

siBRCA2 transfected OVCAR4 cells with 80nM CX-5461 for 48 hours. The 

siPLK1 was used as the positive control of transfection efficiency and the negative 

control of synergistic effect. The Bliss independence score is 0.658 which 

indicates strong synergistic effect. Representative data of N=3 experiments 

presented as mean±SD. ns: not significant, ****p<0.0001, student’s t-test was 

used. C. Bliss independence extracted from the secondary screen results. Each 

point represented the Bliss independence score of an individual siRNA duplex. 

All three HR components (RAD54L, BRCA2 and RAD51AP1) showed strong 

synergistic effects (Bliss independence <0.8) with CX-5461. GAPDH serves as 

an example of an additive effect.  
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Figure 4.2 Functional validation of BRCA2 knockdown 

 

The functional inhibition of BRCA2 by siBRCA2 was confirmed with RAD51 

and gH2AX foci formation assay. BRCA2 mediates the loading of RAD51 on 

single-strand DNA in response to DNA damage while gH2AX is a marker of DNA 

DSBs. No RAD51 foci formation was detected in BRCA2 knockdown cells after 

1µM doxorubicin (Doxo) (A) or 1µM CX-5461 (B) treatment for 3 hours. 

Representative images from N=2 experiments. 
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Figure 4.3 Increased genomic instability in BRCA2 knockdown cells treated 

with CX-5461 

 
A. Increased micronucleus formation (marked by red arrows) was observed in 

BRCA2 but not TOP1 knockdown cells after 80nM CX-5461 treatment for 48 

hours. Cells were stained with DAPI and images were captured using Arrayscan 

VTI high content system (Thermofisher). These are the representative images of 

N=3 experiments. B. Quantification of micronucleus formation using Cellomics 

software (Thermo Fisher Scientific). There is a significant increase of cells with 

micronuclei comparable to PLK1 knockdown after treated BRCA2 knockdown 

cells with 80nM CX-5461 for 48 hours. Combined data of N=3 experiments with 

18 replicates (wells of cells) in each treatment group were presented as 

mean±SEM. ns: not significant, *p<0.05, ****p<0.0001, student’s t-test was used. 
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Figure 4.4 BRCA2 knockdown sensitises HGSC cells to CX-5461 treatment 
 
A. Doxycycline-inducible BRCA2 knockdown OVCAR4 cells were generated to 

evaluate the cellular response of BRCA2 suppression to CX-5461 treatment. 

OVCAR4 cells were infected with lentivirus carrying the pLKO-TetOn-

shBRCA2 (puromycin resistant) constructs, and was selected and cultured with 

1µg/ml puromycin. Cells that survived the antibiotic selection were then cultured 

either with or without 0.2µg/ml doxycycline for at least 7 days. The CX-5461 

dose response curve was then generated using these cells. B. The knockdown 

efficiency was determined by RT-qPCR. The BRCA2 mRNA level decreased 

approximately 60% after doxycycline induction. Combined data of N=3 

experiments presented as mean ±SEM. C. The CX-5461 dose response curve was 

generated using cell counts as the readout. OVCAR4-Tet-On-shBRCA2-puro 

cells with or without doxycycline induction were treated with various doses of 

CX-5461 for 5 days. The OVCAR4-Tet-On-shBRCA2-puro cells with 

doxycycline induction are more sensitive to CX-5461 treatment. The GI50 and 

TGI dosages decreased by 40% accordingly. Combined data of N=3 experiments 

presented as median±range. 
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Chapter 5.  CX-5461 can synergise 
with TOP1 inhibition both in vitro 

and in vivo 
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5.1. Introduction 

 
In this chapter, we focussed on TOP1 which was also identified by the screen 

(Chapter 3) to have strong synergistic effect with CX-5461. TOP1 is attractive 

target as the TOP1 inhibitor, Topotecan, is currently used in clinic as a second-

line treatment option to treat ovarian cancer [447]. More importantly, the 

synergistic effect between TOP1 inhibition and CX-5461 was observed in a HR 

proficient background, which suggested that this combination might be a potential 

approach to overcome the chemo-resistance caused by the restoration/reactivation 

of HR function.  

 

5.1.1 Functions, structure and localisation of TOP1 

 

TOP1 is a type of DNA topoisomerase which ubiquitously exist in all forms of 

life and resolve DNA topological problems, thus facilitating 

transcription/replication and maintaining genomic stability [492]. DNA 

topological problems can happen during the unwinding process of the DNA 

double helix during DNA replication and transcription when the DNA double-

strands become too loose (negative supercoiling) or too tight (positive 

supercoiling), both of which can cause torsional stress and lead to genomic 

instability. There are three kinds of topoisomerases in mammalian cells, namely 

Type 1A, Type 1B and Type 2A, with shared and distinct functions (Figure 5.1A). 

Type 1A enzymes relieve hyper-negative supercoils by creating single-strand 

DNA breaks at the negative supercoiling ‘bubble’ and pass the intact single strand 

through the broken strand, while type 1B enzymes relieve both negative and 

positive supercoils by creating single-strand breaks and allowing controlled 

rotation of the broken strand around the intact strand [493]. In contrast, Type 2A 

enzymes relieve negative/positive supercoils and DNA knots/catenanes by 
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creating double-strand DNA breaks with four-base overhangs and pass the intact 

double-strand through the broken one. Both Type 1 and Type 2A enzymes re-

ligate the DNA following the relaxation, thus keeping the genome intact. In 

humans, there are two Type 1B enzymes, namely TOP1 and TOP1mt. TOP1 is 

exclusively located in the nucleus whereas TOP1mt is located in mitochondria 

[494].  

 

TOP1 is a large enzyme with a molecular weight of 90kD and can be structurally 

divided into four domains, namely the N-terminal domain (a.a. 1-214), the core 

domain (a.a. 215-635), the linker (a.a. 636-712) and the C-terminal domain (a.a. 

713-765), which contains the active site at Tyr-723. The N-terminus of the TOP1 

enzyme is dispensable for the DNA relaxation function but is required for the 

nuclear localisation [495], while the C-terminal and core domains can form a C-

shaped clamp that is able to envelop the target DNA and execute enzymatic 

activity [496]. Once the TOP1 enzyme recognises and clamps around the 

supercoiled DNA, the active site at Tyr-723 attacks the DNA phosphodiester 

backbone by attaching the tyrosine to the 3′-phosphate end of the DNA, thus 

creating a single-strand break as well as a covalent connection between the 

nucleotide and TOP1 enzyme. After cleavage, the topological stress held by the 

DNA can be released by a ‘controlled rotation’ driven by the tension in the DNA 

when one DNA strand swivels around the other. The swivelling happens within 

the region containing the enzyme clamp and is slowed down by friction generated 

by the interaction between the enzyme and the DNA, resulting in a ‘controlled 

rotation’. TOP1 has a DNA sequence preference for nucleotides from positions 

−4 to −1 as follows: 5′-(A/T) (G/C) (A/T) (A/T)-3′, with covalent attachment 

(cleavage) at the −1 thymine or cytosine residues. After the relaxation step, the 

re-ligation of the ‘nick’ is conducted as the reverse of the cleavage reaction in 

which the oxygen on the 5′ terminal end of the strand overhang serves as the 
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nucleophile that attacks the phosphate to break the bond between the DNA and 

enzyme [496-498].  

 

TOP1 is mostly localised in the nucleolus where massive torsional stress is 

generated during transcription of rDNA. However, TOP1 is also required for long 

gene transcription occurring in the nucleoplasm. The localisation of TOP1 in the 

nucleolus and nucleoplasm is determined by its N-terminal and core domains and 

can be abolished by the loss or mutation of some key amino acids. For example, 

the truncation of a.a. 1-67 at the far end of the N-terminal domain can cause 

translocation of TOP1 from the nucleolus to become evenly distributed 

throughout the nucleus [495, 499].  

 

TOP1 is an indispensable housekeeping gene in higher eukaryotes as the loss 

(knockout) of TOP1 in both mouse and Drosophila is embryonic lethal [492]. It 

has also been reported that a significant proportion of TOP1 molecules colocalises 

with RNA polymerase I (Pol I) in the fibrillar centre of the nucleolus during the 

disruption of rDNA transcription, and co-migrates with Pol I to the nucleolar 

periphery during the disruption of rDNA transcription [500]. This colocalization 

is also regulated by the N-terminal domain of TOP1. In addition, TOP1 has also 

been reported to interact with nucleolin, a nucleolar protein crucial for the 

synthesis and maturation of ribosomes [501]. As rDNA genes are one of the most 

highly transcribed genes in cells, the role of TOP1 at the rDNA chromatin has 

been extensively studied, which further indicates its importance in maintaining 

nucleolar function and stability. In Aziz, et al.’s paper, it was revealed that the 

loss of Top1 in yeast results in rRNA transcriptional blockade due to the 

accumulation of both positive supercoils in front of Pol I, which slows down 

elongation and R-loop formation behind Pol I, which reduces pre-rRNA 

truncation and pre-rRNA synthesis [502]. In addition to its role in rRNA 

transcription, the loss of Top1 or treatment of CPTs in yeast also results in the 
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genomic instability of rDNA genes, which was demonstrated by the increased 

reciprocal crossover (RCO) rates (the rate measuring the inter-homolog 

recombination) at rDNA chromatin [503, 504]. In addition, deletions and 

mutations at the rDNA locus were also observed upon treatment with CPT or 

TOP1 overexpression, revealing the requirement of a suitable amount of TOP1 

(not too much or too little) to maintain homeostasis at the rDNA [505].  

 

Apart from its role in resolving the negative/positive supercoiling caused by 

transcription/replication and maintaining genomic stability at rDNA, TOP1 has 

been identified to be involved in chromatin remodelling, transcriptional control 

and even RNA splicing. In yeast, research has shown that Top1 activity is required 

for the maintenance of the open chromatin structure at gene promoter regions and 

facilitating transcription [506]. It has been reported that TOP1 is strongly 

regulated by BRD4 to overcome the torsional stress induced by the elongation of 

RNA Polymerase II (Pol II) transcription but preserves negative supercoiling that 

assists promoter melting at start sites (promoter melting is the unwinding of the 

double-stranded DNA at the promoter region to allow the access of the RNA 

polymerases) [507]. Additionally, the inhibition of TOP1 alters pre-mRNA 

splicing of the caspase-2 transcript and tissue factor (TF), which brings a novel 

insight into TOP1’s role in gene transcription [508, 509].  
 

5.1.2 TOP1 in cancer development 

 
TOP1 has long been associated with tumourigenesis. An immunohistochemistry 

(IHC) study of 24,262 patients with diverse cancers revealed that the 

overexpression of TOP1 protein was present in 51% of the tumours [510]. The 

amplification of TOP1 gene copy number was also observed in over 30% of 

metastatic breast cancer [511]. Furthermore, high expression of TOP1 was found 

to be correlated with worse OS in epithelial ovarian carcinoma (EOC) patients, 
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particularly those having the serous subtype [512]. A similar trend was also 

observed in liver cancer in which elevated expression levels of TOP1 were closely 

associated with poorer OS and disease-free survival rates [513]. It is believed that 

TOP1 promotes tumour growth by suppressing tumour genomic instability and 

facilitating transcription. As a result, it is not surprising that some researchers 

have argued that TOP1 is an oncogene, thus providing a good rationale to target 

TOP1 as an option for cancer treatment [514].  

 

5.1.3 Camptothecins as a class of TOP1 inhibitors in cancer treatment 

 
Due to its crucial role in facilitating DNA replication and transcription, TOP1 has 

been regarded as a drug target for cancer treatment since the late 1980s. Two 

drugs, Topotecan (TPT) and irinotecan, have been approved by the FDA as 

second-line treatment options for ovarian cancer and metastatic colorectal cancer, 

respectively. Both drugs are derived from Camptothecin (CPT) with enhanced 

solubility and stability in the blood [515]. CPT was first isolated by Wall and 

Wani from the bark of Camptotheca acuminata in 1966, one year before they 

identified paclitaxel. However, CPT did not gain much attention until the late 

1980s when TOP1 was identified as its sole target [516]. 

 

CPT and its derivatives (CPTs) inhibit TOP1 by integrating into the TOP1/DNA 

covalent complex (TOP1cc) and forming a ternary complex. Specifically, CPTs 

bind between the TOP1 enzyme and the intact DNA strand through hydrogen 

bonding, thus preventing the re-ligation of DNA nicks as well as the dissociation 

of TOP1 from the DNA [515]. Since S-phase cells demonstrate the highest 

sensitivity to CPTs, the therapeutic effect of CPTs has been mainly attributed to 

the irreparable replication stress caused by the collision between trapped TOP1 

and replication machinery. However, recent findings indicate that CPTs can 
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induce apoptosis in non-mitotic neuronal cells as well, which suggests the 

existence of mitosis-independent pathways [517]. One proposed pathway is the 

inhibition of transcription caused by the accumulated torsional stress ahead of the 

transcription machinery [518]. Other explanations include the blockade of 

angiogenesis via the inhibition of hypoxia inducible factor-1α (HIF-1α) which is 

a main modulator of vascular endothelial growth factor (VEGF) expression [519-

521]. Interestingly, this inhibition of HIF-1α is not mediated by the suppression 

of HIF-1α mRNA transcription but instead relies on the decreased rate of HIF-1α 

protein translation with the exact mechanisms remaining unknown [522].  

 

The clinical application of CPTs depends on antitumor efficacy and dose-limiting 

toxicity. Several key molecules have been identified during the last two decades, 

which can be used as biomarkers to predict treatment response to CPTs.  

 

TOP1 

 

The expression and mutation status of the TOP1 enzyme is highly correlated to 

the treatment outcome of CPTs. Research has shown that while the suppression 

of TOP1 in lymphoma produces resistance to CPT, it also hypersensitizes the 

cancer cells to doxorubicin, a Type 2A topoisomerase inhibitor [523]. A similar 

trend was also observed in tumour cells deficient in TOP1 degradation which is 

highly sensitive to CPT treatment [524]. Furthermore, a number of TOP1 

mutations, e.g. R621H, L617I E418K, G503S, D533G, are associated with 

reduced sensitivity to CPT-based therapy, which is due to the attenuated binding 

of CPTs to the TOP1cc [525, 526]. It is worth highlighting that in the later sections 

(section 5.2.7) we demonstrate that the depletion of TOP1 can indeed abolish 

Topotecan’s ability to induce replication stress. However, it did not affect the 

synergistic effect between TOP1 inhibition and CX-5461, which indicated that 

CX-5461 is synergising with the functional inhibition of TOP1 rather than the 
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TOP1 trapping. It also indicated that there is a possibility that CX-5461 may be 

able to overcome the CPTs resistance caused by the loss of TOP1, although 

further studies are required to prove this conjecture.  

 

Membrane transporters 

 

Membrane transporters are a class of membrane proteins involved in the 

movement of ions, small molecules, or macromolecules. CPT-derived drugs are 

the substrates of a number of transporters, including P-glycoprotein (P-gp, also 

called Multi Drug Resistance, MDR1), BCRP, ABCG2 and ABCB1 [527, 528]. 

The hyperactivation of these ‘drug pumps’ effluxes CPT to reduce its 

concentration in the cytoplasm, thereby conferring drug resistance. Several 

inhibitors targeting these ‘drug pumps’ are currently under clinical development 

[529, 530].  

 

TDP1 and PARP 

 

Tyrosyl DNA phosphodiesterase 1 (TDP1) is the enzyme that catalyses the 

hydrolysis of the phosphodiester bond between TOP1 and the 3′-phosphate of 

DNA, and resolves the stalled TOP1cc induced by the internal and external TOP1 

trappers such as CPTs. Loss of TDP1 is associated with defects in the repair of 

TOP1-associated DNA strand breaks, and confers hypersensitivity to CPTs [528, 

531]. A recent paper has shown that the TDP1/TOP1 ratio can serve as a 

promising biomarker for the response of small cell lung cancer to TPT [532]. 

TOP1 has also been reported to bind Poly (ADP-ribose) polymerase (PARP), a 

crucial enzyme involved in single-strand DNA break repair. PARP inhibition does 

not provide additional sensitivity to CPTs in TDP1-deficient cells, which 

indicates that TDP1 and PARP are components of the same pathway [531]. As 

PARP inhibitor (PARPi) has recently been approved for HGSC treatment, this 
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finding provides rationale for combining CPTs and PARPi to treat HGSC. The 

clinical trial is currently underway [533].  

 

Other DNA repair and DDR proteins 

 

CPTs cause single-strand DNA breaks and replication stress, which, if not 

repaired, could lead to dangerous double-strand DNA breaks (DSB). Therefore, 

it is not surprising that CPTs can synergise with a number of deficiencies in DNA 

repair and DDR pathways, while the overexpression of the components in these 

pathways can lead to drug resistance. Typical examples include MSH2 or MLH1 

genes in mismatch repair (MMR); XRCC1 in base excision repair (BER); ATM, 

ATR, CHK1, CHK2 in DDR; and RAD51, BRCA1, BRCA2, NBS1 in 

homologous recombination DNA repair [528, 531, 534].  

 

Apoptosis inhibitors 

 

CPT treatment can induce apoptosis [518, 535]. Studies have shown that 

proapoptotic proteins, such as p53 and BAX, are upregulated after CPT treatment, 

while the expression of BCL-2, an anti-apoptosis protein, is decreased [536]. 

Moreover, overexpression of BCL-2 is associated with CPT resistance [528]. 

 

5.1.4 Limitation of Camptothecins in cancer treatment 

 
One significant issue hampering the clinical application of CPTs is the dose 

limiting toxicities including myelosuppression and diarrhoea. Myelosuppression 

(also called bone marrow suppression) is a severe side-effect with reduced 

production of blood cells including anaemia (reduced red blood cells), 

neutropenia (reduced white blood cells) and thrombocytopenia (reduced platelets), 

which can lead to fatigue, infection and haemorrhage, respectively. The severity 
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of the side effects from CPTs is dose dependent, and sometimes can be lethal 

[537]. It is worth highlighting that in the later part of this thesis (section 5.2.9) we 

demonstrated that CX-5461 is able to synergise with low dose Topotecan in vivo 

which can partially alleviate the toxicity problems of CPTs.  

 

5.1.5 Emerging TOP1 inhibitors 

 
A number of TOP1 inhibitors are under development to enhance the therapeutic 

efficacy of TOP1 inhibition while alleviating toxicity. A large proportion of the 

new TOP1 inhibitors are still Camptothecin derivatives, but with different 

chemical modifications aimed at increasing drug efficacy and stability and 

reducing toxicity. Typical examples include NKTR-102 and CRLX101, which 

conjugate irinotecan to a macromolecular core (PEG), thus allowing slow drug 

release with lower peak concentration and prolonged half-life. The usage of 

liposomal formulation employs a similar approach [538, 539]. In contrast, 

Dilomotecan (BN80915) and S39625 reduce nonspecific binding to serum 

albumin by modifying the E-ring of Camptothecin [534, 540]. A number of non-

camptothecin TOP1 inhibitors are also under investigation, including 

indenoisoquinolines, indolocarbazoles and phenanthridine derivatives, all of 

which still inhibit the re-ligation function of TOP1 but with more favourable 

characteristics such as 1) enhanced stability in the blood; 2) less reversible 

TOP1cc trapping; and 3) not being substrates of the membrane transporters [534, 

540, 541]. Apart from these, researchers have also identified several compounds 

that inhibit TOP1 through a different mechanism from Camptothecin, e.g. CY13II 

inhibits the catalytic cleavage activity of TOP1 instead of forming the TOP1cc 

[542]. However, while none of these candidates has been able to pass phase III 

clinical trial so far, a number of drug combinations with Topotecan are under 

investigation and the future looks promising [543, 544]. Here we demonstrated 
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another possible combination option, CX-5461 which is able to deliver synergistic 

anti-tumoural effect in HR proficient HGSC even at low doses of Topotecan. 

 

5.1.6 Hypothesis and approaches 

 

Based on our data to date, the following hypotheses were generated: i) The 

synergistic effect between CX-5461 and TOP1 inhibition we observed from the 

screen is reproducible and generally applicable in a range of cell/cancer types; ii) 

The synergetic effect is caused by the enhanced DDR and independent of p53; iii) 

The enhanced DDR is not caused by the excessive DNA damage, but instead 

caused by the nucleolar associated DDR as both Pol I and TOP1 are preferably 

localised in the nucleolus; iv) The CX-5461/Topotecan combination will be well 

tolerated in vivo and shows synergistic anti-tumour effects. 

 

To assess these hypotheses, we utilised a number of molecular and cellular 

biology tools to validate the findings we obtained from the screen in multiple cell 

line models. We also adopted multiple proteomic/molecular quantification and 

imaging approaches to investigate the cellular and molecular mechanisms of the 

synergistic effect. For the in vivo assessment of the CX-5461/Topotecan 

combination, we generated an OVCAR3 cell-line derived xenograft  mouse model 

to evaluate the tolerability and the therapeutic potential of the combination.  
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5.2. Results 

 

5.2.1 Successful knockdown of TOP1 using TOP1 siRNAs 

 
As studies with RNAi knockdown are frequently hampered by off-target effects, 

we first performed validation experiments to functionally confirm the successful 

knockdown of TOP1. We determined the protein level of TOP1 by performing 

immunofluorescent staining of TOP1 using an anti-TOP1 antibody in OVCAR4 

cells transfected with either SMARTpool siRNA against TOP1 (siTOP1) or non-

targeting siRNA control (OTP-NT). Immunofluorescent staining showed 

successful depletion of TOP1 protein 72 hours after siTOP1 transfection, while 

the treatment of 1 µM CX-5461 for 3 hours did not affect the expression of TOP1 

(Figure 5.1B and 5.1C). We co-stained TOP1 with an antibody to UBF, a 

transcription factor that controls the transcription of rRNA genes (See details in 

section 1.4) [113, 545]. Interestingly, we found that a significant amount of TOP1 

co-localised with UBF in the nucleolus, which is consistent with a previous study 

[541]. This co-localisation still exists after CX-5461 treatment with TOP1 co-

migrating with UBF to the nucleolar periphery (Figure 5.1B). As the nucleolus is 

the site where the ribosomal RNA (rRNA) is transcribed and processed, the 

preferential localisation of TOP1 in the nucleolus and its partial colocalization 

with UBF support its important role in maintaining the genome integrity at the 

rDNA and facilitating rDNA transcription.  
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5.2.2 Combination of siTOP1 and CX-5461 synthetically inhibits cell 

proliferation but does not induce genomic instability 

 
In order to confirm the synergistic effects between CX-5461 and siTOP1, we 

performed cell proliferation assays using the same conditions as the screen, in 

which siPLK1 and siBRCA2 served as comparisons. Cell counting revealed a 

consistent decrease in cell number after combined treatment of siTOP1/siBRCA2 

and CX-5461 compared to vehicle control, siTOP1/ siBRCA2 alone and CX-5461 

alone, but not with siPLK1, which confirmed the reproducibility of the synergistic 

effects (Figure 5.1D). The bliss independence is 0.706 indicating strong 

synergistic effects. Intriguingly, unlike the CX-5461/siBRCA2 dual treatment 

which induced strong micronuclei formation, the CX-5461/siTOP1 dual treatment 

inhibited cell proliferation without causing strong genomic instability, as 

measured by quantification of micronuclei (Figure 4.3A and 4.3B). This is a 

strong indication that the synergy between CX-5461 and BRCA2/TOP1 depletion 

occurs via distinct mechanisms. While extensive DNA damage (mitotic 

catastrophe) is likely to be the major cause of synergy between CX-5461 and 

BRCA2 depletion, it is unlikely to contribute to the combination effect of CX-

5461 and TOP1 inhibition. This divergence is also a good demonstration of the 

potential value of testing different, rational drug combinations in disease with 

different genomic phenotypes (See Section 4.2.3 for details). 

 

5.2.3 The combination of Topotecan and CX-5461 inhibits cell 

proliferation in multiple ovarian cancer cell lines 
 
siRNAs are powerful tools in genetic studies, however, their application in the 

clinic is still limited by their delivery efficiency and stability issues [440, 441]. 

Therefore, using clinically approved drugs is a more practical way to enhance the 

clinical impact of our findings. From our mini chemical compound screen, we 
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found a potential synergistic drug combination between Topotecan and CX-5461 

(Figure 3.6C). However, only one cell line (OVCAR4) and a single dosage of CX-

5461 was tested in the screen. In order to assess the general applicability of the 

combination, we sought to verify our findings in multiple cell lines to further 

support the results from the screen. Two-dimensional checkerboard assays, a 

widely used assay for synergy testing, were used to investigate the effect of the 

CX-5641/Topotecan combination at different dosages in a variety of cell lines 

[546]. We evaluated the synergistic effects of combining CX-5461 and Topotecan 

in an additional three HGSC cell lines (OVCAR3, OVCAR4 and CAOV3, all of 

which are of high genomic similarity to HGSC [6]) and one ovarian clear cell 

cancer (OCCC) line SKOV3. We included the SKOV3 cell line in our panel 

because it has been reported to be resistant to current platinum-based 

chemotherapy and the newly introduced PARP inhibitors [422, 423]. Additionally, 

all four cell lines possess functional BRCA1/2 genes, while three out of the four 

cell lines (OVCAR3, OVCAR4 and CAOV3) harbour mutant p53 [6]. These are 

important features as our project is focusing on the BRCA1/2 proficient HGSC, 

while the mutant p53 supports the later conclusion that the effect of CX-5461 is 

not via p53-dependent pathways. 

 

In order to better characterise the cell lines and determine the appropriate dosages 

to use for the checkerboard assay, we first performed dose response experiments 

for CX-5461, Topotecan, cisplatin and Olaparib in all these four cell lines. 

Cisplatin and Olaparib are both approved for the first-line treatment of OVCA 

[547]. We included these two drugs in order to compare the efficacy of the CX-

5461/Topotecan combination to clinically approved drugs for OVCA. Consistent 

with previous reports, SKOV3 is the most resistant cell line to cisplatin and 

Olaparib treatment, with GI50 dosages at  0.9µM and 3.8µM respectively [548, 

549]. Interestingly, OVCAR4 and CAOV3 showed similar resistance to Olaparib 

as SKOV3 (2.1µM and 4.4µM compared to 3.8µM), but not to cisplatin (108nM 
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and 330nM compared to 909nM), indicating the heterogeneity of the responses of 

cells to different treatments. In contrast, OVCAR3 was the most sensitive cell line 

to both drugs, with GI50 at 40nM and 73nM, respectively (Figure 5.2A and B). For 

Topotecan and CX-5461, although OVCAR3 was still the most sensitive cell line 

to these two drugs (1.2nM and 23nM), there was no marked difference with 

respect to GI50 or TGI dosages between the other three cell lines (Figure 5.2C and 

D). In summary, although the four cell lines demonstrated various sensitivities to 

cisplatin in a wide dosage range of 1.5 logs and strong resistance to Olaparib in 

three of the four cell lines, their sensitivity to the combination of Topotecan and 

CX-5461 was similar. Thus, the cell lines’ sensitivity to Topotecan and CX-5461 

treatment does not correlate to that of current therapies and highlights the potential 

importance of this combination in treating relapsed disease.  

 

We then utilised the data obtained from the dose response curves to setup 

checkerboard assays. For the two-dimensional checkerboard assay, a series of 

dilutions of both drugs were used against each other to identify the maximum 

synergistic effect and the corresponding drug concentrations [550]. Bliss 

independence [427, 428, 551] and combination index (CI, Chou-Talalay method) 

[552, 553] analyses were used to quantify the synergistic effects, and the results 

were visualised using Combenefit software [396]. Strikingly, we found that the 

combination of two drugs significantly inhibited cell proliferation in all four cell 

lines, especially at high doses (Figure 5.3A, B, C, D). Cells were treated with 

indicated doses of drugs for 9 days, and were fixed and counted. A 9-day treatment 

period was used as enhanced therapeutic efficacy was observed with long term 

drug treatment (Figure 5.4E). The results were presented in 3D plots in which the 

relative cell number compared to the vehicle control was plotted on the Z axis, the 

concentration of drugs was plotted on the X and Y axis, and the combination 

effects were demonstrated by different colours. The blue indicates synergistic, 

green additive, and red antagonistic effects. The blue colour, indicating 
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synergistic effects, can be observed in all cell lines with the highest doses of CX-

5461 and Topotecan tested. The lowest Bliss independence obtained from 

OVCAR3, OVCAR4, CAOV3 and SKOV3 cell lines were 0.163, 0.251, 0.426 

and 0.211, respectively, all of which indicated strong synergy, which is consistent 

to the results obtained by using siRNAs (Figure 5.1D). Similar conclusions were 

also observed using the Chou-Talalay method that low combination indices 

(CI<0.9) were reproducibly obtained at the 90% effect point, indicating strong 

synergistic effects (Figure 5.3E).  

 

In addition to the cell proliferation inhibition phenotype, microscopic examination 

revealed an enlarged, flattened cell morphology after combination treatment, 

which is suggestive of cell cycle arrest or a senescence-like phenotype [554] 

(Figure 5.4A, B). We classified this phenotype as senescence-like rather than 

senescence due to the fact that we did not observe a strong increase in senescence- 

associated b-galactosidase staining, which is a widely marker of senescence [555] 

(data not shown). The senescence-like phenotype was further supported by 

clonogenic assays aimed at investigating the proliferative potential of cells after 

drug treatment withdrawal [556]. For the clonogenic assay, OVCAR4 cells were 

seeded into 6-well plates drugged with vehicle control, cisplatin, Olaparib, CX-

5461, Topotecan or CX-5461/Topotecan combination for 48 hours at the GI50 

dosages at 5 days. The drugs were then washed off and the proliferation of cells 

was closely monitored for another 5 days (Figure 5.4C). We washed off the drugs 

at 48 hours so as to investigate if the cell cycle arrest is reversible or not. An 

irreversible cycle arrest being more favourable than the reversible one due to the 

long-lasting effect of tumour growth inhibition. Strikingly, the combination 

treatment of CX-5461/Topotecan caused a persistent irreversible cell cycle arrest 

even after drug withdrawal while other treatment groups resumed proliferation. 

Specifically, the cell confluence was at 6% at the time of drug withdrawal for all 

treatment groups; 5 days after drug withdrawal, the cell confluence of the CX-
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5461/Topotecan groups only increased to 14%, compared to 60% for vehicle 

group and 40% for all other treatment groups (Figure 5.4D and E). Microscopic 

examination of cells in these clonogenic assays revealed enlarged, flattened cell 

morphology similar to Figure 5.4A, consistent with a senescence-like phenotype.  

 

In order to further confirm the cellular senescence phenotype, we performed RT-

qPCR to detect the expression level of a panel of senescence-associated secretory 

phenotype (SASP) genes, including IL1a, IL1b, IL6, IL8, CXCL1, p16 and p21 

[557-559]. Interestingly, this interleukin signature was also observed in the 

primary siRNA screen results (Figure 3.5C). NONO is a housekeeping gene 

which served as an internal control [560] while 5’ETS (transcribed by Pol I) and 

5S (transcribed by Pol III) were used as controls to evaluate the Pol I transcription 

rate after drug withdrawal (The Pol I transcription will be discussed in section 

5.2.5). OVCAR4 cells were treated with 80nM CX-5461, 6nM Topotecan (GI50 

dosages at 5 days) or CX-5461/Topotecan combination for 48 hours. The drug-

containing media was then washed off and replaced by normal cell culture media. 

Cells were cultured for another 48 hours before harvest. As expected, the RT-

qPCR results demonstrated a significant increase in the mRNA level of IL1a, IL6, 

IL8 and p21 after combined treatment compared to vehicle or single drug-treated 

cells (Figure 5.4F), thus strongly supporting a senescence phenotype. Among 

them, the elevation of p21 mRNA expression is particularly interesting because 

1) p21 is a potent cyclin-dependent kinase inhibitor that is capable of inhibiting 

all cyclin/CDK complexes, particularly CDK2, thus promoting cell cycle arrest 

(Figure 1.4); 2) p21 is one of the main downstream targets of p53 [561, 562]. 

Increased p21 expression could provide the key mechanism for the cell cycle 

arrest phenotype. However, as HGSC cell lines harbour mutant p53, the p53 

pathway is unlikely to contribute to the activation of p21. Thus, a p53-independent 

mechanism is likely to be involved in promoting the transcription of p21 [563].  
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Furthermore, in order to investigate whether the CX-5461 and Topotecan 

combination is capable of treating other types of cancer in addition to OVCA, we 

performed the same two-dimensional checkerboard assay to evaluate the 

synergistic effects in two B-cell acute lymphoblastic leukaemia (B-ALL) cell 

lines MHH-CALL4 and SUP-B15. We chose B-ALL because both CX-5461 and 

Topotecan as single agents have been investigated in treating haematological 

malignancies, including B-ALL [564-566]. Strikingly, strong synergistic effects, 

indicated by the ‘blue colour’ in the bliss maps, were also observed in these two 

B-ALL cell lines, particularly in SUP-B15 cell line, probably due to the shorter 

doubling time (18hrs) compared to that of MHH-CALL4 (80-100hrs) which 

might result in a higher activity of Pol I and TOP1 enzymes (Figure 5.5A, B). 

This result suggests that the potential efficacy of combining CX-5461 and 

Topotecan is not restricted to ovarian cancer and may have the potential to be a 

broad-spectrum cancer therapy, e.g. in Topotecan-approved cancer types like 

small cell lung cancer and cervical cancer or those with high activity of Pol I and 

TOP1 enzymes [567, 568]. 

 

5.2.4 Combined treatment of CX-5461 and Topotecan induces cell cycle 

arrest at late S and G2 phases 

 
Although cellular senescence has been identified to be a major driver of the 

synergistic effects of CX-5461 and Topotecan combination, at the cellular level, 

the inhibition of cell proliferation could also be caused by increased cell death via 

apoptosis or necrosis. In order to investigate whether cell death contributes to the 

combination effects, we performed cell proliferation assays measuring the change 

in cell number after 48 hours treatment of CX-5461, Topotecan or CX-

5461/Topotecan combination in OVCAR3, OVCAR4 and CAOV3 cell lines with 

or without the apoptosis inhibitor Q-VD-OPh. We used 48 hours’ time point to 
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investigate the short-term cellular responses to the treatments. Q-VD-OPh inhibits 

apoptosis by blocking the cleavage capacity of several caspases including 

caspases-3, -7, -8, -9, -10, and -12 [569, 570]. The cell proliferation assay showed 

a consistent reduction in cell number in all three cell lines after combination 

treatment compared to single drug and vehicle treatments at the dosage indicated 

in Figure 5.6D. The dosage was set at the 5-day’s GI50 dosage of the 

corresponding drugs in the corresponding cell lines (Figure 5.6B). However, 

although the co-treatment of Q-VD-OPh moderately increased the cell number by 

approximately 5% in the treatment groups, it failed to rescue the synergistic 

phenotype, which indicates that apoptosis does not play a major role in the 

synergistic effect between CX-5461 and Topotecan. 

 

In order to further explore this conclusion, we performed flow cytometry (FACS) 

analysis to directly measure the proportion of dead cells as indicated by the subG1 

population using the same treatment conditions as the proliferation assay. The cell 

cycle profiles of OVCAR3, OVCAR4 and CAOV3 cells were obtained by 

bromodeoxyuridine (BrdU) and propidium iodide (PI) labelling, which measures 

replication and DNA content, respectively. BrdU is an analogue of thymidine that 

can be incorporated into newly synthesized DNA during DNA replication in S 

phase, while PI is a fluorescent DNA intercalating agent that is commonly used 

to measure the DNA content [571]. Although all three cell lines showed an 

increased subG1 population after CX-5461/Topotecan combination treatment for 

48 hours (6% to 12% for OVCAR4, 13% to 18% OVCAR3 and 25% to 35% for 

CAOV3), these modest increases in cell death are not sufficient to explain the 

observed large reductions of cell number. Furthermore, the co-treatment of Q-

VD-OPh can only partially alleviated the cell death phenotype (Figure 5.6A), all 

of which suggest that the cell death has only a marginal contribution to the 

inhibition of cell proliferation and is unlikely to be the major mechanism 

contributing to the reduction in cell number.  
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In contrast, cell cycle analysis performed on the same FACS datasets showed 

enhanced cell cycle arrest during the late S/G2 phase in all three cell lines after 

48 hours of CX-5461/Topotecan combination treatment when the late S/G2 phase 

population of OVCAR3, OVCAR4 and CAOV3 cells was increased from 60% to 

75%, 45% to 65% and 40% to 60%, respectively (Figure 5.6C and D), indicating 

that the inhibition of cell proliferation was mainly caused by enhanced cell cycle 

arrest rather than cell death. Doxorubicin, a TOP2 inhibitor which induces double-

strand DNA breaks (DSBs), was used as a comparison whose treatment 

demonstrated cell cycle arrest at both G1 and G2 phases (Figure 5.6D). This 

difference in the arrested cell phases is particularly interesting because it indicates 

the different mechanisms underlying the combination and doxorubicin treatments 

and demonstrates the preference of the combination in targeting the S/G2 phase 

cells (cells undergoing replication) rather than G1 phase cells (non-proliferating 

cells). This preference is particularly important as it may indicate that the CX-

5461/Topotecan combination has the potential to selectively target the 

proliferating tumour cells while sparing the non-proliferating normal cells, which 

are also being targeted by the doxorubicin. It has been reported that the fatal 

cardiotoxic adverse effect of doxorubicin was largely caused by its unselectively 

cytotoxicity to the non-dividing cardiac cells [572, 573].  
 

5.2.5 The synergistic effects of the combination are not caused by 

rRNA-p53 anti-proliferative responses 

 
At the cellular level, CX-5461 has been reported to induce cell-cycle arrest, 

apoptosis, or senescence in various cancer cell lines via p53-dependent and 

independent anti-proliferative responses [208]. The p53-independent response 

occurs via the DDR pathway, while the p53-dependent response is induced by the 
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release of free ribosomal proteins (RPs), caused by the perturbations of rRNA 

synthesis, from the nucleolus into the nucleus to subsequently stabilise p53. The 

reduction in the pre-rRNA level and the increase in the p53 protein level and 

phospho-p53 (S15) (ATM/ATR phosphorylation site) level can be observed 

during this process [203, 221].  

 

It has been reported that OVCAR4 cells possess mutant p53 [225]. However, in 

order to confirm that the p53 pathway in OVCAR4 cells are indeed non-functional 

and the synergistic effect was not a result of the rRNA-p53 mediated responses, 

we first analysed the protein and phosphorylation (activation) level of p53 in 

OVCAR4 and BJ3 cells treated with 1µM CX-5461 for 48 hours by western blots. 

BJ3 cells (human dermal fibroblast) were used as a positive control for p53 

activation as they possess wild type p53 and an intact rRNA-p53 mediated anti-

proliferative response [220]. While the accumulation of p53 protein and increased 

p53 phosphorylation (activation) were observed in CX-5461-treated BJ3 cells, 

similar trends were not observed in OVCAR4 cells (Figure 5.7A). On the other 

hand, increased phosphorylation of CHK2, a key component in DDR, was 

observed in both cell lines, suggesting that the p53-independent DDR, but not the 

rRNA-p53 responses, likely plays a main role in response to CX-5461 in 

OVCAR4 cells. 

 

We next performed the Pol I transcription assay in OVCAR4 cells by using RT-

qPCR to detect the level of the newly synthesised 45S pre-rRNA, which is rapidly 

processed and thus serves as a surrogate measure of rDNA transcription. The 

treatment of 80nM CX-5461 for 3 and 24 hours significantly decreased the 45S 

pre-rRNA abundance (5’ETS, ITS1 and ITS2 primers) but not 5S pre-rRNA 

(transcribed by Pol III) (Figure 5.7B), which confirmed CX-5461’s ability to 

selectively inhibit Pol I transcription. 1µM CX-5461 and 5nM ActinomycinD (a 

low dose known to inhibit Pol I transcription) served as positive controls. 
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However, no further reduction of 45S pre-rDNA transcription was observed with 

CX-5461 and Topotecan combination treatment, which indicates that the 

synergistic effect is not caused by an enhanced inhibition of rDNA transcription.  

 

In order to assess the impact of inhibition of rDNA transcription on cell 

proliferation, we then performed cell proliferation assays using the same 

conditions. Interestingly, although 5nM ActinomycinD achieved a much stronger 

effect in suppressing rDNA transcription compared to CX-5461/Topotecan 

combination treatment (Figure 5.7C), its effect on cell proliferation inhibition was 

not as pronounced as that of the combination treatment (Figure 5.7D). In other 

words, the level of acute rDNA transcription inhibition is not correlated with the 

inhibition of cell proliferation. Similarly, in the previous drug wash off 

experiments, while the inhibition of rRNA transcription was observed during the 

CX-5461/Topotecan combination treatment (55% reduction in 5’ETS 

transcription 24hrs after dual drug treatment) (Figure 5.7C), we did not observe 

any significant change in 5’ETS transcription (less than 10% reduction) 48 hours 

after drug withdrawal (Figure 5.4F). Moreover, although CX-5461 treatment 

alone can inhibit rRNA transcription at a comparable level as CX-5461/Topotecan 

combination (Figure 5.7C), it failed to demonstrated a comparable cell growth 

inhibition after the drug withdrawal (Figure 5.4D and E). The restoration of rRNA 

transcription (but not cell proliferation) after drug withdrawal (Figure 5.4E), as 

well as the lack of correlation between rRNA transcriptional inhibition and cell 

proliferation inhibition (Figure 5.7C&D), strongly indicate that the synergistic 

effect of the combination is not due to rRNA-p53 mediated nucleolar stress 

responses. 
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5.2.6 Enhanced DDR after CX-5461 and Topotecan combination 

treatment 

 

The p53-independent response to CX-5461 is largely mediated by Ataxia 

telangiectasia mutated (ATM) and Ataxia telangiectasia and Rad3 related (ATR) 

kinases, both of which are part of the DDR pathway [220, 223]. ATM/ATR are 

activated by various forms of DNA damage, including DNA double-strand breaks 

(DSBs) and RPA-coated single-strand DNA (ssDNA). Protein kinases CHK1 and 

CHK2 are the major downstream targets of ATM/ATR, which arrest cell-cycle 

progression by various mechanisms [574].  

 

In order to investigate if DDR is the cause of the synergistic effects of CX-5461 

and Topotecan, we assessed the activation/phosphorylation of a number of key 

DDR pathway components in OVCAR3, OVCAR4 and CAOV3 cells by western 

blotting after 3 or 24 hours CX-5461, Topotecan or CX-5461/Topotecan 

combination treatment (Figure 5.8A). 1µM CX-5461 and 1µM Doxorubicin (a 

TOP2 inhibitor which induces DSBs) served as positive controls as they are 

known to induce DDR [575]. The panel of DDR components include 

pRPA32/RPA2(S4/S8), pRPA2(S33), pATM(S1981), pATR(T1989), 

pCHK1(S345), pCHK2(T68), pKAP1(S824), gH2AX(S139) and pCDC2(Y15) 

(See details of these components in Chapter 1.1.6 and Figure 1.4). Enhanced 

activation/phosphorylation of pRPA32/RPA2(S4/S8), pRPA2(S33), 

pCHK1(S345) and pCHK2(T68) were reproducibly observed in CX-5461 and 

Topotecan combination treated cells, especially at 24 hours, which indicates an 

enhanced DDR after combination treatment (Figure 5.8B). Similar responses were 

also observed in OVCAR3 and CAOV3 cell lines (Figure 5.8C). Interestingly, 

despite the strong activation of DDR, we did not observe enhanced 

phosphorylation of H2AX (gH2AX) with the CX-5461/Topotecan combination 

treatment, which, in contrast, was strongly activated with doxorubicin treatment. 
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The treatment of doxorubicin also dramatically activated pCHK2 at 3 hrs and 

pATM at 24 hrs, which was distinct from the CX-5461/Topotecan combination 

treatment (Figure 5.8B). The strong and rapid phosphorylation of gH2AX, 

pCHK2 and pATM is a canonical indicator of the formation of DSBs [575]. These 

data suggest that the CX-5461 and Topotecan combination activates the DDR in 

a different way from doxorubicin, which was known to activate DDR via DSBs. 

 

5.2.7 Enhanced DDR does not result in DNA strand breaks, G4-DNA 

stabilisation or global replication stress 

 
We then investigated the trigger of the enhanced DDR by the combination 

treatment. Previous studies have shown that CX-5461-induced DDR is either 

DNA damage-dependent or -independent [220, 225]. DNA double-strand (DSBs) 

and single-strand DNA breaks (SSBs) are the most common form of DNA 

damage. In order to investigate whether the DDR is the result of the accumulation 

of DNA strand breaks, we performed the alkaline comet assay, a sensitive method 

that detects SSBs, DSBs, alkali-labile sites, oxidative bases or DNA-DNA/DNA-

protein crosslinks at the single cell level [576]. Cells were treated with 1µM CX-

5461, 20nM Topotecan or 1µM CX-5461/20nM Topotecan combination for 3 

hours (the drug dosages are higher due to short treatment period), and were then 

harvested for the assay. Doxorubicin, a DNA topoisomerase II inhibitor known to 

induce direct DSBs, was used as a positive control [481]. Similar to our previous 

observations, long comet tails indicative of extensive DNA damage, were only 

observed in doxorubicin-treated cells but not CX-5461, Topotecan or CX-

5461/Topotecan combination-treated cells at the concentrations tested (Figure 

5.9A and B) [420]. These results are consistent with the western blot analysis of 

γH2AX, a common marker of multiple types of DNA damage [313], in which 

strong phosphorylation was only observed in doxorubicin-treated cells (Fig. 5.8B 
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and C). These findings strongly suggest that the activation of DDR caused by the 

CX-5461 and Topotecan combination treatment was not the result of accumulated 

DNA strand breaks. 

 

G4-DNA is a four-stranded DNA structure formed by single-stranded guanine-

rich DNA sequences whose stabilisation can impede the progression of DNA 

polymerases and lead to replication stress, DNA damage and genomic instability 

[577]. As CX-5461 has been reported to be a DNA G-quadruplex (G4-DNA) 

stabiliser [225], we then tested if the synergy between CX-5461 and Topotecan 

resulted in enhanced G4-DNA stabilisation. We performed immunofluorescent 

(IF) cell staining in OVCAR4 cells treated with 1µM CX-5461, 20nM Topotecan, 

1µM CX-5461/20nM Topotecan combination, 1µM doxorubicin or 10µM 

TMPyP4 for 3 hours using a G4-DNA specific antibody (1H6), which is a 

conventional method to evaluate the presence of G4-DNA [467]. TMPyP4 is a 

strong G4-DNA stabiliser that was used as a positive control [578]. Despite the 

fact that CX-5461 treatment resulted in a moderate stabilisation of G4-DNA in 

the nucleoli as marked by UBF staining, CX-5461/Topotecan combination-

treated cells did not show stabilisation (Figure 5.9C and D). TMPyP4 treatment 

was the only treatment that showed strong stabilisation of G4-DNA [467]. 

Furthermore, western blot analysis of OVCAR4 cells treated with 10µM TMPyP4 

for 1 or 3 hours showed no activation/phosphorylation of the key DDR 

components pCHK1(S345) and pCHK2(T68) compared to 1µM CX-5461 

treatment (Figure 5.9E). Similarly, TMPyP4 also did not inhibit Pol I transcription, 

as demonstrated by RT-qPCR of 45S pre-rRNA in cells treated with 10µM 

TMPyP4 at various time points (Figure 5.9F). Together, these results suggest that 

the enhanced formation of G4-DNA structures does not result in synergy between 

CX-5461 and Topotecan. 
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CX-5461 treatment has also been reported to induce global replication stress [225]. 

Replication stress is a phenomenon of slow or problematic progression of 

replication forks. Stalled replication forks, if not properly stabilised and restarted, 

can lead to the generation of fork collapse and genomic instability [313, 579]. The 

DDR can be activated by stalled replication forks, which provide a significant 

contribution to DNA damage-independent DDR [313]. In order to determine 

whether replication stress contributes to the synergy between CX-5461 and 

Topotecan, we performed IF staining in OVCAR4 cells treated with 1µM CX-

5461, 20nM Topotecan, 1µM CX-5461/20nM Topotecan combination, or 1µM 

doxorubicin for 3 hours to assess the replication-dependent γH2AX and RAD51 

foci formation, both of which are markers of replication stress [225, 580, 581]. 

Cells were also co-treated with 5-ethynyl-2'-deoxyuridine (EdU), an analogue of 

thymidine that is similar to BrdU, which can be incorporated into newly 

synthesized DNA during DNA replication. Consistent with previous studies, 

increased γH2AX and RAD51 foci formation was observed in CX-5461, 

Topotecan and CX-5461/Topotecan combination-treated cells, and was highly 

correlated to EdU incorporation, indicating the existence of replication stress in 

replicating/S-phase cells (Figure 5.10A). However, although γH2AX and RAD51 

foci formation was indeed strong in CX-5461, Topotecan or CX-5461/Topotecan 

combination-treated cells, there was no further enhancement compared to CX-

5461 or Topotecan single treatment (Figure 5.10B and C). In fact, the level of 

γH2AX and RAD51 foci formation in the CX-5461/Topotecan combination-

treated cells was similar to that of the Topotecan-treated cells. In contrast, 

doxorubicin treatment induced strong γH2AX foci, but not RAD51 foci, 

formation in both EdU positive and negative cells, suggesting the formation of 

DSBs. It has been reported that only γH2AX but not RAD51 foci are induced by 

the DSBs formed in G0/G1 phase [582]. This reveals a different cellular response 

towards different types of DNA abnormalities, which is also consistent with 

observations above describing the differential mechanisms underlying the 
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response to CX-5461/Topotecan combination and doxorubicin (section 5.2.4 and 

5.2.6). Together, these data suggest that 1) CX-5461, Topotecan or CX-

5461/Topotecan combination treatment induces replication-dependent formation 

of γH2AX and RAD51 foci, which is likely due to replication stress rather than 

DSBs; 2) The level of RAD51 and γH2AX foci formation is not correlated to the 

level of cell proliferation inhibition. The strong replication stress induced by CX-

5461 and Topotecan combination treatment may contribute to the inhibition of 

proliferation but is not the root cause of the synergistic effect; 3) CX-5461 and 

Topotecan may play redundant roles in inducing replication stress.  

 

Some RAD51/ γH2AX foci can be found in EdU negative cells in all treatment 

groups (Figure 10B-C, E-F). This phenomenon can be attributed to the roles 

played by RAD51/ γH2AX in the DDR process. RAD51 plays a central role in 

HR by catalysing the ssDNA crossover to its undamaged homologue to allow re-

synthesis of the damaged region. As HR occurs in both S and G2 phases, our 

finding that RAD51 foci are present in EdU negative G2 phase cells is consistent 

[583]. RAD51 foci formation has also been shown in G1 phase cells with 

extensive DNA damage [584]. Similarly, as an early responder to DNA damage, 

γH2AX can be phosphorylated and activated by all three PIKKs (ATM, ATR and 

DNAPKs) independent of cell cycle; thus, it is not surprising to observe γH2AX 

in EdU negative cells, particularly in cancer cells with unstable genomes [585].  

 

Topotecan disrupts TOP1 function by trapping TOP1 on the chromatin via its 

TOP1cc (reviewed in Chapter 5.1.3), which is distinct from siTOP1 which simply 

reduces the mRNA and protein level of TOP1. However, this TOP1 poisoning 

process is a strong inducer of replication stress by itself, which makes it difficult 

to determine the contribution of replication stress to the combination effects in 

our experimental system [586, 587]. In order to avoid the noise caused by TOP1 

trapping and to better dissect the role of replication stress in the combination of 
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CX-5461 and the functional inhibition of TOP1 (without TOP1 poisoning), we 

performed IF staining of γH2AX and RAD51 foci in OTP-NT or siTOP1-

transfected OVCAR4 cells treated with 1µM CX-5461, 20nM Topotecan, or the 

combination of 1µM CX-5461/20nM Topotecan together with EdU labelling. 

Strikingly, the RAD51 and gH2AX foci formation in EdU negative cells 

(G0/G1/G2 phase cells) was weak in all treatment groups, which supports our 

previous statement that the combination of CX-5461 and TOP1 inhibition does 

not cause DSBs. Doxorubicin, a TOP2 inhibitor known to cause DSBs, induced 

gH2AX foci formation independent of EdU incorporation (Figure 5.10A and C). 

For EdU positive cells (S phase cells), although strong γH2AX and RAD51 foci 

formation was still observed in CX-5461, Topotecan, or CX-5461/Topotecan 

combination-treated OTP-NT transfected cells, similar effects were not observed 

in siTOP1 transfected cells (Figure 5.10D). To be more specific, the level of 

RAD51 foci formation in TOP1 knockdown cells treated with CX-5461, 

Topotecan, or the CX-5461/Topotecan combination was equivalent to that of the 

vehicle-treated cells. In fact, all the treatment groups with TOP1 knockdown had 

a lower RAD51 foci formation level compared to their mock knockdown 

counterparts, including the Topotecan only group, which confirms the specificity 

of Topotecan (Figure 5.10E). We attributed the absence of RAD51 foci to the 

reduced level of ssDNA formation, which could be the result of alleviated TOP1 

trapping, or replication stress. For γH2AX foci formation, the situation is more 

complex. Similar to RAD51 foci, alleviated γH2AX foci formation was observed 

in Topotecan or vehicle-treated TOP1 knockdown cells. However, despite of the 

marked decrease in RAD51 foci formation, γH2AX foci formation in CX-5461 or 

CX-5461/Topotecan combination-treated TOP1 knockdown cells still was 

maintained at a relatively high level (Figure 5.10F). We attributed this sustained 

strong γH2AX foci formation to the activation of ATM upon CX-5461 treatment 

by mechanisms other than DSBs or replication stress. It has been reported that 
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overactivation of ATM can induce γH2AX foci formation without the presence 

of actual DNA damage [588]. Moreover, we did not observe localisation of 

RAD51 foci in the nucleolar region (Dr Elaine Sanij’s unpublished data). All these 

findings suggest that 1) the global replication stress induced by the CX-5461 and 

Topotecan combination is highly dependent on the TOP1 expression level that the 

depletion of TOP1 can alleviate replication stress; 2) TOP1 itself is a source of 

replication stress under basal conditions; 3) global replication stress is not 

correlated to the synergistic effects between CX-5461 and TOP1 inhibition.  

 

5.2.8 CX-5461, Topotecan or combination treatment induces both 

replication-dependent and -independent nucleolar-associated 

DDR 

 
Given that DNA strand breaks, G4-DNA structures and global replication stress 

likely do not contribute to the synergy between CX-5461 and Topotecan, we then 

hypothesised that the nucleolar-associated DDR may contribute to the synergistic 

effect as both RNA Pol I and TOP1 are predominantly localised in the nucleolus 

[100]. 

 

In order to investigate the existence of a nucleolar-associated DDR, we performed 

IF analysis of upstream DDR components pRPA2(S33) and pRPA32(S4/S8) 

together with the nucleolar marker UBF in OVCAR4 cells treated with 1µM CX-

5461, 20nM Topotecan, the combination of 1µM CX-5461/20nM Topotecan, 

1µM doxorubicin or 5nM ActinomycinD for 3 hours. pRPA2(S33) and 

pRPA32(S4/S8) are two different post-translational modifications of RPA 

(Reviewed in Chapter 1.1.6) [329, 589]. Surprisingly, IF staining showed a 

distinct staining pattern for these two RPA modifications. For pRPA32(S4/8), 

strong foci were observed at the centre of the nucleolus after the CX-
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5461/Topotecan combination treatment, but were not observed with doxorubicin 

or actinomycin D treatment. These foci did not co-migrate with UBF to the 

nucleolar periphery upon treatment with CX-5461 and their formation was not 

correlated to EdU status (Figure 5.11A and C). For pRPA32(S33), strong UBF 

colocalising pRPA2(S33) foci formation was observed in both CX-

5461/Topotecan combination-treated and doxorubicin-treated groups. However, 

in CX-5461/Topotecan combination treated groups, these foci only present in the 

EdU-positive cells; while in doxorubicin treated groups, they present in both EdU-

positive and -negative cells (Figure 5.11B and D). This EdU-independent 

activation of pRPA2(S33) further confirmed the replication independent DNA 

damaging action of doxorubicin. Together, these data suggest that 1) the CX-5461 

and Topotecan combination treatment induced a nucleolar-associated DDR; 2) 

ssDNA is present in the nucleolus upon the combination treatment; 3) the CX-

5461/Topotecan combination demonstrated distinct staining pattern as 

doxorubicin, which further suggested the different therapeutic mechanisms 

followed by these two treatments; 4) multiple DDR mechanisms maybe involved 

in response to the combination treatment as the two groups of RPA proteins 

exhibited different localization and expression patterns.  

 

As ssDNA-bound RPA32/RPA2 is known to be the platform for ATR 

activation/phosphorylation, we thus investigated the ATR activation status by IF 

staining with a phospho-ATR(T1989) antibody. The results revealed that after 3 

hours treatment of 1µM CX-5461, there was a replication-independent (as defined 

by EdU staining) increase in pATR staining and the staining was further enhanced 

by the co-treatment of 20nM Topotecan. The enhanced pATR staining occurred 

at UBF foci, which indicates that the CX-5461/Topotecan combination treatment 

activates the DDR via ATR phosphorylation within the nucleoli (Figure 5.12A). 

A similar staining pattern was not observed with ActinomycinD or doxorubicin 

treatment, although enhanced pATR foci formation in other regions of the nucleus 
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was indeed observed in the doxorubicin group independent of EdU (Figure 5.12B), 

which further confirmed its replication independent DNA damaging capability 

[573]. It should be noted that the pATR and pRPA(S33) both colocalise with UBF 

in the CX-5461/Topotecan combination group. This colocalization does not exist 

in response to doxorubicin treatment as the pATR does not colocalise with UBF, 

further highlighting the distinct mechanism of action between the combination 

therapy and doxorubicin. Based on these results, we conclude that 1) the CX-5461 

and Topotecan combination treatment induces a nucleolar-associated DDR via 

the RPA-ATR axis; 2) the DDR is not replication or DSB-dependent, indicating 

the existence of mechanisms other than the induction of replication stress or DSBs 

(See section 1.6); 3) the strong induction of pATR foci formation at nucleolus was 

not observed with doxorubicin or ActinomycinD treatment, reinforcing our 

previous observations above that a different mechanism was used by the CX-

5461/Topotecan combination. 4) the DDR induced by the CX-5461/Topotecan 

combination, particularly the early responders like pATR, is restricted to the 

nucleolar region, which is distinct from doxorubicin which induces global DNA 

damage (also indicated by pATR). This specificity suggests that the CX-

5461/Topotecan combination may provide a safer, more targeted therapeutic 

approach than doxorubicin.  

 

As the RPA-ATR-mediated DDR induced by the combination was not exclusively 

dependent on DNA replication and DSBs were not detectable, we then 

investigated the possibility that replication-independent DDR could be involved 

in this process. As reviewed in Chapters 1.6.1 and 1.6.2, the DDR can also be 

activated via the transcription-coupled DDR mediated by the TC-NER, even in 

non-proliferating cells [590, 591]. RPA protein is known to be activated and 

involved in the TC-NER by stabilising ssDNA during the TC-NER process and 

activating the ATR cascade to slow down cell cycle progression [592-594], which 

is in accordance with the activated pRPA32/RPA2 and pATR phenotypes we have 
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observed. One of the main triggers of TC-NER is R-loops [595]. R-loops are 

three-stranded DNA secondary structures when the nascent RNA hybridises with 

the DNA template (the RNA-DNA hybrids), leaving the non-template DNA 

single-stranded [596]. RPA32/RPA2 can bind to ssDNA and protect it from DNA 

damage or from forming secondary DNA structures such as G4-DNA, thus 

serving as a sensor of R-loops [597]. R-loops naturally occur during transcription 

but can lead to replication stress and genomic instability if left unresolved [596, 

597]. It is not surprising that the nucleolus containing the rDNA is a frequent site 

for R-loop formation due to its unusually high transcription rate [598]. TOP1 is 

also known to be involved in the prevention of R-loop formation. The 

transcription of RNA polymerases induces positive and negative supercoils ahead 

of and behind the polymerases, respectively, while the formation of negative 

supercoils favours R-loop formation. TOP1 can resolve these negatives supercoils, 

thus avoiding the formation of R-loops [598]. Indeed, the loss/inhibition of TOP1 

can cause R-loop accumulation in both yeast and mammalian cells [100, 599], 

while the accumulation of R-loops can activate NER and induce genomic 

instability [600]. As Pol I transcription, TOP1 inhibition and RPA-ATR-mediated 

DDR converge on R-loop formation, this prompted us to test if the accumulation 

of R-loops is involved in the synergy between CX-5461 and Topotecan. 

 

In order to evaluate the formation of R-loops, we utilized a widely used specific 

antibody against RNA-DNA hybrids [S9.6] to perform IF analysis in OVCAR4 

cells treated with 1µM CX-5461, 20nM Topotecan or the combination. Consistent 

with a previous report, strong formation of RNA-DNA hybrids was observed in 

the cytoplasm in all treatment groups, which was attributed to mitochondrial R-

loops and cytoplasmic tRNA [599]. However, enhanced R-loop foci formation in 

the nucleolus marked by UBF was only observed with the combination treatment 

(Figure 5.13A and B). In addition, the localization of UBF and R-loops was also 

altered following drug treatment. UBF and R-loops were partially colocalised 
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with each other in the vehicle and 20nM Topotecan-treated groups, while the 

addition of 1µM CX-5461 disrupted this colocalization, and UBF migrated to 

peripheral nucleolar caps, leaving R-loops at the centre of the nucleolus (Figure 

5.13A). The R-loop staining pattern shared high similarity to that of 

pRPA32(S4/S8), which confirms pRPA32 role as a sensor of R-loops [597]. 

Taken together, we suggest that the CX-5461 and Topotecan combination 

treatment induces a replication-independent, nucleolar-associated DDR that can 

drive the formation of R-loops via the RPA-ATR axis. 

 
In addition to the RPA-ATR axis, we also examined whether ATM is involved in 

the synergistic effects as our previous study has shown that the Pol I inhibition 

can lead to the activation of ATM signalling [420]. In order to evaluate the 

activation of ATM, we performed IF staining of pKAP1(S824), a major 

phosphorylated substrate of ATM, in OVCAR4 cells treated with 1µM CX-5461 

or/and 20nM Topotecan for 3 hours [601]. A significant increase in the percentage 

of cells with high pKAP1 expression was observed in EdU-positive cells with 

combination treatment, indicating the strong activation of ATM (Figure 5.14A 

and B). Furthermore, KAP1 has been reported to be a suppressor of p21 gene 

transcription while phosphorylation of KAP1 at S824 can deactivate KAP1 

suppressive function and promote the expression of p21 [602-605]. When 

considering the senescence-like phenotype that occurs in response to the 

combination (Figure 5.4F), the enhanced phosphorylation of KAP1 by ATM 

could be driving the elevated transcription of p21. While further experiments are 

necessary to test this hypothesis, it is possible that the activation of ATM-KAP1-

p21 contributes to the cell cycle arrest observed with the CX-5461 and Topotecan 

combination treatment. 
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5.2.9 CX-5461 and Topotecan combination treatment is well tolerated 

in vivo and can slow tumour progression in a xenograft mouse 

model of HGSC 

 
The clinical treatment of HGSC is currently hindered by the drug resistance that 

develops in response to treatment, particularly with respect to the restoration of 

HR function [24]. Very limited salvage therapeutic options are available for 

patients who are refractory or have developed resistant disease to conventional 

platinum-based chemotherapies and PARP inhibitors, and the prognosis for these 

patients is poor [41]. Topotecan is among the top choices of these salvage 

therapies, but its dose-limiting toxicity in haematological suppression restricts its 

long-term use [474]. As a result, if the combination of CX-5461 and Topotecan 

could slow down tumour progression in vivo while keeping side-effects minimal, 

it would deliver a significant impact in clinical practice. 

 

In order to evaluate the clinical potential of the CX-5461 and Topotecan 

combination, we tested the combination in a pre-clinical OVCA xenograft model. 

We utilised the mutant p53 HR-proficient OVCAR3 cell line, which was 

established from a cisplatin-refractory patient and is widely used as a model 

system to study drug resistance in OVCA [606-608]. 5x106 OVCAR3 cells were 

subcutaneously engrafted into 40 4-6-week-old female NOD SCID Gamma (Non-

Obese Diabetic.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, NSG) severe immunodeficient mice 

and were then left to grow for approximately 3 weeks until the average tumour 

volume reached 100mm3.  

 

Tumour-bearing mice were randomised into four groups (10 mice for each group) 

and administrated with 30mg/kg CX-5461 (oral gavage) or/and 5mg/kg 

Topotecan (intraperitoneal injection) (maximum tolerated dosages (MTD) 
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determined by the TRL) and the corresponding vehicles twice a week for four 

weeks (8 doses in total). The dosages were empirically determined based on 

previous studies [606, 609]. We monitored tumour growth twice a week until the 

tumour volume reached 1000mm3 at which time the mice were culled. Mice were 

weighed to monitor animal health in response to the drug treatments. 

 

CX-5461 treatment alone only had a very moderate effect in delaying tumour 

growth and prolonging survival, consistent with previous observations that HR-

proficient xenografts are less sensitive to CX-5461 treatment compared to HR-

deficient ones [225]. Alternatively, Topotecan treatment alone was more potent 

in inhibiting tumour growth, which further supports the rationale of its use in the 

clinic (Figure 5.15B). Strikingly, the combined treatment of CX-5461 and 

Topotecan completely stalled tumour progression during the period of treatment 

and extended overall survival by almost 30% compared to Topotecan only 

treatment (Figure 5.15C). The tolerability of the treatment was also acceptable 

during the treatment period with regard to change in body weight (Figure 5.15A). 

However, we did observe some dose-limiting toxicity related to Topotecan 

treatment, including body weight loss and pale limbs and lips, which are signs of 

anaemia and haematological suppression. These side-effects have also been 

observed in the clinic and are reversible after ceasing dosing [610].  

 

To test whether the moderate side effects from the combination treatment could 

be reduced while retaining therapeutic efficacy, we performed a second 

experiment using half the MTD dose of Topotecan (2.5mg/kg twice per week). 

Indeed, the side-effects were largely alleviated (Figure 5.15D) and the therapy 

was still effective. The combined treatment of CX-5461 and Topotecan stabilised 

the disease (Figure 5.15E) during the treatment period and extended the overall 

survival by more than 50% compared to Topotecan alone (Figure 5.15F). In other 

words, the synergistic effect was even stronger using a lower dose of Topotecan. 
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In summary, our pre-clinical results strongly support the combination of CX-5461 

and Topotecan as a promising therapeutic treatment option for HR-proficient, 

chemo-resistant HGSC. Furthermore, using a reduced dose of Topotecan while 

retaining efficacy indicates the possibility of longer-term treatment and hence 

therapeutic outcome. 
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5.3. Discussion 

 
This chapter focussed on the validation and the mechanistic study of the 

synergistic effect between CX-5461 and TOP1 inhibition, which was identified 

by the genome-wide siRNA screen and the focussed chemical compound screen 

described in the previous chapters. We have also provided insight into the in vivo 

application of the CX-5461/TOP1 combination in the latter part of this chapter.  
 

Specifically, we verified that TOP1 inhibition, either by siRNA knockdown or by 

the chemical inhibitor Topotecan, together with CX-5461 treatment can 

synergistically inhibit cell proliferation in HGSC cell line OVCAR4 (Figure 5.1). 

The effectiveness of this combination effect was confirmed by the results of the 

drug checkerboard assays performed in three HGSC cell lines (OVCAR3, 

OVCAR4 and CAOV3) and one OCCC cell line SKOV3 (Figure 5.3). The 

synergistic effect demonstrated in the SKOV3 cell line is particularly interesting 

because this cell line is known to be resistant to both cisplatin and Olaparib, which 

are the current standard treatment options of ovarian cancer (Figure 5.2) [422, 

423]. This finding strongly suggests that the CX-5461/Topotecan combination 

may have the potential to overcome the resistance to standard therapies in ovarian 

cancer.  

 

One caveat of our experiments is that we did not test TOP1 knockdown efficiency 

with individual siRNA duplexes, which raises the possibility of off-target effects. 

As only 2 out of the pool of 4 siTOP1 duplexes we used synergise with CX-5461 

(Table 3.2), it is possible that the siTOP1 duplexes causing the synergistic effects 

are not the ones that downregulate TOP1 expression. To address this, we could 

introduce an RNAi-insensitive ORF of TOP1 to test if it rescues the synergistic 

effects and the expression of TOP1 protein. The details of the method as well as 

other ways of detecting the off-target effects have been described in section 4.3.  
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In addition to ovarian cancer cell lines, we have also tested the efficacy of the CX-

5461/Topotecan combination in B-cell acute lymphoblastic leukaemia (B-ALL) 

cell lines SUP-B15 and MHH-CALL4 (Figure 5.5). Both CX-5461 and Topotecan 

are being evaluated in the clinic to treat B-ALL [223, 566, 611]. Strong synergistic 

effects were observed in both cell lines, demonstrating the broader applicability 

of this combination to other cancers. However, further studies are required to 

determine the tumours types which are more likely to be sensitive to this therapy, 

perhaps starting with the tumour types which Topotecan has been approved for 

use (e.g. small cell lung cancer and cervical cancer) or those with high activity of 

the Pol I and TOP1 enzymes (can be determined by immunohistochemistry or 

real-time PCR).  

 

We then investigated the cellular mechanisms underlying the synergistic effect 

between CX-5461 and Topotecan. We found that the CX-5461/Topotecan 

combination induces cell growth inhibition and strong cycle arrest at late S/G2 

phase in all three HGSC cell lines. In contrast, doxorubicin-treated cells were 

arrested at G1/G2 phases, revealing different mechanisms adopted by different 

drugs (Figure 5.6B, C and D). Cell death, as determined by the subG1 cell 

population, was moderately increased after 48hrs treatment of CX-5461 or CX-

5461/Topotecan combination (Figure 5.6A), but was not comparable to that of B-

cell lymphoma in which massive apoptosis was observed within just 3hrs 

treatment of CX-5461 [221]. It is worth highlighting that the CX-5461 dosage 

used to treat B-cell lymphoma was even lower than that of the HGSC cells. This 

dramatic difference in drug sensitivity demonstrated the heterogeneity among 

different types of cancer. The massive apoptosis observed in B-cell lymphoma 

was attributed to the activation of p53 pathways [221] (See Section 1.5 for details 

of the p53-dependent apoptotic pathway in lymphoma). Interestingly, we found 

no correlation between CX-5461 sensitivity (in terms of GI50 dosages) and p53 
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status in our panel of ovarian cancer cell lines (Figure 3.1C). However, future 

experiments will test whether the combination of CX-5461 and Topotecan also 

has improved efficacy in p53 wildtype OVCA, e.g. LGSC. Also, it is possible that 

the absence of apoptosis was the result of the overexpression of anti-apoptotic 

factors, like BCL2-family proteins [612]. This hypothesis can be tested by 

including inhibitors of anti-apoptotic factors, like Venetoclax (ABT-199), into the 

treatment [613]. 

 

The cell cycle arrest phenotype induced by the CX-5461/Topotecan combination 

could be the result of either senescence or quiescence. Quiescence-induced cell 

cycle arrest is due to the withdrawal of serum growth factors and nutrients and is 

reversible after their replenishment. In contrast, senescence induces cell cycle 

arrest even with sufficient growth-stimulation [614]. Flattened and/or enlarged 

cell morphology, increased p21, p16 or senescence-associated β-galactosidase 

expression, senescence-associated secretory phenotype (SASP), and senescence-

associated heterochromatic foci are often observed and used as markers of 

senescence. In fact, senescence is one of the main outcomes of chemotherapy or 

radiation therapies. However, although the senescence is an effective response to 

current therapeutics, it can be overcome through the inactivation of p53, p16, RB, 

or/and over-expression of CDC2/CDK1 and survivin [615, 616].  

 

The cell cycle arrest phenotype presented after CX-5461/Topotecan combination 

treatment was identified as senescence-like, as the cell cycle arrest was persistent 

and irreversible even after drug withdrawal (Figure 5.4C, D and E). Microscopic 

examination of combination-treated cells demonstrated a typical senescence-like 

morphology with flattened and/or enlarged cells (Figure 5.4A). RT-qPCR of a 

panel of SASP-associated genes also revealed a significant increase in the 

transcription of IL1a, IL6, IL8 and p21 (Figure 5.4F). Among them, the elevation 

of p21 expression is particularly interesting because it is a well-known pan-CDK 
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inhibitor that is capable of promoting cell cycle arrest (Figure 1.4 and 5.8A). Thus, 

increased p21 expression provides an explanation of the observed cell cycle arrest 

phenotype. Moreover, no major changes in 5’ETS expression were observed 

compared to the vehicle-treated cells, indicating that restoration of rDNA 

transcription after drug withdrawal was insufficient to restore cell proliferation 

(Figure 5.4F). This argument was further supported by the results of the 45S pre-

rRNA transcription assay and the cell proliferation assay with another Pol I 

transcription inhibitor, ActinomycinD, that no correlation was observed between 

rDNA transcription inhibition and inhibition of cell proliferation (Figure 5.7C and 

D). Together, these data suggest that the CX-5461/Topotecan combination 

treatment causes a persistent, irreversible cellular senescence independent of 

rDNA transcription inhibition. Furthermore, this induction of senescence has also 

provided an explanation as to why the CX-5461/Topotecan combination-treated 

tumours grew slower than other treatment groups (measured by the slope of the 

tumour growth curves) even after the stop of dosing (Figure 5.15B and E). It also 

prompted us to investigate the DDR pathways to determine the molecular 

mechanism of the combination as the DDR is frequently involved in the 

senescence and cell cycle arrest at S/G2 phases [614].  

 

As expected, multiple components of the DDR pathways were found to be 

activated (hyperphosphorylated) by western blotting after treatment with the CX-

5461/Topotecan combination, particularly pRPA32 (S4/S8), pRPA2(S33), 

pCHK1(S345) and pCHK2(T68), all of which are the main substrates of the three 

PIKKs (ATM, ATR, DNAPKcs), although the phosphorylation level of ATR and 

ATM themselves was not very consistent across different experiments, probably 

due their large molecular weight, their difficulty of processing and the sensitivity 

of the assay (Figure 5.8). Interestingly, no major change was seen in γH2AX 

phosphorylation, a common marker of multiple types of DNA damage, which was 

distinct from that of doxorubicin treatment in which strong γH2AX 
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phosphorylation was observed 24hrs after the drug treatment. Additionally, a 

strong and rapid phosphorylation of pCHK2(T68) was observed within just 3hrs 

treatment of doxorubicin, which was different from that of CX-5461/Topotecan 

combination treatment which followed a progressive activation pattern of the 

DDR components. All these data suggest that the CX-5461/Topotecan 

combination triggers the DDR in a different way to doxorubicin, which is known 

to cause direct DNA strands double-strand breaks and a rapid and strong 

activation of ATM [575].  

 

We then investigated the root cause of the DDR further. We demonstrated that the 

DDR was not the result of DNA strand breaks as no γH2AX activation or comet 

tails was detected in CX-5461/Topotecan combination treated cells (Figure 5.9A 

& B). We also examined the possibility of G4-DNA being involved as Xu, et al. 

has reported that the CX-5461 is a G4-DNA stabiliser [225]. However, enhanced 

G4-DNA stabilisation was not observed by IF in the OVCAR4 cell line treated 

with CX-5461 or CX-5461/Topotecan combination, probably due to the 

heterogeneity between different cell types (Figure 5.9C & D). We considered 

replication stress as a plausible explanation for the enhanced DDR given strong 

RAD51 and γH2AX foci formation, a marker of replication stress, was indeed 

observed with CX-5461/Topotecan combination. Nevertheless, a closer 

examination of the results revealed the lack of correlation between cell 

proliferation inhibition and replication stress, and the strong RAD51 and γH2AX 

foci formation was likely to be a by-product of TOP1 poisoning by Topotecan 

(Figure 5.10).  

 

We further interrogated if the nucleolar-associated DDR contributes to the 

synergistic effect as both RNA Pol I and TOP1 are predominantly localised in the 

nucleolus region [100]. Strong pRPA2(S33), pRPA32(S4/S8) and pATR(T1989) 

foci formation (activation) was observed in the nucleolus with the CX-
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5461/Topotecan combination (Figure 5.11A to D), indicating the existence of 

ssDNA in the nucleolus [337]. Furthermore, the replication-independent 

activation of pRPA32(S4/S8) and pATR(T1989) suggested the involvement of 

the transcription-coupled DDR, which was confirmed by the enhanced R-loop 

foci staining in the nucleolar region (Figure 5.13A and B). Based on all these data, 

we generated the following rDNA transcriptional stress model to better illustrate 

the consequences of RNA Pol I and TOP1 dual inhibition.  

 

Under normal rDNA transcription, each rDNA gene is simultaneously being 

transcribed by more than 100 RNA polymerase I molecules in tandem. Each 

Polymerase is in close proximity, thus preventing newly synthesised pre-rRNA 

from accessing the DNA. The positive supercoiling generated ahead of the 

transcription machinery also neutralises the negative supercoiling caused by the 

preceding polymerases and displaced nucleosomes. Meanwhile, TOP1 effectively 

removes all unwanted negative and positive supercoiling, thus ensuring the 

smooth and efficient progression of rDNA transcription (Figure 5.16A). However, 

upon treatment with CX-5641, RNA polymerase is displaced from rDNA 

chromatin, prolonging both the proximity of nascent RNA and the negatively 

supercoiled state of the DNA. The inhibition of rDNA transcription would also 

stimulate cells to activate more rDNA copies by removing histones from the 

nucleosomes, releasing the negative supercoiling stored in the nucleosomes 

(Figure 5.16B) [220]. On the other hand, the knockdown or trapping of TOP1 

exacerbates the unwound DNA by preventing relaxation of the negative 

supercoils (Figure 5.16C). When combined together, the dual inhibition would 

increase the distance between polymerases and create excessive positive 

supercoiling ahead of transcription and negative supercoiling behind. The 

positively supercoiled DNA could activate the DDR directly via ATM and ATR 

[617], while negative supercoiling would promote the formation of R-loops. 

RPA32/RPA would bind to the stranded ssDNA in the R-loop and transactivate 
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the DDR via ATR or ATM [329]. Other secondary DNA structures, like G4-DNA, 

can also form at this region, which could further impede the resolution of R-loops, 

resulting in their stabilisation [596]. The activated/phosphorylated ATR/ATM 

could further activate the downstream CHK1/2, KAP1, p21, thereby inducing TC-

NER, cell cycle arrest and senescence (Figure 5.16D).  

 

However, some questions still remained unanswered by this model. For example, 

we still do not know how pRPA32(S4/S8) interacts with ATR at the rDNA as they 

do not colocalise perfectly with each other, as the pRPA32(S4/8) forms strong 

bead-like foci at the centre of the nucleolus while pRPA2(S33) and pATR(T1989) 

migrate with UBF to the nucleolus (Figure 5.11B and D). One possible 

explanation is that the protein mobility inside the nucleolus is limited and the 

damaged rDNA needs to move from the nucleolar interior to the periphery to 

access DNA repair factors [105]. We also do not understand why the activation 

of pRPA2(S33) and pKAP1 is replication-dependent while that of pRPA2(S4/8) 

and pATR(T1989) is replication-independent. Based on our observation that the 

pRPA2(S33) and pATR(T1989) are not colocalised with UBF upon the treatment 

of doxorubicin (Figure 5.11B and Figure 5.12B), it is possible that these two axes 

are regulated and activated separately, e.g. the pRPA(S4/8) and pATR are 

activated in a replication-independent manner while the pRPA2(S33), pKAP1 and 

pATM are activated in a replication-dependent manner. Additionally, we 

hypothesise that TC-NER is involved in the detection and repair of nucleolar 

transcriptional stress. One possible experiment to address this hypothesis is to test 

for unscheduled DNA synthesis during G1 and G2 phases as TC-NER requires 

DNA synthesis to fill the ssDNA gap. All in all, this model incorporates the data 

from our extensive mechanistic analyses but remains a model that will require 

further testing and refinement to better understand the exquisite regulation of the 

nucleolar DDR to allow its manipulation to treat cancer. 
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Additionally, we have demonstrated an increase in the phosphorylation of KAP1, 

a major substrate of ATM and a master regulator of p21 transcription, in the S-

phase population after CX-5461/Topotecan combination treatment (Figure 5.14A 

and B). This finding not only suggests that ATM is activated but also links the 

DDR to the elevated transcription of p21, thus providing another explanation for 

the cell cycle arrest/senescence phenomenon we have observed in clonogenic 

assays (Figure 5.4C, D and E). 

 

Strikingly, the application of the combination of CX-5461 and Topotecan in vivo 

results in a significant extension of overall survival in an OVCA tumour-bearing 

xenograft mouse model with tolerable side-effects. The side-effects can be further 

alleviated by reducing the dosage of Topotecan without compromising the 

efficacy of the therapy (Figure 5.15).  

 

Despite the impressive therapeutic potential presented in the in vivo experiment, 

a number of publications have argued that cell line-derived ovarian tumour 

xenografts might not best represent the clinical setting due to genetic drift and the 

lack of heterogeneity [618, 619]. Therefore, in future experiments, our laboratory 

will test the combination using patient-derived tumour xenografts (PDXs), which 

provide a better resemblance to the natural growth of ovarian cancer. Moreover, 

the NSG mice used in our in vivo experiment are immunodeficient mice and do 

not possess functional immune cells. They are also reported to be less tolerant to 

DNA damaging agents such as chemotherapy drugs due to the loss-of-function 

mutation in the Prkdc (DNA-PK) gene [620]. As a result, in the future we plan to 

evaluate the combination in the ID8 syngeneic mouse model, a tumour-bearing 

mouse model with an intact immune system, to better examine the tolerability of 

the treatment. This would also enable investigation of the response of the immune 

system to the drug combination as the combination treatment can induce a strong 

SASP phenotype. Furthermore, it will be important for us to compare our 
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combination therapy approach with standard therapies, like cisplatin or Olaparib, 

in these models to define any improvements in efficacy.  

 

In summary, our results demonstrate that the combination of CX-5461 and 

Topotecan induces a persistent, irreversible cell cycle arrest/senescence-like 

phenotype, which results from a replication-dependent and -independent, 

nucleolar-associated DDR. This DDR is restricted to the nucleolar region, 

suggesting it may provide therapeutic efficacy without global DNA damage, 

limiting side effects and providing a greater therapeutic window than 

conventional cytotoxic drugs like cisplatin and doxorubicin which cause non-

specific DNA damage. This drug combination is well tolerated and demonstrates 

remarkable therapeutic efficacy in vivo, which provides a promising option for 

treating HR-proficient, chemo-resistant HGSC. 
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Figure 5.1 Validation of TOP1 knockdown using siRNA 
 
A. Simplified illustrations of the working mechanisms of three types of 

topoisomerases. B. The successful knockdown of TOP1 was confirmed by 

immunofluorescent staining. The TOP1 protein (green) was depleted from the 

nucleus 72 hours after siTOP1 transfection, while the treatment of 1 µM CX-5461 

for 3 hours did not affect the expression of TOP1. TOP1 significantly co-localised 

with the nucleolar marker UBF (red). The white dashed line outlines the cell 

nucleus. Representative images from N=3 experiments. C. Quantification of 

TOP1 immunofluorescent staining using CellProfiler. There was a significant 

decrease of TOP1 mean intensity with siTOP1 transfection, but not with CX-5461 

treatment. Combined data of N=3 experiments normalised to the vehicle median 

are presented as median with interquartile range. At least 500 cells were analysed 

for each treatment group. Non-parametric one-way ANOVA was used.  ns: not 

significant, ****p<0.0001. D. Cell proliferation assay with siTOP1 confirmed the 

synergistic effect between CX-5461 and TOP1 knockdown. There was a 

significant decrease in cell number after treating siTOP1 transfected OVCAR4 

cells with 80nM CX-5461 for 48 hours. siPLK1 was used as the positive control 

for transfection efficiency and the negative control for the synergistic effects. 

siBRCA2 was used as a positive control of synergistic effects. The Bliss 

independence score is 0.706 which indicates a strong synergistic effect. 

Representative data of N=3 experiments are presented as mean±SD. Student’s t-

test was used. ns: not significant, ****p<0.0001.  

 
*Figure 5.1A is adapted from website of Prof Joaquim Roca Bosch of the 

Structural Biology Unit at the Molecular Biology Institute of Barcelona in January 

2019 (http://www.rocabosch.com/w_TOPOS/index_TOPOS.html) [621]. 

Written permission was obtained from Prof Joaquim Roca Bosch. See Appendix 

II for details of the permission.  
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Figure 5.2 Dose response curves of existing/emerging drugs in four ovarian 

cancer cell lines 

 
Dose response curves of (A) cisplatin, (B) Olaparib, (C) Topotecan and (D) CX-

5461 in four different ovarian cancer cell lines (OVCAR3, OVCAR4, CAOV3 

and SKOV3) measured by cell number (DAPI staining). The curves were 

generated using an ordinary nonlinear regression fit. The 50% inhibition of cell 

growth (GI50) and total growth inhibition (TGI) dosages were determined by curve 

interpolation and were shown as median±range. The chart presents the combined 

results of N=3 experiments. 
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Figure 5.3 The combination of CX-5461 and Topotecan shows strong 

synergistic effects in multiple ovarian cancer cells lines  
 
The bliss maps of CX-5461 and Topotecan combination in (A) OVCAR3, (B) 

OVCAR4, (C) CAOV3 and (D) SKOV3 cell lines. The bliss maps were generated 

using Combenefit software (Cancer Research UK Cambridge Institute) based on 

the results of the two-dimensional checkerboard assay. Cells were treated with 

indicated doses of drugs for 9 days and counted. The Z axis represents 

the %control measuring the relative cell number compared to the vehicle control 

while the X and Y axis represent different drug dosages. The combination effects 

were demonstrated in different colours. Blue for synergistic, green for additive, 

and red for antagonistic effects. Representative charts of N=3 experiments. E. The 

combination index (CI) of CX-5461 and Topotecan combination in OVCAR3, 

OVCAR4, CAOV3 and SKOV3 cell lines calculated using the CalcuSyn software 

(Biosoft) based on the Chou-Talalay method. The plots represent the combination 

index at 90% effects. Combined data of N=3 experiments were presented as 

median±SEM 
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Figure 5.4 The combined treatment of CX-5461 and Topotecan induces a 

senescence-like phenotype in ovarian cancer cells and inhibits clonogenicity  
 
A. Enlarged, flattened cell morphology was observed after CX-5461 and 

Topotecan dual treatment for 9 days, which indicates cell cycle arrest or a 

senescence-like phenotype. Representative images of N=5 experiments. B. The 

cell size was quantified by dividing the cell confluence with the cell number. The 

cells treated with CX-5461 and Topotecan were 10 times larger than the vehicle-

treated cells. Combined data of N=5 experiments are presented as mean±SEM. 

Student’s t-test was used. ns: not significant, ****p<0.0001. C. Workflow scheme 

of the clonogenic assay. Briefly, 10,000 OVCAR4 cells per well were plated into 

6-welled plates (BD Falcon) on day 0. Cells were cultured for 24 hours, then 

treated with cisplatin, Olaparib, CX-5461 or/and Topotecan. 48 hours after drug 

treatment, the drugs were washed off and replaced with normal media. Cells were 

cultured for another 5 days, fixed and stained with crystal violet. D. Crystal violet 

staining at day8 showed a significant decrease in clonogenicity after CX-5461 and 

Topotecan treatment for 48 hours. Representative image of N=3 experiments. E. 

CX-5461 and Topotecan dual treatment caused persistent irreversible cell cycle 

arrest even after drug withdrawal. The cells were treated with the indicated drugs 

for 48 hours. The drug-containing media was then washed off and replaced with 

normal cell culture media. Cells treated with CX-5461, Topotecan, cisplatin or 

Olaparib as single agents resumed proliferation rapidly, but not with the CX-5641 

and Topotecan combination. Enlarged, flattened cell morphology similar to 

Figure 5.4A was observed in CX-5641 and Topotecan dual-treated cells. 

Combined data of N=3 experiments are presented as mean±SEM. Two-way 

ANOVA was used. ****p<0.0001 compared to vehicle. F. RT-qPCR of a panel 

of SASP genes revealed increased transcription of IL1a, IL6, IL8 and p21. The 

median of N=3 experiments were presented in a heatmap. The reproducibility 

across replicates was assessed using %CV and SEM (data not shown).  The white 
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and blue colour indicate low and high expression level compared to vehicle 

respectively.  
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Figure 5.5 The combination of CX-5461 and Topotecan shows strong 

synergistic effects in B-lineage acute lymphoblastic leukaemia cell lines 
 
The bliss maps of the CX-5461 and Topotecan combination in (A) MHH-CALL4 

and (B) SUP-B15 cell lines. The bliss maps were generated using Combenefit 

software (Cancer Research UK Cambridge Institute) based on the results of the 

two-dimensional checkerboard assay. Cells were treated with indicated doses of 

drugs for 9 days and quantified using CellTiter-Glo. The Z axis represents 

the %control measuring the relative cell viability compared to the vehicle control 

while the X and Y axis represent different drug dosages. The combination effects 

were demonstrated in different colours. Blue for synergistic, green for additive, 

and red for antagonistic effects. Representative charts of N=3 experiments. 
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Figure 5.6 Combined treatment of CX-5461 and Topotecan induces cell cycle 

arrest at late S and G2 phases 

 
A. Cell proliferation assays showed that, although the treatment of Q-VD-OPh 

moderately enhanced the cell proliferation in OVCAR4 and CAOV3 cells, it 

cannot reverse the synergistic effects. Cells were treated with indicated drugs 

dosages for 48 hours and counted. Representative data of N=2 experiments are 

presented as mean±SD. B. CX-5461 and Topotecan dual treatment causes a 

moderate increase in cell death, indicated by the subG1 population, in all three 

HGSC cell lines. The cell death can be partially rescued by Q-VD-OPh treatment. 

Cells were treated with indicated drug dosages for 48 hours. Cells were then fixed, 

stained with PI, and analysed by FACS. Combined data of N=3 experiments are 

presented as mean±SEM. Student’s t-test was used. ns: not significant, **p<0.01, 

***p<0.001. C. Representative charts and D. Quantification of cell cycle analysis 

revealed enhanced cell cycle arrest at late S and G2 phases after CX-5461 and 

Topotecan dual treatment in all three HGSC cell lines. Cells were treated with 

indicated drugs dosages for 48 hours. BrdU was added into the cell culture media 

1 hour before harvest. Cells were fixed, stained with PI and anti-BrdU antibody, 

and analysed by FACS. Combined data of N=3 experiments are presented as 

mean±SEM. Student’s t-test was used. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.7 rRNA transcriptional suppression is not correlated with 

proliferation inhibition 
 
A. Western blots of p53, p-p53 and p-CHK2 in BJ3 and OVCAR4 cells treated 

with 1µM CX-5461 for 48 hours. Enhanced p53 and p-p53 were observed in BJ3 

cells but not OVCAR4 cells, while enhanced p-CHK2 was observed in both cell 

lines. Representative image of N=3 experiments. B. The primer set used for 45S 

pre-rRNA detection. C. The Pol I transcription assay was used to evaluate pre-

rDNA transcription inhibition after drug treatment for 3 and 24 hours. There was 

a very significant reduction in 45S rDNA transcription with 1µM CX-5461 or 

5nM ActinomycinD treatment, but only moderate change with 80nM CX-5461 

treatment, and there was no further reduction when combined with 6nM 

Topotecan. No significant change was observed in 5S pre-rDNA transcription, 

which demonstrates the selectivity of CX-5461 for inhibiting Pol I transcription. 

Combined data of N=3 experiments are presented as mean±SEM. Student’s t-test 

was used. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle. 

D. Cell proliferation assay was performed for 48 hours using the same drug 

dosages as the Pol I transcription assay. There is a significant decrease in cell 

number in CX-5461 and Topotecan combination-treated cells. However, the level 

of cell proliferation inhibition caused by the 5nM ActinomycinD was not as 

significant as it was with CX-5461. Combined data of N=3 experiments with 18 

replicates/wells of cells in each treatment group are presented as mean±SEM. 

Student’s t-test was used. ****p<0.0001. 
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Figure 5.8 Enhanced DDR after combined treatment of CX-5461 and 

Topotecan 
 
A. Schematic diagram of the DDR pathway. B. Western blot analysis of the DDR 

in OVCAR4 cells treated with vehicle, 80nM CX-5461or/and 6nM Topotecan, 

1µM CX-5461, 1µM doxorubicin for 3 or 24 hours. The expression and 

phosphorylation level of key DDR components was measured, including 

pATR(T1989), pATM(S1961), pCHK1(S345), pCHK2(T68), pRPA32(S4/S8), 

pRPA2 (S33), gH2AX (S139). The level of tubulin was used as an internal control. 

Enhanced activation/phosphorylation of pRPA32(S4/S8), pRPA2(S33), 

pCHK1(S345) and pCHK2(T68) was reproducibly observed in CX-5461 and 

Topotecan combination-treated cells, especially at 24 hours. Representative 

images of N=4 experiments. C. Western blot analysis of the DDR in OVCAR3 

and CAOV3 cells treated with indicated drugs and dosages for 24 hours. 

Representative images of N=3 experiments.  
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Figure 5.9 Enhanced DDR is not caused by accumulation of DNA strand 

breaks or G4-DNA stabilisation 
 

A. Alkaline comet assay of OVCAR4 cells treated with 1µM CX-5461, 20nM 

Topotecan, CX-5461 and Topotecan, 1µM doxorubicin for 3 hours. Long comet 

tails were only observed in doxorubicin-treated cells. Representative images of 

N=3 experiments. B. Quantification of the alkaline comet assay. The olive tail 

moment was calculated using FIJI software with the OpenComet plugin. 

Combined data of N=3 experiments are presented as median with interquartile 

range. At least 120 cells were analysed for each treatment group. Non-parametric 

one-way ANOVA was used. ****p<0.0001. C. IF staining of OVCAR4 cells 

treated with 1µM CX-5461 or/and 20nM Topotecan, 1µM doxorubicin or 10µM 

TMPyP4 for 3 hours using a G4-DNA specific antibody (1H6). Strong IF staining 

was only observed with TMPyP4 treatment. Representative images of N=3 

experiments. D. Quantification of G4-DNA immunofluorescent staining was 

performed using CellProfiler. Combined data of N=3 experiments normalised to 

the median of the TMPyP4 group are presented as median with interquartile range. 

At least 500 cells were analysed for each treatment group. Non-parametric one-

way ANOVA was used. ****p<0.0001 compared to vehicle. E. Western blot 

analysis of OVCAR4 cells treated with 1µM CX-5461 or 10µM TMPyP4 for 1 

hour or 3 hours. Strong phosphorylation of pCHK1(S345) and pCHK2(T68) was 

observed with CX-5461 treatment but not with TMPyP4. Representative images 

of N=3 experiments. F. The Pol I transcription assay showed no decrease in 45S 

pre-rDNA transcription with 10µM TMPyP4 at 0.5-, 1-, 3-, 6- and 24-hours’ time 

points. 1µM CX-5461 served as the positive control. Combined data of N=2 

experiments are presented as mean±SEM. 
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Figure 5.10 Enhanced DDR is not correlated with global replication stress 
 
A. IF staining of γH2AX and RAD51 foci in OVCAR4 cells treated with 1µM 

CX-5461 or/and 20nM Topotecan or 1µM doxorubicin for 3 hours. Cells 

undergoing DNA replication were labelled with 10µM EdU. Representative 

images of N=3 experiments. RAD51 foci (B) and γH2AX foci (C) were identified 

and quantified using CellProfiler. Combined data of N=3 experiment was 

represented as median with interquartile range. At least 300 cells were analysed 

for each treatment group. Non-parametric one-way ANOVA was used. ns: not 

significant, ****p<0.0001. D. IF staining of γH2AX and RAD51 foci in OTP-NT 

or siTOP1 transfected OVCAR4 cells treated with 1µM CX-5461, 20nM 

Topotecan or the combination for 3 hours. Cells under DNA replication were 

labelled with 10µM EdU. Representative images of N=3 experiments. RAD51 

foci (E) and γH2AX foci (F) were identified and quantified using CellProfiler. 

Combined data of N=3 experiments are presented as median with interquartile 

range. At least 240 cells were analysed for each treatment group. Non-parametric 

one-way ANOVA was used. VE: vehicle, CX: 1µM CX-5461, T: 20nM 

Topotecan, ns: not significant, **<p<0.01, ****p<0.0001. 
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Figure 5.11 CX-5461 and Topotecan combination treatment induces strong 

RPA phosphorylation in the nucleolus 

 
IF staining of pRPA32(S4/S8) (A) and pRPA2(S33) (B) in OVCAR4 cells treated 

with 1µM CX-5461, 20nM Topotecan, CX-5461 and Topotecan, 1µM 

doxorubicin or 5nM ActinomycinD for 3 hours. UBF was used as a nucleolar 

marker. Cells undergoing DNA replication were labelled with 10µM EdU. 

Representative images of N=3 experiments. pRPA32(S4/S8) (C) and pRPA2(S33) 

(D) mean intensity colocalising with UBF were identified and quantified using 

CellProfiler. Combined data of N=3 experiments (The pRPA32 S4/S8 data is N=2) 

normalised to the vehicle median are presented as median with interquartile range. 

For pRPA32(S4/S8), at least 160 cells were analysed for each treatment group. 

For pRPA2(S33), at least 240 cells were analysed for each treatment group. Non-

parametric one-way ANOVA was used. ns: not significant, ***p<0.001, 

****p<0.0001.  
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Figure 5.12 CX-5461 and Topotecan combination treatment induces strong 

ATR phosphorylation in the nucleolus 

 
A. IF staining of pATR (T1989) in OVCAR4 cells treated with 1µM CX-5461 

or/and 20nM Topotecan, 1µM doxorubicin or 5nM ActinomycinD for 3 hours. 

UBF was used as a nucleolar marker. Cells undergoing DNA replication were 

labelled with 10µM EdU. Representative images of N=3 experiments. B. pATR 

mean intensity co-localising with UBF was identified and quantified using 

CellProfiler. Combined data of N=3 experiment normalised to the vehicle median 

are presented as median with interquartile range. At least 180 cells were analysed 

for each treatment group. Non-parametric one-way ANOVA was used. ns: not 

significant, *p<0.05, ***p<0.001, ****p<0.0001.  
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Figure 5.13 CX-5461 and Topotecan combination treatment induces strong 

R-loop formation in the nucleolus 

 
A. IF staining of R-loops using an RNA-DNA hybrid-specific antibody (S9.6) in 

OVCAR4 cells treated with 1µM CX-5461 or/and 20nM Topotecan for 3 hours. 

UBF was used as a nucleolar marker. Representative images of N=3 experiments. 

Strong R-loop foci was observed in the nucleolus centre after CX-5461 and 

Topotecan combination treatment (marked by the red arrows). B. The R-loop 

mean intensity in the nucleus was identified and quantified using CellProfiler. 

Combined data of N=3 experiment normalised to the vehicle median are presented 

as median with interquartile range. At least 600 cells were analysed for each 

treatment group. Non-parametric one-way ANOVA was used. ****p<0.0001.  
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Figure 5.14 CX-5461 and Topotecan combination treatment increases the 

percentage of cells with a high level of KAP1 phosphorylation 

 
A. IF staining of pKAP1(S824) in OVCAR4 cells treated with 1µM CX-5461 

or/and 20nM Topotecan for 3 hours. There is a significant increase in the 

percentage of cells with high pKAP1 expression. Representative images of N=3 

experiments. B. Quantification of the pKAP1 IF staining using CellProfiler. 

Combined data of N=3 experiments normalised to the median of vehicle group 

are presented as median with interquartile range. At least 360 cells were analysed 

for each treatment group. Non-parametric one-way ANOVA was used. 

****p<0.0001 compared to vehicle. 
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Figure 5.15 CX-5461 and Topotecan combination treatment is well tolerated 

in vivo and can reduce tumour progression in xenografts 

 
The OVCAR3 cell line was utilized in xenografts to evaluate the safety and 

therapeutic efficacy of the combination treatment in vivo. Two independent trials 

were conducted with same doses of CX-5461 but different doses of Topotecan. 

Briefly, 5x106 OVCAR3 cells were subcutaneously engrafted into 40 4-6-week-

old female immunodeficient NOD SCID Gamma (NSG) mice and were then left 

to grow for approximate 3 weeks until the average tumour volume reached 

100mm3. The tumour bearing mice were randomised into four groups (10 mice 

for each group) and administrated with 30mg/kg CX-5461(oral gavage) or/and 

5mg/kg (2.5mg/kg for the second trial) Topotecan (intraperitoneal injection) and 

the corresponding vehicles twice a week for four weeks (8 doses in total, indicated 

by dashes in A, B, C, D). The body weight (A, D) and tumour volume (B, E) were 

closely monitored twice a week until the tumour volume reached 1000mm3 when 

the mice were euthanised for ethical reasons. The dates of euthanasia were 

recorded and used to plot the survival curve (C, F). The body weight (A, D) and 

tumour volume (B, E) were presented as mean±SEM. The Mantel-Cox test was 

used for the survival curve. *p<0.05, ***p<0.01, ****p<0.0001. 
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Figure 5.16 Schematic of the proposed mechanism of the synergy between 

CX-5461 and Topotecan 
 

Model of the rRNA transcription under different treatment conditions. Pol I is 

represented in red circles, TOP1 in blue circles and the newly synthesized rRNA 

in red curves. Under normal rDNA transcription without drug treatment (A) or 

with Topotecan treatment (C), the Pol I enzymes transcribes rDNA in close 

proximity which naturally prevents the formation of topological stress induced by 

positive (+) and negative (-) supercoiling. Upon the treatment of CX-5461 (B), 

fewer Pol I enzymes are loaded onto the rDNA chromatin, which facilitates the 

formation of positive and negative supercoiling, while TOP1 removes this 

topological stress. When treated with the CX-5461/Topotecan combination (D), 

the positive and negative supercoiling caused by Pol I transcription can no longer 

be resolved by TOP1, leading to the formation of R-loops and ssDNA. RPA 

(yellow oval) and ATR (green oval) respond to the ssDNA and activate the 

downstream DDR and cellular responses. 
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6.1. Summary and key findings 

 

HGSC is common with poor prognosis, particularly for patients with HR-

proficient disease. We hypothesised that combining CX-5461 with the inhibition 

of specific gene products would lead to cooperative therapeutic efficacy in 

treating HR-proficient HGSC. In order to address this hypothesis, we performed 

a genome-wide RNAi screen to identify genes whose knockdown could cause 

synthetic lethality with low dose CX-5461 in a HR-proficient HGSC cell line. 

After the primary and secondary deconvolution screens, 17 candidates were 

identified. Gene pathway analysis of these 17 genes revealed enrichment in the 

HR pathway, which consisted of BRCA2, RAD54L and RAD51AP1 from the list 

[622-624], while gene network analysis identified BRCA2 and TOP1 as the most 

important genes in the list. Based on this information, we performed a focussed 

chemical compound screen consisting of a number of approved or potential HR, 

TOP1 and DNA damage repair (DDR) inhibitors to identify drug combinations 

that could cause synthetic lethality with low dose CX-5461 in the HGSC cell line 

OVCAR4. A significant number of chemical compounds were identified 

synergising with CX-5461, including HR inhibitors spironolactone, 17-AAG, 

AT13387 and B02; DNA damage signalling inhibitors KU-55593 (ATM inhibitor) 

and VE-821 (ATR inhibitor); as well as approved/emerging drugs for ovarian 

cancer including cisplatin, Topotecan (TOP1 inhibitor) and BMN-673 (PARP 

inhibitor). We focussed on the combination of CX-5461 and BRCA2/TOP1 

inhibition in this thesis, while some other drug combinations, including 

ATM/ATR inhibitors, PARP inhibitors and cisplatin are being investigated in 

another collaborative project led by Dr Elaine Sanij.  

 

BRCA2 is a crucial component of the HR pathway, which is responsible for the 

loading of RAD51 onto RPA-coated ssDNA at damaged sites, thus promoting HR 

repair [625]. CX-5461 has demonstrated selective lethality in BRCA1/2-deficient 



 227 

mammary and colorectal cancer cells both in vivo and in vitro [225]. As a result, 

it was encouraging that we identified knockdown of BRCA2 to be synthetically 

lethal with CX-5461 in the screen. In fact, the identification of BRCA2 served as 

a good demonstration of the efficacy and reliability of the screen. In our follow-

up studies, strong synergistic effects in growth inhibition and increased sensitivity 

to CX-5461 treatment were observed in ovarian cancer cells made BRCA2 

deficient using either siRNA or shRNA. Massive genomic instability, as measured 

by micronuclei formation, was observed following CX-5461 treatment of 

siBRCA2 knockdown cells, which was proposed to be the mechanism of synergy 

for CX-5461 and BRCA2 inhibition. Increased sensitivity to CX-5461 was also 

observed in a BRCA2 stable knockdown cell line. Further examination of HR 

deficiency and defects in DDR components, including RAD51, BRCA1, 

ATM/ATR and CHK1/CHK2 as predictors of sensitivity to CX-5461 is being 

performed as part of Dr Elaine Sanij’s ongoing studies. 

 

On the other hand, the identification of TOP1 in the screen was intriguing as it is 

plays an essential role in DNA repair including resolving topological transcription 

and DNA replication stress [626]. TOP1 inhibitors, such as Topotecan and 

irinotecan, are currently used in the clinic as a second-line treatment option for 

ovarian cancer [447, 474, 627, 628]. A number of clinical trials are also underway 

to evaluate the potential of combining Topotecan with other conventional 

chemotherapies (e.g. Doxorubicin) or targeted therapies (e.g. Bevacizumab and 

Pazopanib) [629-631]. We tested the efficacy of combining CX-5461 and 

Topotecan in multiple HR-proficient ovarian cancer cell lines and found strong 

synergistic effects. More interestingly, there was no correlation between 

sensitivity of CX-5461/Topotecan to that of cisplatin/Olaparib, suggesting a 

different mode of action of this combination compared to the first-line therapies 

and providing a novel effective therapeutic option for patients with 

chemotherapy- and PARPi-resistant disease. This feature is particularly important 
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as both cisplatin and Olaparib-based therapies demonstrated selective efficacy in 

the BRCA-mutant patient cohort but not in the BRCA-wildtype group [632]. Our 

data clearly demonstrated the efficacy of the CX-5461/Topotecan in HR-

proficient context, thus providing a broader efficacy spectrum compared to first-

line therapy. Further, the development of resistant disease is almost inevitable in 

both platinum and PARP inhibitor-treated patients. Even though patients treated 

with PARP inhibitors have a longer PFS than the platinum group, probably due 

to the enhanced selectivity of PARP inhibitors [633], clinical resistance to PARPi 

is common. Approximately 50% of HRD HGSC eventually become HR-

proficient due to secondary somatic mutations in HR genes that restore HR 

proficiency in platinum and PARPi-resistant disease [634]. Thus, by utilising 

distinct mechanisms of action from platinum and PARP inhibitors independent of 

BRCA status, the CX-5461/Topotecan combination brings new hope for patients 

with platinum/PARPi-resistant or refractory ovarian cancer.  

 

In terms of the cellular and molecular mechanisms underlying the synergistic 

effects, we identified that CX-5461 synergises with the loss of TOP1 function 

rather than TOP1 trapping. The CX-5461/Topotecan combination treatment 

causes a persistent, irreversible cell cycle arrest/senescence independent of 

sustained rDNA transcription inhibition, but potentially caused by the initial 

transient inhibition of rDNA transcription. The cell cycle arrest was coupled with 

the upregulated transcription of p21, even in a p53-mutant background, and 

enhanced DDR specific to the nucleolus. We attributed the activation of the DDR 

to a nucleolar-associated transcription-coupled topological stress, which could 

lead to the enhanced formation of R-loops and ssDNA at the rDNA loci. The 

TOP1i/CX-5461 combination exacerbates nucleolar DDR in the absence of global 

DNA damage, which is distinct from doxorubicin and other DNA-damaging 

therapies.  
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Using an ovarian cancer xenograft mouse model, we demonstrated that the 

combined treatment is well tolerated, can significantly slow down tumour growth 

and extends survival. Our findings provide evidence for a novel strategy to treat 

HR-proficient HGSC, which brings new hope to ovarian cancer patients. 

 

Key findings 

1) CX-5461 exhibits synthetic lethality with TOP1 inhibition in HR-proficient 

HGSC, which is commonly resistant to chemotherapy. 

2) CX-5461/Topotecan combination therapy induces persistent, irreversible cell 

cycle arrest (senescence) at late S/G2 phases, suggesting the preference of 

targeting proliferating cells. 

3) The therapy activates cell cycle-independent nucleolar-specific DDR without 

causing excessive DNA damage, suggesting a safer therapeutic profile compared 

to conventional chemotherapies like doxorubicin, which is known to cause 

excessive DNA damage in normal cells that may result in severe side effects or 

even secondary tumours. 

4) The therapy is well tolerated and extends the survival of tumour-bearing mice. 

As currently there is no effective therapy to treat HR-proficient, chemo-resistant 

HGSC, and prognosis of patients in this cohort is poor, the CX-5461 and 

Topotecan combination could bring new hope to these patients and improve 

outcome.  

 

6.2. The rationale of using the CX-5461 and Topotecan combination 

 

Malignant cells are highly reliant on ribosomes to produce proteins for cell 

proliferation. Therefore, it is not surprising that the rDNA repeats are the most 

highly transcribed genes in actively growing and proliferating cells which can 

contribute to up to 60% of the global cellular transcription levels, and is frequently 
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associated with poor prognosis [83, 635, 636]. This phenomenon has also been 

observed in ovarian cancer, in which and low rDNA CpG methylation level (high 

transcription level of rDNA) was associated with shorter PFS [390, 391]. 

Inhibiting Pol I transcription using the Pol I specific inhibitor CX-5461 has 

demonstrated striking efficacy in a number of cancers both in vitro and in vivo, 

and is currently under clinical trial in haematological malignancies at the Peter 

MacCallum Cancer Centre [218, 221, 226-228, 230, 420, 637]. Therefore, there 

was sufficient rationale to test the possibility of exploiting the therapeutic 

potential of CX-5461 to treat ovarian cancer. Despite the fact that the p53-

dependent pathway plays a key role in killing the B-lymphoma cells, we found 

that there was no correlation between CX-5461 sensitivity and p53 mutation 

status in our panel of ovarian cancer cell lines (Figure 3.1C) [221]. In fact, we 

demonstrated in our most recent work (Sanij et al., manuscript under revision) 

that CX-5461 sensitivity in ovarian cancer is linked to HR deficiency rather than 

p53. However, CX-5461 only has moderate efficacy in HR-proficient ovarian 

cancer cell lines, and improving its efficacy in this cohort was the main focus of 

my studies.  

 

TOP1 facilitates DNA replication and transcription by relieving DNA of 

supercoiling and torsional stress [472]. TOP1 inhibitors such as Topotecan and 

Irinotecan have been used as anti-neoplastic medicines since 1985 [534]. High 

expression of TOP1 has been correlated with the poor prognosis of HGSC [512, 

638]. Hence, there has been a clear rationale for using TOP1 inhibitors to treat 

ovarian cancer. TOP1 inhibitors were traditionally considered as a conventional 

DNA-damaging reagents as all approved TOP1 inhibitors block the re-ligation 

function of TOP1, which results in trapping of TOP1 on chromatin and creating 

single-strand DNA breaks [534]. However, Topotecan has consistently shown 

therapeutic effects in HR-proficient platinum-resistant ovarian cancer [639, 640], 

which has garnered attention to its DNA damage-independent therapeutic 
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potential. A number of studies have attributed these effects to TOP1’s role in 

relaxing DNA negative supercoiling, which prevents the formation of R-loops, 

especially during rDNA transcription [100, 502, 599, 641]. Our results support 

this argument as CX-5461 synergised with both TOP1 knockdown and trapping 

agents. We also confirmed the nucleolar localisation of TOP1, which has been 

previously reported [500, 599]. As both RNA Pol I and TOP1 are present within 

the nucleoli to facilitate the active transcription of rDNA genes, it was rational to 

investigate how the inhibition of both enzymes could affect the process of 

transcription and the chromatin configuration at rDNA, and how these could 

further affect cell proliferation.  

 

6.3. Mechanistic insight 

 

The transcription-coupled topological stress model 
 

We provide a hypothetical model that explains the cellular response to the 

combination of CX-5461 and Topotecan and its distinction from conventional 

DNA damage or replication stress models, which includes 1) the DNA damage-

independent DDR; 2) the replication-independent DDR; 3) the accumulation of 

nucleolar R-loops and pRPA32/RPA2 foci; 4) the loss of nucleosome protection 

against MNase at the rDNA promoter after CX-5461 treatment implicating 

combination therapy-induced open chromatin defects and strongly localised DDR 

at the rDNA loci [220]. The nucleolus has recently been described as ‘an emerging 

hub in maintenance of genomic stability’ [642]. However, little is known about 

how the DDR is activated and regulated in this region [598]. Our model, at least 

in part, provides the missing pieces of this DDR puzzle, which can be a stepping 

stone for the future exploitation of the nucleolar DDR pathway as a method of 

cancer treatment.  
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This model is supported by the findings of 1) replication-independent recruitment 

of phosphorylated ATR at the nucleolar periphery; 2) replication-independent 

formation of phosphorylated RPA32/RPA2 foci at the nucleolus; 3) activation of 

the DDR without excessive DNA damage. Despite this evidence, future 

experiments will be aimed at demonstrating the existence of negative supercoiling 

including the direct visualisation of negative supercoiling using electron 

microscopy (EM) [100] and the identification of the direct binding sites of pATR 

and pRPA32/RPA2 using chromatin immune-precipitation sequencing (ChIP-

seq).  

 

Furthermore, we hypothesise that the Transcription-Coupled Nucleotide Excision 

Repair (TC-NER) may be involved in the replication-independent nucleolar-

associated transcription-coupled DDR. To investigate the involvement of TC-

NER, components of TC-NER, like XPG or CSB, can be targeted to see if this 

could confer sensitivity to CX-5461 [643]. Alternatively, TC-NER can be 

indirectly measured by EdU incorporation during the G1 or G2 cell cycle phases 

as TC-NER involves DNA synthesis outside S phase [644, 645]. This can be done 

in cells expressing Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) 

which is a powerful tool to indicate the cell cycle phases [646]. If TC-NER is 

indeed involved in the replication-independent nucleolar-associated DDR, then 

we should observe increased incorporation of EdU at the nucleolus during G1 or 

G2 cell cycle phases, which could further confirm the existence of transcription-

coupled DDR at the nucleolus [647].  

 

The interaction between replication stress and transcriptional stress 

 
CX-5461 has been reported to induce global replication stress [225]. However, 

our results suggest that global replication stress does not correlate with the 
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therapeutic effect of the CX-5461 and Topotecan combination treatment. It has 

been reported that the conflicts between transcription and replication are 

particularly frequent at rDNA repeat clusters due to the extraordinary 

transcription rate at rDNA, which can contribute to the formation of R-loops and 

replication stress [598]. However, we did not observe enrichment of RAD51 or 

gH2AX foci formation at the nucleolus, which makes it difficult to associate 

replication stress with the nucleolar-associated DDR we have observed. The 

staining pattern of RAD51 or gH2AX foci after CX-5461 and Topotecan 

treatment is also distinct from that of I-PpoI, a homing endonuclease that 

introduces DNA DSBs at rDNA repeats in human cells, although some reports 

argue that the response to DSBs is different from that of CX-5461-mediated 

replication stress [105, 420]. It is possible that the replication stress and 

transcriptional stress observed with the CX-5461/Topotecan combination are 

distinct events, and different DDRs are induced to cope with these stresses, e.g. 

the replication-dependent pRPA2(S33), pKAP1 and perhaps pATM are sensors 

of replication stress while the replication-independent pRPA2(S4/8) and 

pATR(T1989) are responders to transcriptional stress. This independent 

activation of DDR pathways can be further studied by testing the effects of 

specific inhibition of ATM or ATR, which could reveal therapeutic synergy 

between the CX-5461/Topotecan combination and ATM or ATR inhibitors. 

Indeed, ATR inhibitors are currently in clinical trials for the treatment of ovarian 

cancer [648, 649]. The combination may also be used to treat HR-deficient 

tumours as HR is crucial for resolving replication stress, or combined with WEE1 

inhibitors which could override the cell cycle arrest induced by DDR, thus causing 

irreparable DNA damage. It has already been reported that the treatment of the 

WEE1 inhibitor, AZD1775, can sensitise small cell lung cancer and pancreatic 

cancer to PARP inhibitors like Olaparib [650, 651]. 
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6.4. The translational impact of the CX-5461 and Topotecan combination 

studies 
 
For over 40 years, there has been little progress in the treatment of HR-proficient 

HGSC. However, our results demonstrate that the combined treatment of CX-

5461 and TOP1 inhibitors shows striking efficacy in inhibiting tumour growth 

and extending overall survival in vivo, and is well tolerated during the treatment 

period, providing strong evidence for a novel strategy to treat HR-proficient 

HGSC patients. We did not address the possibility of applying this combination 

therapy in HR-deficient HGSC in the current study. However, given the evidence 

that BRCA1 and BRCA2 are also known to preserve genomic integrity by 

repairing R-loop-associated DNA damage [308, 652-654], we strongly believe 

that this combination will also work in HR-deficient HGSC. Our study provides 

a clear example of combining an emerging drug candidate with a conventional 

drug to provide a potential new option for HGSC patients.  

 

One major advantage of the combination therapy is that it activates cell cycle-

independent nucleolus-specific DDR without causing excessive DNA damage, 

suggesting a safer therapeutic profile compared to conventional chemotherapies 

like doxorubicin, which is known to cause excessive DNA damage in normal cells 

that may result in severe side effects or even secondary tumours [655]. The 

therapy is also well tolerated and extends the survival of tumour-bearing mice. As 

there has been no effective therapy to treat HR-proficient, chemo-resistant HGSC, 

and prognosis of patients in this cohort is poor, the emergence of the CX-5461 

and Topotecan combination could bring new hope to these patients. Additionally, 

the broad therapeutic efficacy of the CX-5461 and Topotecan combination in 

multiple ovarian cancer cell lines and tumour types reveal its potential of 

overcoming tumour heterogeneity. Intra- and inter-tumoural heterogeneity are 

considered to be a major challenge in cancer treatment given their role in driving 
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drug resistance and disease progression [656, 657]. As the CX-5461 and 

Topotecan combination is effective in multiple HGSC cell lines, it is possible that 

the combined treatment is insensitive to the genetic variance between tumour cells 

and may partially overcome tumour heterogeneity. 

 

Regarding the clinical indication of the CX-5461/TOP1 combination, BRCA-

wildtype, platinum/PARPi-resistant patients might be a suitable starting point 

because 1) currently there is no effective standard treatment option for this patient 

cohort; 2) the CX-5461/TOP1 combination uses a different mechanism as 

platinum/PARPi does which does not rely on HR deficiency; 3) the CX-

5461/TOP1 combination is effective in HR-proficient OVCA. An initial trial 

could be designed to enrich for patients with high Pol I and TOP1 activity, 

determined by immunohistochemistry or RT-qPCR of biopsied samples, to 

potentially enhance the selectivity of the CX-5461 and Topotecan. In addition to 

OVCA, other Topotecan-approved diseases, like lung cancer, cervical cancer and 

haematological malignancies can also be considered. However, all these patient 

selection strategies are still hypothetical and need to be tested by extensive 

investigation. 

 

6.5. The future development of the CX-5461 and Topotecan combination 

therapy 

 

Our data clearly demonstrated the promise of the therapeutic development of the 

CX-5461 and Topotecan combination. Both CX-5461 and Topotecan have been 

developed to treat various types of cancer, and the mechanism of the synergistic 

effect does not restrict its application to ovarian cancer. As a result, it is rational 

to expand the application of this combination to other cancer types. We have 

tested this combination in acute lymphoblastic leukaemia (ALL) cell lines MHH-
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CALL4 and SUP-B15, showing strong synergistic effects in both cell lines. This 

provides a strong rationale for testing the CX-5461 and Topotecan combination 

in a larger panel of cancer cell lines. Furthermore, although we demonstrate that 

CX-5461/Topotecan combination works in HR-proficient OVCA, we do not 

know whether its sensitivity is associated with other genetic backgrounds, e.g. 

amplified MYC signalling. Indeed, recent studies, including Dr Elaine Sanij’s 

study in ovarian cancer (manuscript under revision), have demonstrated that the 

induced MYC target gene expression signature correlates with the sensitivity to 

CX-5461 [227, 658]. Thus, more research is required to identify the biomarkers 

that can help us to predict the response to the CX-5461/Topotecan combination 

and distinguish patients who are most likely to benefit. 

 

Moreover, some measures could also be taken to increase Topotecan’s specificity 

and alleviate its side effects. In addition to the development of novel TOP1 

inhibitors, antibody drug conjugates (ADCs) with CPTs are also under evaluation. 

ADCs are conjugated molecules composed of an antibody linked to biologically 

active cytotoxic small molecules (also called ‘payloads’). The ADCs combine the 

advantages of the specificity of monoclonal antibodies with the cancer-killing 

ability of cytotoxic drugs, thus delivering a tumour-specific cytotoxic effect like 

a guided missile with a nuclear warhead [659]. Two ADCs with CPTs, 

Labetuzumab govitecan (IMMU-130) and Sacituzumab govitecan (IMMU-132), 

are under clinical development to treat epithelial ovarian cancer [660, 661]. It 

would be rational to combine CX-5461 with these HGSC-targeted CPTs-

conjugated ADCs when available to achieve better therapeutic outcome in vivo. 
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Appendix I The 372 candidates identified from the primary screen and the 

17 candidates identified from the secondary screen (highlighted in bold) 

 

Gene.name Description Bliss Indep. 
Reduction of 
relative cell 
number 

BLK B lymphoid tyrosine kinase 0.48 63 
EVC Ellis van Creveld syndrome 0.5 50 
FAM3D family with sequence similarity 3, member D 0.51 54 
CACNA1G calcium channel, voltage-dependent, T type, 

alpha 1G subunit 
0.51 50 

DNAJC24 DnaJ (Hsp40) homolog, subfamily C, member 
24 

0.51 54 

FAM167B family with sequence similarity 167, member 
B 

0.52 40 

CTNNBIP1 catenin, beta interacting protein 1 0.53 52 
KBTBD2 kelch repeat and BTB (POZ) domain 

containing 2 
0.53 55 

POT1 protection of telomeres 1 homolog (S. 
pombe) 

0.53 42 

GBGT1 globoside alpha-1,3-N-
acetylgalactosaminyltransferase 1 

0.57 49 

DLGAP2 discs, large (Drosophila) homolog-associated 
protein 2 

0.57 43 

SLC38A5 solute carrier family 38, member 5 0.57 41 
EHD2 EH-domain containing 2 0.58 54 
CLIC5 chloride intracellular channel 5 0.58 49 
PRRG3 proline rich Gla (G-carboxyglutamic acid) 3 

(transmembrane) 
0.59 38 

TMEM150A transmembrane protein 150A 0.59 36 
PUM2 pumilio homolog 2 (Drosophila) 0.59 39 
SPIN2B spindlin family, member 2B 0.6 45 
DDX39B DEAD (Asp-Glu-Ala-Asp) box polypeptide 39B 0.6 40 
C1QTNF3 C1q and tumor necrosis factor related 

protein 3 
0.6 39 

ACY3 aspartoacylase (aminocyclase) 3 0.6 37 
ANKRD36 ankyrin repeat domain 36 0.61 62 
MYF5 myogenic factor 5 0.61 46 
TMEM179 transmembrane protein 179 0.61 51 
EVC2 Ellis van Creveld syndrome 2 0.61 40 
RAD54L RAD54-like (S. cerevisiae) 0.61 39 
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CPNE7 copine VII 0.61 35 
HOXB1 homeobox B1 0.62 35 
PTX4 pentraxin 4, long 0.62 33 
GMPR guanosine monophosphate reductase 0.63 43 
UNC5C unc-5 homolog C (C. elegans) 0.63 35 
NUDT9 nudix (nucleoside diphosphate linked moiety 

X)-type motif 9 
0.64 39 

FCRL6 Fc receptor-like 6 0.64 36 
TRMT12 tRNA methyltransferase 12 homolog (S. 

cerevisiae) 
0.64 33 

DUSP23 dual specificity phosphatase 23 0.64 35 
C12orf59 chromosome 12 open reading frame 59 0.64 30 
VTI1A vesicle transport through interaction with t-

SNAREs homolog 1A (yeast) 
0.64 29 

ZC3H11A zinc finger CCCH-type containing 11A 0.65 48 
CDKAL1 CDK5 regulatory subunit associated protein 

1-like 1 
0.65 49 

ZNF296 zinc finger protein 296 0.65 43 
AP1AR adaptor-related protein complex 1 associated 

regulatory protein 
0.65 31 

O3FAR1 omega-3 fatty acid receptor 1 0.65 40 
STRADA STE20-related kinase adaptor alpha 0.65 31 
GPC1 glypican 1 0.65 33 
LHFPL2 lipoma HMGIC fusion partner-like 2 0.65 36 
SIDT1 SID1 transmembrane family, member 1 0.65 37 
KHDC1 KH homology domain containing 1 0.65 28 
CARKD carbohydrate kinase domain containing 0.65 36 
UNCX UNC homeobox 0.65 35 
ARFGAP2 ADP-ribosylation factor GTPase activating 

protein 2 
0.65 30 

CCL11 chemokine (C-C motif) ligand 11 0.65 30 
DAPP1 dual adaptor of phosphotyrosine and 3-

phosphoinositides 
0.65 28 

TMOD3 tropomodulin 3 (ubiquitous) 0.66 40 
PTPN7 protein tyrosine phosphatase, non-receptor 

type 7 
0.66 39 

DNAJC21 DnaJ (Hsp40) homolog, subfamily C, member 
21 

0.66 34 

HLA-DPB1 major histocompatibility complex, class II, DP 
beta 1 

0.66 41 

ZNF274 zinc finger protein 274 0.66 38 
MT1M metallothionein 1M 0.66 28 
CCDC24 coiled-coil domain containing 24 0.66 29 
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NAGPA N-acetylglucosamine-1-phosphodiester 
alpha-N-acetylglucosaminidase 

0.66 31 

MLLT10 myeloid/lymphoid or mixed-lineage 
leukaemia (trithorax homolog, Drosophila); 
translocated to, 10 

0.67 41 

HLA-DPA1 major histocompatibility complex, class II, DP 
alpha 1 

0.67 40 

NES nestin 0.67 35 
PALLD palladin, cytoskeletal associated protein 0.67 29 
ZNF673 zinc finger family member 673 0.67 31 
CD83 CD83 molecule 0.67 28 
GRIK5 glutamate receptor, ionotropic, kainate 5 0.68 35 
ESRP1 epithelial splicing regulatory protein 1 0.68 32 
ANXA13 annexin A13 0.68 39 
FOXN4 forkhead box N4 0.68 31 
CT47A4 cancer/testis antigen family 47, member A4 0.68 38 
AKR7A2 aldo-keto reductase family 7, member A2 

(aflatoxin aldehyde reductase) 
0.68 30 

UFC1 ubiquitin-fold modifier conjugating enzyme 1 0.68 27 
HHIPL1 HHIP-like 1 0.68 33 
SLK STE20-like kinase 0.68 28 
CNNM4 cyclin M4 0.68 34 
GALNT14 UDP-N-acetyl-alpha-D-

galactosamine:polypeptide N-
acetylgalactosaminyltransferase 14 (GalNAc-
T14) 

0.68 30 

EMR1 egf-like module containing, mucin-like, 
hormone receptor-like 1 

0.68 29 

CHD7 chromodomain helicase DNA binding protein 
7 

0.68 30 

ALPK1 alpha-kinase 1 0.69 32 
GIF gastric intrinsic factor (vitamin B synthesis) 0.69 34 
PRAMEF3 PRAME family member 3 0.69 28 
PPP1CB protein phosphatase 1, catalytic subunit, 

beta isozyme 
0.69 35 

ZNF77 zinc finger protein 77 0.69 35 
CBX8 chromobox homolog 8 0.69 29 
KCNA6 potassium voltage-gated channel, shaker-

related subfamily, member 6 
0.69 33 

MAGEB4 melanoma antigen family B, 4 0.69 27 
SPIN1 spindlin 1 0.69 28 
SCGN secretagogin, EF-hand calcium binding 

protein 
0.69 25 

DENND5B DENN/MADD domain containing 5B 0.69 34 
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CPM carboxypeptidase M 0.69 32 
OR5M8 olfactory receptor, family 5, subfamily M, 

member 8 
0.7 46 

KCNJ14 potassium inwardly-rectifying channel, 
subfamily J, member 14 

0.7 36 

ROCK1 Rho-associated, coiled-coil containing protein 
kinase 1 

0.7 38 

KRTAP13-3 keratin associated protein 13-3 0.7 35 
MORC4 MORC family CW-type zinc finger 4 0.7 28 
UBE2H ubiquitin-conjugating enzyme E2H 0.7 40 
SCYL1 SCY1-like 1 (S. cerevisiae) 0.7 29 
SPRR2B small proline-rich protein 2B 0.7 31 
TSPAN16 tetraspanin 16 0.7 32 
KCNE1 potassium voltage-gated channel, Isk-related 

family, member 1 
0.7 29 

WWP2 WW domain containing E3 ubiquitin protein 
ligase 2 

0.7 38 

SIRT2 sirtuin 2 0.7 36 
C22orf36 chromosome 22 open reading frame 36 0.7 33 
NOMO3 NODAL modulator 3 0.7 38 
C20orf152 chromosome 20 open reading frame 152 0.7 32 
EID3 EP300 interacting inhibitor of differentiation 

3 
0.7 28 

CT47A9 cancer/testis antigen family 47, member A9 0.7 29 
FAM190B family with sequence similarity 190, member 

B 
0.71 33 

AGMO alkylglycerol monooxygenase 0.71 27 
ZNF227 zinc finger protein 227 0.71 39 
TSKU tsukushi small leucine rich proteoglycan 

homolog (Xenopus laevis) 
0.71 32 

HK1 hexokinase 1 0.71 34 
FZD6 frizzled family receptor 6 0.71 36 
GALNT4 UDP-N-acetyl-alpha-D-

galactosamine:polypeptide N-
acetylgalactosaminyltransferase 4 (GalNAc-
T4) 

0.71 35 

PARP2 poly (ADP-ribose) polymerase 2 0.71 34 
MC4R melanocortin 4 receptor 0.71 34 
TRADD TNFRSF1A-associated via death domain 0.71 30 
PLA2G12A phospholipase A2, group XIIA 0.71 25 
L3MBTL1 l(3)mbt-like 1 (Drosophila) 0.71 33 
TYROBP TYRO protein tyrosine kinase binding protein 0.71 30 
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SERPINH1 serpin peptidase inhibitor, clade H (heat 
shock protein 47), member 1, (collagen 
binding protein 1) 

0.71 33 

C18orf19 chromosome 18 open reading frame 19 0.71 31 
C14orf43 chromosome 14 open reading frame 43 0.71 25 
PLCB1 phospholipase C, beta 1 (phosphoinositide-

specific) 
0.71 28 

RNF24 ring finger protein 24 0.71 29 
RAD51AP1 RAD51 associated protein 1 0.71 37 
DCAF12 DDB1 and CUL4 associated factor 12 0.71 30 
CORO1A coronin, actin binding protein, 1A 0.71 25 
FHOD1 formin homology 2 domain containing 1 0.71 25 
RALY RNA binding protein, autoantigenic (hnRNP-

associated with lethal yellow homolog 
(mouse)) 

0.71 29 

CD22 CD22 molecule 0.71 27 
CSF3 colony stimulating factor 3 (granulocyte) 0.71 30 
GJB5 gap junction protein, beta 5, 31.1kDa 0.72 37 
OR7D2 olfactory receptor, family 7, subfamily D, 

member 2 
0.72 35 

BCORL1 BCL6 corepressor-like 1 0.72 27 
CCT8L2 chaperonin containing TCP1, subunit 8 

(theta)-like 2 
0.72 28 

DLK2 delta-like 2 homolog (Drosophila) 0.72 27 
CDX2 caudal type homeobox 2 0.72 33 
FLAD1 FAD1 flavin adenine dinucleotide synthetase 

homolog (S. cerevisiae) 
0.72 34 

SLCO3A1 solute carrier organic anion transporter 
family, member 3A1 

0.72 27 

BEND6 BEN domain containing 6 0.72 26 
HOXA11 homeobox A11 0.72 30 
MYO18B myosin XVIIIB 0.72 30 
C2orf88 chromosome 2 open reading frame 88 0.72 26 
DKFZp761E198 uncharacterized protein DKFZp761E198 0.72 26 
UBR1 ubiquitin protein ligase E3 component n-

recognin 1 
0.72 30 

THAP11 THAP domain containing 11 0.72 28 
PRMT3 protein arginine methyltransferase 3 0.72 29 
GTF3C2 general transcription factor IIIC, polypeptide 

2, beta 110kDa 
0.72 26 

MPP3 membrane protein, palmitoylated 3 (MAGUK 
p55 subfamily member 3) 

0.72 26 

ADO 2-aminoethanethiol (cysteamine) 
dioxygenase 

0.72 26 
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HMX2 H6 family homeobox 2 0.73 52 
HOXA13 homeobox A13 0.73 36 
GDPD1 glycerophosphodiester phosphodiesterase 

domain containing 1 
0.73 33 

DNAJC2 DnaJ (Hsp40) homolog, subfamily C, member 
2 

0.73 32 

TWIST2 twist homolog 2 (Drosophila) 0.73 34 
NLN neurolysin (metallopeptidase M3 family) 0.73 35 
OR5D16 olfactory receptor, family 5, subfamily D, 

member 16 
0.73 26 

ADCY6 adenylate cyclase 6 0.73 27 
SACS spastic ataxia of Charlevoix-Saguenay 

(sacsin) 
0.73 30 

NXNL2 nucleoredoxin-like 2 0.73 27 
SELE selectin E 0.73 27 
MESP1 mesoderm posterior 1 homolog (mouse) 0.73 25 
ARHGAP35 Rho GTPase activating protein 35 0.74 38 
ZNF691 zinc finger protein 691 0.74 35 
ANO4 anoctamin 4 0.74 35 
ARIH1 ariadne homolog, ubiquitin-conjugating 

enzyme E2 binding protein, 1 (Drosophila) 
0.74 33 

YAF2 YY1 associated factor 2 0.74 38 
KCNMB4 potassium large conductance calcium-

activated channel, subfamily M, beta 
member 4 

0.74 27 

EAF2 ELL associated factor 2 0.74 28 
CCL27 chemokine (C-C motif) ligand 27 0.74 28 
ATP9B ATPase, class II, type 9B 0.74 31 
EPN2 epsin 2 0.74 25 
NKPD1 NTPase, KAP family P-loop domain containing 

1 
0.74 28 

MRGPRG MAS-related GPR, member G 0.74 26 
METTL7B methyltransferase like 7B 0.74 26 
BCOR BCL6 corepressor 0.74 26 
EDDM3A epididymal protein 3A 0.74 25 
YTHDF1 YTH domain family, member 1 0.75 40 
TFB1M transcription factor B1, mitochondrial 0.75 32 
CALCB calcitonin-related polypeptide beta 0.75 30 
TRIM23 tripartite motif containing 23 0.75 33 
AGAP6 ArfGAP with GTPase domain, ankyrin repeat 

and PH domain 6 
0.75 29 

CNKSR3 CNKSR family member 3 0.75 31 
RHOXF1 Rhox homeobox family, member 1 0.75 30 
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SERPINA11 serpin peptidase inhibitor, clade A (alpha-1 
antiproteinase, antitrypsin), member 11 

0.75 28 

TNFRSF14 tumor necrosis factor receptor superfamily, 
member 14 

0.75 27 

POLRMT polymerase (RNA) mitochondrial (DNA 
directed) 

0.75 30 

GPR143 G protein-coupled receptor 143 0.75 32 
NEUROD1 neurogenic differentiation 1 0.75 28 
RENBP renin binding protein 0.75 26 
RAB39B RAB39B, member RAS oncogene family 0.75 27 
RALA v-ral simian leukaemia viral oncogene 

homolog A (ras related) 
0.75 29 

B3GNT2 UDP-GlcNAc:betaGal beta-1,3-N-
acetylglucosaminyltransferase 2 

0.75 29 

FER fer (fps/fes related) tyrosine kinase 0.75 25 
PET112 PET112 homolog (yeast) 0.75 25 
UBE2QL1 ubiquitin-conjugating enzyme E2Q family-like 

1 
0.75 31 

C10orf10 chromosome 10 open reading frame 10 0.75 25 
AFAP1 actin filament associated protein 1 0.75 26 
NUB1 negative regulator of ubiquitin-like proteins 1 0.75 26 
P4HA3 prolyl 4-hydroxylase, alpha polypeptide III 0.75 25 
KLK13 kallikrein-related peptidase 13 0.76 37 
DNASE1L1 deoxyribonuclease I-like 1 0.76 31 
LRRC41 leucine rich repeat containing 41 0.76 31 
KCNAB3 potassium voltage-gated channel, shaker-

related subfamily, beta member 3 
0.76 27 

PTPRA protein tyrosine phosphatase, receptor type, 
A 

0.76 35 

YIPF6 Yip1 domain family, member 6 0.76 38 
FAM122C family with sequence similarity 122C 0.76 36 
KCNK17 potassium channel, subfamily K, member 17 0.76 27 
USH1G Usher syndrome 1G (autosomal recessive) 0.76 30 
C3orf75 chromosome 3 open reading frame 75 0.76 28 
FGF11 fibroblast growth factor 11 0.76 26 
TUBGCP6 tubulin, gamma complex associated protein 6 0.76 26 
CYP2S1 cytochrome P450, family 2, subfamily S, 

polypeptide 1 
0.76 27 

FZD1 frizzled family receptor 1 0.76 27 
C6orf62 chromosome 6 open reading frame 62 0.76 26 
SPINK13 serine peptidase inhibitor, Kazal type 13 

(putative) 
0.76 26 

ERF Ets2 repressor factor 0.76 25 
PER2 period homolog 2 (Drosophila) 0.76 25 
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ENO3 enolase 3 (beta, muscle) 0.76 28 
CD2AP CD2-associated protein 0.76 25 
ZMYND17 zinc finger, MYND-type containing 17 0.76 28 
C20orf118 chromosome 20 open reading frame 118 0.77 31 
CXCL3 chemokine (C-X-C motif) ligand 3 0.77 27 
KCNJ11 potassium inwardly-rectifying channel, 

subfamily J, member 11 
0.77 27 

RPL17 ribosomal protein L17 0.77 25 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 0.77 34 
CMA1 chymase 1, mast cell 0.77 28 
OR5B17 olfactory receptor, family 5, subfamily B, 

member 17 
0.77 25 

ESM1 endothelial cell-specific molecule 1 0.77 27 
CLCN3 chloride channel 3 0.77 25 
LDHAL6A lactate dehydrogenase A-like 6A 0.77 29 
STAT4 signal transducer and activator of 

transcription 4 
0.77 31 

BRD1 bromodomain containing 1 0.77 26 
PRSS22 protease, serine, 22 0.77 32 
DDT D-dopachrome tautomerase 0.77 25 
TRUB1 TruB pseudouridine (psi) synthase homolog 1 

(E. coli) 
0.77 28 

KRTAP6-2 keratin associated protein 6-2 0.77 26 
GGT2 gamma-glutamyltransferase 2 0.77 27 
OR6N2 olfactory receptor, family 6, subfamily N, 

member 2 
0.77 30 

KCNG3 potassium voltage-gated channel, subfamily 
G, member 3 

0.78 30 

RASSF10 Ras association (RalGDS/AF-6) domain family 
(N-terminal) member 10 

0.78 38 

RAB20 RAB20, member RAS oncogene family 0.78 25 
GCET2 germinal centre expressed transcript 2 0.78 27 
LYG1 lysozyme G-like 1 0.78 26 
USP35 ubiquitin specific peptidase 35 0.78 26 
CALD1 caldesmon 1 0.78 28 
FLJ45831 uncharacterized FLJ45831 0.78 35 
TYSND1 trypsin domain containing 1 0.78 28 
BCL2L13 BCL2-like 13 (apoptosis facilitator) 0.78 29 
PCGF2 polycomb group ring finger 2 0.78 26 
LPGAT1 lysophosphatidylglycerol acyltransferase 1 0.78 27 
PCYT2 phosphate cytidylyltransferase 2, 

ethanolamine 
0.78 28 

TOP1 topoisomerase (DNA) I 0.78 26 
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PLSCR5 phospholipid scramblase family, member 5 0.78 30 
COL24A1 collagen, type XXIV, alpha 1 0.78 29 
ZDHHC21 zinc finger, DHHC-type containing 21 0.78 28 
ABCC10 ATP-binding cassette, sub-family C 

(CFTR/MRP), member 10 
0.78 25 

WDYHV1 WDYHV motif containing 1 0.78 27 
EDC4 enhancer of mRNA decapping 4 0.78 26 
KCNMA1 potassium large conductance calcium-

activated channel, subfamily M, alpha 
member 1 

0.79 33 

DDIT4 DNA-damage-inducible transcript 4 0.79 40 
TJP3 tight junction protein 3 (zona occludens 3) 0.79 35 
RGAG4 retrotransposon gag domain containing 4 0.79 26 
PPP2R4 protein phosphatase 2A activator, regulatory 

subunit 4 
0.79 32 

USP37 ubiquitin specific peptidase 37 0.79 29 
PSG5 pregnancy specific beta-1-glycoprotein 5 0.79 30 
FUCA1 fucosidase, alpha-L- 1, tissue 0.79 26 
PID1 phosphotyrosine interaction domain 

containing 1 
0.79 30 

KIAA0355 KIAA0355 0.79 27 
MLH3 mutL homolog 3 (E. coli) 0.79 25 
ISG20L2 interferon stimulated exonuclease gene 

20kDa-like 2 
0.79 26 

HERC4 hect domain and RLD 4 0.79 26 
AFG3L2 AFG3 ATPase family gene 3-like 2 (S. 

cerevisiae) 
0.79 26 

RIC8B resistance to inhibitors of cholinesterase 8 
homolog B (C. elegans) 

0.79 26 

DBT dihydrolipoamide branched chain 
transacylase E2 

0.8 29 

GOLM1 golgi membrane protein 1 0.8 34 
LRRC52 leucine rich repeat containing 52 0.8 27 
BPIFB4 BPI fold containing family B, member 4 0.8 32 
M6PR mannose-6-phosphate receptor (cation 

dependent) 
0.8 26 

SSR4 signal sequence receptor, delta 0.8 26 
MEI1 meiosis inhibitor 1 0.8 28 
CSF2RA colony stimulating factor 2 receptor, alpha, 

low-affinity (granulocyte-macrophage) 
0.8 26 

RTN2 reticulon 2 0.81 30 
C12orf66 chromosome 12 open reading frame 66 0.81 30 
RAB3A RAB3A, member RAS oncogene family 0.81 27 
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MPP7 membrane protein, palmitoylated 7 (MAGUK 
p55 subfamily member 7) 

0.81 27 

TMEM143 transmembrane protein 143 0.81 32 
ADAM20 ADAM metallopeptidase domain 20 0.81 27 
SETDB2 SET domain, bifurcated 2 0.81 25 
SLC5A6 solute carrier family 5 (sodium-dependent 

vitamin transporter), member 6 
0.81 25 

PALMD palmdelphin 0.81 26 
CASZ1 castor zinc finger 1 0.82 26 
RANBP3 RAN binding protein 3 0.82 27 
RFFL ring finger and FYVE-like domain containing 1 0.82 29 
RNF5 ring finger protein 5 0.82 26 
ADD1 adducin 1 (alpha) 0.82 27 
PPP4C protein phosphatase 4, catalytic subunit 0.82 26 
CAND1 cullin-associated and neddylation-dissociated 

1 
0.82 25 

SLC38A10 solute carrier family 38, member 10 0.82 26 
MIR22HG MIR22 host gene (non-protein coding) 0.82 26 
TMEM101 transmembrane protein 101 0.83 25 
TEPP testis, prostate and placenta expressed 0.83 29 
FBXL17 F-box and leucine-rich repeat protein 17 0.83 28 
EBAG9 estrogen receptor binding site associated, 

antigen, 9 
0.83 30 

PRAF2 PRA1 domain family, member 2 0.83 30 
PTPN20B protein tyrosine phosphatase, non-receptor 

type 20B 
0.83 27 

MARVELD3 MARVEL domain containing 3 0.83 28 
STAG2 stromal antigen 2 0.83 28 
CDC42EP3 CDC42 effector protein (Rho GTPase binding) 

3 
0.83 26 

FAM200A family with sequence similarity 200, member 
A 

0.83 27 

SURF6 surfeit 6 0.83 25 
C9orf170 chromosome 9 open reading frame 170 0.83 25 
LRRN4CL LRRN4 C-terminal like 0.84 29 
UBE2D4 ubiquitin-conjugating enzyme E2D 4 

(putative) 
0.84 27 

ZNF468 zinc finger protein 468 0.84 28 
CIB3 calcium and integrin binding family member 

3 
0.84 26 

PDZD8 PDZ domain containing 8 0.84 27 
IGFBP1 insulin-like growth factor binding protein 1 0.84 25 
TRAM2 translocation associated membrane protein 2 0.14 58 
CHRM5 cholinergic receptor, muscarinic 5 0.45 33 
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KCNG2 potassium voltage-gated channel, subfamily 
G, member 2 

0.49 27 

UROC1 urocanase domain containing 1 0.52 34 
C9orf123 chromosome 9 open reading frame 123 0.53 30 
ART5 ADP-ribosyltransferase 5 0.55 26 
ZNF350 zinc finger protein 350 0.55 32 
BRCA2 breast cancer 2, early onset 0.57 31 
ZNF512 zinc finger protein 512 0.57 32 
ZNF79 zinc finger protein 79 0.58 26 
TRIM11 tripartite motif containing 11 0.59 31 
NPFFR1 neuropeptide FF receptor 1 0.6 34 
IQCA1 IQ motif containing with AAA domain 1 0.6 27 
DMRT1 doublesex and mab-3 related transcription 

factor 1 
0.61 30 

FBXO31 F-box protein 31 0.61 32 
DGCR2 DiGeorge syndrome critical region gene 2 0.62 29 
GABRD gamma-aminobutyric acid (GABA) A receptor, 

delta 
0.62 28 

C3orf54 chromosome 3 open reading frame 54 0.62 29 
PARP10 poly (ADP-ribose) polymerase family, 

member 10 
0.63 37 

SUV39H2 suppressor of variegation 3-9 homolog 2 
(Drosophila) 

0.63 34 

ANKRD39 ankyrin repeat domain 39 0.63 27 
SLC16A11 solute carrier family 16, member 11 

(monocarboxylic acid transporter 11) 
0.64 28 

C16orf85 chromosome 16 open reading frame 85 0.64 26 
HAND2 heart and neural crest derivatives expressed 

2 
0.64 27 

GFPT1 glutamine--fructose-6-phosphate 
transaminase 1 

0.65 30 

ACTN4 actinin, alpha 4 0.65 25 
HMCN1 hemicentin 1 0.65 25 
HIPK1 homeodomain interacting protein kinase 1 0.66 29 
CDK20 cyclin-dependent kinase 20 0.66 28 
S1PR5 sphingosine-1-phosphate receptor 5 0.67 30 
ZNF425 zinc finger protein 425 0.67 27 
AAK1 AP2 associated kinase 1 0.67 27 
KLHDC9 kelch domain containing 9 0.68 28 
RASL11B RAS-like, family 11, member B 0.68 25 
FGFR1OP2 FGFR1 oncogene partner 2 0.69 26 
SHROOM2 shroom family member 2 0.7 26 
IFI6 interferon, alpha-inducible protein 6 0.7 25 
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TRH thyrotropin-releasing hormone 0.7 25 
HIST3H3 histone cluster 3, H3 0.71 26 
PPID peptidylprolyl isomerase D 0.71 29 
TCEAL1 transcription elongation factor A (SII)-like 1 0.72 26 
RDH8 retinol dehydrogenase 8 (all-trans) 0.74 25 
NOP10 NOP10 ribonucleoprotein homolog (yeast) 0.74 25 
UBE3C ubiquitin protein ligase E3C 0.85 31 
C1orf51 chromosome 1 open reading frame 51 0.85 27 
ZNF675 zinc finger protein 675 0.85 30 
UBE2R2 ubiquitin-conjugating enzyme E2R 2 0.85 26 
CUL4A cullin 4A 0.87 29 
APBA2 amyloid beta (A4) precursor protein-binding, 

family A, member 2 
0.87 32 

ERAP2 endoplasmic reticulum aminopeptidase 2 0.87 26 
OR2A1 olfactory receptor, family 2, subfamily A, 

member 1 
0.87 27 

TCTEX1D2 Tctex1 domain containing 2 0.89 25 
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