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Abstract 

Ewing sarcoma (ES) is a rare and aggressive bone tumour affecting children and young 

adults and that requires better therapeutic options to improve patient outcomes. ES is 

characterised by chromosomal rearrangements producing a fusion gene, the most 

predominant occurring between EWSR1 and FLI1 (~85%). Recent evidence shows that 

the chimeric oncoprotein EWS-FLI recruits chromatin remodellers that epigenetically 

rewire transcription to establish its oncogenic programme. Additionally, transcriptional 

dysregulation is known to induce replication stress (RS) and genomic instability. To 

mitigate potential genotoxic damage, ES cells are particularly dependent on the 

replication stress response (RSR). Based on these EWS-FLI1-specific molecular effects, 

this thesis investigates two separate therapeutic strategies: (i) inhibition of the epigenetic 

modifier KDM1A, and (ii) exploiting the dependency on the RSR. 

Catalytic inhibition of histone demethylase KDM1A is demonstrated to be insufficient as 

a therapeutic strategy for ES, although roles beyond its demethylase function remain a 

possibility. To identify therapeutic combinations targeting the dependency on the RSR, 

clinically available drugs inhibiting the ATR-CHK1-WEE1 axis were tested in 3D 

spheroids of ES cell lines. Each drug candidate was combined at clinically relevant doses 

with SN-38, the active metabolite of topoisomerase I inhibitor irinotecan, currently used 

to treat relapsed ES. Combinations revealed cytotoxicity and decreased growth in ES 

spheroids following WEE1 and ATR inhibition, both concurrent with SN-38. Based on 

the strength of responses, further investigations prioritised the effects of the WEE1 

inhibitor AZD1775 combined with SN-38 in additional ES cell lines and a model 

ectopically expressing EWS-FLI1. DNA damage, apoptosis, and cell cycle analysis 

uncovered two responses in ES cell lines, one characterised by cell death, the other 

resembling growth arrest. These may be dependent on the cell lines’ mutational 

background and could act as a predictive biomarker. Taken together these findings 

identify a promising novel therapeutic strategy for ES.  
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Tet Tetracycline 
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Thr (T) Threonine 
TLR2 Toll-like receptor 2 
TOBP1 Topoisomerase binding 

protein 1 
TSS Transcription start site 
ULA Ultra-low attachment 
UR-DNA Under-replicated DNA 
UV Ultraviolet 
V Volts 
VAC Vincristine, 

Actinomycin D, 
Cyclophosphamide 

VAI Vincristine, 
Actinomycin D, 
Ifosfamide  

VIDE Vincristine, 
Ifosfamide, 
Doxorubicin, 
Etoposide 

WRN Werner RecQ Like 
Helicase 

WT Wild-type 
γH2AX Phosphorylated H2AX 
µg Micrograms 
µl Microlitres 
µm Micrometres 
µM Micromolar 
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Chapter 1 Introduction 

1.1 Cancer 

1.1.1 Cancer and tumourigenesis 

Cancer is an umbrella term for a large group of diseases characterised by abnormal, 

unregulated cell growth. Tumours can develop locally, but most cancers have the 

potential to metastasise to distant tissues away from the primary site. Cancer can be 

regarded as a genetic disease with models of tumour development proposing a series of 

acquired ‘hits’ as disease drivers (1). These “hits” can take the form of mutations in genes 

broadly categorised as oncogenic or tumour suppressive (see 1.1.3). Collectively, the 

resulting changes in phenotype lead to dysregulation of cellular processes that not only 

permit, but actively promote tumour growth and survival. This process involves an 

initiating ‘driver mutation’ which provides an advantageous trait for tumour 

development. During the expansion of this clonal population, in a background of genomic 

instability, mutation rates increase together with the acquisition of genetic alterations that 

aid tumour development and enable distinct molecular mechanisms (1, 2). However, not 

all mutations are beneficial resulting in clonal selection against them. The occurrence of 

driver mutations depends on the status of the specific pathway affected. This is because, 

if it is already compromised, a second would not add any further selective advantage (2, 

3). This exclusivity principle has been validated through integrated analysis of canonical 

pathways mutated in a wide range of tumour samples, and has also identified the co-

occurrence of certain alterations (2). Additionally, there are genes known to be common 

drivers in many cancers playing key roles in pathways, traditionally linked with tumour 

development. Most notably, TP53 is the most commonly mutated gene, shown to be 

associated with more than 27 different malignancies (2). 

Whilst the somatic mutation theory highlights an important process contributing to 

tumour development, genetic alterations exist in dynamic microenvironments that 

contribute phenotypic heterogeneity (4-6). This intra-tumoural heterogeneity is also 

underpinned by subclonal populations with differing growth rates, metastatic potential, 

immunogenicity, and drug response (6, 7). This diversity is partially explained by these 

clones being genetically heterogeneous, with alternative gene defects but a common 

driver mutation (2, 6). Although originally put forward to describe the process of 

metastasis, the ‘seed and soil hypothesis’ offers another explanation supporting the view 
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that microenvironmental cues strongly dictate tumour behaviour (8). In this way, 

fluctuations in the tumour microenvironment, together with accessibility to nutrients such 

as growth factors and oxygen, have been suggested to play a role in the variation in cancer 

cells (5, 6). In the context of metastasis, a pre-metastatic niche describes an environment 

possessing the suitable nutrients for migrating cells to invade and establish a secondary 

site (8). This can also be applied to the origin of cancer, in which the need for a suitable 

fertile niche where a tumour can develop is as important as the accumulation of genetic 

mutations. Similarly, certain genetic changes are only tumorigenic in specific permissive 

tissues due to different tumour suppressive signalling mechanisms in place. For example, 

in mouse models, expression of KRAS mutations in lung cells are highly oncogenic, whilst 

in muscle cells p19 upregulation acts as a tumour suppressive barrier that need to be 

overcome, for tumourigenesis (9). Overall, the interplay between the genetic diversity, 

the microenvironment, and the tumour background of cancer cells, creates a dynamic 

ecosystem driving tumour evolution. 

1.1.2 Hallmarks of cancer 

Cancer can arise in any organ or tissue giving it distinct histological and 

pathophysiological features associated with the loss of function in that respective tissue. 

These phenotypic characteristics together with a diverse genetic background including a 

wide range of driver mutations, make cancer a set of vastly different diseases. As noted 

previously, even within the same tumour type, there are genetic subtypes and 

heterogeneous populations that affect drug response and clinical outcomes. In contrast to 

this variability, there are shared mechanisms commonly hijacked by cancer cells to 

promote tumour development (5, 10). These biological processes, originally defined as 

the “hallmarks of cancer”, include the ability to independently sustain growth signalling, 

evading growth-suppressing factors, escaping cell death mechanisms, enabling limitless 

replicative potential, induction of angiogenesis, and metastatic and invasive potential 

(10). Acquisition of these hallmarks requires genetic alterations enabling the 

dysregulation of these biological processes. This is made possible by an underlying state 

of genomic instability, with increased propensity for these mutations to arise and to 

remain unchecked. Since this model was established, twenty years of cancer research 

have led to a revision of this list and inclusion of additional processes such as metabolic 

reprogramming, immune system evasion, and replication stress (5, 11, 12) (Replication 

stress as a hallmark of cancer is discussed further in section 1.2). Caveats to this model 
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are that not all cancer cells necessarily display all hallmarks, and importantly, these 

processes are affected by the tumour microenvironment making them context-dependent. 

As part of this context, the supporting tissue or tumour stroma is also capable of 

conferring tumourigenic properties and facilitating modulation of these processes that 

characterise cancer cells (5). In some instances, such as metastasis, cancer cells are known 

to undergo phenotype switching, which promotes invasion whilst suppressing growth 

signalling and proliferation (13). In this way, cancer cell behaviour constantly has to 

respond to microenvironmental cues in order to adapt and ensure tumour survival. One 

clinical implication of these adaptations is acquired drug-resistance driven by 

heterogenous cancer cell populations arising from different genetic subtypes and their 

tumour microenvironment (5, 6). Altogether, the hallmarks of cancer remain a useful way 

to categorise and understand tumourigenesis, as well as offering hints of the functional 

consequences of oncogenes and tumour suppressor genes. 

1.1.3 Oncogenes and tumour suppressor genes 

Oncogenes are the result of alterations in the activity or control of genes associated with 

promoting tumour development, often referred to as proto-oncogenes. In contrast to 

tumour suppressor genes, the nature of oncogenes is usually dominant, meaning that only 

one alteration on one allele is required for their transformation (14). This ‘initiating event’ 

can take the form of a gain-of-function mutation, amplification, translocation, or 

dysregulation of epigenetic control, leading to increased oncogene expression and activity 

(14). The functional properties of oncogenes fall under the previously described 

hallmarks of cancer, providing tumours with a survival advantage favouring tumour 

progression (5). 

Activating mutations in proto-oncogenes commonly affect the structure of the encoded 

protein. This is the case in point mutations where a change in a single nucleotide base 

results in an amino acid substitution with the potential of increasing its activity (14). One 

example of this is the V600E missense mutation in BRAF, which is commonly found in 

a range of tumour types, such as melanoma, colorectal cancer, and hepatocellular 

carcinomas (14). This mutation modifies the regulatory site of this kinase causing it to be 

constitutively active. Similarly, mutations in the RAS proto-oncogenes HRAS, KRAS, and 

NRAS result in permanent activation of these effectors, which transduce growth 

stimulating signals (15). Constitutive activation can also result from other genetic 
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alterations such as through deletions of regulatory gene regions. Notably, both point 

mutations and deletions can occur in the promoter region of a proto-oncogene and result 

in increased transcription.  

Gene amplification is another mechanism of oncogene activation that refers to the gain 

in copy number of a particular gene (14, 16). This can arise from chromosomal 

abnormalities where a whole portion of the chromosome is amplified, increasing the 

copies of more than one gene. The appearance of extrachromosomal circular DNA 

structures named double-minute (DM) chromosomes and homogeneously staining 

regions (HSRs) are the result of amplification events. One of the proposed mechanisms 

behind these alterations is breakage–fusion–bridge (BFB) cycles (reviewed in (17)). The 

most commonly amplified genes in cancer include MYC, CCND1, RAS, and EGFR (2). 

Other notable examples include MDM2 and MDM4, which destabilise p53 to decrease its 

tumour suppressive role (18). Amplification of these regulators of p53 occur in sarcomas, 

neuroblastoma, and glioma (2, 17). 

Chromosomal translocations leading to the creation of a fusion gene, and their resulting 

fusion proteins, are another form of oncogene activation driving cancer progression (19). 

The most well-known, and first to be described, example is the Philadelphia chromosome 

present in chronic myeloid leukaemia (CML), which arises from the t(9;22)(q34;q11) 

joining the BRC and ABL1 genes (20). The resulting chimeric product has novel 

oncogenic properties in the form of abnormal activation of the ABL tyrosine kinase 

activation and increased proliferation (20). Alternatively, a second type of chromosomal 

rearrangements can also place the promoter region of a gene next to a proto-oncogene, 

leading to increased expression. This occurs in another haematological malignancy, acute 

T-cell leukaemia, where the T-cell receptor alpha gene is placed adjacently to MYC (21). 

Ewing sarcoma (ES), rhabdomyosarcoma (RMS) and desmoplastic small round cell 

tumour (DSRCT), amongst other sarcomas, are characterised by examples of the first type 

of translocations, however, with important differences to fusion proteins like BCR-ABL1. 

Specifically, these chromosomal rearrangements give rise to chimeric proteins that act as 

abnormal transcription factors with different downstream target genes and unique novel 

oncogenic properties (19) (detailed 1.4 for ES). 
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Lastly, another mechanism leading to oncogene activation is epigenetic regulation, which 

is a form of gene expression control, either through direct DNA methylation or histone 

modifications. DNA methylation status is more commonly associated with 

hypermethylation of promoters of tumour suppressor genes, silencing their expression 

(22, 23). However, oncogene activation and overexpression is possible through promoter 

hypomethylation, primarily through the absence of methylcytosine residues (24). 

Importantly, dysregulation of chromatin remodellers can also affect the organisation of 

DNA, having the potential to activate oncogenes and causing vast changes to gene 

expression profiles (detailed in 1.5.1) (22, 23). 

Tumour suppressor genes are often regarded as counterparts to oncogenes, also 

contributing to tumour development when aberrant, resulting in loss of function. Rather 

than through gain-of-function mutations, their inactivation is what results in their 

tumorigenic phenotype. As their name indicates, these group of genes are generally 

involved in processes protecting genome integrity or acting as checkpoints and 

performing other control mechanisms, such as ensuring orderly cell division. In this way, 

tumour suppressor genes may not always directly affect specific processes contributing 

to tumour growth, but rather, their absence increases genomic instability and mutation 

rates. Inactivation of these genes involves similar processes to oncogene activation, 

including mutations, deletions, chromosomal rearrangements, or an altered form of 

epigenetic control. One key difference is that tumour suppressor genes can, but do not 

exclusively, operate in a recessive manner. This behaviour means that one copy of the 

gene can be sufficient to carry out its function, and therefore, both alleles need to be 

inactivated to suppress its function (25). One method describing this relationship is the 

traditional ‘two-hit hypothesis’ presented by Knudson in 1971 to explain the genetic 

mechanism underlying the tumour suppressor retinoblastoma (Rb) transcriptional 

corepressor 1 gene RB1 (25). Briefly, without an inherited mutation on one allele, 

developing retinoblastoma was suggested to require two mutations, one in each allele of 

RB1. In contrast, cases with a germline mutation would pass on this susceptibility, only 

needing one additional hit to develop this malignancy (25). Loss of heterozygosity (LOH) 

is often used to describe how the second copy of a mutated gene can be lost for this one 

to become homozygous. This is usually through a deletion encompassing a large region 

of DNA or even an entire portion of a chromosome through chromosomal missegregation 

(26). 
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Notably, not all tumour suppressor genes behave in a recessive manner. There are cases 

in which a single mutated allele can disrupt the activity of the encoded protein or can lead 

to insufficient protein levels (27). The first case is usually described as a dominant-

negative effect where the mutated protein antagonises the function of the wild-type (WT) 

copy. This type of mutations affecting tumour suppressor genes are common in proteins 

forming complexes or polymeric structures, such as the tetrameric transcription factor 

p53. This protein is crucial in regulating gene expression of targets in apoptosis, DNA 

repair, cell growth and differentiation (18). Mutations in the tumour suppressor gene 

TP53 are the most frequent alterations in cancer. Point mutations R270H and P275S have 

been shown to limit p53 function decreasing its tumour suppressive role in a dominant-

negative fashion (28). As in oncogene activation, translocations can create fusion 

products in which the tumour suppressive function of a gene is lost in the novel 

oncoprotein. Alternatively, the fusion protein can also compete with the wild-type copy 

in a dominant-negative manner (detailed in 1.5). 

The other exception to the two-hit hypothesis is haploinsufficiency, which describes 

sensitive genes that cannot tolerate a reduction in gene dosage and therefore only require 

one mutated allele (26, 27). There are different models of haploinsufficiency, the first 

describes gene dosage and the resulting stoichiometric protein levels as being under a fine 

balance. Over or under-expression can create an imbalance in the protein levels, which in 

turn affects cellular processes. Similarly, another hypothesis suggests haploinsufficiency 

simply reduces the amount of protein, thus limiting its function (27). Whilst both models 

may apply to different genes, these mechanisms paint a more diverse and complex picture 

of the process of acquiring genetic lesions to promote tumour development. 

1.2 Replication stress as a hallmark of cancer 

DNA replication stress (RS) has been proposed to be a prevalent feature, driving genomic 

instability in human cancers, and so contributing to tumour development (29). The 

sources of RS detailed in this section are directly relevant to the biological processes 

studied in this project and the scope of this thesis. These can be broadly divided into 

endogenous and exogenous causes, however, the focus here is on endogenously generated 

DNA damage arising from DNA replication and how this process is further dysregulated 

in cancer in what is known as oncogene-induced RS. 
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1.2.1 Endogenous sources of replication stress 

DNA replication is susceptible to a vast range of exogenous and endogenous stresses, 

creating obstacles for the accurate copying of genetic information (Fig. 1.1). In turn, 

disruption of the replication fork brings replication to a stop generating DNA lesions, 

which can result in chromosome rearrangement, missegregation, and breakage (12, 30). 

These events fall under the umbrella term of RS, however, this phenomenon specifically 

defines the transient slowing down or stalling of the replication fork machinery (31-33). 

Overall, RS results in genomic instability, and can therefore contribute to malignant 

transformation (11, 12). 

 

Figure 1.1 Endogenous sources of RS 

Diagram showing a summary of some common sources of endogenous RS, such as 
nucleotide shortage, directly affecting polymerases ε and δ, secondary structures and 
topological stress, DNA lesions, from nicks to DSBs, and R-loops (three-stranded 
structures where a nascent strand of mRNA in orange binds to DNA, displacing the non-
template DNA strand). Adapted from Petropoulos et al. (2019) (34). 

Examples of endogenous sources of RS include unusual DNA structures that are 

inherently difficult to replicate. These sequences usually involve secondary DNA 

structures, such as hairpins and triplexes, which slow down the replication machinery and 
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are prone to induce DNA double strand breaks (DSBs) (30, 31, 35). Another example are 

G-quadruplexes, consisting of four-stranded structures rich in GC content that are 

commonly present near the transcription start site of highly transcribed genes (30). Some 

of these genes include powerful oncogenes such as MYC and KRAS, and tumour 

suppressor gene PTEN (2, 36). Other causes of endogenous RS are torsional stress ahead 

and behind the replication fork, taking the form of negative or positive supercoiling. 

Topoisomerase I and II minimise RS by creating single nicks or cutting both strands on 

DNA, respectively, in order to alleviate and relax positive supercoiling (35). In addition, 

a range of helicases are known to contribute to the resolution of these secondary structures 

and G-quadruplexes, for example DExH-Box Helicase 9 (DHX9), ATP-dependent DNA 

helicase PIF1, and regulator of telomerase elongation helicase 1 (RTEL1) (30, 35). 

1.2.1.1 Transcription and replication conflicts 

Interference between replication and transcription is another source of RS and DNA 

damage. One example is inappropriate hybridisation of the RNA nascent strand with a 

DNA template behind the transcriptional machinery, and displacement of the non-

template strand (32, 33). The formation of these RNA-DNA hybrids, also named R-loops, 

is believed to arise when the replication fork collides with the transcriptional machinery, 

either co-directionally or via a head-on collision (31, 32). R-loops are naturally occurring 

and can have regulatory roles in gene expression (33). Their accumulation induces further 

RS and can lead to genomic instability; however, the mechanisms are not fully understood 

(33, 37). One proposition is that the loose single stranded DNA (ssDNA) in R-loops is 

vulnerable to cytosine deamination by activation-induced cytidine deaminase (AID) or 

other members of the apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 

(APOBEC) family of cytidine deaminases (33, 38). In this way, mutational changes in 

the genome are created by these conversions. As with DNA secondary structures, R-loops 

can be resolved by helicases (senataxin, aquarius, DHX9, PIF1) and topoisomerases (32, 

33). Other important factors, mitigating RS and R-loops, are proteins in the Fanconi 

Anaemia (FA) pathway such as FA complementation group D2 (FANCD2), FA 

complementation group I (FANCI), FA complementation group A (FANCA), and flap 

endonuclease 1 (FEN1) (39, 40). Lastly, defects in RNA processing have been suggested 

to contribute to R-loop formation as in normal circumstances, these factors limit 

interaction between the RNA transcript and DNA undergoing replication (33). 
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1.2.1.2 Nucleotide metabolism and origin firing 

Nucleotide metabolism and DNA synthesis are tightly linked with replication and 

therefore are prone to affect replication fork progression. Thus, any decrease in nucleotide 

supply has the potential to stall replication and produce RS (31, 41). Limited availability 

of deoxyribonucleotide triphosphates (dNTPs) and histone shortage results in uncoupling 

of the minichromosome maintenance complex 2–7 (MCM2–7) helicase and DNA 

polymerases (31). This creates stretches of exposed ssDNA and replication fork stalling 

(31). For this reason, timely and regulated activity of ribonucleotide reductase (RNR) and 

its catalytic subunit RRM2 is crucial. This enzyme catalyses the conversion of 

ribonucleotides to deoxyribonucleotides (41, 42). Expression of RRM2 rises in S-phase 

and is increased upon DNA damage ensuring substrate availability for replication and 

DNA repair (42). 

Closely interlinked with nucleotide metabolism, origin firing is another key determinant 

of replication dynamics, and therefore, of pressures on the replication fork. In order to 

ensure accurate duplication of the genome in one cell cycle, careful control of origin 

licensing and firing in S-phase is necessary. Main regulators involve protein Ataxia 

Telangiectasia Mutated (ATM), Ataxia Telangiectasia and Rad3-related (ATR) kinases, 

and their interaction with cell division cycle 7-related (CDC7) protein kinase and cyclin-

dependent kinases (CDKs), particularly CDK2 (43-45). Origin firing and replication fork 

rate have been found to have an inverse relationship (45). That is, a reduction in licensing 

factors and decrease in origin firing, will increase fork rate speed. In this way, MCM2-7 

availability at replication origins and disrupting CDK2 activity in G1 can limit or prevent 

loading of the replisome onto DNA, respectively (12). Interestingly, having a low number 

of licensed origins can in turn promote increase of their own fork rate (45). One proposed 

explanation is through a substrate- and competition-dependent mechanism, ordinarily 

restraining fork rate (45). Unscheduled CDK activity through direct dysregulation, or 

abnormal activity upstream of CDK2 and CDC7, triggers increased origin firing. This has 

the potential to exhaust nucleotides and histones, as well as to maximise the possibility 

for collisions with the transcriptional machinery, leading to extensive RS. Regardless of 

how origin firing is altered, alterations to fork progression can lead to DNA being under- 

or over-replicated, causing genomic instability (46, 47). 
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1.2.2 Oncogene-induced replication stress 

By definition, oncogenes result in tumorigenic properties that enable uncontrolled 

proliferation and cell cycle progression. These phenotypes are often achieved through 

direct dysregulation of DNA replication, in what is known as oncogene-induced RS (12, 

31, 36, 48, 49). Of note, oncogene-induced RS also encompasses tumour suppressor 

genes such as deletions in RB1, leading to cell cycle changes and a secondary effect on 

replication regulation. Aberrant modifications in genes involved in replication initiation, 

licensing, and origin firing are all common sources of oncogene-induced RS. 

Additionally, these changes are the underlying mechanisms that have the capacity to 

increase nucleotide consumption and promote fork collisions, contributing further to RS 

(49). 

Mutations or amplifications affecting CDK activity, Rb, and the E2F family of 

transcription factors can all alter licensing initiation causing unscheduled firing (31). The 

viral oncogene and major cause of cervical cancer, human papillomavirus (HPV) E6/7, 

specifically degrades Rb, dysregulating E2F transcription factor 1 activation to promote 

cell proliferation. Other oncogene-driven sources of RS include decrease in licensing 

factors, such as CDC6 and Chromatin licensing and DNA replication factor 1 (CDT1). 

Under normal circumstances, origins of replication are licensed in G1. If cells enter S-

phase without sufficient licensed origins, it is likely that the copying of the genome will 

be incomplete, in what is known as under-replicated DNA (UR-DNA) (47, 50). 

Disruptions such as these, become problematic for equal chromosome segregation, 

creating genomic instability. In this context of loss of licensing factors, p53 activity can 

promote arrest in G1, delaying S-phase entry until origin licensing is restored (50). 

However, through mutations in TP53, this checkpoint-like mechanism is commonly lost, 

allowing unchecked S-phase progression and the potential accumulation of RS (50). 

Other key oncogenes include CCNE1, commonly amplified in multiple malignancies 

causing overexpression of cyclin E1. The increased levels of this protein bring together a 

number of other factors that ultimately disrupt replication and cell cycle dynamics. These 

include elevated CDK2 activity, disruption of the Rb/E2F pathway, shortening the length 

of G1 and promoting early entry into S-phase – all giving rise to nucleotide depletion and 

slowing replication fork progression (42, 49). A well-studied example is the proto-

oncogene MYC, coding for a powerful transcription factor involved in proliferation, 

differentiation, and apoptosis (51). In two distinct models of ectopic expression of MYC 
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in cancer cell lines, induction of this gene modulated cell cycle progression, particularly 

increasing proliferation and the percentage of the S-phase population (52, 53). These 

changes can be attributed to MYC-driven transcriptional control of proteins cyclin D2, 

cyclin E1, CDK4, CDC25A, and members of the E2F family amongst others (51). 

Together, MYC’s wide ranging role in the G1-S transition, replication initiation, 

nucleotide and protein synthesis, make its deregulation an important source of oncogene-

induced RS (reviewed in (36, 51)). 

Overall, this is not an exhaustive review of all causes of RS and examples of oncogene-

induced RS. Other sources include reactive oxygen species and common fragile sites 

(CFSs), which also add pressures to the replication machinery (reviewed in (31). In 

addition, within oncogene-induced RS, fusions proteins that behave as aberrant 

transcription factors can be potent causes of RS, as it is the case in ES (described in 1.5). 

1.2.3 The replication stress response  

1.2.3.1 The ATR and CHK1 signalling pathway 

The consequences of RS trigger a complex signalling response to enable replication fork 

protection, DNA damage repair, and replication fork restart. Failing to stabilise the 

replication machinery results in fork collapse, primarily described in the literature as 

dissociation of the replisome and/or formation of DSBs at these sites (30, 54, 55). ATR 

is the main orchestrator of the replication stress response (RSR) (reviewed in (30, 56, 57)) 

(Fig. 1.2). Briefly, this signalling cascade begins when stretches of ssDNA are exposed, 

including the displaced DNA strand in R-loops. These are sensed and protected by the 

heterotrimeric replication protein A (RPA), which also has wider roles in DNA repair 

signalling (58). As described before, exposed ssDNA results from the uncoupling of DNA 

polymerases ε and δ and MCM2-7 due to reduced replication fork speed. In turn, ssDNA 

coated with RPA causes recruitment of ATR through its obligate partner ATRIP, along 

with RAD9, RAD1, and HUS1, which form the 9-1-1 complex. Interaction of this 

complex with topoisomerase binding protein 1 (TOPBP1) and RAD17 then promotes 

activation of ATR. ATR signalling also involves other regulators such as Ewing’s 

Tumour Associated Antigen 1 (ETAA1), TIMELESS/TIPIN, and CLASPIN. These 

events result in activation of checkpoint kinase 1 (CHK1) through phosphorylation of 

serine 317 (S317) and 345 (S345) (31, 59). In turn, CHK1 contributes to the RSR by 

incorporating cell cycle control signalling and checkpoint activation, through CDK1/2 
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regulation (60, 61). Also involved in this process is the kinase WEE1, reported to be 

phosphorylated on serine 642 (S642) by AKT (62). Arrest of cell cycle progression 

incorporates the DDR into these mechanisms and facilitates repair of accumulated DNA 

lesions arising from RS. Together with ATR, these two kinases – CHK1 and WEE1 – 

coordinate a concerted response to RS promoting fork stabilisation, activating dormant 

origin firing to ensure complete replication, inhibiting late origin firing, and arresting cell 

cycle progression to allow sufficient time for DNA repair (31, 56). 

 

Figure 1.2 Activation and outcomes of the RSR. 

Diagram summarising the RSR along with the outcomes of activation of this pathway 
contributing to regulate DNA replication and promote replication fork stability and 
protection. Uncoupling of MCM helicase and DNA polymerases ε and δ creates stretches 
of ssDNA, exposed to RPA binding. RPA coating protects ssDNA promoting a series of 
events recruiting and activating ATR. In turn, this kinase phosphorylates CHK1, which 
together with WEE1, incorporate checkpoint control in the cell cycle through direct 
phosphorylation of CDK1 and CDK2. Indirect regulation of CDK1 by CHK1 (grey 
arrow) occurs through phosphorylation of phosphatase CDC25C. 

1.2.3.2 Further roles for ATR and CHK1  

Alongside the previously described roles, there are additional ATR-specific mechanisms 

that contribute to minimising RS. One example involves ATR antagonising 

downregulation of E2F transcription factor 1 (E2F1), which increases expression of 

RRM2 to ensure sufficient nucleotide synthesis (61). This kinase also inhibits origin 

firing through phosphorylation and stabilisation of protein mixed-lineage leukaemia 
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(MLL), also known as acute lymphoblastic leukaemia-1 (ALL-1), or histone-lysine N-

methyltransferase 2A (KMT2A) (63). Stable MLL can then methylate H3K4 to prevent 

loading of CDC45 at replication origins (63). CDC45 is a replication factor and critical 

component in activated MCM2-7. Whilst there are mechanisms that are ATR-dependent 

alone, there is also an overlap with CHK1 activity. For example, CDC45 loading can also 

be inhibited by CHK1 through interaction with TRESLIN (64). 

Through independent and combined processes, ATR and CHK1 mount a response to 

alleviate pressures on the replication fork, avoiding collapse of the replisome (61, 65). 

Their concerted activity is also crucial for restarting stalled replication forks (30). This 

process requires the supply of dNTPs to have resumed and the obstructing DNA lesions 

to have been repaired. A characteristic step during stabilisation and restart is fork reversal 

and the formation of a ‘chicken foot’ structure (66). This process sees the re-annealing of 

the parental DNA strands and binding of the newly synthesised ones, which are then 

forced out into this distinctive shape (66). Checkpoint activation and ATR signalling are 

important to limit how frequently reversed fork structures form and to protect them from 

nucleolytic cleavage, respectively (66, 67). The benefits of these structures towards 

stabilisation and restart have been debated continuously, with evidence suggesting fork 

reversal can also lead to fork collapse if not controlled (67, 68). Often, fork restart will 

need remodelling of these structures through DNA helicases. Several of these proteins 

have been linked to contribute to processing replication forks in vitro. Examples include 

helicases INO80, SMARCAL1, and others in the RECQ family such as Bloom RecQ Like 

Helicase (BLM), WRN RecQ Like Helicase (WRN), and RECQ1, and in the FA family 

such as FANCM, FANCJ, (35, 66, 69, 70). Testing whether their roles are maintained in 

vivo remains technically challenging. 

1.2.4 WEE1 checkpoint kinase and cell cycle regulation 

Traditionally, ATR and CHK1 kinases have been regarded as the main actors in the RSR 

preserving genomic instability. This is partially due to WEE1, the terminal kinase in this 

axis, being primarily thought of as the regulator of the G2/M transition, with little bearing 

on DNA replication. In recent years, however, WEE1 has been found to play an important 

role in relaying the response alleviating RS and ensuring orderly cell cycle progression 

in S-phase (Fig 1.3). These emerging roles, together with its function controlling mitotic 

entry, make this tyrosine kinase relevant in the discussion of the RSR. 
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Figure 1.3 Consequences of WEE1 inhibition and CDK1/2 dysregulation 

WEE1’s role in the G2/M transition through control of CDK1 activity by phosphorylation 
of tyrosine 15 (Y15) stopping entry into mitosis promoted by the CDK1-Cyclin B1 
complex. CDK1’s homolog, CDK2, is also phosphorylated by WEE1 leading to 
unscheduled activation during S-phase and complex formation with cyclin A and cyclin 
E throughout S-phase. Dysregulated activity of CDK1 and CDK2 contributes to DNA 
damage and RS through degradation of RRM2 and increased origin firing. 

WEE1’s activity relates to the regulation of the G2/M transition and controlled entry into 

mitosis (55). Briefly, upon activation by CHK1, WEE1 phosphorylates tyrosine 15 (Y15) 

on CDK1, preventing complex formation with cyclin B1. Inactivation of the CDK1-

Cyclin B1 complex stops cell cycle progression, enabling sufficient time to repair DNA 

damage prior to cell division (55). The role of WEE1 on CDK1 is in balance with 

CDC25C phosphatase, where the determining factor is the phosphorylation status of Y15 

on CDK1 (71). Removing this inhibitory mechanism alone, activates the CDK1-Cyclin 
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B1 complex and promotes entry into mitosis (71). Overall, coordination of the activity 

and expression of WEE1 and CDC25C determines cell cycle progression and timely cell 

division (71, 72). Similarly, this regulatory mechanism applies to CDK1’s closest 

homolog, CDK2, albeit the main phosphatase dephosphorylating CDK2 is CDC25A (43, 

73). As mentioned before, CDK2 is primarily responsible for replication initiation 

through MCM2-7 activation and replisome loading onto DNA, early in G1 and S-phase 

(43, 44). Functional studies of WEE1 in cancer cells have identified that in its absence, 

CDK2 dysregulation causes increased origin firing and degradation of RRM2 (41, 42, 

55). These effects have the potential of rapidly depleting nucleotide pools and other rate-

limiting factors of replication, thus contributing to RS and DNA damage (42, 55). In the 

same context of loss of WEE1 activity, uncontrolled CDK1 activation overrides the G2/M 

checkpoint resulting in premature entry into mitosis (55, 74). The consequence of these 

two effects converging is that DNA damage arising from RS in S-phase would remain 

unrepaired, as cells advance through the cell cycle. Altogether, this results in severe 

problems for chromosome segregation, cell division, and genome stability. 

With the catastrophic events arising from loss of WEE1 activity, it is not surprising that 

this gene is regarded as a common essential gene, showing high pan-cancer dependency 

in the Broad Institute’s Cancer Dependency Map database (75, 76). WEE1’s role in 

safeguarding the genome through fine-tuning of both CDK1 and CDK2 activity, expands 

on its function beyond G2/M control. Similarly, the ingrained view of CDK2 acting in S-

phase and CDK1 in G2/M alone has been put in question. Research in the last decades 

has provided increasing evidence of compensatory roles for these two kinases (43). An 

important example is the viability of CDK2-/- mice, potentially due to functional 

substitution by CDK1, with CDK1 being also activated by cyclin E (44). Despite 

overlapping functions, there are unique effects to CDK1 activity. One relevant example 

is CDK1-mediated processing of replication intermediates through endonuclease 

activation (77, 78). Consistent with the rise in CDK1 expression prior to mitotic entry, 

SLX4 along with its binding partner MUS81, catalyse processing of stalled replication 

forks (78). This serves as a protective mechanism to ensure these intermediates do not 

interfere with chromosome segregation and cell division (55, 78). However, 

dysregulation of CDK1 through abnormal WEE1 signalling, has the potential to induce 

cleavage of active replication forks during S-phase, inducing chromosome breakage (78). 
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In summary, WEE1’s involvement in the RSR is underpinned by its control of CDK1 and 

CDK2. Regardless of potential redundancy between these kinases, dysregulation of both 

induces RS, highlighting the importance of WEE1 in the ATR-CHK1 axis in protecting 

the genome. 

1.3 Targeting double strand break repair and replication stress in 

cancer 

1.3.1 DNA Double strand break repair 

The concerted work of ATR, CHK1, and WEE1 triggers a series of processes that 

alleviate RS and promote fork progression. Amongst these mechanisms, checkpoint 

activation creates a pause in the cell cycle enabling repair of lesions caused by 

endogenous and exogenous stresses, such as replication fork collapse and DNA-

damaging agents, respectively (30, 31). The DNA damage response (DDR) is complex 

and multifaceted process, incorporating a range of parallel mechanisms, such as 

regulation of transcription and chromatin remodelling in order to facilitate access to the 

damaged site (11). In terms of the actual process of repairing DNA damage, this 

encompasses a number of different pathways, which depend on the type and context of 

the DNA lesions (11). The cell cycle phase, for example, can determine the repair 

pathway of choice due to the availability of DNA templates for faithful copying of the 

damaged region (11). Whilst there are several forms of DNA damage including base 

mismatches, base adducts and cross-links, this section is primarily focused on DSB 

signalling and repair, as these are the most common lesions occurring at stalled replication 

forks (12, 30). Notably, DSBs are a major driver of cancer development contributing to 

genomic rearrangements, whilst also being highly toxic and can ultimately inducing cell 

death (12, 30, 48, 59). 

The two major and widely studied pathways in DSB repair are non-homologous end 

joining (NHEJ) and homologous recombination (HR). In addition to ATR in the RSR, the 

main proteins conducting the activation of these repair pathways are ATM and DNA 

protein kinase catalytic subunit (DNA-PKcs). Together, these three phosphoinositide 3-

kinase (PI3K)-related proteins have a degree of overlapping functions and substrates, and 

are crucial factors preserving genome stability (57). The majority of DSBs are largely 

repaired through NHEJ, which primarily involves heterotrimer DNA-PK, consisting of 
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Ku (70 and 80 kDa subunits) and DNA-PKcs. As its name indicates, this repair 

mechanism consists of ligating two DNA ends without the need of a homologous template 

(79). In contrast to HR, which commonly uses a sister chromatid as a template and 

therefore is limited to S and G2 phases, NHEJ can operate throughout interphase. 

Additionally, some NHEJ factors are functionally flexible meaning they can operate in 

the absence of others (79) . NHEJ is initiated by DNA-PK recruitment to DSBs through 

heterodimer Ku70 and Ku80. Its activity promotes DNA-end tethering and further 

recruitment and stabilisation of key additional NHEJ factors, such as XRCC4, XLF, and 

DNA ligase IV. Assembly of these factors contributes to alignment and ligation of the 

broken DNA-ends, completing their repair (79). If necessary, DNA-PK can coordinate 

additional processing of DNA-ends through recruitment of factors like endonuclease 

Artemis (79). Regarding the fidelity of this DSB repair mechanism, NHEJ is often 

broadly described as error-prone due to the lack of a homologous template as HR repair. 

However, this an oversimplified view with growing evidence of the conservative nature 

of the canonical NHEJ pathway (80). Still, when canonical NHEJ fails, the activity of 

alternative NHEJ can be highly mutagenic, generating lesions at the repair site (80). 

Ultimately, NHEJ is an important and flexible pathway, and when its core factors are 

mutated, this leads to radiosensitisation and genomic instability. 

DSBs created by collapsed replication forks in S-phase are one-ended, and thus are 

primarily repaired through HR, as the attempt of repairing one-sided DSBs by NHEJ 

would result in chromosomal rearrangements and translocations (81). For these reasons, 

successful activity of the RSR relies on effective DSB repair to follow up on the lesions 

resulting from replication fork stalling and collapse (59). Exploiting this partnership has 

been the focus of many anticancer therapies due to the presence of oncogene-induced RS 

and genetic alterations in ‘caretaker’ genes, specifically in the HR pathway (59, 74, 82, 

83). This form of DNA repair involves DNA-end resection to produce ssDNA tracts for 

strand invasion of the sister chromatid template for faithful copying and repair of DSBs 

(84, 85). Initially, upon DNA damage, histone H2A histone family member X (H2AX) is 

phosphorylated on serine 139 (S139) by ATM, forming the characteristic marker of DNA 

damage γH2AX (86, 87). H2AX can also be phosphorylated by DNA-PK and ATR (86). 

DSBs decorated with γH2AX are then sensed by the protein mediator of DNA checkpoint 

1 (MDC1), which is further phosphorylated and stabilised by ATM (88). At this point, 

MDC1 interacts with the MRN complex containing MRE11-Rad50-Nibrin (NBN, 
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previously NBS1), and through a positive-feedback loop, it can further recruit ATM 

through its activator NBN (89). Following DSB recognition, exonuclease activity of 

MRE11 in MRN together with CtIP coordinate DNA resection to produce ssDNA (90, 

91). BRCA1 is then involved downstream of resection and also has an antagonising 

relationship with p53-binding protein 1 (53BP1) in which it promotes its removal from 

DSBs during S-phase to promote HR in favour of NHEJ (92). Stretches of ssDNA are 

bound by RPA and serve as probes for finding a homologous template (93). At the core 

of this step is the activity of Rad51, which together with mediator proteins (XRCC2, 

XRCC3, RAD51B, RAD51C, and RAD51D and Rad57), BRCA1, and BRCA2 overcome 

the inhibitory effect which RPA has on RAD51 to successfully load this recombinase and 

form RAD51-ssDNA filaments (84, 85, 93). In a step termed synapsis, binding and 

invasion of a homologous duplex DNA is catalysed by Rad51 leading to the formation of 

a heteroduplex DNA, commonly known as a D-loop (85, 93). Lastly, DNA synthesis 

takes place using the homologous invaded strand as a template. In summary, coordination 

of HR and NHEJ by ATM and DNA-PK, together with ATR sitting at the top of the RSR, 

oversee mechanisms of DNA repair preserving genome integrity. 

1.3.2 Synthetic lethality and targeted DNA repair therapy 

Increased understanding of the impact of DNA repair factors in cancer cells through 

functional experiments investigating the deficiencies created by their absence, has led to 

the identification of targetable synthetically lethal relationships (83). Synthetic lethality 

describes a relationship between two genes, that only when simultaneously altered, results 

in cell death (83). A well-studied example of this is the use of inhibitors of poly(ADP-

ribose) polymerase (PARP) in the context of BRCA1/2 deficiencies (82, 94). After over a 

decade of work, this approach has now been successfully integrated as a targeted 

treatment in the clinic with approval of the European Medicines Agency (EMA) and the 

Food and Drug Administration (FDA) (83). These enzymes operate as sensors of DNA 

damage, binding to DNA breaks and mediating single strand break (SSB) repair, 

particularly through base excision repair (BER) (95). Additionally, PARP1 and PARP2 

have roles in DSB signalling, and extend this cascade through PARylation and 

recruitment of other effectors in the DDR (82, 96, 97). More recently, however, the 

mechanism of action behind their cytotoxicity has been linked to their ‘trapping’ on DNA 

(83, 95). Specifically, PARP inhibition blocks autoPARylation which is necessary for its 

release from DNA. In turn, trapped PARP impairs replication fork progression and can 
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potentially cause further DSBs (83, 95). The inability to repair these lesions at the 

replication fork through HR, results in alternative repair pathways (NHEJ) being used. 

These other non-conservative forms of repair are more prone to causing genetic deletions 

and rearrangements leading to cell death and/or genomic instability (79). Since the 

discovery of this vulnerability, several other factors contributing to an HR-deficient 

setting have been identified and demonstrated to confer sensitivity to PARP inhibition 

when disrupted in vitro (83). The success of this synthetic lethal interaction has served as 

a proof-of-concept of the therapeutic potential these relationships can have as anticancer 

treatment (83). These interactions can be extrapolated beyond HR-deficiencies to other 

molecular mechanisms that preserve genomic stability. As cancer cells develop 

dependencies on these transformed molecular states, they become vulnerable to chemical 

inhibition. Through empirical and predictive methods, such as genetic screens and 

computational tools, further synthetic lethal interactions can pave the way for identifying 

novel treatments. 

1.3.3 Targeting the replication stress response in cancer 

Recently, targeting oncogene-induced RS has become an attractive area to develop new 

therapeutic strategies (56, 59). As described before, the presence of genetic alterations 

causing RS, triggers a series of changes enabling cells to deal with the newly acquired 

pressures on replication and increased DNA damage (98). In this way, cancer cells can 

become addicted to expression of factors protecting replication fork progression and 

genomic stability (59). Amongst these proteins, ATR, CHK1, and WEE1 have been the 

focus of drug discovery projects developing drug candidates for clinical testing (Fig. 1.4). 

Currently, these compounds are undergoing trials for several malignancies as 

monotherapies and in combination with DNA-damaging agents (99-102). The main 

rationale behind these combinations is to inhibit the response mitigating oncogene-

induced RS and exacerbate the already present genotoxic damage, pushing cells towards 

cell death. Based on the increased dependency on these mechanisms, it is believed that, 

clinically, there is a therapeutic window that can be exploited. Additionally, it has been 

suggested that the partnership between the RSR and other pathways of DSB repair, 

particularly HR, make tumours defective in HR vulnerable to inhibition of the ATR-

CHK1-WEE1 axis (56, 67). One example illustrating this, is the observation that cyclin 

E1 amplification, causing RS, is mutually exclusive with mutations on BRCA1/2 and in 

breast cancer (103). This means that to repair DSBs arising from RS due to cyclin E1 
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overexpression, functional BRCA1/2 and proficient HR are needed (103). This suggests 

that the use of inhibitors of the RSR could have a wider impact beyond malignancies with 

traditional oncogenes causing RS. Regarding the potential for combining these agents 

with existing chemotherapies, RS-inducing agents such as topoisomerase I inhibitors 

have shown strong synergistic effects (104). Given their mechanism of action, agents 

inducing interstrand crosslinks, PARP inhibitors, and nucleoside analogues have the 

potential to increase cytotoxicity in combination with ATR inhibitors (56, 105-107). 

Synergistic effects between CHK1 inhibition and gemcitabine has also been tested in 

different malignancies in pre-clinical models and in patients (100, 108-110). WEE1 

inhibition has also been proposed and tested as a single-agent and in combination (39, 54, 

99, 111-114). These compounds and drug targets have important mechanistic differences 

that will need to be understood to harness their potential in the clinic. Altogether, the 

increasing evidence of an altered DNA replication state in cancer, and the genomic 

instability stemming from it, make targeting the RSR an attractive therapeutic option. 

 

Figure 1.4 Targeting the ATR-CHK1-WEE1 axis in the RSR. 

Clinical drug candidates against the ATR-CHK1-WEE1 axis in the RSR. ATR activity 
links replication fork protection and stability with cell cycle checkpoint activation by 
phosphorylating CHK1, and in turn WEE1 is phosphorylated by CHK1. Activity of these 
kinases can be chemically inhibited disrupting their protective function on DNA 
replication and genome integrity.  
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1.4 Ewing sarcoma 

Having introduced biological mechanisms relating RS and therapeutic targeting the RSR 

as an anti-cancer therapy, these relationships will now be explored in in the context of 

ES. 

1.4.1 Overview 

ES belongs to the family of small blue round cell tumours (SBRCTs), a group of 

neoplasms characterised by their histology of small undifferentiated cells and a blue 

staining with haematoxylin and eosin (H&E). This highly aggressive malignant tumour 

is found in bone and soft-tissue. It is the second most common bone malignancy in 

children, adolescents, and young adults with around 100 patients diagnosed every year in 

the UK, with an average age of 15 (115, 116). Treatment of localised disease has proven 

to be effective with an approximate 5-year survival rate of 70%, however, outcomes in 

patients with metastatic and relapsed disease are significantly worse, dropping to a 5-year 

survival rate of <30%. At the time of diagnosis, around 20-25% of patients present 

disseminated disease, highlighting the need for novel therapies tackling this form of the 

disease. Importantly, over the past decades, treatments for this sarcoma have remained 

largely unchanged, with multi-agent chemotherapy together with resection and/or 

radiotherapy still being the standard of care. Nevertheless, there have been adjustments 

to the regimens, with modifications to the chemotherapeutics agents and schedules used. 

1.4.2 Genetic alterations and translocations in Ewing sarcoma 

ES is characterised by chromosomal rearrangements between the gene EWSR1 (EWS 

RNA binding protein 1), encoding for RNA-binding protein EWS (hereafter EWS), and 

members of the E-twenty-six-specific sequence, or E26 transforming sequence (ETS)-

domain family of transcription factors (117, 118). The most common translocation is 

t(11;22)(q12;q24), in which gene Friend Leukaemia Integration 1 (FLI1) on chromosome 

11 fuses with EWSR1 on chromosome 22 (118) (Fig. 1.5). This occurs in approximately 

85%-90% of cases. Within this fusion type, different breakpoint regions in the EWS-FLI1 

transcript give rise to four different subtypes of the EWS-FLI1 fusion protein. Fusion 

subtype I between exons 1-7 of EWSR1 and 6-9 of FLI1 is the most predominant (Table 

1.1) (118). The distinct fusion transcripts for EWS-FLI1 are not considered to be 

prognostic factors (119). Similarly, the multiple variants of EWS-ETS fusions produce 
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comparable phenotypes, without modifying clinical presentation and outcome (120) 

(Table 1.1). Overall, these observations suggest that there is genetic redundancy in the 

drivers of this sarcoma. This can be partially explained by the shared canonical binding 

motif of ETS transcription factors, which reduces the potential variation in the fusions’ 

DNA-binding ability, and therefore downstream targets (16, 121). Additionally, EWS 

remains constant as a binding partner across ES fusion variants, maintaining its 

contribution and functional roles in the chimeric oncoprotein. This functional 

interchangeability is also seen with proteins FUS and TAF15, that together with EWS, 

make up the FET family of RNA-binding proteins. These three FET proteins have 

important roles in transcription, RNA processing and transport, and DNA repair (122). 

Fusions involving these proteins are also seen in other sarcomas, usually occurring 

between their N-terminal domain (NTD) and the DNA-binding domains of different 

transcription factors. One example is DSRCT, where EWSR1 is fused with the Wilms 

tumour transcription factor (WT1) gene to create EWS-WT1, found in 95% of cases of 

DSRCT (118, 123). Fusions containing the paralogues of EWS are seen in myxoid 

liposarcoma (EWS-CHOP and FUS-CHOP) and extra skeletal myxoid chondrosarcoma 

(EWS-NR4A3 and TAF15-NR4A3) (124, 125). 

 

Figure 1.5 EWS-FLI1 fusion gene formation 

Characteristic chromosomal rearrangements leading to fusion genes between EWSR1 and 
ETS family members in ES. The EWS-FLI1 fusion gene is the most common product of 
these translocation, coding for an oncoprotein containing EWSR1’s transactivation 
domain and FLI1’s DNA-binding domain. 
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Table 1.1 EWS-ETS fusion genes in Ewing sarcoma 

Fusion 
protein 

Type of 
sarcoma 

Translocation 
Frequency 

(%) 
Fusion type Reference 

EWS-FL1 

ES 

t(11;22)(q24;q12) ~85% 

I (exon 7/exon 6) 

(117) 
II (exon 7/exon 5) 
III (exon 10/exon 

6) 
IV (exon 7/exon 7) 

EWS-ERG t(21;22)(q22;q12) 5-10% 
exon 7/exon 6, 7 

or 9 
(126) 

EWS-ETV1 t(7;22)(p22;q12) <1 exon 7/exon 11 (127) 
EWS-ETV4 t(17;22)(q12;q12) <1 exon 7/exon 9 (128) 
EWS-FEV t(2;22)(q33;q12) <1 exon 7/exon 2 (129) 

 

1.4.3 Somatic mutations and their phenotypic relevance 

There have been three main large-scale genomic studies of ES tumours and cell lines, 

describing their genome as silent, with a low somatic mutation rate at diagnosis (130-

132). The most common inactivating mutations are found in STAG2 (15-22%). This gene 

encodes for protein stromal antigen 2 (STAG2), a key subunit of the cohesin complex, 

also consisting of STAG1, SMC1A, SMC3, and RAD21 (133). This ring-like complex 

holds sister chromatids together and is cleaved during cell division to allow chromosome 

separation. Loss of STAG2 has been associated with defective cell division and 

aneuploidy (134). Additionally, STAG2 depletion has been found to be synthetically 

lethal with subunit STAG1 (133, 135). Other frequent mutations in ES are found in TP53, 

present in approximately 5-7% of tumours. In terms of their prognostic value, mutations 

in STAG2, alone or together with TP53, have been linked to poorer outcome (130-132). 

The relationship between these two mutations was explored in a recent study by Mondal 

et al. (2019). This work showed that in non-transformed cell lines, depletion of STAG2 

induced cellular senescence seen as intra-S-phase arrest and disruption of replication fork 

progression, leading to replication fork collapse and DNA damage (133). However, the 

intra-S-phase arrest was overridden in the context of a TP53 mutation, establishing a 

functional link between the co-occurrence of these mutations. It can be hypothesised that 

inactivation of p53 enables the genomic instability, induced by STAG2 loss, to become 

tumorigenic and account for poorer outcomes in these tumours. It remains to be addressed 

whether STAG2-deficient but TP53 WT ES tumours have additional mechanisms to 

resolve replication fork instability and maintain cell cycle progression. The genomic 

instability of STAG2-deficient has been exploited with PARP1 inhibitors in a 
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synthetically lethal relationship in glioblastoma and acute myeloid leukaemia (AML) 

(136). 

Homozygous deletion of the tumour suppressor CDKN2A is the other major mutation 

reported in 10-22% of cases of ES (130-132). The CDKN2A locus encodes for cyclin-

dependent kinase inhibitors (CDKi) p14 and p16, involved in activation of p53 and 

regulation of G1 checkpoint control. Briefly, p14 binds to mouse double minute 2 

(MDM2), triggering its degradation, which in turn prevents degradation of p53 (137). The 

other CDKi, p16, antagonises the activity of CDK4/6, which ordinarily phosphorylates 

Rb. Inhibition of the cyclin D-CDK4/6 complex maintains Rb hypophosphorylated and 

bound to the E2F1, resulting in G1 arrest (137). Inversely, lack of p16 causes 

hyperphosphorylation of Rb, through dysregulated CDK4/6, leading to dissociation of 

E2F1. E2F1 transcription then promotes S-phase entry and cell cycle progression (137). 

Together, CDK2NA loss results in degradation of p53 and abrogation of the G1 

checkpoint. Interestingly, CDKN2A deletions and STAG2 mutations were found to be 

mutually exclusive in tumour samples and cell lines (130). Whilst this mainly holds true, 

cell lines TC32 and WE68 possess both types of mutations (see Materials and Methods, 

table 2.2). Importantly, genetic alterations in ES cell lines occur at a higher frequency 

than in patients’ tumours (130, 131). Regarding the genetic landscape at relapse, one 

study by Crompton et al. (2011) identified an increase in the mutation rate post-treatment, 

suggesting important acquired differences between diagnosis and relapse (131). This has 

raised the interest in ES tumour heterogeneity and how chemotherapeutic treatments can 

potentially influence tumour evolution. 

1.4.4 Copy-number variation 

Gain of whole chromosomes 8 and 12, and the 1q portion of chromosome 1 are the most 

common copy-number gains in this tumour type (130). In particular, 1q gain has been 

linked to poorer outcome and is seen in approximately 25% of cases. 1q gain is also 

associated with 16q loss. This is the most common copy-number loss, together with 

deletion of the portion of chromosome 9, where the CDNK2A locus is (131). Interestingly, 

1q gain was found to be more common in treated samples than diagnostic samples, 

suggesting a role for therapeutic interventions in driving this form of genetic alterations. 

Furthermore, investigations into candidate genes contributing to worse prognosis with 1q 

gain have proposed gene DLT (also CDT2), with functions in cell cycle control (138). 
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1.5 Novel oncogenic properties of EWS-FLI1 

Functional work in ES has primarily focused on studying the most frequent fusion protein 

of this malignant tumour, EWS-FLI1. As the main oncogenic driver, the fusion harnesses 

different molecular mechanisms shaping its transcriptional programme and overall 

promoting oncogenic transformation. Here, three key areas of ES pathophysiology: (i) 

epigenetic dysregulation, (ii) EWS-FLI1-driven heterogeneity, and (iii) transcriptional 

dysregulation are introduced, highlighting some of the relevant mechanisms to this 

sarcoma driving the development of novel therapeutic opportunities. 

1.5.1 EWS-FLI1-mediated epigenetic dysregulation 

Chromatin exists in a dynamic state, constantly exposed to modifications that alter its 

conformation, which in turn affect DNA availability and access of the transcriptional 

machinery (22). Broadly, these modifications involve direct changes on DNA or on 

histone tails, creating docking sites that enable new interactions and recruitment of 

additional proteins. In this way, specific gene loci are repressed or activated, depending 

on the chromatin state (22). One example of these modifications is acetylation of lysine 

residues on the histone tail, which neutralises the positively charged histones, loosening 

the binding of the negatively charged DNA (22, 139). Acetylation of lysine 27 in histone 

3 (H3K27Ac) is a major epigenetic mark, characteristic of open chromatin and enhancer 

activity (140). Together with histone tail modifications, chemical changes on DNA bases 

such as cytosine methylation, are known to contribute to establishing the chromatin 

environment. Tumour suppressor gene silencing through aberrant hypermethylation of 

CpG islands on gene promoters is a common alteration in cancer (22, 23). In fact, 

genome-wide profiling studies have found this mechanism to affect a greater number of 

genes compared to inactivating mutations in protein-coding genes (141). In addition, one 

attractive aspect of cancer epigenetics is the reversible nature of these modifications, 

opening up the possibility of chemically reversing malignant transcriptional programmes. 

The EWS-FLI1 oncoprotein acts as an aberrant transcription factor capable of binding 

DNA, and regulating various transcriptional targets, through two alternative binding 

mechanisms. The first one involves recognising the canonical ETS binding motif 

containing a GGAA/T core sequence (16, 121, 142). The second mechanism, a novel 

oncogenic property of the fusion, requires interaction with a series of tandem GGAA 
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repeats (121, 142, 143). It is through these microsatellite repeats that EWS-FLI1 can 

epigenetically regulate further activation and repression of its target genes. In this way, 

EWS-FLI1 has been described as a pioneer transcription factor inducing de novo 

enhancers to establish its oncogenic programme (121, 143, 144). Like traditional 

enhancers, these interact with the promoter region of the fusion’s target genes to 

coordinate and promote transcriptional activation (140, 145). Characteristically, these 

regions are rich in GGAA microsatellite repeats where the fusion can bind to (121, 142). 

Originally, it was demonstrated that upon insertion and expression of EWS-FLI1 in 

mesenchymal stem cells (MSCs), chromatin conformation switched into a more ‘open’ 

state at the site of these GGAA repeats. This was marked by global methylation of lysine 

4 in histone 3 (H3K4me1), typical in active transcription, together with a high signal of 

enhancer activity in the form of H3K27Ac, the most strongly affected mark (143, 146). 

These findings have led to a model of epigenetic rewiring at GGAA tandem repeats that 

increases chromatin accessibility, driving transcription of EWS-FLI1 target genes (Fig. 

1.6) (143, 144, 147). 

Within this model, one of the key complexes associated with ES tumourigenesis is the 

ATP-dependent chromatin remodelling complex Brg/Brahma-associated factors (BAF), 

also known as Switch/Sucrose Non-Fermentable (SWI/SNF) (144). This large multi-

subunit complex is combinatorially assembled resulting in different configurations with 

diverse and tissue-specific functions (148). Through immunodepletion using an antibody 

for transcriptional activator BRG1 (one of the two mutually exclusive catalytic ATPase 

subunits in the BAF complex), EWS-FLI1 was significantly depleted, indicating 

association between the fusion protein and this chromatin remodelling complex (144). 

The reciprocal experiment using EWS as the probe only caused partial depletion of BAF 

complexes, suggesting EWS-FLI1 binding is limited to a small percentage of these 

complexes. Functionally, fusion protein-bound complexes were found to overlap GGAA 

tandem repeats (Fig.1.6); this interaction was dependent on EWS-FLI1, as shRNA 

depletion of the fusion removed the presence of BAF on these sites (144). Ectopic 

expression of EWS-FLI1 in MSCs recapitulated association with BAF and occupancy at 

GGAA regions, further confirming these as novel oncogenic properties of the fusion 

protein in ES. Knockdown of BAF155, one of the highly conserved core subunits, in ES 

cell lines also decreased expression of EWS-FLI1 target genes. Overall, hijacking of 

chromatin remodelling complexes allows EWS-FLI1 to carry out its pioneer activity in 
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gene expression regulation. Importantly, the work by Boulay et al. (2017) narrowed down 

the key functional regions in the fusion to a set of tyrosine residues found in the prion-

like domain of EWS (144).  

 

Figure 1.6 EWS-FLI1-mediated epigenetic dysregulation and transcriptional 

reprogramming. 

Diagram showing EWS-FLI1 mechanisms of DNA binding and transcriptional regulation 
through the canonical ETS core motif GGAA/T and GGAA microsatellite repeats in the 
fusion protein’s target genes. At these regions, recruitment of chromatin remodelling 
complexes, such as BAF and additional cofactors, enables changes in chromatin 
conformation marked by H3K27Ac and H3K4me1 marks, which are characteristic of 
open chromatin and enhancer activity. This contributes to creating de novo enhancers to 
reprogramme transcription in ES cells. Model adapted from Boulay et al., (2017) and 
Grünewald et al., (2018) (144, 147). 

Furthermore, large chromatin-remodelling complexes often have individual 

methyltransferases and demethylases directly changing the epigenetic status through the 

addition and removal of methyl groups on histone tails. A relevant mediator of EWS-

FLI1 activity is the Nucleosome Remodelling Deacetylase Complex (NuRD; also known 

as Mi-2), a multi-subunit chromatin-remodelling complex commonly associated with 

repression of transcriptional activity (149, 150). Similar to the BAF complex, different 

combinations of the subunits in the NuRD complex suggest possible functional specificity 

and context dependent roles in regulating chromatin conformation (151, 152). Lysine-

specific demethylase 1 (KDM1A; also known as LSD1, AOF2, and BHC110) provides 
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part of the catalytic activity in this complex, contributing to regulation of gene expression 

in ES. Targeting this demethylase has been shown to reverse the ES transcriptional target, 

making it an attractive therapeutic target (149, 150). Other known histone modifying 

enzymes altering the epigenetic landscape in ES include the methyltransferase enhancer 

of Zeste Homolog 2 (EZH2), whose expression is upregulated through promoter 

activation by the fusion (153). EZH2 belongs to the polycomb repressor complex 2 

(PRC2), which methylates lysine 27 on histone 3 (H3K27) to silence gene expression in 

ES and promote tumourigenesis (153). Together, these proteins provide therapeutic 

targets to inhibit EWS-FLI1-driven transformation and novel biomarkers of its activity. 

1.5.2 Cell-of-origin and tumour heterogeneity 

Identifying the developmental origin of ES remains an open question in the study of this 

sarcoma. Given the vast transcriptional changes through epigenetic dysregulation, 

identifying the identity of the ES cell-of-origin has been very difficult. Its varied and 

heterogeneous histopathology, encompassing undifferentiated, mesenchymal and 

neuroectodermal features, has led to different potential cell-of-origin candidates being 

proposed (146, 154, 155). These include early bone progenitors, such as neural-crest-

derived stem cells and bone-marrow-derived MSCs, which have also been shown to be 

able to survive expression of EWS-FLI1 (146, 154). These findings propose that ES arises 

from an oncogenic event during the development of this lineage, although the timing  of 

this event can result in slight variations in their histological and molecular profile (147, 

156). Consistent with this, studies examining the DNA methylation status of ES tumour 

samples have not identified clear subtypes, but rather a spectrum of epigenetic signatures. 

This continuum was described to range from a pluripotent stem cell-like profile to a more 

mesenchymal one at the other end, contributing to the clinical heterogeneity in ES (157). 

A recent report also verified this proposition by using transcriptomic analysis to identify 

ES-like tissues and permissible environments for EWS-FLI1 (40). The tissues found 

included induced-pluripotent stem cells (iPSCs) and human embryonic stem cells 

(hESCs), in addition to other previously known permissible contexts such as neural crest 

cells, neural progenitors, and MSCs (40, 154). In this study, an algorithm grouping 

samples based on transcriptomic signatures and highlighting subtle transitions amongst 

them, placed ES tumours along a normal developmental transition between 

pluripotent/neuroectodermal to mesodermal tissues (40). This is consistent with the role 

of EZH2 in maintaining stemness and blocking neuroectodermal differentiation (153). 
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Overall, there is greater understanding of the context in which EWS-FLI1 arises and how 

it modifies these developmental transitions to give rise to the observed tumour 

heterogeneity in ES. Uncertainty regarding the cell-of-origin has affected understanding 

the process behind generation of the fusion gene in ES. However, recent analysis have 

suggested this to involve chromoplexy, a series of concerted chromosome rearrangements 

that ultimately form the EWS-FLI1 fusion gene, rather than only a standard translocation 

between two chromosomes (156). However, the underlying causes driving the formation 

of the EWS-ETS fusions remain unknown. 

In addition to EWS-FLI1-driven epigenetic and transcriptomic changes determining 

tumour heterogeneity, expression levels of the fusion have been suggested to modify ES 

intra-tumoural populations and cell behaviour (158). This was originally studied in the 

context of metastasis, where a rare slow-proliferating cell population that expresses low 

levels of EWS-FLI1 was found to exhibit a more mesenchymal phenotype (158). This is 

in agreement with other reports in which knockdown of the fusion pushes ES cells 

towards a mesodermal gene expression signature and increases mesenchymal markers 

(40, 159). Functionally, ‘EWS-FLI1 low’ cells favour cell-matrix interactions correlating 

with greater migration and invasion (158). In contrast, the more predominant cell 

population with high expression of the fusion was broadly associated with a highly 

proliferative state, but a poor invasive phenotype. Following from these findings, a recent 

single-cell sequencing study in ES cells added a new layer of complexity to EWS-FLI1 

heterogeneity (159). Through a more robust score system measuring the fusion’s 

transcriptional signature, this novel work clarified that the population with the highest 

and lowest EWS-FLI1 signature are in fact both not proliferative (159). Unlike the cycling 

cells with an intermediate score of EWS-FLI1 activity, cells in the extreme ends of this 

spectrum were associated with hypoxia-inducible factor 1α (HIF-1α) activation (159). 

The existence of this heterogeneity, underpinned by varying transcript and protein levels 

of EWS-FLI1, suggests ES cells may be able to adapt to different contexts by switching 

between these states. The understanding of the mechanisms regulating ES cell plasticity 

is, however, limited. Whilst EWS-FLI1 heterogeneity could be a random process, internal 

and external pathways have been suggested to play a role. Hypoxia has already been 

demonstrated to upregulate EWS-FLI1 expression and modulate expression of 

downstream targets (160). This could represent the identified population with the highest 

fusion protein signature (159). Additionally, it is likely other microenvironmental cues 
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and pressures shape tumour heterogeneity and influence the transition between these 

phenotypes. Importantly, changes in EWS-FLI1 levels have the potential to affect clinical 

outcome through direct promotion of metastasis and by limiting the cytotoxic effects of 

therapeutic agents (147). This is because chemotherapy is aimed at fast-proliferating cell 

populations, leaving the slow cycling and low-expressing EWS-FLI1 cells unaffected. It 

remains to be addressed whether treatments can act as pressures encouraging ES cells to 

lower EWS-FLI1 expression as a resistance mechanism. In addition, the increased 

metastatic potential of this population, may lead to reconsidering therapies directly aimed 

at reducing EWS-FLI1 expression. 

A final source of heterogeneity has been recently found to be linked to heritable germline 

variants determining the number of consecutive GGAA repeats present in the enhancer 

region of EWS-FLI1 target genes (161, 162). As described before, these DNA elements 

are used by the fusion to modulate target gene expression, with the level of enhancer 

activity depending on the number of GGAA microsatellite repeats (121, 143, 161-163). 

In this way, these germline variants create inter-tumour heterogeneity affecting drug 

response and clinical outcomes (161-163). 

1.5.3 Transcriptional dysregulation in Ewing sarcoma 

Transcriptional dysregulation driven by EWS-FLI was recently described as an example 

of the dominant-negative effect EWS-FLI1 has on the EWS protein (37, 164). One 

consequence of this phenotypic difference was found to be formation and accumulation 

of R-loops, RNA-DNA hybrids with an additional single stranded DNA. Consistent with 

this, DNA-RNA hybrids immunoprecipitation sequencing (DRIP-seq) to map genomic 

regions rich in R-loops found accumulation at EWS-FLI1 binding sites (37). 

Mechanistically, accumulation of these three-stranded nucleic acid structures was 

attributed to dysregulated transcription through sustained phosphorylation of the C-

terminal domain (CTD) of RNA polymerase II (RNAPII). RNAPII is present in its 

hyperphosphorylated form during elongation, when both EWS and EWS-FLI1 are known 

to interact with this polymerase (165, 166). Importantly, EWS’ ability to regulate RNAPII 

by inhibiting CDK9 phosphorylation of the CTD was suggested to be lost in EWS-FLI1 

(37) (Fig. 1.7). Overall, presence of the fusion interferes with EWS activity, increasing 

basal levels of transcription and leading to conflicts with the replication machinery (37). 

In addition, a DNA-binding mutant EWS-FLI1 was able to induce R-loop accumulation, 
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highlighting the role of the N-terminal of the fusion (EWS) in this process (37). It is not 

known whether other EWSR1 gene fusion positive malignancies show this form of loss 

of function, and consequently have aberrant transcription and develop R-loops and RS. 

 

Figure 1.7 Transcriptional dysregulation in Ewing sarcoma 

EWS-FLI1 has a dominant-negative effect on protein EWS, resulting in 
hyperphosphorylated RNAPII and dysregulated transcription. EWS blocks CDK9 
phosphorylation of RNAPII’s C-terminal domain on serine 2, associated with 
transcription elongation. EWS-FLI1 does not recapitulate this function and antagonises 
EWS leading to increased basal levels of transcription. 

R-loops are sources of RS and their accumulation can lead to further genotoxic damage 

(33). Given the innate levels produced by EWS-FLI1 activity, ES tumours have an 

activated RSR (37, 98, 108, 167, 168). Importantly, this creates a dependency on this 

branch of the DDR and can therefore be used as the basis of therapeutic options (see 

1.6.2.). A recent study looking for permissible contexts for the fusion EWS-FLI1, 

postulated that these cell types would also have to express factors that resolve R-loops 

and RS, arising from the presence of EWS-FLI1 (40). Indeed, high levels of expression 

of proteins FANCI, FANCD2, FANCA, and FEN1 are observed in ES cells and are also 

found in iPSCs, hESCs, and neural stem cells (40). In contrast to other normal tissues in 

which EWS-FLI1 expression is lethal, these cell types allow expression of this oncogene 

(40). Additionally, whilst knockdown of FEN1 is embryonically lethal, depletion of the 

other factors in ES cells induced growth inhibition (40). It remains to be addressed 

whether this response is a direct consequence of EWS-FLI1 activity, characterised by 

dysregulated transcription, instead of an independent correlation of the altered 

proliferative state in tissues that are pluripotent/multipotent (40). 
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Alongside transcription and gene expression, there is also evidence of mRNA processing 

dysregulation in this sarcoma (164, 169). This has been proposed to be due to 

compromised EWS activity in alternative splicing, specifically through the loss of 

important RNA-binding domains in the EWS-FLI1 fusion protein (164, 170). The best 

example in ES relates to splicing dysregulation of CCND1, encoding for cyclin D1 (166). 

This protein is the key binding partner of CDK4/6 in promoting the G1-S transition, and 

therefore highly relevant to EWS-FLI1 increased levels of proliferation. The CCND1 

gene is commonly upregulated in cancer and has two isoforms, cyclin D1a and D1b, 

which are regulated through splicing at the pre-mRNA level by EWS (166, 171). 

Transcription and alternative splicing are closely interlinked since the elongation rates of 

RNAPII can affect the splice sites (172). Also, transcriptional regulators such as EWS 

can recruit additional RNA processing factors to influence the splicing of transcripts 

(164). In this way, EWS and EWS-FLI1 have both been shown to affect overall cyclin 

D1 expression, particularly through RNAPII elongation dynamics (166, 171). On one 

hand, EWS increases the speed of elongating RNAPII over CCND1, splicing out intron 

4 and favouring the cyclin D1a transcript terminating with polyadenylated exon 5. EWS-

FLI1, on the other hand, decreases the elongating rate, resulting in more transcripts of the 

cyclin D1b isoform (171). In summary, the difference in the increase of cyclin D1b 

through EWS-FLI1 regulation, is relevant since this splicing variant has been linked with 

greater oncogenic potential than D1a (173, 174). Interestingly, the cyclin D1b variant 

lacks a regulatory threonine 286 residue found in the absent exon 5. Phosphorylation of 

this site by glycogen synthase kinase 3β (GSK3β) determines its export into the nucleus 

from the cytosol (173, 174). In this way, cyclin D1b is constitutively localised in the 

nucleus, where it can promote Rb phosphorylation and transition from G1 into S-phase. 

Together with enhanced transforming capacity, greater expression of cyclin D1b in ES 

cells has the potential to shorten G1 and promote early entry into S-phase and cell 

proliferation. Cyclin D1 is one amongst other proteins regulated by EWS which are 

potentially affected by EWS-FLI1 (164). Importantly, EWS-mediated alternative splicing 

affects proteins involved in DNA damage signalling and repair, such as CHK2, c-ABL, 

and MAP4K2 (164). This could have wider implications to tumour progression in the ES 

setting through disruption of EWS activity by the fusion protein. 

Taken together, expression of EWS-FLI1 dysregulates gene expression epigenetically 

and by directly disrupting EWS activity in transcription and mRNA processing. 
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Modulation of levels of the fusion protein is another important factor determining ES 

biology and tumourigenesis. Whilst these three areas provide the basis for disease 

progression, there are other EWS-FLI1 driven mechanisms enabling further oncogenic 

changes (reviewed in (147)). The increased understanding of molecular mechanisms in 

this tumour offer hope for novel targeted therapies to improve clinical outcomes. 

1.6 Ewing sarcoma treatment and development of novel therapies 

1.6.1 Disease management and treatment 

1.6.1.1 Chemotherapy regimens in ES 

Standard treatment for ES patients consists of local control measures in the form of 

tumour resection, when possible, and/or radiotherapy treatment. Usually, patients receive 

multi-agent chemotherapy prior to local treatment as an effort to reduce tumour size and 

also target micrometastatic disease (147). Treatment starts with VIDE, a combination of 

vincristine, ifosfamide, doxorubicin, and etoposide. Following local control, patients 

continue with VAI or VAC in a randomised setting, these regimens consist of vincristine, 

actinomycin D (also known as dactinomycin), and ifosfamide or cyclophosphamide. 

Overall, these agents have differing mechanisms of DNA damage induction, but 

overlapping cytotoxic effects, providing a broad range of anti-cancer effects in 

combination. Vincristine is a microtubule inhibitor blocking polymerisation, ultimately 

preventing chromosome separation in metaphase and cell division (175). Actinomycin D 

intercalates DNA and stabilises cleavable complexes between topoisomerases I and II 

with DNA. Ifosfamide and cyclophosphamide are alkylating agents, forming intra- and 

inter-strand crosslinks with DNA. Recently, ifosfamide has replaced the older structural 

analogue cyclophosphamide in some protocols (176), although they still possess different 

metabolic and toxicity profiles and are not entirely interchangeable (177). Doxorubicin 

belongs to the anthracycline class of antibiotic drugs and forms complexes with DNA 

through intercalation between base pairs. Etoposide’s overall effect results in DNA 

synthesis inhibition and it can inhibit topoisomerase II-catalysed religation in the same 

way as doxorubicin. The number of different chemotherapeutic agents used demonstrates 

the lack of targeted therapy for ES and justifies the need for better alternatives to improve 

outcomes in patients. 
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1.6.1.2 Irinotecan and temozolomide for relapsed ES patients 

Overall, relapsed ES patients have worse outcomes and a 5-year survival rate as low as 

<10%, when relapse occurs two years after diagnosis (178). Other factors that contribute 

to determine prognosis in these cases, are age and whether the tumour relapse is localised 

or metastatic (179). One of the treatment options for these patients consists of a protocol 

of irinotecan and temozolomide, amongst other regimens such as cyclophosphamide and 

topotecan, and gemcitabine and docetaxel (180-183). Irinotecan (CPT-11) is a water-

soluble camptothecin analogue, which acts as the prodrug of the more potent 

topoisomerase I inhibitor, SN-38 (184). Temozolomide is an oral DNA alkylating agent, 

which also causes DNA methylation and in turn recruitment of topoisomerase I. This 

mechanism has been proposed to be relevant to their combined treatment, which has been 

found to provide greater synergistic effect, particularly when irinotecan is administered 1 

hour after temozolomide (185). The use of irinotecan has been tested clinically for a range 

of childhood cancers and it used and approved for many cancers (184, 186). One existing 

regimen for ES paediatric patients involves a protracted schedule with daily 

administration of irinotecan for five consecutive days for two weeks (d  5  2) in a 21-day 

cycle (181). This has been tested and compared to a shorter schedule with administration 

only occurring for five consecutive days throughout the entire 21-day cycle (187). 

Maximising exposure in vivo faces a number of pharmacological challenges crucial to 

achieving optimal responses. Obtaining the active metabolite of irinotecan, SN-38, 

requires the activity of endogenous carboxylesterases, whose conversion rate is very low 

(184). Similarly, inactivation of SN-38 by glucuronidation is another mechanism 

determining its bioavailability (188). This process is affected by polymorphisms in the 

gene UGT1A1, encoding for one of these glucuronosyltransferases catalysing this 

reaction. To minimise toxicity for patients that have the particular UGT1A1*28 genotype 

resulting in reduced conversion of SN-38 to its inactive form, a lower dose of irinotecan 

has been recommended (188). However, this pharmacogenomic factor has been found to 

have less of an impact in paediatric trials (180, 181, 187). The most common dose-

limiting toxicities for irinotecan are diarrhoea and myelosuppression (180-182). For these 

reasons it is often administered with a gastrointestinal prophylactic (181, 182). 

Antibiotics are sometimes given too, in order to reduce gram-negative aerobic bacteria 

that produce a glucuronidase enzyme converting inactive SN-38 glucuronide into its 

active form, thus damaging the colon (188). 
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Recently, a randomised comparison of relapse regimens in ES found that the irinotecan 

and temozolomide combination was inferior to two other relapse regimens consisting of 

topotecan with cyclophosphamide and high-dose ifosfamide (183). Whilst the 

development of an optimal combination treatment for relapsed ES patients continues, it 

is likely that the future use of these agents will involve the addition of targeted therapy. 

In this way, chemotherapy will serve as a backbone with which to combine novel agents 

of interest. Already, there are a range of drugs undergoing pre-clinical testing such as 

bevacizumab, antibodies against the insulin-like growth factor 1 (IGF-1) receptor, 

mammalian target of rapamycin (mTOR) inhibitor temsirolimus, and PARP inhibitors 

(96, 182, 189-191) . However, the inclusion of new agents will require further in vitro 

mechanistic-driven research occurring in parallel to ongoing clinical testing to address 

the challenges of combining and maximising response to these targeted drugs (113). 

1.6.2 New therapeutic opportunities in Ewing sarcoma  

In recent years, the increased understanding of the oncogenic processes driven by EWS-

FLI1 has paved the way for research into blocking these mechanisms as therapeutic 

options. As outlined before, two of the main novel properties of the oncoprotein EWS-

FLI1 enable dysregulation of epigenetic and transcriptional mechanisms to alter gene 

expression and promote tumour growth. This has led to raised interest in investigating 

epigenetic targets known to interact with EWS-FLI1-mediated reprogramming. Most 

efforts have focused on inhibiting the catalytic function of key histone modifying 

enzymes in larger chromatin remodelling complexes. This has been the case with EZH2, 

histone deacetylase 1-3 (HDAC), and lysine-specific demethylase 1 (LSD1, also known 

as KDM1A), and also DNA methyltransferases. Importantly, these proteins are all 

druggable targets with a range of available tool compounds and clinical drug candidates 

at various stages of development (149, 150, 153, 192-195). These studies have the 

potential to tease out more details of their direct contribution to reprogramming and 

identify further epigenetic targets interacting with the fusion protein. Whilst the reversible 

nature of epigenetic modifications is an attractive form of therapy, treatment with this 

type of inhibitors may also lead to unintended modifications contributing to disease 

progression and/or toxicity (22, 23). This remains an ongoing challenge that needs to be 

addressed, as epigenetic therapies are translated into the clinic to improve ES 

management. 
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In recent years there has been great interest regarding the targeting of the RSR as a form 

of cancer therapy. This is due to its potential for combination with DNA damaging agents, 

which is already being exploited in chemotherapy regimens for several cancer types (56, 

59). In ES, an additional rationale for this form of therapy is the observation that EWS-

FLI1 increases replication fork rate through dysregulation of transcription, and thus 

develops a dependency on mechanisms that mitigate the resulting genomic instability (37, 

98). High innate levels of RS mean that activation of the RSR, together with factors that 

resolve replication fork collapse, are vital for the survival of ES cells (37, 40, 98). One 

example of this acquired dependency is high expression of CHK1 in ES tumours (98, 

167). This has also been tested therapeutically in in vitro and in vivo pre-clinical models 

of ES, where ATR inhibition as a single agent caused a reduction of cell viability and 

tumour xenografts growth (98). In addition, sensitivity to tool compounds against ATR 

was shown to be induced upon insertion of EWS-FLI1 in mouse embryonic fibroblasts 

(MEFs) (98). Targeting of other key kinases in the RSR, such as CHK1 and WEE1, has 

also been more recently explored and with differing degrees of success (167, 168). Of 

note, combination strategies with chemotherapeutic agents used in ES had so far only 

been tested with prexasertib, a discontinued CHK1 inhibitor (196). These studies are 

thoroughly addressed in the results chapters and discussion of this thesis. 

The sensitivity to inhibition of the RSR, also makes the status of other DNA repair 

mechanisms particularly important and therapeutically relevant. This has been an ongoing 

area of research in this sarcoma, originating from the observation that ES cells are 

sensitive to PARP inhibition in vitro and that PARP1 is a downstream target of the fusion 

(197, 198). The presence of R-loops as a form of RS has been recently suggested as an 

additional reason for the reported sensitivity of ES cells to inhibitors of PARP (37, 147). 

Strikingly, however, single agent PARP inhibitor sensitivity in vivo is limited and single 

agent PARP inhibitor treatment in patients is ineffective (189, 199). Whilst different 

studies have searched for genetic vulnerabilities in DNA repair pathways in ES (189, 200, 

201), this has not been conclusively addressed. Rather than through a genetically HR-

deficient context, BRCA1 activity has been proposed to be defective due to being 

chromatin-bound (37). Increased understanding of these functional differences and the 

phenotype created by EWS-FLI1, particularly in terms of DNA replication and genomic 

instability, will be an important step to develop novel therapies harnessing these 

vulnerabilities in this sarcoma. 
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1.6.3 Identification and validation of novel targets 

Before pre-clinical testing of new therapies, the process of drug discovery involves 

identifying relevant and druggable targets that promote tumour growth; this process has 

been broadly characterised by target- or phenotypic-based approaches (reviewed in 

(202)). More recently, however, mechanistic and clinically-driven considerations are 

being incorporated into the identification and validation of novel targets in oncology 

(202). One example is the adaptation of cell-based assays to test more complex 

phenotypes beyond a simple cytotoxic assay, in order to provide a more clinically-

relevant assessment of novel therapies. Other developments have taken place in the 

platforms and pre-clinical models used for drug-based screening, improving on the long-

standing reliance on immortalised cancer cell lines as tumours surrogates (202, 203). 

Whilst vital to the discovery of many anticancer therapies and highly amenable for 

molecular analysis and high-throughput testing, cancer cell lines remain limited models 

of tumour physiology. This is partially due to cell lines being homogenous populations 

lacking microenvironmental components that can influence tumour progression (203). In 

addition, cell monolayers have very specific growth and metabolic rates, with uniform 

cell morphology and cell-cell interactions, restraining the possibility of more complex 

tissue architecture and self-organisation (204). For these reasons, a number of three-

dimensional (3D) cell culture platforms have been developed, offering improvements 

through the incorporation of microenvironmental cues such as perfusion flow, oxygen 

gradients, and increased number in cell-cell interactions enabled by three-dimensionality 

(203, 205). Models such as spheroids and organoids enable testing compounds in ‘mini-

tumours’, where gradients of nutrients and oxygen supply more closely resemble tumour 

physiology. However, despite the range of 3D cell culture platforms, there is no single 

technology that mimics all aspects of tumour physiology. Rather, these are tools that 

should be carefully considered to address specific questions, because changing the cell 

culture environment can also affect reproducibility and amenability for high-throughput 

applications. 

Other shortcomings of conventional 2D cancer cell line models are intrinsically linked to 

cancer cell lines having been isolated from single individuals and being continuously 

passaged and maintained in culture for long periods of time (203). This process of 

adaptation to an artificial environment can have an impact on gene expression and cell 

behaviour, as well as encouraging clonal selection for populations favouring growth in 
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culture (203). In turn, this can lead to a loss of tumour heterogeneity, which is an 

important factor known to contribute to drug resistance and impacting on therapeutic 

efficacy (6). Although not perfect, patient-derived organoids (PDOs), patient-derived 

xenografts (PDXs) and the cell lines obtained from these tumours, have been shown to 

better preserve the mutational background of parental tumours and even some 

components of the tumour stroma (7, 203). Together with the use of co-cultures of 

heterogenous cell populations, these tools have been welcomed additions for in vitro drug 

testing. 

Improving cell-based assays with more representative pre-clinical models is as important 

as careful experimental design. Traditionally, cytotoxicity assays used in drug 

development test efficacy based on continuous exposure to drug agents in a short period 

of time (72 h – 96 h). This is a useful method for calculating standard measurements of 

drug response, such as 50% of growth inhibition (GI50s), which facilitate comparisons 

across many different compounds and tumour types. However, these assays have some 

limitations, for example, continuous drug exposure is not always achieved in the clinical 

setting. A short window to assess cell killing does not allow for investigating cell 

recovery, and often, producing observable cytotoxic effects requires higher doses than 

what is achievable in patients (206). In the context of inhibition of epigenetic targets and 

cell cycle checkpoint activators, timing is key. The effect of these treatments may take 

longer to achieve maximal efficacy, given that it requires reversing the epigenetic status 

of DNA and the changes in transcription and gene expression that follow. Similarly, 

different outcomes outside cytotoxicity could also be relevant, especially in the context 

of ES and epigenetic targets. EZH2 in particular is known to cooperate with EWS-FLI1 

to maintain stemness, therefore inhibition of this methyltransferase has seen induction of 

differentiation (153). In terms of chemotherapeutic agents, the majority of DNA-

damaging drugs operate by binding DNA and eventually causing breaks, which activate 

cell cycle checkpoints and repair mechanisms. Cell death is only achieved when these 

safeguards fail or a threshold of damage is exceeded (65, 206). Mechanistically, 

enhancing this effect may require acting during a specific cell cycle phase as well as 

building up DNA damage through a number of cell divisions (184, 206, 207). In this way, 

mechanism of action determines the type and length of the assay to evaluate such 

therapies. 
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Overall, these are key considerations that can improve pre-clinical validation of targets 

improving the translational impact of oncological research. These ideas shaped and 

informed the methodology used in the experiments throughout this thesis. 

1.7 Thesis aims 

The EWS-FLI1 fusion protein is the main oncogenic driver in ES, dysregulating 

epigenetic and transcriptional processes to promote malignant transformation (detailed in 

1.5). Tumour heterogeneity in this sarcoma has also been found to be underpinned by a 

spectrum of transcriptional programmes driven by EWS-FLI1 activity. Despite increased 

understanding of how these processes are hijacked, targeted therapies have not yet 

reached the clinical setting. For these reasons, the overarching aim of this project was to 

investigate novel therapies targeting vulnerabilities associated with the activity of EWS-

FLI1 (Fig. 1.8): 

 

(1) EWS-FLI1 orchestrates vast epigenetic rewiring through recruitment of chromatin 

remodellers and histone modifying enzymes. Amongst these, KDM1A is a highly 

expressed demethylase, known to have a functional role contributing to gene expression 

changes in ES. The first aim of this project was to evaluate catalytic inhibition of this 

epigenetic modifier as a therapeutic strategy. 

(2) In addition to altering gene expression epigenetically, EWS-FLI1 directly disrupts 

transcriptional processes leading to conflicts with the replication machinery in the form 

of RS. To mitigate the resulting DNA damage, this sarcoma relies on the RSR, a branch 

of DNA repair alleviating RS and protecting replication fork progression. In this way, the 

presence of EWS-FLI1 creates a targetable vulnerability, opening up the use of inhibitors 

targeting the RSR as a therapeutic strategy. Based on this rationale, the second aim was 

to explore combination strategies using spheroid models of ES and advance the 

development of these targeted therapies for this tumour. 
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Figure 1.8 EWS-FLI1 mediated processes for oncogenic transformation. 

The EWS-FLI1 oncoprotein is at the heart of the development of this tumour through (A) 
epigenetic and (B) transcriptional dysregulation, and as an important mediator of (C) 
intra-tumoural heterogeneity. The relevance of these EWS-FLI1 mediated processes in 
modifying gene expression to promote oncogenic transformation opened up the 
possibility of therapeutically targeting these through two independent approaches: (1) 
Inhibition of histone modifying enzyme, KDM1A, and (2) by targeting the reliance on 
the RSR developed by the presence of the fusion protein in ES.  
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Chapter 2 Materials and Methods 

In this chapter, the methods used to address the key aims of this thesis are detailed. These 

include methods to culture cells using traditional techniques as well as 3D spheroids and 

the subsequent processing and further molecular and biochemical analysis. In addition, 

the development of a model of ectopic inducible expression of the EWS-FLI1 fusion 

expression is detailed. 

2.1 Cell culture 

Human ES cell lines were used for the majority of experiments unless otherwise stated. 

Cells were cultured in the appropriate media supplemented with 10% foetal bovine serum 

(FBS) (Gibco, Thermo Fisher Scientific, UK), 1% Penicillin-Streptomycin (Gibco) and 

1% GlutaMAX (Gibco) in a humidified incubator at 37°C and 5% CO2. Specific culture 

conditions are detailed in Table 2.1. Cell lines were authenticated with short tandem 

repeat (STR) testing using the GenePrint 10 system according to manufacturer’s 

instructions (Promega, UK). Mutational status of ES cell lines used in this study (Table 

5.1) was confirmed with the publicly available Broad Institute’s Cancer Cell Line 

Encyclopedia and Cancer Dependency Map database (75, 208). 

 Cryovials with frozen cells were thawed rapidly, mixed with 9 ml of media and 

centrifuged at 1250 rpm for 5 min. After discarding the supernatant, the cell pellet was 

resuspended in the appropriate volume of media depending on the size of the flask and 

the pellet. Cells were checked for mycoplasma 72 hours after being thawed using the 

PlasmoTest™ Mycoplasma Detection Kit (InvivoGen, UK). This is a colorimetric assay 

involving HEK-Blue™-2 cells that recognise mycoplasma through Toll-like Receptor 2 

(TLR2), which in turn triggers activation of transcription factors inducing secretion of 

secreted embryonic alkaline phosphatase (SEAP). This, then causes a change in the colour 

of the HEK-Blue™ Detection medium, indicating the presence of mycoplasma. 

 Cells were maintained to approximately no more than 80% confluence and passaged 

using standard procedures.  Cells were washed in 1.5 ml of 1X phosphate buffered saline 

(PBS) or Versene (Gibco), prior to incubation for 3 min at 37°C with 1 ml or 1.5 ml of 

0.05% Trypsin-EDTA (Gibco) in a T25 or T75, respectively. Cell lines were passaged 

for a maximum of 2-3 months, before using a new batch. In order to freeze cells for long-
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term storage, these were harvested, centrifuged at 1250 rpm for 5 min, and resuspended 

in freezing medium, containing FBS supplemented with 10% dimethylsulphoxide 

(DMSO) (Sigma-Aldrich, UK). 1 ml of cell suspension was transferred to each cryovial 

and frozen at -80°C in a cryo 1°C freezing container (Thermo Fisher Scientific) with 

isopropanol (VWR Chemicals, UK), followed by transferal to liquid nitrogen storage 48 

hours later. 

Experiments were set up by harvesting cells and resuspending in 3-10 ml of media. 30 µl 

of cell suspension were mixed with 270 µl of PBS and counted with a sceptre handheld 

automated cell counter (Merck Millipore, MA, USA), determining the number of cells 

per millilitre. Using this measurement, a dilution of 1×106 cells/ml was made to facilitate 

seeding specific cell densities, indicated for each method and experiment. 

Table 2.1 Cell lines 

Cell line 
Cell type and 

disease 
Culture 

condition 
Source 

A4573 ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

A673 ES 
DMEM 

10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

CADO-
ES1 

ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

SK-ES-1 ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

RM82 ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

SKNMC ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

RD-ES ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

TC32 ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

TC71 ES 
RPMI-1640 
10% FBS 

Prof Enrique de Álava, 
Biomedicine Institute of 

Sevilla, Spain 

HFF-1 
Human foreskin 

fibroblasts 
DMEM, 
15% FBS 

ATCC 
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MV(4;11) 
Biphenotypic B 
myelomonocyti

c leukemia 

RPMI-1640 
20% FBS 

DSMZ 

MOLT-4 
(ACC 
362) 

Acute 
Lymphoblastic 

Leukemia 

RPMI-1640 
20% FBS 

DSMZ 

JN-
DSRCT 

DSRCT 
DMEM/F12 

10% FBS 
Sean B. Lee 

U-2 OS Osteosarcoma 
McCoy’s 
10% FBS 

ATCC 

WiDr 
Colorectal 

adenocarcinoma 
EMEM 

10% FBS 

Prof Andrew Beggs, 
University of 

Birmingham, UK 
 

2.1.1 Spheroids culture 

3D spheroids were generated and cultured using 96-well Ultra-Low Attachment (ULA) 

plates (Corning, UK) and GravityTRAP™ ULA Plate 96-well (PerkinElmer, UK). For 

the latter, prior to seeding, wells were pre-wet with 40 μl of pre-warmed medium. Then, 

1000 cells in 70 μl were slowly seeded into each well. Then, plates were spun for 2 min 

at 250 RCF to remove trapped air bubbles. Routine medium changes were performed 

every 48 hours by carefully aspirating the medium from the ledge at the inside wall of the 

well and replenishing it with fresh medium. In the case of ULA plates, 1000 cells were 

seeded in 100 µl, with a further 100 µl added 48-72 hours later. Medium changes were 

performed by removing half of the volume and adding half of fresh medium. 

2.1.2 Image analysis of spheroids 

Digital images of spheroids were captured throughout the duration of the experiments 

using an IN Cell Analyzer 2200 imaging system (GE Healthcare Life Sciences, UK) and 

the Celigo Imaging Cytometer (Nexcelom Bioscience, MA, USA). The spheroid area was 

assessed at the focal plane with maximum diameter. The area of cross-sections of 

spheroids was then measured using ImageJ (NIH), In Cell Investigator Software (GE 

Healthcare Life Sciences), and the Celigo Imaging Cytometer software (Nexcelom 

Bioscience). Spheroid area measurements were taken from 6-10 replicates at the indicated 

timepoints to then calculate the spheroid mean area. 
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2.2 Drug treatments 

A673 cells were seeded at 2000 cells/well and TC71 cells at 4000 cells/well in a 96-well 

plate (Nunclon delta surface, Thermo Fisher Scientific) for cell viability assays to 

calculate GI50s. For investigations on inhibition of KDM1A, the inhibitors used were: 

SP-2509 (SelleckChem, UK), ORY-1001 (SelleckChem), and GSK2879552 

(SelleckChem). For drug treatments on spheroids, 1000 cells were seeded and cultured 

for 5 days prior to treatment in order to allow for spheroid formation. In GravityTRAP™ 

ULA Plate 96-well, drugs were diluted to the desired concentration and 70 µl were added 

per well. Alternatively, ULA plates required removing 100 µl of a total of 200 µl of media 

before adding 100 µl with double the desired concentration. In this way, the added drug 

was diluted 1:1 with the remaining volume to reach the desired concentration. 

The clinical drug candidates inhibiting DNA repair proteins used in this study were: 

PARP1/2 inhibitor Olaparib (SelleckChem), ATR inhibitors VX-970 (SelleckChem) and 

AZD6738 (SelleckChem), CHK1 inhibitor SRA737 (SelleckChem), and WEE1 inhibitor 

AZD1775 (SelleckChem). All compounds were reconstituted with neat DMSO at 10mM 

stocks except for ORY-1001 and GSK2879552 reconstituted in ultra-filtered water. 

Aliquots were stored at -80°C. 

2.3 Ionising radiation treatment 

Cells and spheroids were irradiated with X-ray cabinet AGO HS 320/260. The generator 

was run at 250 kV and 10 mA. 

2.4 Cell viability assay 

Cell viability was analysed indirectly through the metabolic MTS (3-(4,5-dimethyl-2-yl)-

5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay using 

the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega). This assay 

measures the reduction of tetrazolium salt to a blue formazan product by the activity of 

mitochondrial dehydrogenases. Media was replaced with 100 μl of opti-MEM (Gibco) 

and 20 μl of CellTiter 96® Aqueous One Solution Cell Proliferation Assay, including 6 

blank wells for background correction. Plates were incubated for 2 hours in normal 

culturing conditions prior to measuring the absorbance of each well at 492 nm. 
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2.5 Spheroid invasion assays 

A673, TC71 and JN-DSRCT-1 cells were cultured in ULA plates for 5-15 days, 

depending on whether drug-treatment was performed. 

2.5.1 Spheroid invasion assay in collagen I 

Flat-bottom 96-well plates were coated with 50 µl of a collagen mix containing DMEM, 

+/– 10% FBS, HEPES pH 7.5 (Final concentration: 20 mM), at a final concentration of 2 

mg/ml and 1.2 mg/ml. Collagen mix was prepared on ice to prevent it from solidifying. 

Mix was allowed to set for 1 h in an incubator at 37°C and 5% CO2. Spheroids were 

collected into eppendorf tubes using a 200 µl cut pipette tip to avoid breaking the 

spheroids (1 spheroid/eppendorf). The same collagen mix as below was prepared on ice 

again, prior to carefully removing medium from spheroids in eppendorf tubes. Each 

spheroid was mixed with 100 µl of collagen mix and added to each well of the precoated 

plate. Plate was incubated for 1 hour at 37°C and 5% CO2 and left to solidify before 

covering collagen gel with 50 µl of the corresponding medium. Images of spheroids were 

taken on a Leica DFC3000 G microscope camera system and the Leica Suite software at 

10x magnification. 

2.5.2 Spheroid invasion assay in Matrigel 

Matrigel (Corning) was thawed overnight and kept at 4°C prior to usage. Pipette tips and 

reservoirs were cooled at -20°C to facilitate handling of Matrigel. 100 µl of medium were 

carefully removed from ULA plates without aspirating spheroids. 100 µl of Matrigel were 

slowly added to each well in order avoid bubble formation. The mix was allowed to set 

for 20-30 min at 37°C and wells were topped up with 30 µl of medium to prevent Matrigel 

from drying out. Plates were incubated and invasion monitored in an IncuCyte ZOOM 

(Sartorius, UK) at 37°C and 5% CO2. Invasion area was quantified with IncuCyte® 

Analysis Software (Sartorius). 

2.6 siRNA Transfections 

A set of four ON-TARGET plus Human KDM1A siRNAs (GE Dharmacon, CO, USA) 

(Table 2.2) were utilised for transfections in A673 cells. All transfections were forward 

transfections (transfected 24 hours after seeding), carried out in 6-well plates (Nunclon 

delta surface, Thermo Fisher Scientific). A673 cells were seeded at 312,500 cells/well in 
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antibiotic-free medium 24 hours prior to transfection. Oligonucleotides were 

reconstituted with siRNA buffer (GE Dharmacon) to make up a 20 μM stock solution. 

ON-TARGET plus control non-targeting pool siRNA (GE Dharmacon) was used as a 

negative control, whilst TOX transfection control (GE Dharmacon) as a positive cell 

death control. 24 hours after transfection cells were plated in 96-well plates (Nunclon 

delta surface, Thermo Fisher Scientific) for viability assays, in 12-well plates (Nunclon 

delta surface, Thermo Fisher Scientific) for RNA extraction, and in 6-well plates for 

protein extraction or whole cell lysates. 

Table 2.2 Oligonucleotides for siRNA transfection. 

Name Sequence (5’-3’) 
Concentration 
in experiments 

(pmol) 
Supplier 

J-009223-05, 
KDM1A 

GGAAGUUGUCAUUCAGUUA 75  GE Dharmacon 

J-009223-06, 
KDM1A 

CCACCGAGUUCACAGUUAU 75  GE Dharmacon 

J-009223-07, 
KDM1A 

CAUAAGUGACGAUGUGAUU 75  GE Dharmacon 

J-009223-08, 
KDM1A 

CUAUAAAGCUCCAAUACUG 75  GE Dharmacon 

 

2.7 RNA extraction 

RNA was extracted with TRIzol™ using the standard protocol for this reagent. RNA 

concentration was then measured using a Nanodrop 2000 spectrophotometer (Thermo 

Fisher Scientific) using 260 nm wavelength and RNase-free water as a blank. 

2.8 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

2.8.1 Complementary DNA (cDNA) synthesis 

cDNA was synthesised from RNA with the high-capacity cDNA kit (Applied 

Biosystems, CA, USA) following the manufacturer’s instructions. Samples were loaded 

onto the thermocycler with the following programme:  
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Table 2.3 Thermocycler conditions for cDNA synthesis 

Step 
Temperature 

(°C) 

Time 

(min) 

1 25 10 

2 37 120 

3 85 5 

4 4 ∞ 

 

2.8.2 TaqMan qRT-PCR 

The TaqMan™ method was used for qRT-PCR. Multiplex PCR reactions were set up in 

384-well optical-reaction PRC plates (Applied Biosystesms) with optical adhesive covers 

(Applied Biosystems). Three technical repeats of the specified reaction volumes were 

carried out (Table 2.4). Plates were analysed with the Applied Biosystems ViiA™ 7 Real-

Time PCR System. Quantification of gene expression was done with the standard curve 

method using RPLP0 as the TaqMan control gene assay for normalisation. 

Table 2.4 Reaction volumes for TaqMan qRT-PCR 

Component in final reaction 
Volume 

(μl) 

TaqMan master mix 5 

cDNA (5 ng/μl) 1 

20X TaqMan gene assay (Table 2.5) 0.5 

20X TaqMan control gene assay 0.5 

RNase-free water 3 

Total 10 

 

Table 2.5 List of TaqMan probes used in this report 

Gene of interest TaqMan Probe Label or Dye 

KDM1A Hs01002741_m1 FAM/MGB 

LOX Hs00942480_m1 FAM/MGB 

TGFBR2 Hs00234253_m1 FAM/MGB 

HMOX1 Hs01110250_m1 FAM/MGB 

E2F1 Hs00153451_m1 FAM/MGB 
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CAV1 Hs00971716_m1 FAM/MGB 

RPLP0 4310879E VIC/TAMRA 

 

2.9 Whole cell lysates 

Cells were seeded in 6-well plates or T25 flasks for making whole cell lysates. After 

treatment or transfection, cells were washed in 1X PBS, trypsinised and counted. Cells 

were then frozen as cell pellets prior to addition of 3X Laemmli buffer; 50 μl were added 

to 2.5×105 cells. Stock of 3X Laemmli buffer was made up with 2 ml of 1M Tris Base 

pH 6.8, 3 ml of 100% Glycerol, 8 ml of 10% SDS, 300 μl of 1% Bromophenol blue, and 

400 μl of β-mercaptoethanol (freshly added at the time of whole cell lysate preparation). 

2.10 Protein extraction 

Cells were seeded in 6-well plates for protein harvesting. After treatment or transfection, 

cells were washed in ice-cold 1X PBS. For cell lysis, 60 μl of cell lysis buffer (Cell 

Signalling Technology (CST), MA, USA) were added to each well before scraping the 

cells with a sterile cell scraper. Samples were collected in cool eppendorf tubes and left 

on ice for 50 min. Lysates were then centrifuged at 14000 x g for 10 min at 4°C and the 

supernatant was collected and stored at −20°C. Regarding protein extraction from 

spheroids, 30 spheroids per condition were pooled, washed in ice-cold 1X PBS, and 

resuspended in 60 µl of Radio immunoprecipitation assay (RIPA) buffer (1X) (CST). 

Samples were incubated for 5 min on ice before sonication, followed by spinning at 12000 

x g for 10 min at 4°C and collecting the supernatant. Regarding immunoblotting for 

phospho-proteins, 10 ml of RIPA buffer (1X) were supplemented with a tablet of protease 

inhibitor cocktail cOmplete™ ULTRA (Roche, UK), and one of PhosSTOP™ 

phosphatase inhibitor tablets (Roche). Protein concentration was determined following 

the standard protocol for a bicinchonicic acid (BCA) assay (Pierce, Thermo Fisher 

Scientific) (209, 210). 
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2.11 Western blotting 

2.11.1 SDS-PAGE 

The equivalent volume to 5-30 μg of protein extract was mixed with 8.75 µl 4X NuPAGE 

LDS buffer (Invitrogen, CA, USA), and 1 µl DTT (Invitrogen) in order to make a total 

volume of 35 µl to be loaded in 10-well NuPAGE 4-12% Bis-Tris protein gels 

(Invitrogen). When using whole cell lysates, 5 μl in 3X Laemmli buffer were loaded. An 

additional well was reserved for 5 µl of Spectra Multicolor Broad Range protein ladder 

(Thermo Fisher Scientific) as a molecular weight ladder. Samples were incubated at 90°C 

for 10 min prior to separation by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Gels were run with the XCell SureLock™ at 175 V and 

200 mA for 1 hour in 1X NuPAGE MES SDS running buffer (Invitrogen) or 1X NuPAGE 

MOPS SDS running buffer (Invitrogen). 

2.11.2 Transfer 

Protein gels were transferred onto PVDF membranes with iBlot2 transfer stacks on the 

iBlot2 transfer system (Invitrogen) following manufacturer’s instructions. The iBlot2 

transfer system was run at 20V for 7 min. Alternatively, protein gels were transferred 

onto nitrocellulose membranes using the XCell II™ Blot Module. Gels were rinsed in 

distilled water and carefully placed in the blot sandwich between the filter paper and the 

nitrocellulose membrane. Trapped air bubbles were removed with a blotting roller before 

finishing assembly of the blot module. Gels were run at 25 V and 200 mA for 1.25 hour 

in 1X NuPAGE™ Transfer Buffer buffer with 10-20% methanol with cold tap water on 

either side of the module. 

2.11.3 Antibody incubation and membrane development 

Membranes were blocked in 5% milk (Marvel) in TBST (1X Tris buffered saline with 

0.1% Tween-20 (Sigma-Aldrich), pH 8.0) for 1 hour at room temperature (RT) on a 

rocker. Membranes were incubated with primary antibody overnight at 4°C on a rocker 

using the dilutions in Table 2.6. After three 10-min washes in TBST at RT on a rocker, 

membranes were incubated at RT with their respective secondary antibody. Membranes 

were washed once again three times for 10 min before detection. Blots were developed 

with the ECL™ Prime Western Blotting System (GE Healthcare) and Pierce™ ECL 
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Western Blotting Substrate (Thermo Fisher Scientific) according to the manufacturer’s 

instructions and detected on a Chemidoc Touch Imaging System (Bio-Rad, CA, USA). 

Table 2.6 Antibodies used in this report 

Name Species Dilution 

Molecular 

weight 

(kDa) 

Supplier 
Product 

Code 

Anti-Mouse 
HRP-conjugated 

Rabbit 1:4000 - Sigma-Aldrich A9044 

Anti-Rabbit 
HRP-conjugated 

Donkey 1:4000 - Santa Cruz SC-2313 

CDK1  Mouse 1:1000 34 CST 9116 

CHK1 Rabbit 1:4000 56 Abcam 40866 

EWS Rabbit 1:10000 68 
Novus 

Biologicals 
NB200-182 

FLI1 Mouse 1:500 51 BD Pharmingen 554266 

GAPDH Mouse 1:10000 37 Merck Millipore MAB374 

H3K4me1 Rabbit 1:3000 17 Abcam ab8895 

H3K4me2 Rabbit 1:10000 17 Merck Millipore 07-030 

Histone H3 Rabbit 1:1000 15 Abcam 1791 

Histone H3 Mouse 1:1000 15 Abcam 10799 

KDM1A Rabbit 1:1000 93 CST C69G12 

PARP1 Rabbit 1:1000 89, 116 CST 9542 

Phospho-
CDK1/2 

Rabbit 1:4000 34 CST 9111 

Phospho-CHK1 
(S345) 

Rabbit 1:1000 56 CST 2348 

PUMA Rabbit 1:1000 22 CST 12450T 

RRM2  1:2000 45 Merck Millipore  

TetR Mouse 1:5000  MoBiTec TET02 

Immunofluorescence 

53BP1 Rabbit 1:500 214 Bethyl A300-272A 

Cleaved-caspase 
3 (Asp175) 

Rabbit 1:50 17/19 CST 9661 
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ɣH2AX Mouse 1:100 14 Millipore 05-636-I 

Phospho-Histone 
H3 (Ser10) 

Rabbit 1:1000 17 Millipore 06-570 

AlexaFluor 555 
goat anti-mouse 

Goat 1:800 - 
Life 

Technologies 
A-21422 

AlexaFluor 488 
goat anti-rabbit 

Goat 1:800 - 
Life 

Technologies 
A-11034 

 

2.12 Tissue processing of spheroids 

2.12.1 Fixing and embedding in agarose 

Medium was aspirated off in GravityTRAP™ ULA Plate 96-well plates followed by two 

washes with 1X PBS. Spheroids were fixed in 4% PFA overnight at 4°C or for 2 hours at 

RT. Following fixation, spheroids were washed twice in the plates with 1X PBS and then 

collected in eppendorf tubes and allowed to set at the bottom for embedding in 2% 

agarose (Invitrogen). Carefully, 1X PBS was aspirated off and replaced with 2% agarose 

(~65°C). Eppendorf tubes were placed in a heating block at 65°C to ensure the spheroids 

sank to the bottom. Some samples required being spun at 2000 rpm for 1 min. Agarose 

was allowed to cool down and solidify and PBS was added to the top of each tube. 

2.12.2 Tissue processing and embedding in paraffin wax for sectioning 

Agarose blocks with embedded spheroids were removed from eppendorf tubes and 

covered in tissue processing paper (CellPath, UK). Samples were placed in tissue 

processing cassettes and run through the programme detailed in table 2.7 involving 

dehydration, clearing with xylene, and paraffin wax infiltration in a tissue processor 

(Tissue-Tek VIP, Sakura, Netherlands) (Table 2.7). 

Table 2.7 Tissue processing programme schedule 

Step Time  Solution 

1 10 min 70% Alcohol 
2 1 h 80% Alcohol 
3 1 h 90% Alcohol 
4 1 h 100% Alcohol 
5 1 h 100% Alcohol 
6 1 h 100% Alcohol 
7 2 h 100% Alcohol 
8 1 h Xylene 
9 1 h Xylene 



 71 

10 1.5 h Xylene 
11 1 h Paraffin wax 
12 1 h Paraffin wax 
13 2 h Paraffin wax 

 

Subsequently, samples were carefully embedded in moulds with molten paraffin wax, 

trying to maintain all blocks of agarose on the same plane to facilitate sectioning. Paraffin 

wax blocks were left to solidify before removing the metal moulds and were placed at 

−20°C for a few minutes prior to cutting 5 μm-thick sections with microtome 

LeicaRM2135. Sections were moved to a histology water bath (Leica HI1220) at 40°C 

prior to being placed on microscope slides and left to dry on a hot plate (Leica HI1220) 

at 60°C. Slides were stored at −20°C until use. 

2.13 Haematoxylin and eosin staining 

Histological staining of sections of paraffin-embedded samples with H&E followed a 

standard protocol. Slides with sections of paraffin-embedded spheroids were incubated at 

60°C for 10 min, prior to two deparaffinisation steps in xylene for 5 min each. Slides were 

rehydrated in two changes of absolute alcohol for 3 min each followed by carefully 

rinsing in running tap water for 30 seconds without aiming directly at the samples. Slides 

were stained in haematoxylin for 7 min and the excess was removed before rinsing again 

for 30 seconds. Samples were differentiated in 1% acid alcohol by dipping slides in and 

out three times and then rinsed in running tap water for 30 seconds. Slides were then 

‘blued’ in Scott’s Tap Water for 1 min and rinsed in running tap water for 30 seconds. 

Tissue sections were stained with eosin for 3 min, followed by dipping in running tap 

water three times. Rack with slides was drained from the excess of water and dehydrated 

in three changes of absolute alcohol for 1 min each. Slides were then cleared in two 

changes of xylene for 2 min each before mounting in DPX, without allowing the slides 

to dry out. 

2.14 Immunohistochemistry with immunofluorescence detection 

Slides with sections of paraffin-embedded spheroids were incubated at 60°C for 15 min, 

prior to two deparaffinisation steps in xylene for 10 min each. Slides were then hydrated 

through a series of decreasing concentrations of alcohol (100%, 95% and 70%) for 5 min 
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each. Slides were washed in H2O for 5 min before performing antigen retrieval in sodium 

citrate buffer (10 mM, pH 6) for 50 min at 95°C. Slides were cooled down for 20 min at 

RT, washed once in H2O, and twice in Tris-buffered saline (1X TBS) for 3 min. Using a 

Dako pen (Agilent Pathology Solutions, UK), a region around tissue sections was drawn 

to confine the liquid. Samples were incubated in blocking buffer (1X TBS, 10% Goat 

serum, 1% bovine serum albumin (BSA), 0.02% Tween20) for 1 hour at RT. Primary 

antibodies were diluted in 1X TBS, 1% BSA, and 0.02% Tween20 at the concentrations 

in table 2.7 and incubated for 1 hour or overnight at 4°C. Slides were washed three times 

for 5 min in 1X TBS, prior to a 30 min incubation with respective secondary antibodies, 

also diluted in 1X TBS, 1% BSA, and 0.02% Tween20. Slides were washed three times 

for 5 min in 1X TBS and excess buffer drained. Vector® TrueVIEW™ Reagent (Vector 

Laboratories, UK) was prepared at a ratio of 1:1:1 of reagents A, B and C, adding equal 

volumes of reagent A and reagent B first, mixing for 10 seconds, before adding reagent 

C and mixing again. Samples were incubated with Vector® TrueVIEW™ Reagent for 2 

min and washed in 1X TBS for 5 min. Tissue sections were incubated with DAPI (1:5000 

in 1X TBS) for 5 min and washed three times for 5 min in 1X TBS. Excess buffer was 

removed and samples were mounted in VECTASHIELD® Vibrance™ Antifade 

Mounting Medium (Vector Laboratories). 

2.15 Flow cytometry of spheroids 

2.15.1 Hanging drop technique for spheroid formation 

To maximise spheroid and cell numbers, spheroids were cultured using T75 ULA flasks, 

rather than 96-well ULA plates. Spheroids were initially formed using the hanging drop 

technique to ensure homogenous spheroid size. Using the lid of 25 cm culture dishes, 

cells were seeded at a density of 2000 cells per 40 µl drop, with approximately 60 drops 

per cover. The lid was carefully flipped and placed on top of the culture dish filled with 

1X PBS to keep hanging drops humidified. Around 300 spheroids were needed for DNA 

content analysis by flow cytometry. Spheroids were cultured as such for 2 days prior two 

transferal into a T75 ULA flask where they were cultured for a further 24 hours prior to 

treatment. 48 hours was the maximum length of treatment to prevent spheroid aggregation 

and a heterogeneous population. 
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2.15.2 Dissociation spheroids and cell fixation 

Treated spheroids were collected from T75 ULA flasks into 50 ml falcon tubes and spun 

at 1250 rpm for 5 min. Medium was aspirated off and replaced with 500 µl of 0.05% 

Trypsin-EDTA, used to transfer samples into 1.5 ml eppendorf tubes and dissociate 

spheroids. Samples were incubated at 37°C and 5% CO2 for 2 min, before pipetting up 

and down to ensure complete disaggregation. Trypsin-EDTA was inactivated with 600 µl 

of the cell line’s respective medium. Cells were centrifuged at 1250 rpm for 5 min and 

supernatant removed. The remaining cell pellet was washed once in 1 ml of 1X PBS and 

cells were centrifuged again at 1250 rpm for 5 min before. After removing the 

supernatant, cells were fixed in ice-cold 70% ethanol. Eppendorf tubes were vortexed to 

ensure samples were fixed as a cell suspension, rather than as a pellet. Samples were 

initially stored at 4°C overnight and then transferred to −20°C. 

2.15.3 Propidium iodide staining for DNA content analysis 

Eppendorf tubes were spun at 1250 rpm for 4 min and washed in 0.5 ml of 1X PBS, twice. 

Propidium iodide (PI) (Thermo Fisher Scientific) and RNAse A (Thermo Fisher 

Scientific) solution was prepared to a final concentration of 50 mg/ml and 0.5 µg/ml, 

respectively. Stock concentrations for PI and RNAse A were 1 mg/ml and 10 mg/ml. 250 

µl of PI/RNase A solution were added to each sample and stored at 4°C until analysis. 

2.15.4 DNA content analysis by flow cytometry 

Samples were analysed on a BD™ LSRII Flow Cytometer (BD Biosciences, CA, USA). 

PI was detected in the 575/26 nm channel on the BD™ LSRII cytometer. Initial cell 

population was gated on a forward scatter height (FSC-H) vs. forward scatter area (FSC-

A) to exclude cell aggregates and debris. The single cell gate was then displayed as a 

histogram and adjusted so that the P4, P5 and P6 gate were respectively gating on G1, S, 

and G2/M phases. Cell cycle analysis of histograms from treated samples was performed 

with BD FACSDiva™ Software and FlowJo™ Software v10. Univariate modelling was 

used to create a fit to the cell cycle data obtained. All data was analysed using the Watson 

Pragmatic algorithm (211). 



 74 

2.16 Molecular cloning 

2.16.1 Vectors 

The EWS-FLI1 fusion gene was cloned out of plasmid pCDH-puro-EWS-FLI1 (212) 

(Fig. 2.1A) and sub-cloned into pcDNA™5/TO by Dr. Ewa Aladowicz. The 

pcDNA™5/TO plasmid vector is part of the T-REx™ Expression System (Thermo Fisher 

Scientific) enabling tetracycline (Tet)-controlled expression a gene of interest in 

mammalian cells. This plasmid has Tet operator 2 (TetO2) sites upstream the human 

cytomegalovirus (CMV) promoter, which serve as binding sites for two Tet repressor 

(TetR) homodimers. Additionally, this plasmid vector includes hygromycin and 

ampicillin resistance genes for selection in mammalian cell culture and in transformed E. 

coli, respectively (Fig. 2.1B). To express the TetR protein, plasmid pCAGTetRnls was 

used; this vector also contains a puromycin resistance gene (Fig. 2.1C) and was obtained 

from Gaetano Zafarana, Erasmus MC-University Medical Center Rotterdam. The pCDH-

puro-EWS-FLI1 plasmid vector was a gift from Jialiang Wang (Addgene plasmid 

#102813; http://n2t.net/addgene:102813; RRID:Addgene_102813). 
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Figure 2.1 Vector maps for plasmids for inducible EWS-FLI1 overexpression.  

Vector maps for (A) pCDH-puro-EWS-FLI1, (B) pcDNA™5/TO, and (C) pCAGTetRnls 
including cloning sites. 

2.16.2 Cloning of EWS-FLI1 to pcDNA5™/TO 

Fusion gene EWS-FLI1 was cloned from pCDH-puro-EWS-FLI1 by nested PCR. First, 

DNA fragment with EWS-FLI1 was amplified using outer primers EF1outF and EF1outR 

(sequences in table 2.8) using Phusion High-Fidelity PCR Master Mix (New England 

BioLabs (NEB)). Next, amplified fragment was used as template for fusion gene 

amplification using inner primers EF1inF and EF1inR. The PCR product was purified 

using PCR Purification Kit (Qiagen, Hilden, Germany). 

 

pCDH-puro-EWS-FLI1 pcDNA™/TO

pCAGTetRnls

A B

C
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Table 2.8 Primer sequences to amplify EWS-FLI1 

EF1outF 5’ CACGGCGACTACTGCACTTA 3’ 

EF1outR 5’ AGCTCGTTTAGTGAACCGTCAGATC 3’ 

EF1inF 
5’ ATAAGAATGCGGCCGCCTAGTAGTAGCTGCCTAAGTGTGAAGGC 

ACGTGGG 3’ 

EF1inR 
5’ GAGATATCACCATGTACCCATACGACGTCCCAGACTACGCTGCGT 

CCACGGATTACAGTACCTATAGCCAAGCTGC 3’ 

 

2.16.3 Restriction digestion 

The EWS-FLI1 insert and pcDNA5™/TO plasmid were digested using first EcoRV-HF 

restriction enzyme (NEB) and sequentially with NotI-HF (NEB). Digests were set up with 

5 µg of 10X CutSmart Buffer (NEB), 2 µl (40 units) of EcoRV-HF (NEB), 5 µg of DNA 

(either plasmid or insert) with reactions made up to 50 µl with nuclease-free water. The 

reaction was incubated at 37oC for 15 min and inactivated at 65oC for 20 minutes. Next, 

1 µl (40 units) of NotI-HF (NEB) was added to the reaction. Samples were further 

incubated at 37oC for 15 min and inactivated at 65oC for 20 min. Reactions were purified 

with PCR Purification Kit (Qiagen). 

2.16.4 Ligation 

The purified and digested EWS-FLI1 insert was ligated into the pcDNA5™/TO plasmid 

using Quick Ligation Kit (NEB). Molar concentrations were calculated by dividing the 

weight of plasmid DNA equated to using 188 ng of the insert DNA. 20 µl of ligation 

reaction was set up using 10 µl of 2x Reaction Buffer, 1 µl of Quick Ligase, 100 ng of 

plasmid DNA, 188 ng insert DNA and made up to 20 µl with nuclease-free water. 

Negative control ligations were set up containing plasmid DNA only that indicates 

background levels of self-ligation. Reactions were incubated at 25oC for 5 min. 

2.16.5 Bacterial transformation 

Plasmids were transformed using competent E. coli cells OneShot Top10 (Invitrogen). 

Bacteria were thawed on ice, adding 5 µl of ligation reaction followed by incubation on 

ice for 30 min. Eppendorf tubes were then heat-shocked on a heating block at 42oC for 

30 seconds and returned immediately to ice for 2 min. 200 µl of pre-warmed Lysogeny 

broth (LB) were added to each bacterial transformation and incubated at 37oC shaking at 



 77 

250 rpm for 1 h. Meanwhile, LB agar plates were prepared with a final concentration of 

100 µg/ml of ampicillin (Sigma-Aldrich) maintaining aseptic conditions. Once set, the 

plates were pre-warmed at 37oC and 200 µl of bacteria were spread for overnight culture 

at 37oC. 

2.16.6 Miniprep 

Single colonies were picked from agar plates and cultured in 3 ml of LB with 100 µg/ml 

of ampicillin for selection for 16 h at 37°C shaking at 225 x g. The QIAprep Miniprep kit 

(Qiagen) was used to extract and purify the plasmids following manufacturer’s 

instructions. Bacterial cells were centrifuged at 13000 x g for 5 min and pellets were 

resuspended in Buffer P1 containing RNase A. Next, Buffer P2 containing SDS was 

added and mixed thoroughly by inverting the tubes to ensure cell lysis. The reaction was 

not allowed to proceed for longer than 5 min. Neutralising buffer N3 was then added and 

mixed by inverting the tubes, precipitating any remaining bacterial debris. Samples were 

centrifuged at 13000 x g for 10 min. The supernatant was then passed through a QIAprep 

spin column, centrifuging the sample at 13000 x g for 30 seconds and discarding the flow-

through. The spin column was washed again in PE buffer containing ethanol, then 

centrifuged again at 13000 x g for 30 seconds, and spun for an additional min at 13 000 

x g in order to remove any residual wash buffer. Plasmid DNA was then eluted using the 

miniprep kit elution buffer and the concentration was measured on a Nanodrop 2000 

spectrophotometer at 260 nm wavelength. 

2.16.7 Diagnostic digests 

Diagnostic restriction digests of pcDNA ™5/TO-EWS-FLI1 were also used to ensure the 

plasmid contained the expected size of the insert and if it was cloned in the correct 

orientation. Digests were set up with 5 µl of 10X CutSmart Buffer (NEB), 1 µl (20 units) 

of EcoRV-HF (NEB), 1 µl (20 units) of XbaI (NEB), 1 µg of DNA plasmid with reactions 

made up to 50 µl with nuclease-free water. The reaction was incubated at 37°C for 15 

min and inactivated at 65°C for 20 min. 

2.16.8 Gel electrophoresis 

Agarose gel electrophoresis was used to confirm successful restriction digestion of DNA 

fragments. 1% agarose gels were prepared by dissolving 1 g of agarose in 100 ml of 1X 

Tris-acetate-EDTA (TAE) buffer, using a microwave to heat up the mixture and facilitate 
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the process. After dissolving the agarose, this was let to cool down and 4 µl of Midori 

Green Direct (NipponGenetics) were added before pouring the mix into a gel tray. Gels 

were submerged into a tank with 1X TAE buffer and samples were prepared in a volume 

of 10 µl for loading. This mix included 2 µl of loading buffer, containing bromophenol 

blue marking the samples as the gel was run. One well containing MassRuler DNA ladder 

mix (Thermo Fisher Scientific) was run alongside in order to analyse the size of the DNA 

fragments. Gels were run at 75 V for 45 min to an hour separating DNA and bands were 

visualised under UV light using a Chemidoc Touch Imaging System (BioRad). 

2.16.9 Gel extraction 

In order to extract a reaction product from a gel, a Dark Reader® Non-UV 

transilluminator (Clare Chemical Research, CO, USA) was used to visualise but preserve 

the integrity of DNA fragments. The desired band was excised with a clean scalpel and 

purified using a QIAEX II gel extraction kit (Qiagen) according to manufacturer’s 

instructions. The excised gel was weighed and 3 volumes of buffer QX1 were added to 

solubilise the sample, vortexing for 30 seconds (3 volumes of buffer QX1 are 

recommended for 100 bp – 4 kb). Then, QIAEX II was added to the sample, 30 μl for 2–

10 μg DNA. Samples incubated at 50°C for 10 min, vortexing every 2 min to facilitate 

DNA adsorption to QIAEX II silica particles. Samples were centrifuged at 14000 x g for 

30 seconds. After removing the supernatant, the pellet was washed three times, once in 

wash buffer QX1 followed by PE buffer, always centrifuging for 30 seconds and 

removing the supernatant. The remaining pellet was air dried for 15 min and dissolved in 

HPLC grade water to elute DNA through the membrane. The sample was centrifuged for 

30 seconds. The supernatant containing the extracted DNA was passed through the 

membrane again in order to increase the DNA yield from the elution. The final DNA was 

then measured with a Nanodrop 2000 spectrophotometer at 260 nm wavelength. 

2.16.10 DNA sequencing 

In addition to the diagnostic digests, the cloned samples were analysed by DNA 

sequencing to ensure the EWS-FLI1 insert was intact and correctly introduced and had 

not acquired mutations in the process. These substitutions can be introduced when 

exposed to UV light used to visualise and extract the desired gel band. Sanger sequencing 

was performed by Eurofins Genomics using the following primers. 
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Table 2.9 Primers for Sanger sequencing 

CMV-F 5’ CGCAAATGGGCGGTAGGCGTG 3’ 

EWSFLI_1 5’ CAGACCGCCTATGCAACTTC 3’ 

EWSFLI_2 5’ AGCTATGGTCAACAAAGCAG 3’ 

EWSFLI_3 5’ AAAGCAAGCCCAACATGAATTACG 3’ 

 

2.16.11 Maxiprep 

Following manufacturer’s instructions, the Maxiprep kit (Qiagen) was used to prepare 

large concentrations of plasmid DNA (up to 500 µg). Clones harbouring pcDNA ™5/TO-

EWS-FLI1 were propagated as outlined in 2.16.7 to obtain bacterial cell pellets. Pellets 

were resuspended in buffer containing RNase A, followed by the addition of lysis buffer, 

inverting the tubes to mix and lyse the samples thoroughly. Samples were incubated at 

RT for 5 min prior to adding neutralising buffer to precipitate bacterial debris and 

genomic DNA. Samples were then incubated on ice for 30 min and centrifuged at 3000 x 

g for 30 min at 4°C. QIAGEN-tips 500 were equilibrated with buffer QBT before adding 

the supernatant. The supernatant containing the plasmid DNA was then applied to the 

QIAGEN-tip and gravity flow making it enter the resin in the tip. The QIAGEN-tip was 

washed twice with buffer QC followed by elution with buffer QF. The eluted DNA was 

then precipitated with isopropanol, mixing and centrifuging immediately at 3000 x g for 

30 min at 4°C. The supernatant was carefully removed and the pellet resuspended in 70% 

ethanol, centrifuging further at 3000 x g for 10 min at 4°C. Lastly, after discarding the 

supernatant, the remaining pellet was airdried and resuspended in Tris-EDTA (TE) 

buffer. The plasmid DNA concentration was measured on a Nanodrop 2000 

spectrophotometer at 260 nm wavelength. 

2.17 Inducible overexpression of EWS-FLI1 

2.17.1 Tet-on inducible system 

Inducible overexpression of EWS-FLI1 in osteosarcoma cell line U-2 OS was achieved 

using a tetracycline-inducible expression system (tet-on). Initially, plasmid 

pCAGTetRnls containing a tet repressor (tetR) was transfected in U-2 OS cells. 

Following puromycin selection and stable expression of tetR, a range of clones were 

tested for tetR expression levels. Clones possessing the highest expression were then 
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carried forward. The fusion gene EWS-FLI1 was cloned into pcDNA ™5/TO and placed 

under the control of a tetracycline-responsive promoter (described in 2.16.1). 

pcDNA™5/TO-EWS-FLI1 and empty vector control pcDNA™5/TO-EV were then 

transfected into tetR-expressing U-2 OS clones selected in the previous step. U-2 OS 

clones were cultured in media containing 0.5 µg/ml of puromycin and 50 µg/ml of 

hygromycin B. 

In the absence of tetracycline, expression of the fusion gene EWS-FLI1 is repressed by 

binding of tetR homodimers. Conversely, addition of doxycycline, an antibiotic derived 

from tetracycline, modifies and sequesters the tetR, derepressing expression of the fusion 

gene. In this way, this Tet-on system enabled doxycycline inducible expression of EWS-

FLI1 in the U-2 OS cell line. 

2.17.2 Monoclonal expansion 

In order to achieve homogeneous expression of the gene of interest, expansion of single 

clones was performed. Cells were seeded in 90 mm culture dishes (Thermo Fisher 

Scientific) at a density of 1 cell per plate in the appropriate selection medium. Whilst it 

was difficult to seed exclusively one cell per plate, cells were spread out facilitating 

monitoring the growth of single colonies. These were then marked under the culture dish, 

and using cloning cylinders (Sigma-Aldrich), single colonies were harvested and plated 

in a 24-well plate (Nunclon delta surface, Thermo Fisher Scientific). Cells were passaged 

into 6-well plates and t25s once they reached confluence in the original plate. Selected 

single clones were then tested for expression of the gene of interest. 

2.17.3 Transfection of pcDNA™5/TO-EWS-FLI1 

Following transfection of plasmid pCAGTetRnls in U-2 OS cells with to produce stable 

clones, three high-expressing TetR clones U-2 OS A1, B3, and B4 were seeded for further 

transfection. 200,000 cells/well in 2 ml of medium without antibiotics were plated in 6-

well plates. U-2 OS clones were transfected with purified pcDNA™5/TO-EWS-FLI1. 

Transfection mixes were made with 4 µg of the plasmid DNA in 250 µl of opti-MEM per 

well, and 7.5 µl of Lipofectamine 2000 (Invitrogen) in opti-MEM 250 µl/well. Each 

individual mix was incubated for 5 min at RT prior to being combined together and 

incubated for a further 20 min at RT. 500 µl of the mixed transfection reagents were then 

added to each well and incubated for 6 hours. Medium was then removed and replaced 
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with fresh medium containing antibiotics. Selection antibiotics hygromycin B or 

puromycin were added 24 hours post-transfection. 

2.18 In silico methods 

2.18.1 Graphpad Prism 7.0 

Growth curves and bar charts showing cell viability were plotted using the absorbance 

values from MTS assays on Graphpad Prism 7.0 software. GI50 values were calculated 

using the same software. 

2.18.2 Definiens Tissue Studio® 

Image analysis of immunofluorescence staining for quantification of CC3, γH2AX, 

53BP1 and pHH3 was carried out with Definiens Tissue Studio®. Regions of interest 

(ROI) were selected manually by drawing polygons around the spheroids to be analysed, 

with at least three spheroids per condition. Nuclear segmentation was done by intensity 

of the nuclear layer stain and size, excluding fragments of nuclei. Positive nuclei for each 

dye were identified using the algorithms for marker or spot detection, adjusted by staining 

intensity and area within the nucleus. In terms of foci analysis, nuclei were classified 

based on the number of spots per nuclei with the threshold for a true positive nucleus set 

to greater than 5 foci. 

2.19 Statistical Analysis 

Graphs representing means ± standard deviation from various independent experiments, 

or representative graphs showing means ± standard deviation from multiple internal 

repeats are shown as stated in figure legends. Statistical significance was established with 

one-way or two-way analysis of variance (ANOVA), where applicable. Post-hoc testing 

with Dunnett’s, Sidak’s, or Tukey’s multiple comparisons tests were performed to 

compare every mean to a control group mean. Actual p-values are shown in graphs. Only 

meaningful statistically significant comparisons were reported and shown on graphs, 

unless otherwise stated. 
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Chapter 3 Catalytic inhibition of KDM1A in Ewing sarcoma  

3.1 Introduction 

EWS-FLI1 has been identified as an oncogenic ‘pioneer’ factor, creating de novo 

enhancer elements and altering the epigenetic status of genomic regions through 

chromatin-remodelling complexes (144). In particular, the NuRD complex, previously 

introduced as a multi-subunit chromatin-remodelling complex modulating transcriptional 

activity and EWS-FLI1 target genes (22, 149, 151, 213). A working model proposed by 

Sankar et al., (2014) suggests EWS-FLI1 binds to promoters of repressed target genes 

and recruits the NuRD complex through interaction between subunits chromodomain 4 

(CHD4), metastasis associated protein 1 (MTA1), and the EWS portion of the fusion 

protein (149, 150). In turn, the catalytic part of the NuRD complex consisting of histone 

deacetylase 2 and 3 (HDAC2/3), and KDM1A, triggers histone modifications that 

contribute to the ES transcriptional signature (149, 214, 215). In support of this model, 

treatment with SP2509, a tool compound targeting KDM1A, reversed the EWS-FLI 

transcriptional programme. Inhibition of KDM1A with SP2509 also resulted in apoptosis 

and disruption of the ES oncogenic phenotype suggesting therapeutic potential through 

the targeting of this demethylase (149, 150). 

KDM1A is a well-characterised histone lysine demethylase that belongs to the family of 

flavin-dependent amine oxidases with important roles in regulating stem cell maintenance 

and gene expression (214, 216, 217). Besides this, KDM1A is involved in cell migration 

and invasion by controlling epithelial-to-mesenchymal transition (EMT), a process 

implicated but not limited to tumour development (215, 218). This demethylase is 

overexpressed in ES and other sarcomas including DSRCT and RMS (219). In addition, 

the interaction with chromatin remodelling complexes, enabled by the EWS portion of 

the fusion, made inclusion of DSRCT (EWS-WT1 fusion-positive) relevant to this study. 

Based on the rationale presented, the primary aim of this first chapter was to test the 

potential for repurposing available clinical drug candidates against KDM1A as a novel 

treatment for these sarcomas. Prior to this work, the use of inhibitors of KDM1A as a 

therapeutic strategy for ES had not been comprehensively assessed. At the start of this 

study, available inhibitors of KDM1A included ORY-1001 (also known as Iadademstat, 

RG6016 or RO7051790) and GSK2879552 (Table 3.1). These clinical drug candidates 

are potent irreversible inhibitors of KDM1A, which covalently modify the flavin adenine 
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dinucleotide (FAD) cofactor of this demethylase to inhibit catalytic activity (216, 220-

222)(216, 220-222)(215, 219-221)(214, 218-220)(214, 218-220)(214, 218-220)(213, 

217-219). Additional tool compounds targeting KDM1A discussed in this study are listed 

in Table 3.1. 

Table 3.1 KDM1A inhibitors. 

Compound 
Clinical drug candidates Tool compounds 

ORY-1001 GSK2879552 GSK-LSD1 SP2509 

Structure 

    

 IC50: 18 nM Kiapp of 1.7 μM IC50: 16 nM IC50: 13 nM 

Mechanism 

of action 

Irreversible 
inhibitor 

covalently 
modifying the 
FAD cofactor  

Irreversible 
inhibitor covalently 
modifying the FAD 

cofactor  

Irreversible 
inhibitor 

covalently 
modifying the 
FAD cofactor  

Reversible non-
competitive 

inhibitor  

Clinical 

status 

Completed 
phase I/IIa 

study in AML 
(EudraCT 

Number: 2013-
002447-29) 

and completed 
phase I study 

in SCLC 
(NCT0291344

3). Phase I 
combination 
studies with 

azacytidine for 
AML 

(EudraCT 
Number: 2018-

000482-36) 
and platinum-

etoposide 
chemotheraphy 

for SCLC 
(EudraCT 

Number: 2018-
000469-35) 

Phase I or I/II 
studies in SCLC 
(NCT02034123), 

AML 
(NCT02177812), 

and 
myelodysplastic 

syndrome (MDS) 
(NCT02929498) 

have been 
terminated because 
the risk benefit does 

not favour 
continuation. 

 

NA NA 
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3.2 Results 

3.2.1 Effect of catalytic inhibition of KDM1A on ES cell growth 

No evidence was available demonstrating whether the clinical drug candidates for 

KDM1A are active against preclinical models of ES. To begin to address this issue, ES 

cell lines A673 and TC71 were treated with compounds for 96 h to investigate the effect 

of KDM1A inhibition on cell viability. The cell lines tested showed no sensitivity to 

treatment with the irreversible inhibitors of KDM1A demethylase function: ORY-1001 

and GSK2879552 (Fig. 3.1A-B). Conversely, treatment with tool compound SP2509 

revealed a rapid decrease in viability with GI50s in the sub-micromolar range (A673: 123 

nM and TC71: 355 nM). Morphological assessment of cells following treatment with 

clinical drug candidates showed no differences between treated and untreated groups. 

Cell morphology in the SP2509-treated cells was consistent with apoptosis (Fig. 3.1C). 

These effects were replicated in the DSRCT cell line, which only showed sensitivity to 

SP2509 but not to the clinical drug candidates (Fig. 3.1D). To address the discrepancy 

between the KDM1A inhibitors, a chemical probe validated as a potent and selective 

inhibitor of KDM1A catalytic demethylase activity (GSK-LSD1) was also tested in these 

sarcoma cell lines (http://www.thesgc.org/chemical-probes/LSD1) (223). Again, 

treatment had no meaningful effect on growth, with only a 50% reduction at 10 µM in 

cell line TC71 (Fig. 3.1E-F). As a positive control of compound activity, drug response 

was assessed in leukaemia cell lines, a context in which catalytic inhibition of KDM1A 

with ORY-1001 had previously been shown to inhibit growth (220). In agreement with 

published findings, ORY-1001 and chemical probe GSK-LSD1 treatment at 10 nM 

reduced cell counts in two leukaemia cell lines (Fig. 3.2). Importantly, the clinical 

candidate GSK2879552 also decreased growth in this context (Fig. 3.2). These results 

suggest the biological role of KDM1A in leukaemia and ES cells may be different. 
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Figure 3.1 Effects of KDM1A inhibition on ES cell lines viability. 

(A-B) Dose-response to KDM1A inhibitors in ES cell lines A673 and TC71 after 96 h. 
(C) Brightfield images of ES cell line A673 treated with SP2509 and vehicle control, 
ORY-1001, GSK2879552 and vehicle control [2 µM]. Scale bars for SP2509 and vehicle: 
200 µm and ORY-1001, GSK2879552, vehicle: 100 µm. (D-E) Dose-response to ORY-
1001, GSK2879552, SP2509, and GSK-LSD1 in JN-DSRCT-1 cell line after 96 h. (F-
G). Dose-response to GSK-LSD1 in A673 and TC71 cell lines. Cell viability was assessed 
by MTS assay. Means ± SD of 6 replicates, graphs are representative of three independent 
repeats. 
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Figure 3.2 Effect of KDM1A inhibition on leukaemia cell lines viability. 

(A-B) Viable cell counts of leukaemia cell lines MV(4;11) and MOLT-4 treated with 
ORY-1001 and GSK-LSD1 (10 µM and 0.01 µM) relative to vehicle control at indicated 
time-points. Cell counts were determined by Trypan blue assay. Means ± SD of 3 
replicates, graphs are representative of two independent repeats. (C) MV(4:11) and 
MOLT-4 cells treated with GSK2879552 (10 and 2 µM) for 4 days and 10 days. Means 
± SD of 3 replicates, single experiment was performed. All p-values were calculated with 
a one-way ANOVA with Sidak’s multiple comparisons test, only significant comparisons 
are shown. 

3.2.2 Catalytic inhibition of KDM1A does not affect EWS-FLI1 transcriptional activity 

In order to confirm the drug agents’ capacity to inhibit KDM1A’s catalytic activity, the 

H3K4 methyl mark, a well-characterized KDM1A substrate was assessed by Western 

blotting. Importantly, consistent with their in vitro inhibition of KDM1A demethylase 

activity, all four compounds were able to modulate KDM1A-mediated demethylation of 

H3K4me2. Figure 3.3 indicates that following 72 h of treatment with 2 µM for all drugs, 

including the tool compound GSK-LSD1, there was an increase in the global levels of 

H3K4me2 in both ES cell lines tested (Fig. 3.3). Furthermore, to investigate the impact 

of catalytic inhibition of KDM1A on EWS-FLI1-driven transcription, validated 

B

A

C
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downstream target genes of the fusion protein were selected from publicly available 

datasets and assessed by qRT-PCR following treatment with ORY-1001 and 

GSK2879552 (150, 224). Extended exposure of up to two weeks (336 h) was conducted 

to ensure prolonged catalytic inhibition, which is recognised to be important to achieve 

maximal efficacy with inhibitors targeting epigenetic enzymes (221, 225). Changes in the 

selected five downstream target genes were observed following treatment with ORY-

1001 and GSK2879552 at 2 and 10 µM (Fig. 3.3C-G). Despite statistical significance, 

these changes did not appear to be dose-dependent and were not consistent across all 

time-points, casting doubt over their biological significance. As a positive control in this 

experiment, treatment with tool compound SP2509 (250 nM), reversed expression of 

repressed genes LOX and HMOX1 in agreement with a previous report, but not TGFBR2 

or EWS-FLI1 activated genes E2F1 and CAV1 (Fig. 3.3E-G). One explanation for the 

difference between these results and the previous study is that the concentration in these 

qRT-PCR experiments for SP2509 was lower than the 2 µM used in Sankar et al., (2014). 

Importantly, the GI50 in A673 cell line at 96 h was 123 nM (lower than in Sankar et al., 

(2014)), and therefore due to SP2509’s potent cytotoxic effect, higher concentrations 

would result in cell death, interfering with gene expression after treatment and limiting 

the window to assess such changes. 
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Figure 3.3 Downstream effects of catalytic inhibition of KDM1A on ES cell lines. 

(A-B) Western blot of H3K4me2 of A673 and TC71 cell lines treated with KDM1A 
inhibitors (SP2509, ORY-1001, GSK2879552 and GSK-LSD1) [2 μM] and their 
respective vehicle controls. Densitometry values shown above each blot were normalised 
to total H3 and relative to each vehicle control. Western blots are representative of at least 
two independent repeats. (C-G) Effect of KDM1A inhibitors on EWS-FLI1 target genes 
expression. qRT-PCR analysis of LOX, HMOX1, TGFBR2, CAV1, E2F1 in A673 cells 
treated with vehicle or KDM1A inhibitors ORY-1001 (2 µM, 10 µM), GSK2879552 (2 
µM, 10 µM), and SP2509 (250 nM). Normalised fold change was adjusted to human 
RPLPO endogenous control. Means ± SD of three replicates. Data is representative of 
two independent repeats. All p-values were calculated with a two-way ANOVA with 
Dunnet’s multiple comparisons test, only significant comparisons are shown. 
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3.2.3 Effect of catalytic inhibition of KDM1A on 3D spheroid models of ES 

To perform a more comprehensive evaluation of the effect of KDM1A inhibition, 

phenotypic assessment, including viability and invasion, was expanded to 3D models of 

ES. 3D cell culture systems have become more prominent in preclinical studies due to 

their ability to more closely represent tissue architecture and enable longer experimental 

time-frames. Tumour spheroids, for example, can recapitulate gradients of nutrients and 

greater cell-cell interactions that ultimately influence drug response (4, 204). A673 

spheroid cultures were treated with ORY-1001 and SP2509 for 10 days with a dose range 

between 0.3-10 μM (Fig. 3.4). Again, no effect on growth was observed with the 

irreversible inhibitor of KDM1A catalytic function ORY-1001, whereas SP2509 was 

active, albeit at higher concentrations compared to its effect in 2D cultures (Fig. 3.4). 

Drugs targeting epigenetic modifying enzymes often require prolonged inhibition for 

maximal drug potency and response to treatment. Therefore, spheroids were additionally 

treated for up to 21 days with a maximum concentration of 100 µM of both clinical 

candidates (ORY-1001 and GSK2879552). Neither had an effect upon spheroid growth 

in the extended assay (Fig. 3.4D-E). 
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Figure 3.4 Effect of KDM1A inhibition on viability of ES spheroids. 

Growth curve of A673 spheroids treated with a range of concentrations of KDM1A 
inhibitors ORY-1001 (A) and SP2509 (B) for 10 days. (C) Wells containing 
representative spheroids at day 10 of treatment with ORY-1001 and SP2509 at 10 μM, 3 
μM, and vehicle, respectively. Scale bars: 100 µm. Long-term treatment of A673 
spheroids with clinical candidates ORY-1001 (D) and GSK2879552 (E) for 21 days. 
Maximum area at greater width of a sphere was measured in images taken over the 
different time courses. Means ± SD of 6-10 replicates. 

As introduced before, KDM1A has been reported to have a role in migration and invasion 

(214, 215). To complete phenotypic assessment of KDM1A inhibition, we evaluated if 

ES cells showed a change in their invasive phenotype upon inhibition of KDM1A 

catalytic activity. Prior to testing, ES spheroids were embedded in a collagen I matrix (1.3 

mg/ml and 2 mg/ml) in serum-free and 10% serum to investigate the suitability of this 
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substrate to measure cell invasion. Collagen I was initially selected as a matrix for a single 

pilot study, as this substrate had been used in previous reports of a spheroid-based 

invasion assay with ES cells (158). However, invasion from A673 spheroids into the 

collagen matrix was not observed over a period of 24 h and serum starvation was not 

sufficient to encourage it (Fig. 3.5). This is in agreement with findings in Franzetti et al., 

(2017) in which unstimulated A673 spheroids did not invade into a collagen matrix (158). 

On the other hand, JN-DSRCT-1 spheroids successfully invaded in all conditions tested 

(Fig. 3.6), with serum starvation and a collagen I concentration of 2 mg/ml having the 

most invasion after 12 and 24 h. Interestingly, morphology between JN-DSCRT-1 

invasive cells dissociating from spheroids appeared to be different depending on serum 

status (Fig. 3.6). Matrigel was then tested as an alternative substrate for invasion in A673 

and JN-DSRCT-1 spheroids. This basement membrane extract proved to promote greater 

invasion of A673 spheroids than collagen I, and was therefore selected for further testing 

(Fig. 3.7) 

 

Figure 3.5 3D spheroid invasion assay in A673 spheroids. 

A673 spheroids embedded in a collagen I matrix (1.3 mg/ml or 2 mg/ml) in serum-free 
conditions or 10% FBS. Invasion was monitored over time and pictures taken every 12 
h. Scale bars: 100 µm 
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Figure 3.6 3D spheroid invasion assay in JN-DSRCT-1 spheroids. 

JN-DSRCT1 spheroids embedded in a collagen I matrix (1.3 mg/ml or 2 mg/ml) in serum-
free conditions or 10% FBS. Invasion was monitored over time and pictures taken every 
12 h. Scale bars: 100 µm. 

 

Figure 3.7 Matrix type comparison for spheroid invasion assay  

A673 spheroids embedded in a collagen I matrix (2 mg/ml) and Matrigel matrix in 10% 
FBS. Invasion was monitored over time with observable morphological changes around 
the edge of the spheroids in the Matrigel matrix. Scale bars: 500 µm. 
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To continue assessment of this phenotype, A673 and TC71 spheroids were pre-treated for 

10 days with the KDM1A inhibitors ORY-1001 and GSK2879552, and subsequently 

cultured in a Matrigel matrix, in which invasion was monitored for a further 48 h. 

Morphological changes were noted at the edge of A673 and TC71 spheroids, indicative 

of invasion of the Matrigel matrix (Fig. 3.8A, Fig. 3.9A). Comparison of the total spheroid 

area indicated that treatment with catalytic inhibitors of KDM1A had no significant 

impact on the invaded area in A673 or TC71 spheroids over time (Fig. 3.8B, Fig. 3.9B). 

Again, chemical probe GSK-LSD1 was included in the assay with no effect on invasion 

(Fig. 3.8B, Fig. 3.9B).  

To ensure this was not a concentration-dependent effect, the 10-day pre-treatment with 

KDM1A inhibitors was increased to 10 µM in a repeat experiment. Spheroid area was 

not significantly different indicating invasion was not affected (Fig. 3.8B, Fig. 3.9B). 

Consistent with our previous results regarding viability, spheroid area was not affected in 

the 10-day pre-treatment with either 2 µM or 10 µM concentrations of compound (area 

at 0 h) (Fig. 3.8B, Fig. 3.9B). 
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Figure 3.8 3D spheroid invasion assay in A673 spheroids. 

(A) A673 spheroids pre-treated with KDM1A inhibitors ORY-1001, GSK2879552, and 
GSK-LSD1 (2 µM) for 10 days and embedded in a Matrigel matrix. Invasion was 
monitored over time and pictures taken every 24 h. (B) A673 spheroids area measured 
with IncuCyte ZOOM software over 48 h with a 10-day pre-treatment of either 2 or 10 
µM of KDM1A inhibitors. Means ± SD of 3-5 replicates; graphs are representative of 
two repeats. 
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Figure 3.9 3D spheroid invasion assay in TC71 spheroids. 

(A) TC71 spheroids pre-treated with KDM1A inhibitors ORY-1001, GSK2879552, and 
GSK-LSD1 (2 µM) for 10 days and embedded in a Matrigel matrix. Invasion was 
monitored over time and pictures taken every 24 h. (B) TC71 spheroids area measured 
with IncuCyte ZOOM software over 48 h with a 10-day pre-treatment of either 2 or 10 
µM of KDM1A inhibitors. Means ± SD of 3-5 replicates; graphs are representative of 
two repeats. 
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3.2.4 Validation of KDM1A as a therapeutic target in ES and DSRCT 

Given the discrepancy in the phenotype observed between the KDM1A inhibitors, 

knockdown experiments were performed to further verify the role KDM1A has in ES 

cells. Figure 3.10A shows the panel of siRNAs against KDM1A used in Sankar et al., 

(2014) and where they are directed on the transcripts of the two isoforms of KDM1A 

(Fig. 3.10A) (150). siRNAs were transfected separately in A673 cells and protein level 

was assessed 120 h post-transfection to confirm knockdown of this demethylase. From 

the four siRNAs tested, siKDM1A 6 and siKDM1A 8 induced 60% and 70% knockdown 

of KDM1A, respectively, detected by Western blot (Fig. 3.10B). Cell viability was 

assessed at 96 h and 120 h post-transfection to test whether depletion of KDM1A affected 

the growth of ES cells (Fig. 3.10C-D). Compared to the non-targeting (NT) control, there 

was an overall statistically significant difference at 96 h (Fig. 3.10C-D). One caveat to 

these results is the variation introduced by cell counts and seeding density during 

replating post-transfection. Importantly, when assessing the effect on cell viability in the 

context of the level of knockdown of each siRNA, there was no association between 

protein knockdown (densitometry analysis) and cell viability (r2=0.05672, p=0.6495, 

Pearson’s correlation) (Figure 3.10E). This suggests siRNA knockdown of KDM1A is 

not consistent with an effect on cell viability in ES cells in short-term cultures. The same 

experiment was repeated in JN-DSRCT-1 cells, with the most effective siRNAs also 

silencing KDM1A in this cell line (Fig. 3.10F). The effect on cell viability was only 

significant at 96 h (Fig. 3.10F-H), but not at 120 h. Again, it was not dependent on 

presence of KDM1A overall suggesting siRNA depletion of KDM1A does not affect 

short-term survival of ES and DSRCT cells. 
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Figure 3.10 Effect of siRNA knockdown of KDM1A on ES and DSRCT cell viability. 

(A) siRNAs used by Sankar et al., (2013) and mapped on the two KDM1A transcripts 
variants KDM1A-202 and KDM1A-201, coding for the two KDM1A isoforms A and B, 
respectively. (B, F) Western blot of KDM1A after siRNA knockdown in A673 and JN-
DSRCT-1 cells. Densitometry values shown above each blot were normalised to GAPDH 
and relative to each vehicle control. MTS assays indicating cell viability of A673 and JN-
DSRCT-1 cells at 96 h (C, G) and 120 h (D, H) after transfection with siRNAs against 
KDM1A. (E) Correlation between cell viability (%) and level of KDM1A knockdown 
measured by densitometry analysis in transfected A673 cells (r2=0.05672, p=0.6495, 
Pearson’s correlation). TOX = Positive cell death control. MOCK = Transfection reagent 
only. NT = Non-targeting siRNA control. Error bars represent standard deviation. Graphs 
are representative of two independent repeats. All p-values were calculated with a one-
way ANOVA with Dunnet’s multiple comparisons test, only significant comparisons are 
shown. 
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3.2.5 Effects of catalytic inhibition of KDMIA or protein knockdown in combination 

with ionising radiation 

In order to continue exploring the therapeutic potential of targeting this demethylase, the 

next step was to investigate whether KDM1A depletion or inhibition could sensitise ES 

cells to DNA damage. A previous study identified KDM1A’s recruitment to DSBs 

following DNA damage, suggesting involvement in the DDR and the potential benefit of 

a combination with DNA damaging agents (226). A673 cells were pre-treated with 2 µM 

of KDM1A inhibitors ORY-1001 and GSK2879552 for 72 h and 3 h prior to exposure to 

doses of ionising radiation (IR) doses of 2 or 6 Gray (Gy) (Fig. 3.11A). The 72-hour pre-

treatment with KDM1A inhibitors was selected to test the potential downstream 

transcriptional effect of inhibiting KDM1A, in addition to suppression of its suggested 

catalytic-dependent roles in the DDR. Previously in this study, levels of H3K4me2, 

repressive epigenetic mark and substrate of KDM1A, had been confirmed to change 72 h 

after treatment with catalytic inhibitors by Western blot, with significant changes in 

selected downstream targets of KDM1A (Fig. 3.2). On the other hand, the limited 3-hour 

pre-treatment only encompassed the impact of catalytic inhibition of KDM1A on the 

proposed role in the DDR (Fig. 3.11). To allow for a 72-hour pre-treatment, these groups 

were replated prior to IR treatment. Viability was assessed 96 and 144 h after radiation 

treatment. As expected, there was an overall decrease in cell viability due to the radiation 

treatment across all three conditions (ORY-1001, GSK2879552, and untreated control) 

for both pre-treatment schedules (Fig. 3.11). In the 72-h pre-treated groups, there was a 

statistically significant interaction between the two variables of IR and catalytic inhibition 

of KDM1A, measured at 96 h and 144 h post-IR (Fig. 3.11B-C). This suggests the effect 

of IR on viability was linked to catalytic inhibition of KDM1A, but interpretation of these 

should be done with care. Post-hoc Dunnett’s multiple comparisons test revealed 

significant differences in the mock-IR group between KDM1A-inhibited and vehicle-

treated samples (Vehicle vs. ORY-1001, p =<0.01, Vehicle vs. GSK2879552, p 

=<0.0001, Dunnett’s test), which do not relate to a potential radiosensitisation effect. In 

addition, reduction in viability after ORY-1001 or GSK2879552 treatment alone was not 

a consistent effect in previous experiments (Figure 3.1). Combination of 2 Gy with 72 h 

pre-treatment with GSK2879552 appeared to be statistically significant (Vehicle vs. 

GSK2879552, p =<0.0001, Dunnett’s test), but not consistent across the 144 h timepoint. 

Rather, replating before IR treatment in this KDM1A-inhibited group, could have 

accounted for variation in cell density, and therefore an overall effect on viability. 
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Regarding the 3-hour pre-treated groups, there was no significant relation between the 

mock-IR group and KDM1A-inhibited samples at 96 h post-IR and at 144 h post-IR (Fig. 

3.11D-E). Overall, these experiments do not provide strong evidence of radiosensitisation 

through catalytic inhibition of KDM1A in ES cell line A673. 

 

 

Figure 3.11 Effect of catalytic inhibitors of KDM1A in combination with ionising 

radiation on cell viability. 

(A) Pre-treatment schedules for KDM1A inhibition (KDM1Ai) with ORY-1001 and 
GSK2879552 in combination with ionising radiation (IR). (B-E) MTS assay indicating 
cell viability 96 h and 144 h post-treatment with IR (2 Gy, 6 Gy). B and C received a 72-
hour pre-treatment with KDM1A inhibitors ORY-1001 and GSK2879552 [2 μM], and D 
and E were treated for 3 h before irradiation. Error bars represent SD. All p-values were 
calculated with a one-way ANOVA with Tukey’s multiple comparisons test, only 
significant comparisons are shown. 
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To test whether radiation had an effect in combination with depletion of KDM1A, 

transfected cells were exposed to IR 48 h post-transfection and viability assessed 96 h 

later (120 h post-transfection) (Fig 3.12A). Protein knockdown was verified at the time 

of IR treatment by Western blot (Fig. 3.11B). Assessment of cell viability at 96 h 

indicated statistical significance between knockdown of this demethylase and IR 

treatment (Fig. 3.12C). However, as shown before, the effects of KDM1A depletion on 

viability, were not consistent with the level of knockdown achieved (Fig. 3.10), and 

therefore cannot be associated with depletion of this demethylase. 

 

Figure 3.12 Effect of KDM1A depletion in combination with ionising radiation on 

cell viability. 

(A) Schedule of transfection, radiation treatment, and viability assessment in A673 cells. 
(B) Western blot of KDM1A after knockdown with siRNA oligonucleotides in A673. 
Densitometry values shown above each blot were normalised to GAPDH and relative to 
each vehicle control. (C) MTS assay indicating cell viability 96 h and 144 h post-
treatment with IR (2 Gy, 6 Gy). All p-values were calculated with a one-way ANOVA 
with Tukey’s multiple comparisons test, only significant comparisons are shown. 
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3.3 Discussion 

3.3.1 Evaluating the potential of catalytic inhibition of KDM1A on ES cells 

tumourigenesis 

KDM1A’s proposed functional role in ES oncogenesis, alongside high expression in this 

and other sarcomas such as DSRCT, has made it a promising therapeutic target (195, 

227). To examine this, a comprehensive evaluation of phenotypes following treatment 

with clinically available inhibitors of KDM1A was carried out. Overall, findings in this 

results chapter do not support repurposing clinical compounds ORY-1001 and 

GSK2879552 as a therapeutic strategy targeting EWS-FLI1 activity in ES. 

Firstly, inhibitors of catalytic activity of KDM1A did not exhibit significant cytotoxic 

effects in 2D and 3D viability assays, with only a mild effect at 10 µM in TC71 cells in 

2D. Compound GSK-LSD1 was then tested in parallel as a selective chemical probe for 

inhibition of KDM1A catalytic function (http://www.thesgc.org/chemical-probes/LSD1) 

(221, 223). This validated tool compound has the same chemical scaffold as the clinical 

drug candidates and shares its mechanism of action through irreversible covalent 

modification of the FAD cofactor. Treatment with GSK-LSD1 however, had no effect on 

ES cell viability in 2D and 3D assays. Alternatively, prolonged inhibition (10 and 21 days 

of treatment) was explored in order to achieve maximal efficacy, as suggested in reports 

with inhibitors of EZH2 in lymphoma (220, 221, 225). Length of treatment did not affect 

the response to inhibition of KDM1A catalytic function with clinical drug candidates. 

Lastly, clinical drug candidates had been demonstrated to have growth inhibitory effects 

in leukaemia and small cell lung cancer (SCLC) cell lines (220, 221). Hence two 

leukaemia cell lines were used as a positive control, in which these results were 

reproduced with both clinical drug candidates and tool compound GSK-LSD1. Together, 

this suggests that whilst catalytic inhibition of KDM1A has anticancer effects in 

leukaemia, it does not affect survival of ES in in vitro models. 

The original model in Sankar et al. (2014) (150) proposed KDM1A as a mediator of 

EWS-FLI1 transcription activity that can be targeted through small molecule inhibition. 

This model, however, does not address the extent to which catalytic function of KDM1A 

is key to establishing the EWS-FLI1 transcriptional programme. Given the absence of an 

effect on viability, it was important to assess whether catalytic inhibition blocks 
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KDM1A’s proposed role in the transcriptional programme of this sarcoma. Firstly, levels 

of H3K4me2 were assessed and seen to increase following treatment with all KDM1A 

inhibitors, demonstrating effective reduction of catalytic activity of this demethylase. The 

literature reports that global or promoter-specific accumulation of methylation of H3K4 

is not always seen after KDM1A inhibition, regardless of decreased KDM1A activity 

(221, 228). Thus, to continue to address this issue, expression of downstream genes was 

measured after treatment. Genes were selected from publicly available data sets of 

modified genes following EWS-FLI1 knockdown and KDM1A knockdown, and 

therefore expected to be affected if indeed they are regulated through this demethylase 

(150, 224). Expression of downstream targets of EWS-FLI1 after ORY-1001 and 

GSK2879552 treatment was not reversed by catalytic inhibition of KDM1A, regardless 

of the length of treatment. This suggests that blocking catalytic activity alone is 

insufficient to reverse its transcriptional targets. Assessment of differentially expressed 

genes after KDM1A knockdown in ES cell lines, followed by chromatin 

immunoprecipitation-sequencing (ChIP-seq) of KDM1A, could be a way of determining 

which of the ‘putative KDM1A-regulated genes’ are actually bound by KDM1A and their 

activation or repression depends on their methylation status (229). 

The disease context and the nature of the role that KDM1A plays in various malignancies 

are key determinants of how effective KDM1A inhibition is as a therapeutic strategy. In 

leukaemia, KDM1A activity involves silencing regulators of haematopoiesis, essential in 

maintaining leukaemia stem cells undifferentiated (230). This differentiation arrest has 

been shown to be abrogated through targeting KDM1A activity or protein knockdown 

(220, 228, 230). Initially this was thought to be through catalytic activity of this 

demethylase, however, it has now been shown that catalytic KDM1A inhibitors block 

interaction with transcription factor growth factor independence 1 (GFI1) to elicit their 

cytotoxic effect in AML cell lines (228, 231). In the context of ES, blocking this 

interaction between KDM1A and this myeloid transcription factor is likely not relevant 

to disease mechanisms of this sarcoma. In addition, inhibition of its canonical 

demethylase activity was also insufficient to modify expression of a selection of known 

target genes of EWS-FLI and impair ES cells survival. 

Comprehensive evaluation of the clinical potential of targeting KDM1A’s catalytic 

function, required investigating additional phenotypes related to the activity of this 
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demethylase and relevant to ES tumourigenesis. For example, additional roles for 

KDM1A in modulating self-renewal and differentiation in ESCs also encompass 

regulation of migration during normal mammalian development and promoting EMT in 

breast cancer tumour development (218, 232). Importantly, in solid tumours, high levels 

of KDM1A have been associated with metastasis and inhibition of this demethylase has 

been shown to attenuate migration and invasion in breast cancer cell lines (215). ES 

patients with metastatic disease have dismal survival rates below 30%, making invasion 

part of the phenotypic assessment of KDM1A inhibition as therapy highly relevant (233). 

However, in a spheroid invasion assay, KDM1A inhibition did not alter cell morphology 

associated with an invasive phenotype and failed to suppress invasion in a Matrigel 

matrix. 

3.3.2 Investigating the potential of catalytic inhibition of KDM1A in combination with 

DNA damaging agents  

KDM1A has been shown to be recruited to sites of double strand breaks in DNA, after 

which H3K4me2 levels decreased, potentially to repress transcription at these sites 

following damage (226). Other chromatin-modifying factors have been shown to play a 

role in the DDR, including members of the NuRD complex of which KDM1A is 

associated to (213). Given this link to the DDR, inhibition of this demethylase together 

with a DNA damaging agent was hypothesised to work as a combination therapy. Ionising 

radiation, which is part of the standard of care for ES patients, was chosen as a general 

inducer of DNA damage. However, combination studies with catalytic inhibitors or 

depletion of KDM1A failed to produce a radiosensitising effect. To verify any potential 

radiosensitising effect, a known radiosensitising agent such as a DNA-PK inhibitor, could 

have been used as a positive control for this experiment. Future work could also 

investigate KDM1A’s contribution in the DDR by modulating the repair pathway of 

choice, for example promoting activation of NHEJ. This is because loss of the catalytic 

function of this demethylase, was shown to particularly affect 53BP1 foci formation 

possibly due to not being able to interact with RNF168. Overall, this resulted in increased 

activation of HR (226).  

3.3.3 Model for KDM1A’s role in EWS-FLI1-mediated transcriptional activity 

The effects of catalytic inhibition of KDM1A in ES in these results strongly contrasts the 

effects seen with compound SP2509 in this work and in previous findings (150, 224). 
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One explanation for the difference could be attributed to the mechanism of action of these 

inhibitors. Clinical drug candidates against KDM1A bind and trigger irreversible covalent 

modification of the FAD cofactor (220, 221), whilst the tool compound is thought to 

reversibly bind to the H3 pocket region of KDM1A (229). It is possible that inhibitor 

class, specifically the mechanism of inactivating KDM1A is a determining factor to elicit 

anticancer effects in ES. Importantly, SP2509 has been shown to cause cell death in a 

KDM1A-knockout leukaemia cell line and its isogenic control, suggesting it also has 

additional cytotoxic effects independent from KDM1A binding (234). Consistent with 

this, the 2-hydroxyphenyl-hydrazone structural motif within SP2509, has previously been 

identified as a pan-assay interference flag with the potential of causing promiscuous 

biological activity (222, 235, 236). Determining the mechanism of action and binding 

partners of this compound still remains an important area of investigation. Particularly 

so, since SP2577, the clinical formulation and analogue of this compound, is currently in 

a phase I trial for refractory Ewing sarcoma (237, 238).  

Regarding validation of KDM1A as a target for this malignancy, siRNA depletion of this 

demethylase did not result in a strong effect on cell viability. This is challenged by recent 

findings showing shRNA-mediated knockdown of KDM1A causes severe growth 

impairment and cell death in ES cells, thus confirming their dependency on this 

demethylase (224). The difference between the effect caused by the knockdown 

techniques could be explained by the transient and partial nature of siRNA technology, 

achieving 60-70% knockdown of the protein in this work. It is plausible that the stability 

and long-term depletion achieved by shRNA is necessary to fully eliminate KDM1A’s 

function. Overall, the discrepancy between the results regarding inhibition of KDM1A 

catalytic function, reversible inhibitor SP2509, and knockdown of the multidomain 

protein strongly suggests a non-canonical role for KDM1A, independent from its 

demethylase function. These characteristics coincide with other epigenetic regulators 

such as EZH2. Its emerging methyltransferase- and polycomb-independent roles provide 

novel therapeutic potential for inhibitors disrupting its docking capacity (239). In line 

with this model, recent reports in prostate cancer cell lines described a scaffolding role 

for KDM1A, whereby a catalytically inactive KDM1A mutant was still able to establish 

the prostate cancer gene network and ensure survival of castration-resistant prostate 

cancer cell lines (229). This was further confirmed with tool compound SP2509, proposed 

as an allosteric inhibitor, capable of inducing cell death in prostate cancer cell lines. 
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Similarly, future work could express this ‘catalytically dead’ K661A KDM1A mutant in 

an ES KDM1A-knockout cell line to investigate how much of EWS-FLI1 transcriptional 

activity, and importantly, cell viability can be rescued. Recently, novel non-enzymatic 

functions for KDM1A have been found in cancer cell lines and non-malignant contexts 

(231, 240). It is foreseeable that KDM1A’s role as a docking element for additional 

proteins may play a more prominent part in helping EWS-FLI1 drive tumourigenesis 

(217). Already, fusion protein EWS-FLI1 has been demonstrated to require cooperation 

of chromatin remodelling complexes such as PRC2 and BAF in order to modify gene 

expression (143, 144, 153). Identifying additional binding partners of KDM1A and their 

relevance in the context of ES remains an unexplored area. Different KDM1A constructs 

with mutated residues could be an approach to continue to elucidate key binding sites on 

this demethylase, particularly those contributing to EWS-FLI1 activity (149). 

Importantly, knowing whether these sites are already targeted by allosteric inhibitors of 

KDM1A, or can be druggable, will be key to future therapies. 

In conclusion, assessment of tumorigenic phenotypes following catalytic inhibition of 

KDM1A in ES did not provide strong evidence to pursue this as a therapeutic strategy. 

These findings were particularly relevant at the time when a Phase I trial in ES patients 

with INCB059872 started (NCT03514407) (241), given that this drug was of the same 

mechanistic class of KDM1A inhibitors ORY-1001 and GSK2879552. This trial, 

however, has now been terminated citing strategic business decisions. Phase I trials with 

ORY-1001 in adult patients with AML and SCLC have been completed and are 

continuing in combination with front-line chemotherapeutic agents. However, previous 

clinical trials with GSK2879552 have been stopped citing that the benefits do not 

outweigh the risk (242-245). Whilst KDM1A remains a potential target in this sarcoma 

and other malignancies, non-canonical functions rather than inhibiting catalytic activity 

should be explored as a therapeutic prospect.  
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Chapter 4 A novel assay to identify combination strategies 

targeting the replication stress response 

4.1 Introduction 

The previous chapter presented an approach to targeting the fusion protein EWS-FLI1 

through catalytic inhibition of KDM1A, a histone modifying enzyme which contributes 

to the ES transcriptional programme. In light of this not being successful as a therapeutic 

prospect, the aim of this study was to continue identifying alternative novel combination 

strategies for this sarcoma. To achieve this, the strategy encompassed mechanism-

informed selection of drug targets, together with a focus on clinical relevance and 

translational potential. Therefore, instead of basing decisions on immediate drug response 

and target inhibition alone, cell-based assays were designed to study the long-term impact 

of combination treatments and cell recovery. A set of criteria served as a prioritisation 

plan to select and rank the combination strategies tested. The results from these 

combination studies are presented and discussed here, together with an evaluation of the 

methodology. 

As detailed in the introduction of this thesis, one consequence of EWS-FLI1-activated 

malignant transformation is interference with EWSR1 activity, which results in sustained 

phosphorylation of RNAPII and higher basal levels of transcription (37). Dysregulated 

transcription leads to conflicts with the replication machinery, apparent in the form of R-

loops and replication stress (32, 33). To deal with the innate levels of RS generated by 

the presence of EWS-FLI1, ES cells depend on the activity of the DDR mitigating 

accumulation of DNA damage and maintaining genome integrity (31). Some evidence of 

this dependency are high levels of CHK1 expression and sensitivity to single-agent 

inhibition of ATR (98, 167), the apical kinase in the ATR-CHK1-WEE1 axis in the RSR. 

Based on this rationale, it was hypothesised that treating ES cells with inhibitors targeting 

the RSR, involving cell cycle checkpoint activation, and/or DNA repair could exploit 

their dependency on this pathway due to increased innate levels of RS. In addition, 

combination with DNA damaging agents inducing replication stress could further exploit 

this vulnerability. For these reasons, drug targets selected were ATR, CHK1, WEE1, and 

PARP1. Of note, PARP1 inhibition as a single agent has been clinically tested as 

therapeutic strategy obtaining no significant response (199) (discussed below in 4.3). 
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However, other studies investigating PARP inhibition in combination with irinotecan are 

currently ongoing (190, 191, 246). Some of these trials include combination arms with 

temozolomide as well (NCT02392793) (246).  
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4.2 Results 

4.2.1 Clinical drug candidate selection and methodology for combination studies 

Regarding the process of identifying novel targets, there were three key points making up 

the mechanism-informed phenotypic approach in this study. 

(i) Spheroid cultures of ES cell lines were established and used for drug testing. These 

models have greater potential of developing heterogeneity driven by microenvironmental 

gradients affecting tumour physiology, and also allow for medium-term culturing (three-

week assays) (Fig. 4.1B) (204, 247). Initially, two ES cell lines A673 and RM82 were 

selected to test all drug combinations with further validation to be carried out in additional 

cell lines. 

(ii) Only drug targets relevant to the hypothesis with a clinical drug candidate undergoing 

trials were selected (Table 4.1). This was to facilitate their introduction into the clinic 

given the lack of targeted therapies for this sarcoma. Additionally, having chosen 

compounds that have undergone phase I trials, data on pharmacokinetic (PK) and 

pharmacodynamic (PD) parameters, informed the concentrations used in in vitro 

experiments where possible (Table 4.1). 

 (iii) Irinotecan was chosen as the combination partner for the chemotherapy backbone 

for two reasons. Firstly, this chemotherapeutic agent forms part of the regime 

administered to Ewing sarcoma patients during relapse alongside temozolomide (181, 

248). Importantly, any novel therapeutic approach or combination partner would be 

trialled in the relapse setting and could be directly compared to irinotecan and 

temozolomide in a randomised setting. In this way, potential successful combinations 

could act as preclinical evidence for translation into the clinic. Secondly, irinotecan is an 

inhibitor of topoisomerase I, which creates a single nick on DNA to relieve the torsional 

stress existing behind and ahead of the replication fork (182, 184). Mechanistically, 

irinotecan treatment results in enhanced replication fork stalling and DSB accumulation, 

making it suitable for combination with inhibitors of the RSR. Examples of similar 

combination strategies with irinotecan have been successful in colorectal cancer and are 

being considered for other malignancies (184, 186). Importantly, during the course of this 

study, a recent randomised comparison of relapse regimens in ES found the 
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irinotecan/temozolomide combination to be inferior to two other arms consisting of 

topotecan in combination with cyclophosphamide, and high-dose ifosfamide (183). 

Whilst topotecan and irinotecan have clinical differences, mechanistically this other 

topoisomerase I inhibitor would still be a suitable combination partner  (182, 184). 

 

Figure 4.1 3D spheroids as tumour models of ES.  

(A) Diagram illustrating the process of spheroid formation in an ultra-low attachment 
plate, from seeding single cells to a spheroid. These models naturally develop 
microenvironmental gradients of nutrients, oxygen, and pH, amongst other factors. These 
cues help to shape a layered structure of zones with different proliferation levels away 
from a necrotic core, overall contributing to creating a heterogeneous model. (B-C) 
Haematoxylin and eosin staining of a paraffin-embedded section of ES cell line A673 
cultured as a spheroid. This spheroid shows less cellularity in the centre, with distinct 
regions throughout the spheroid. The higher magnification image shows the characteristic 
small blue round cells arrangement of this type of tumour.  
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Table 4.1 Drug targets and clinical drug candidates 

Drug 

target 

Clinical 

drug 

candidate 

Pharmacokinetic data 

Biomarker 
Refere

nce Clinical 

Dose 
AUC  Cmax  Ctrough  t1/2 (h) 

W
E

E
1 AZD1775 

(MK1775, 
Adavosertib

) 

225 mg 
BD  

8590 
nM∙min  

1.38 µM 776 nM - 
Tyr15 on 

CDK1 

(99, 
101) 

A
T

R
 

AZD6738 
(Ceralaserti

b) 

160 mg 
BD  

- 

5000 
ng/ml 

1000 
ng/ml 6.1-12.1 

h 
pS317 and 
pS345 on 

CHK1 

(102) 
12.12 
µM 

2.4 µM 

VX-970 
(M6620, 

Berzosertib) 

1 h 
infusion 

of 60 
mg/m2 

- 
343 

ng/mL  
- 

- (249) 

- 
739.93 

nM 
- 

C
H

K
1 

SRA737 

150 mg 
tablet per 

day  

3550 
ng∙h/ml  

548 
ng/ml 

52 ng/ml  

- 
Auto- 

phosphoryla
tion (pS296) 

(100) 
9.35 
µM∙h 

1.44 µM 137 nM 

P
A

R
P

1/
2 

Olaparib 

(Lynparza) 

300 mg 
tablet 
BD 

49.0 
μg⋅h/ml 

7.7 
µg/ml  

- 14.9 h ± 
8.2 h 

(after a 
single 

300 mg 
tablet)  

PARylation 
detected 

with anti-
PAR, seen 
smear by 
Western 

blot 

(97) 
112.60 
µM⋅h 

17.69 
µM   

- 

 

4.2.2 A novel in vitro spheroid-based assay to test drug combinations 

In terms of the experimental set up for testing drug combinations, irinotecan’s schedule 

used in paediatric trials was translated into an in vitro spheroid-based assay. A standard 

cycle consists of a daily schedule of intravenously-administered 50 mg/m2/day of 

irinotecan for 5 consecutive days every 21 days (248) (Fig. 4.2A). As irinotecan gets 

metabolised and activated in the liver of the patient, in the experimental setting, SN-38, 

the active metabolite of irinotecan was used instead, and was tested alone and in 

combination with selected clinical drug candidates for 5 consecutive days, at the 

beginning of this 21-day cycle (Fig. 4.2B). Spheroid area was monitored throughout the 

experiment as a proxy for spheroid growth, respectively. The optimal result for 
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combination treatments was complete cell killing with no surviving population or an 

overall cytotoxic effect, determined to be any decrease in spheroid size from the original 

at day 0 (Fig. 4.3A-B). Alternatively, any slowing down in spheroid growth compared to 

the untreated control would be classified as an inhibitory effect, with no overall cell 

killing. Importantly, spheroids in this category would still be viable and could represent 

a ‘disease progression’ outcome in the clinic (Fig. 4.3C). Having a long-term window to 

assess cell recovery after a 5-day treatment was important to observe more phenotypes 

that may take more time to develop such as a sustained cytostatic effect (Fig. 4.3D). 

Overall, this model allowed study of the effects of the clinical drug candidates more 

thoroughly because of the nature of the drug targets, requiring continuous cell cycling to 

observe the full effect of their inhibition. Once DNA damage is generated, its 

accumulation triggers signalling mechanisms opening up multiple fates for affected cells. 

Continuous drug incubation on the other hand, limits the potential for recovery and does 

not capture the context of how drugs are administered to patients, failing to fully assess 

their therapeutic effects. 

 

Figure 4.2 Treatment schedule for drug combination studies. 

(A) 21-day chemotherapy schedules with 5 consecutive days of irinotecan (clinical) or 
SN-38 (in vitro) treatment. (B) Outline for schedule with combination treatments with 
selected drug targets and their respective clinical drug candidates. 
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Figure 4.3 Theoretical responses to treatment in the spheroid-based assay. 

Spheroid growth curves showing theoretical responses to treatments. (A) An outcome of 
complete ‘cell killing’ is determined by a sharp decrease in spheroid area representing a 
spheroid breaking up, and so limiting any possible assessment of size. (B) A cytotoxic 
effect is characterised by an overall decrease in spheroid area, without complete cell 
killing. (C) Growth inhibition is when the spheroid growth rate is only reduced upon 
treatment, but the net effect is not an overall cytotoxic effect. (D) A growth recovery 
effect shows an initial response, followed by recovery, similar to relapse. (E) A cytostatic 
effect occurs when growth is halted and spheroid area remains unchanged. 

4.2.3 Establishing a SN-38 backbone 

Before assessing the clinical drug candidates in combination, a clinically achievable 

concentration range for SN-38 was determined from published PK data from a phase II 

trial in children with refractory solid tumours (180). From a daily dose of irinotecan of 

50 mg/m2 intravenously administered, this study calculated the parameters in table 4.2, 

adapted from Bomgaars et al. 2007 (180). Following conversion to nanomolar 

concentrations, these parameters served as guidelines to establish a threshold for 

achievable concentrations of SN-38 in ES spheroids. The in vivo half-life of SN-38 at the 

specific dose of irinotecan was determined to be 7.6 hours, based on an average Cmax of 

13 ng/ml (33 nM) (Table 4.2). Although this will be dependent on the drug metabolism 

in the liver, varying from patient to patient, the high Cmax achieved together with this drug 

clearance rate provide a favourable window of exposure to the active compound.  
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Sensitivity to SN-38 differed in dose-responses in ES spheroids (Fig. 4.4). Concentrations 

that resulted in a growth inhibitory effect, with viable spheroids at the end of the 21-day 

cycle, were taken forward for testing in combination with clinical drug candidates. These 

concentrations were 2 nM in spheroid models of cell lines A673 and RM82 and 1 nM in 

TC32, SKNMC, and WE68 spheroids (tested later in the validation experiments in 5.2.1). 

These concentrations were selected as they caused a growth inhibitory response, seen as 

a decrease in spheroid area. Importantly, at these concentrations there was a window to 

observe an additional effect in combination with clinical drug candidates on top of single-

agent treatment with SN-38. 

 

Figure 4.4 Dose-responses with SN-38 in ES spheroids. 

ES spheroids from different cell lines treated with a range of SN-38 concentrations for 5 
consecutive days during a 21-day cycle. Spheroid growth was assessed by measuring the 
cross-sectional area of spheroids throughout the indicated time points (detailed in 
methods 2.1.2).  
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Table 4.2 SN-38 pharmacokinetic data 

Drug AUC (ng h/ml) Cmax (ng/ml) t1/2 (h) 

Irinotecan 2626 ±1443 726 ± 482 4.7 ± 2.3 

SN-38 84 ± 67 13 ± 5.6 7.6 ± 11 

Converted 

to nM 

215 nM*h ± 170 
nM*h 

33 nM ± 14.27 nM  

 

4.2.4 Triaging combination strategies 

In previous sections, the expected outcomes in the spheroid-based assay were described 

with the optimal result being complete cell killing (Fig. 4.3). However, the triaging of 

combination strategies was also contingent on an additional set of criteria, developed to 

select which combinations to take forward: 

(A) Only combinations with concentrations deemed within the clinically achievable range 

based on available PK data (Table 4.1) were taken forward.  

(B) In addition, evidence of a measurable biomarker in response to treatment, at a 

concentration satisfying point A, ensured successful target engagement. Biomarkers 

selected are indicated in table 4.1. 

(C) Clinical drug candidates with a greater dose-response profile (based on lower GI50s, 

where possible) in 3D spheroids were prioritised. Dose-responses and biomarker 

assessment were initially carried out in A673 spheroids (Fig. 4.5). 

Clinical drug candidates were tested alone and in combination with SN-38 at 2 nM 

combined with at 100%, 50%, and 10% of their GI50, where available. In the absence of 

a GI50, the concentration used was derived from points A and B in the criteria, and was 

therefore within a clinically achievable range and elicited a biomarker change (Fig. 4.5). 

Combination concentrations are indicated in table 4.3. Importantly, in the case that the 

selected concentrations were beyond the clinically achievable range, but 50% or 10% of 

that concentration were still within it, combinations with clinical drug candidates at these 

concentrations were still carried forward since they satisfied the criteria. 
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Figure 4.5 Clinical drug candidates’ dose-responses and biomarker assessment. 

Dose-responses with AZD1775 (A), VX-970 (C), AZD6738 (E), SRA737 (F), olaparib 
(H) in A673 spheroids treated for 5 days during a 21-day cycle. Corresponding biomarker 
assessment in A673 spheroids for each clinical drug candidate after 24 hours of treatment 
at the indicated concentrations. Western blot for levels of phospho-CDK1 (Y15) after 
AZD1775 treatment (B), phospho-CHK1 (S345) after treatment with VX-970 and 
AZ6738 (D), phospho-CHK1 (S296) after treatment with SRA737 (G), and polyADP-
ribosylation after treatment with olaparib (I). 

p-CDK1 (Y15)

CDK1

S
N

-3
8
  

2 
n
M

A
ZD

17
7
5
 

1
.4

 µ
M

C
o
m

b
in

a
ti
o
n

V
eh

ic
le

A673 3D

GAPDH

A B

C

F G

D

E

H I

Poly ADP 
Ribosylation 

(PAR)

0.2 0.5V
eh

ic
le Olaparib (µM)

GAPDH

1 5

A673 3D

2

1V
eh

ic
le

p-CHK1 (S296)

GAPDH

0.5 0.1 0.05

A673 3D

CHK1 

SRA737 (µM)

S
N

-3
8

2 
n
M

CHK1

S
N

-3
8 

2 
n
M

V
X

97
0 

1 
µM

V
eh

ic
le

GAPDH

A
Z
D

6
7
3
8
 

1
 µ

M

p-CHK1 (S345)

A673 3D



 116 

 

Table 4.3 Drug concentrations used in combination experiments 

Clinical 
drug 

candidate 
Concentrations (µM) 

AZD1775  1.4 0.7 0.14 

AZD6738 1 0.5 0.1 

VX-970  1 0.5 0.1 

SRA737 1 0.5 0.1 

Olaparib 1 0.5 0.1 
 

4.2.5 Overview of combination studies results 

Combination strategies exhibited a range of outcomes, as predicted (Fig 4.3). Within one 

treatment, growth curves had a mix of responses, for example an initial cytostatic effect 

followed by cell recovery, resulting in an overall growth inhibitory effect. Often these 

cases were dose-dependent, showing a cytotoxic effect at the highest combination 

concentration, but mild growth inhibition at the lowest setting. Determining the total 

effect of each condition took into account the initial response, its progression, and the 

final outcome at 21 days. This timeline of events provided hints of the mechanism behind 

inhibiting these drug targets and the overarching rationale of targeting the replication 

stress response combined with DNA damaging agents. Overall, WEE1 inhibitor 

AZD1775 and ATR inhibitors VX-970 and AZD6738 were identified as successful based 

on the criteria, causing a cytotoxic effect and/or strong growth inhibition of A673 and 

RM82 spheroids. The data on all clinical drug candidates in combination is presented 

here. 

4.2.5.1 WEE1 inhibition in combination with SN-38 

Single-agent treatment with selective WEE1 inhibitor AZD1775 decreased spheroid 

growth in a dose-dependent manner, with a GI50 at 21 days of 1.4 µM (Fig. 4.5A). At 

this concentration, AZD1775 successfully blocked WEE1 activity by preventing tyrosine 

15 (Y15) phosphorylation on cyclin-dependent kinase 1 and 2 (CDK1/2) (Fig. 4.5B). 

Separate, selective detection of the phosphorylated portion of CDK1 and CDK2 on Y15 

was not possible due to the phosphorylated site being located within a 13 amino acid 

conserved sequence on both proteins (250). Nevertheless, this indicated successful target 
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engagement following AZD1775 treatment. On average, the trough plasma concentration 

(Ctrough) after a 225 mg BD dose was 776 nM and the maximum concentration (Cmax) after 

drug was 1.38 µM  (101). Using these values as a guideline, an achievable range for this 

clinical drug candidate meant combinations with 1.4 µM may not be clinically reachable 

throughout. Importantly, however, at this concentration of AZD1775, growth inhibition 

was too high, making it impossible to assess the impact of the combination above the 

single agent (Fig. 4.6A, Fig. 4.6D). However, combinations with 2 nM of SN-38 and 

AZD1775 at 0.7 µM (A673) and 0.1 µM (RM82) successfully delayed spheroid growth 

compared to single agents alone (Fig. 4.6B, Fig. 4.6F). RM82 cell line showed higher 

sensitivity to AZD1775 treatment. In the initial 5 days of treatment, differences in growth 

between conditions were difficult to discern and only during the second week of the assay, 

after the treatment was removed, growth changes became clearer. Overall, SN-38 in 

combination with WEE1 inhibition initially arrested growth compared to single agent 

treatment, but spheroids remained viable as shown by a visible recovery in size at the end 

of the assay. 
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Figure 4.6 WEE1 inhibition in combination with SN-38 in ES spheroids 

Treatment of A673 (A-C) and RM82 (D-F) spheroids with SN-38 and AZD1775 alone 
and in combination at the indicated concentrations for 5-days during a 21-day cycle. 
Graphs represent means ± standard deviation from 6 replicates. 

4.2.5.2 ATR inhibition in combination with SN-38 

Two clinical drug candidates were selected to target the apical kinase of the ATR-CHK1-

WEE1 axis. ATR inhibitor VX-970 showed a less pronounced dose-dependent growth 

inhibition compared to WEE1 inhibitor AZD1775 and did not achieve a maximal 

response, limiting calculation of a GI50 for this compound (Fig. 4.5C). Clinical drug 

candidate AZD6738 showed a growth inhibitory effect at concentrations >5 µM, but 

spheroid size recovery towards 21 days. As introduced before (see 1.2.3.1), one of the 

key downstream targets of ATR, and therefore indicative of its activity, is 

phosphorylation of CHK1 on serine 345 (S345) (31, 59) (Fig. 4.5D). From these 

experiments, a range of 1 µM, 0.5 µM, and 0.1 µM was then chosen for in vitro use, given 

sufficient inhibition of CHK1 phosphorylation on S345. Available PK studies with VX-
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970 and AZD6738 were also used to corroborate whether the concentration range was 

clinically reachable. For VX-970, the reported maximal plasma concentration of 739.93 

nM after a 1 h infusion of 60 mg/m2
, meant the selected concentration of 1 µM was 

potentially beyond achievable, but not 50% or 10% of it (249). Still, at this concentration 

there was an observable decrease in p-CHK1 (S345) by Western blot (Fig. 4.5D), making 

it relevant as proof-of-principle to study efficacy through ATR inhibition. Data from the 

PATRIOT phase I trial in solid tumours with AZD6738 was only available after the 

combination studies were carried out. PK data on AZD6738 provided a wider threshold 

for an achievable concentration with a reported Cmax of 12.12 µM to a Ctrough of 2.4 µM 

(102). 

A673 spheroids responded to all concentrations of VX-970 combined with SN-38. 

Compared to single agent treatments, drug combinations with higher concentrations of 

VX-970, displayed a strong cytostatic effect followed by a decrease in spheroid size 

towards the end of the 21 days, indicative of cytotoxicity (Fig. 4.7A-B). At the lower 

setting of 0.1 µM of VX-970, combination with SN-38, only resulted in growth inhibition 

in cell line A673 (Fig 4.7C). Again, RM82 spheroids showed overall greater sensitivity 

to the targeted agent, as VX-970 concentrations of 1µM and 0.5 µM alone caused 

complete cell killing (Fig. 4.7D-E). However, a combined effect between agents was 

observed at 2 nM of SN-38 and 0.1 µM of VX-970, with severe growth stalling and a 

small recovery in size towards the end of the 21-day assay (Fig. 4.7F). Compared to 

combination treatments with VX-970, AZD6738 was overall less active at identical 

concentration. Only mild growth inhibition of A673 spheroids was achieved with 1 µM 

of AZD6738 and SN-38, but little to no effect with lower concentrations (Fig. 4.8A-C). 

In the more sensitive RM82 spheroids, 1 µM of AZD6738 in combination with SN-38 

was necessary to cause growth inhibition (Fig. 4.8D). One caveat to these results is that 

the concentration range of AZD6738 could have been increased as shown by the 

achievable range (Table 4.1). This would have likely increased the observed effects and 

matched VX-970’s activity. 
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Figure 4.7 ATR inhibition with VX-970 in combination with SN-38 in ES spheroids 

Treatment of A673 (A-C) and RM82 (D-F) spheroids with SN-38 and VX-970 alone and 
in combination at the indicated concentrations for 5-days during a 21-day cycle. Graphs 
represent means ± standard deviation from 6 replicates. 
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Figure 4.8 ATR inhibition with AZD6738 in combination with SN-38 in ES 

spheroids. 

Treatment of A673 (A-C) and RM82 (D-F) spheroids with SN-38 and AZD6738 alone 
and in combination at the indicated concentrations for 5-days during a 21-day cycle. 
Graphs represent means ± standard deviation from 6 replicates.  

4.2.5.3 CHK1 inhibition in combination with SN-38 

Targeting the remaining kinase in the ATR-CHK1-WEE1 axis, with CHK1 inhibitor 

SRA737 showed no dose-response in A673 spheroids (Fig. 4.5F). To verify target 

engagement with SRA737, inhibition of autophosphorylation of serine 296 (S296) on 

CHK1 (109) was assessed by Western blot and confirmed at 1 µM, and to a lesser extent 

at 0.5 µM (Fig. 4.5G). A reported average Cmax of 1.4 µM and Ctrough of 137 nM after a 

150 mg tablet per day of SRA737 meant concentrations at which target engagement was 

confirmed are reachable in patients. Importantly, the PK information was obtained from 

a dose of SRA737 designed to be used in combination, albeit with gemcitabine (100). 

However, CHK1 inhibition in combination with SN-38 did not impact spheroid growth 

in both A673 and RM82 spheroids, with only the effect of topoisomerase I inhibition 

visible (Fig. 4.9). 
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Figure 4.9 CHK1 inhibition in combination with SN-38 in ES spheroids. 

Treatment of A673 (A-C) and RM82 (D-F) spheroids with SN-38 and SRA737 alone and 
in combination at the indicated concentrations for 5-days during a 21-day cycle. Graphs 
represent means ± standard deviation from 6 replicates. 

4.2.5.4 PARP1 inhibition in combination with SN-38 

Olaparib exists as an orally-available drug achieving high drug exposure with an average 

Cmax of 13 µM when administered at clinically relevant schedules (97). Spheroid 

treatment with a range of olaparib concentrations showed a varied dose-response, from 

cytotoxicity at high concentrations to limited growth inhibition at concentrations below 

5 µM (Fig. 4.5). Ultimately, all conditions showed remarkable recovery in size over time, 

even at concentrations beyond 10 µM (Fig. 4.5H). To confirm target engagement even 

when catalytic activity of PARP1 is only part of its mechanism of action (95), levels of 

poly ADP-ribosylation (PAR) were analysed by western blot. A range of olaparib 

concentrations successfully decreased the smear on the blot, indicative of PARylation 

(Fig. 4.5I). Concentrations of 1 µM, 0.5 µM, and 0.1 µM were then used for combination 

testing. Addition of SN-38 changed the response to olaparib treatment, as seen by 
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flattening of the curve in the first days after treatment. Whilst this was consistent with a 

synergistic effect in both spheroid models, the overall outcome at 21 days was the same 

for all treatments (Fig 4.10). 

 

Figure 4.10 PARP1 inhibition in combination with SN-38 in ES spheroids. 

Treatment of A673 (A-C) and RM82 (D-F) spheroids with SN-38 and olaparib alone and 
in combination at the indicated concentrations for 5-days during a 21-day cycle. Graphs 
represent means ± standard deviation from 6 replicates.  
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4.3 Discussion 

4.3.1 An approach to prioritising combination strategies in ES 

The approach taken to identify novel combinations yielded two successful candidates to 

explore and validate further. The data in this chapter showed that inhibition of the RSR 

in combination with irinotecan was effective as a therapeutic strategy in in vitro models 

of ES, supporting the initial hypothesis. However, it remains to be addressed whether 

EWS-FLI1 is the key determinant of sensitivity to therapeutic combinations exploiting 

this vulnerability. 

The hypothesis of inhibiting a particular dependency on the RSR in ES narrowed down 

the potential drug targets to the three kinases in this pathway. This tailored approach 

enabled creating a more laborious spheroid-based assay to test their combination 

potential. The emphasis on clinical relevance throughout the experimental design 

contributed to its translational potential, but it was not without challenges and limitations. 

The main parameters for selecting doses were the maximal (Cmax) and minimal (Cthrough) 

concentration in blood, along with careful consideration of the in vivo half-life of the 

drug, when available. This information, however useful, still remains only a guideline for 

in vitro use, as measurements in plasma do not capture drug distribution within the 

tumour. In the majority of cases direct readings from tissue are unobtainable due to the 

invasiveness of the procedure or are avoided to minimise potential tissue damage. This 

information was not available for the drugs used in this study. Despite the selected 

concentrations being an approximation, having a measurable biomarker corresponding to 

this dose, increased the confidence of successful target inhibition. Overall, extrapolating 

in vivo doses to usable concentrations in vitro is difficult, but it is an important 

consideration when carrying out pre-clinical work. 

The experimental design used was influenced by the clinical setting, specifically in how 

patients receive chemotherapy in the form of a scheduled cycle. In this way, a 21-day 

assay was developed in order to mimic long-term assessment and cell recovery after 

damage induction and inhibition of DNA repair mechanisms. These scenarios are relevant 

to how drugs are administered to patients, but are often overlooked in the in vitro setting. 

Even so, adapting traditional cell-based assays to different read-outs and extended time 

points brought challenges. One example was establishing a standard measure of response 
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that enabled triaging and comparison across conditions in this type of assay. Most dose-

responses resulted in spheroid recovery at 21 days, making the use of GI50s for dose-

finding and rank each clinical drug candidates less useful and relevant. As a solution, 

determining treatment efficacy focused on changes in growth curve profiles and the 

overall phenotype after 21 days, prioritising cell killing effects (Fig. 4.3A). In this way, 

SN-38 in combination with WEE1 inhibitor AZD1775 or ATR inhibitor VX-970 were 

classed as true positive outcomes that had growth inhibitory and cytotoxic effects in ES 

spheroids. Importantly, WEE1 inhibition in combination with SN-38 was identified as a 

novel potential therapeutic strategy for ES. Traditionally, WEE1 is associated with its 

activity as checkpoint regulator of the G2/M transition, but it also has prominent roles 

mitigating RS and maintaining genome instability in S-phase (41, 54, 55, 77, 78). A closer 

examination of the effects of AZD1775 in combination with SN-38 were explored in 

chapter 5 in order to provide mechanistic insights into their combined effect. 

4.3.2 Comparison of ATR inhibitors and their therapeutic potential for ES 

The findings that ATR inhibitors worked in combination with SN-38 were not surprising, 

since single-agent efficacy with tool compounds targeting ATR had been seen previously 

in ES xenografts and was part of the rationale behind targeting the RSR (98). The 

discrepancy between the effects of ATR inhibitors VX-970 and AZD6738 in combination 

on spheroid growth could have been a dose-dependent issue. That is, the concentration 

range may have missed AZD6738’s window of activity, since the doses used in these 

experiments were closer to the minimal levels measured in plasma. This means, higher 

concentrations of AZD6738, that are within the clinically reachable range, could have 

potentially improved AZD6738’s efficacy in the in vitro assays in this study. In any case, 

ATR inhibition in combination with irinotecan remains an attractive therapeutic approach 

for ES. Both clinical drug candidates are highly specific and potent inhibitors with IC50s 

from isolated enzyme inhibition of <0.2 nM (VX-970) and 1 nM (AZD6738). 

Verification of successful target inhibition also indicated comparable decrease of 

phosphorylated CHK1 (S345) at 1 µM. Differences in activity and properties can be 

expected between compounds from different structural classes, AZD6738 being a 

sulfoximine morpholinopyrimidine and a more neutral molecule than the aminopyrazine 

VX-970, containing a basic group (251-254). These characteristics have also translated 

into contrasting kinome selectivity profiles, route of administration (oral v. 

intravenously), and PK prolife amongst others (251, 253). 
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The use of ATR inhibition as an anticancer treatment is being tested for tumour types 

with high levels of innate RS, particularly in combination with other DNA damaging and 

RS-inducing agents, for example cisplatin, gemcitabine, and etoposide (56). In addition, 

a recent study between VX-970 and topotecan found this combination to be well tolerated 

with partial responses and stable disease in patients with SCLC (255). Despite differences 

between topotecan and irinotecan (184), evidence that a similar combination is feasible, 

in addition to the results presented here, could be a step towards testing in this sarcoma. 

Other biomarkers of sensitivity include genetic backgrounds that are HR-deficient or 

ATM-deficient. AZD6738 is the main ATR inhibitor being tested in this context, 

particularly in combination with PARP1/2 inhibitor olaparib (56). VX-803 (now M4344) 

and BAY 1895344 are additional clinical drug candidates against ATR that were 

unavailable for testing at the time of the experiments in this chapter. Having caught up in 

their clinical development, future work exploring combinations with ATR inhibitors 

could incorporate them. The number of available options to target ATR and the findings 

in this chapter make it an attractive therapy to pursue in the future. Further evaluation of 

their mechanism of action, particularly in the combination setting will be crucial to 

develop rational schedules for their use in ES patients. 

4.3.3 Challenges and experience of inhibiting CHK1 in ES 

Given the reliance on the RSR, it was unexpected to see a lack of response with inhibition 

of CHK1, particularly when targeting the other kinases in this axis (ATR and WEE1) 

affected spheroid growth. However, the results with SRA737 alone and in combination 

with SN-38 are in agreement with other pre-clinical studies on CHK1 inhibition in this 

sarcoma (167). One explanation for why blocking CHK1 activity was insufficient 

therapeutically is due to its high levels of expression (98, 167). Nieto-Soler et al. (2016) 

had already identified CHK1 to be highly expressed in ES compared to human primary 

cell lines and osteosarcoma cell lines (98). Whilst this is evidence of an adaption to high 

levels of innate RS, it also presents a therapeutic challenge. Usually, high protein 

expression is a desirable feature in drug targets because it enables having a wider 

therapeutic window. Even so, reports using the now discontinued CHK1 inhibitor, 

prexasertib (LY2606368), found high abundance of CHK1 to be the limiting factor to 

efficacy with this therapy (167). In fact, ES cell growth was only impaired when CHK1 

was depleted with siRNA or shRNA technology in addition to treatment with different 

CHK1 inhibitors (167). Overall, these findings demonstrated that to obtain maximal 
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efficacy with these agents, it is necessary to achieve complete protein inhibition. This 

limits the potential this treatment may have in the clinic, as ensuring sustained target 

inhibition in patients may not be possible. 

The described experience with inhibiting this kinase could also explain results from in 

vivo studies with PDXs and cell line-derived xenografts (CDXs) of different paediatric 

malignancies (196). On one hand, monotherapy with prexasertib achieved tumour 

regression and stable disease in models of neuroblastoma, DSRCT, and RMS, but only 1 

out of 14 xenograft models of ES responded to CHK1 inhibition (196). Importantly, these 

models also did not respond to single agent treatment with chemotherapeutic agents, 

cyclophosphamide or doxorubicin. In an effort to improve the effect of DNA damaging 

agents it was investigated whether CHK1 inhibition could sensitise non-responsive 

models to these forms of chemotherapy. Prexasertib in combination with irinotecan 

resulted in improving response in the A673 CDX model with 3 out 5 mice reporting 

partial regression (196). Overall, these pre-clinical studies have not resulted in CHK1 

inhibition being pursued in the clinic for ES patients, in contrast to RMS and DSRCT 

(NCT04095221) (196, 256). Even so, SRA737 remains as the only clinically available 

inhibitor for this drug target, whether the focus of targeting this pathway will shift to ATR 

or WEE1, as evidence in ES suggests, remains to be seen. 

4.3.4 PARP1 inhibition as a therapeutic strategy for ES 

In the last decade, the development of PARP1 as a therapeutic target in ES has moved 

quickly. Initially, immunoprecipitations studies identified an interaction between PARP1 

and fusion protein EWS-FLI1 (197). At a DNA level, the promoter region of PARP1 was 

identified to have the canonical ETS binding motif, linking its expression to EWS-FLI1 

(257). In addition, PARP1 was shown to contribute to EWS-FLI1 activity through a 

positive feedback loop, demonstrated by a decrease in mRNA levels of downstream 

targets of the fusion upon PARP1 knockdown (197). Further validation experiments have 

used a variety of systems to ectopically overexpress fusions bearing ETS transcription 

factors EWS-ERG, EWS-FLI1, and the prostate cancer fusion TMPRSS2-ERG. In this 

way, increased sensitivity to PARP1 inhibition in soft-agar colony formation and MTS 

assays was shown to be associated with the presence of these fusions (197, 198). Overall, 

the positive feedback loop between PARP1 and EWS-FLI1 together with high levels of 
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expression, important to PARP1 ‘trapping’ as a cytotoxic mechanism (95), have made it 

an attractive target in ES. 

In stark contrast to pre-clinical work in vitro, a phase II trial investigating the translational 

potential of PARP inhibitors in ES patients reported lack of efficacy with single-agent 

olaparib (199). In another phase I study with talazoparib in patients with advanced 

BRCA1/2 germline mutations and other cancers, no objective response was found in ES 

patients (258). The findings in these clinical trials can be partially explained by the 

previously used ES cell lines from earlier studies not being representative of the patients 

recruited. Rather, these patients had received front-line chemotherapy and had evidence 

of tumour relapse or progression, together with potential mechanisms of resistance to this 

treatment (199). Even so, ES cell lines COG10 and COG6258, derived from patients who 

relapsed after front-line chemotherapy, had shown to be sensitive to PARP1 inhibition 

(197). This suggests the reasons for inefficacy with single-agent olaparib may go beyond 

the patient background. In results presented here, sensitivity to olaparib in 3D assays was 

significantly different to previous reports in 2D (198, 200). For example, spheroid assays 

exhibited recovery in growth after an initial response to a 5-day treatment with olaparib 

in a 21-day assay, overall shifting its GI50. It remains to be addressed whether there are 

resistance mechanisms to PARP1 inhibition that are enabled in these 3D models, but not 

captured in the 2D setting. 

The clinical use and future of PARP1 inhibitors in this sarcoma has shifted to combination 

therapies. In one of the original studies by Brenner et al. (2012), treatment with single 

agent olaparib resulted in tumour growth delay, but when combined with temozolomide, 

tumour regression was observed in ES tumour xenografts. Similarly, several pre-clinical 

studies have reported improved responses in combination with a number of agents, 

including CDK12 inhibitors, trabectedin and radiotherapy (200, 201, 259-262). 

Additionally, the relapse chemotherapy agents for ES, temozolomide and irinotecan, are 

undergoing clinical testing as a triple combination with PARP1 inhibition 

(NCT02044120 and NCT01858168) (96, 189, 263). However, in the combination 

experiments presented in this chapter, response to olaparib was not improved 

significantly when administered with SN-38 in contrast to previous findings (189, 198, 

200). The contrast between the effects seen here and reports in Stewart et al. (2014) could 

also be attributed to potential differences between the cell line models used and drug 
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response differences in 2D assays compared to 3D spheroids. Ultimately, the mechanism 

of sensitivity to PARP inhibition in this sarcoma remains to be fully addressed. The 

majority of these studies have focused on identifying DNA repair vulnerabilities in ES, 

particularly in the context of HR. This is not surprising due to the established synthetic 

lethality between BRCA1/2 deficient tumours and PARP1 inhibition (82, 97, 264). 

However, the literature regarding potential deficiencies is inconclusive. 

Altogether, these results validated the spheroid-based assay as an approach to identify 

clinically relevant combination strategies. Importantly, successful combinations with 

WEE1 inhibition and ATR inhibition in combination with SN-38 supported targeting the 

RSR in combination with chemotherapy as a therapeutic strategy for ES. Further 

characterisation of the effects and mechanism of SN-38 in combination with WEE1 

inhibition are explored in the next chapters.  
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Chapter 5 Characterisation of SN-38 in combination with 

WEE1 inhibition 

5.1 Introduction 

Results from the previous chapter found successful combinations which reduced ES 

spheroid growth and induced cytotoxicity through inhibition of ATR or WEE1 activity 

in combination with SN-38, the active metabolite of irinotecan. The efficacy of ATR 

inhibition as a single agent has already been reported in ES tumour xenografts (98). In 

agreement, clinical drug candidates against ATR were also identified to have an effect in 

combination with SN-38. It was therefore decided to prioritise and pursue the 

investigation of combination between SN-38 and WEE1 inhibitor AZD1775. 

The aim of this chapter was to thoroughly examine the effects of these treatments in order 

to understand its mechanism of action and maximise its translational potential. Firstly, 

this treatment was validated in a range of ES cell line models as spheroids in order to 

identify biomarkers of sensitivity. Additionally, response to concurrent treatment of 

irinotecan and WEE1 inhibition was characterised by examining DNA damage induction, 

the effects on cell cycle progression, and the consequences of CDK1/2 dysregulation to 

shed more light into the mechanism of this combined treatment. Alternative regimens, 

such as a staggered schedule, were studied as way of investigating further the 

combination’s potential for translation into the clinic.  
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5.2 Results 

5.2.1 Validation of irinotecan in combination with WEE1 inhibition in ES spheroids 

Response to SN-38 in combination with WEE1 inhibition was validated in additional 

spheroid models of ES cell lines. TC32, SKNMC, and WE68 cell lines were all treated 

for 5 days with SN-38, AZD1775, or concurrent treatment in a 21-day cycle, in addition 

to the previously tested A673 and RM82 (Fig. 5.1). The concentrations for the 

combination studies in this additional spheroid models were selected by performing dose-

responses with the single-agents, followed by testing in combination at the sub-lethal 

concentrations obtained from the previous experiment. The responses to the combination 

treatment were classified as described in the previous chapter (Fig. 4.3). All cell lines 

responded to the combination treatment, with evidence of significant reduction in 

spheroid size, and overall growth inhibition. The extent of this effect was varied and 

sensitivity to each agent differed greatly. A673 cell line spheroids required the highest 

concentrations of the agents to elicit an effect on spheroid size (2 nM of SN-38 and 0.7 

µM of AZD1775). The greatest response was observed in TC32 spheroids in which 

complete destruction of the spheroids was achieved, whilst spheroids treated with single 

agents recovered to match the untreated control (Fig. 5.1A). Cell lines RM82 and WE68 

showed overall growth inhibition, with recovery in spheroid size towards the end of the 

assay (Fig. 5.1D-E). On the other hand, A673 and SKNMC cell lines did not recover and 

displayed sustained growth arrest throughout the length of the experiment (Fig. 5.1B-C). 
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Figure 5.1 Validation of SN-38 in combination with AZD1775 in ES spheroids. 

ES spheroids models TC32 (A), A673 (B), SKNMC (C), RM82 (D), and WE68 (E) were 
treated with SN-38, AZD1775, or concurrent treatment at the indicated concentrations. 
Crosses in panel E indicate that spheroid size assessment was not possible beyond the 
shown time points, as spheroids covered the entire area of the well. Graphs represent 
means ± standard deviation from 6 replicates and are representative of three independent 
repeats. All p-values were calculated using a repeated-measures ANOVA with Tukey’s 
multiple comparisons test, only significant comparisons are shown. 

To begin to investigate whether the mutational background of each cell line affected 

response, figure 5.2 was elaborated to compare their profiles. Based on these features 

there was no clear indication that sensitivity and differences in response could be 

explained by mutational status alone. Notably, the response to the combination treatment 

in TC32 spheroids stood out as indicative of cell death, compared to A673 and SKNMC 

spheroids, whose response suggested growth arrest (Fig. 5.1A). Therefore, to continue 

investigating these two phenotypes, the nature of the apoptotic response in these models 

A B

C D

E
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was investigated, particularly because TC32 cell line is p53 WT in contrast to the p53 

null status in A673 cells (see 5.2.5). Thus, cell lines TC32 and A673 models were chosen 

for further characterisation. 

 

Table 5.1 Profile of ES cell lines used for spheroids models. 

ES cell lines background, fusion type, and mutational profiles, including the three most 
common mutated genes in ES tumours STAG2, CDKN2A, and TP53. Concentrations of 
concurrent treatment of SN-38 and AZD1775 needed to produce a combined effect on 
spheroid growth are indicated together with the type of response. 

5.2.2 Morphological characterisation 

In order to characterise cell morphology after treatment, spheroids were processed, 

embedded in paraffin and sectioned. Samples were stained with haematoxylin and eosin 

(H&E). Differences in spheroid sizes were apparent between treated and untreated 

samples at 24 h, accentuating further after 120 h, particularly in the combination treated 

spheroids (Fig. 5.2 and Fig. 5.3). Spheroids sections showed a distinct region in the centre, 

often described as a hypoxic and/or necrotic core (4, 204). It is worth noting, these 

changes in particular, are not caused by the treatment. Rather, they are suggested to be 

due to natural gradients of nutrients and oxygen availability, which diminish towards the 

centre of each spheroid as its volume increases (4, 204). Therefore, the spheroid’s core 

was excluded from the analysis of morphological changes associated with SN-38 and 

AZD1775 treatment. Magnification of these areas in A673 and TC32 spheroids showed 
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features associated with apoptosis in the form of cell swelling and nuclear condensation 

in the combination treated group. Additionally, there were visible nuclear abnormalities, 

particularly in the combination and AZD1775-treated A673 and TC32 spheroids (Fig. 5.4 

and Fig. 5.5). Some of these included pyknotic nuclei, associated with an irreversible 

process of chromatin condensation occurring in apoptosis and necrosis (Personal 

communication with Dr. Anna M. Kelsey, Consultant Paediatric Histopathologist). 

Importantly, after 120 h (5 days) of the combination treatment, TC32 spheroids began to 

fragment, producing considerable cell debris in contrast to A673 spheroids (Fig. 5.4 and 

Fig. 5.5). Both spheroids at 120 h showed apoptotic features such as cell swelling and 

bursting.  

 Samples from both models, fixed 7 days after the beginning of the 21-day cycle, showed 

more pronounced differences in size. Combination-treated A673 and TC32 spheroids 

showed similar, but more advanced patterns of cell death. A673 spheroids in particular 

exhibited severe changes with nuclear abnormalities like multinucleation and pyknotic 

nuclei but also cytoplasmic changes. TC32 spheroids treated with SN-38 and AZD1775, 

appeared to break off, consistent with the effects measured in the growth curve with 

spheroids from this cell line model. 
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Figure 5.2 Haematoxylin and eosin staining of A673 spheroids treated with SN-38 

in combination with AZD1775. 

Sections of paraffin-embedded A673 spheroids stained with haematoxylin and eosin. 
Spheroids were treated with SN-38 (2 nM), AZD1775 (0.7 µM), or concurrent treatment 
for 24 h and 120 h (5 days). Images are representative of spheroids from each condition. 
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Figure 5.3 Haematoxylin and eosin staining of TC32 spheroids treated with SN-38 

in combination with AZD1775. 

Sections of paraffin-embedded TC32 spheroids stained with haematoxylin and eosin. 
Spheroids were treated with SN-38 (1 nM), AZD1775 (0.5 µM), or concurrent treatment 
for 24 h and 120 h (5 days). Images are representative of spheroids from each condition. 
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Figure 5.4 High magnification of haematoxylin and eosin staining of A673 spheroids 

treated with SN-38 in combination with AZD1775 

High magnification sections of paraffin-embedded A673 spheroids stained with 
haematoxylin and eosin. Spheroids were treated with SN-38 (2 nM), AZD1775 (0.7 µM), 
or concurrent treatment for 24 h and 120 h. 
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Figure 5.5 High magnification of haematoxylin and eosin staining of TC32 spheroids 

treated with SN-38 in combination with AZD1775. 

High magnification sections of paraffin-embedded TC32 spheroids stained with 
haematoxylin and eosin. Spheroids were treated with SN-38 (1 nM), AZD1775 (0.5 µM), 
or concurrent treatment for 24 h and 120 h (5 days). Images are representative of 
spheroids from each condition. 
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Figure 5.6 Apoptotic features following SN-38 in combination with AZD1775 

treatment in A673 spheroids. 

Sections of paraffin-embedded A673 spheroids stained with haematoxylin and eosin at 
day 7 of the 21-day cycle. Spheroids were treated with SN-38 (2 nM), AZD1775 (0.7 
µM), or concurrent treatment for 5 days. Images are representative of spheroids from each 
condition 
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Figure 5.7 Apoptotic features following SN-38 in combination with AZD1775 

treatment in TC32 spheroids. 

Sections of paraffin-embedded TC32 spheroids stained with haematoxylin and eosin at 
day 7 of the 21-day cycle. Spheroids were treated with SN-38 (1 nM), AZD1775 (0.5 
µM), or concurrent treatment for 5 days. Images are representative of spheroids from each 
condition 
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5.2.3 DNA damage markers and apoptosis assessment 

Patterns of cell death and morphological changes due to concurrent treatment with SN-

38 and WEE1 inhibition can be obtained from H&E staining, however these observations 

needed to be verified and characterised further. DNA damage in the form of DSBs was 

then assessed. Phosphorylation of H2AX is a central step in coordinating the response to 

repairing these lesions (as introduced in 1.3.1) (86, 87, 265). Thus, DNA damage after 

treatment was initially analysed and quantified through this measurable marker. The 

staining pattern of γH2AX is characterised by nuclear foci at localised sites of DNA 

damage, but it also appears as a pan-nuclear staining that can be associated, but is not 

limited to, apoptosis (265). Additionally, sections of paraffin-embedded spheroids were 

stained for cleaved caspase 3 (CC3), one of the main effectors of apoptosis. In its cleaved 

and active form, this caspase proteolytically activates additional caspases and other 

targets such as PARP1, also commonly used as a surrogate marker of apoptosis in its 

cleaved form (266). 

Single agent treatment of A673 and TC32 spheroids with SN-38 and WEE1 inhibitor 

AZD1775 induced γH2AX foci after 6, 12 and 24 hours (Fig. 5.8, Fig. 5.9). However, the 

increase in this DNA damage marker, with the combined treatment in A673 spheroids, 

significantly exceeded single-agent treatment across all time points (Fig. 5.8B). The 

percentage of cells with pan-nuclear staining was far lower than localised γH2AX for all 

conditions (0-5%), with the combination treatment achieving the highest increase at 24 

h, although not statistically significant (Fig. 5.8B). The percentage of positive cells for 

CC3 approximately matched the percentages of positive cells for pan-nuclear γH2AX, 

overall amounting to a modest apoptotic response after treatment (Fig. 5.10A). Results 

with TC32 spheroids showed lower percentages of γH2AX foci positive cells compared 

to A673 spheroids, but similar patterns of DNA damage induction after treatment (Fig 

5.9B). Combination treated spheroids had the highest induction of γH2AX foci after 24 

h (Fig. 5.9B). Treatment with AZD1775 alone matched the combination treatment’s DNA 

damage induction at 6 h, but this decreased at the 24 h time point (Fig 5.9B). With regards 

to pan-nuclear γH2AX and CC3 positive cells, the combination treatment caused the 

greatest increase across all time points assessed for both of these markers (Fig. 5.9B, Fig. 

5.10B). The highest percentage of cell for these markers associated with cell death were 

measured 24 h after treatment (Fig. 5.9B, Fig. 5.10B). Together, analysis of γH2AX foci 

as a DNA damage marker indicated greater accumulation caused by SN-38 in 
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combination with WEE1 inhibition in both A673 and TC32 spheroids. Notably, at the 

time points assessed, the damage generated by the combination did not lead to a large 

percentage of cells expressing apoptotic marker CC3 and pan-nuclear γH2AX in either 

of the ES models. However, TC32 spheroids did show significantly higher levels of cells 

positive for these markers following the combination treatment. This is supported by the 

phenotype of combination treatment in TC32 spheroids, which is characterised by a 

strong decrease in spheroid size, suggesting cell death (Fig. 5.1A). Overall, these findings 

demonstrated DNA damage induction after the combination treatment. Whilst a strong 

apoptotic response was not visible at the time points assessed, the presence of DNA 

damage could contribute to delaying growth, and over time, accumulate to become lethal. 
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Figure 5.8 SN-38 in combination with AZD1775 causes DNA damage in A673 

spheroids. 

(A) Representative microscopy images showing γH2AX foci and pan-nuclear staining 
(red) and (green) on sections of paraffin-embedded A673 spheroids. Samples were treated 
with SN-38 (2 nM), AZD1775 (0.7 µM), or concurrent treatment for 6 h, 12 h, and 24 h. 
(B) Bar charts showing percentage of A673 cells positive for γH2AX, foci (>5) and pan-
nuclear staining after treatment. >2000 nuclei were scored per condition. Graphs 
represent means ± standard deviation from 3-6 replicates per condition and are 
representative of three independent repeats. All p-values were calculated using a one-way 
ANOVA with Tukey’s multiple comparisons test, only significant comparisons are 
shown. 

A

B

D
M

S
O

S
N

-3
8

 
2

 n
M

A
Z

D
1

7
7

5
 

0
.7

 µ
M

C
o

m
b

in
a

ti
o

n

DAPI γH2AX CC3 Merged



 144 

 

Figure 5.9 SN-38 in combination with AZD1775 causes DNA damage in TC32 

spheroids. 

(A) Representative microscopy images showing γH2AX foci and pan-nuclear staining 
(red) and CC3 (green) on sections of paraffin-embedded TC32 spheroids. Samples were 
treated with SN-38 (1 nM), AZD1775 (0.5 µM), or concurrent treatment for 6 h, 12 h, 
and 24 h. (B) Bar charts showing percentage of TC32 cells positive for γH2AX, foci (>5) 
and pan-nuclear staining after treatment. >2000 nuclei were scored per condition. Graphs 
represent means ± standard deviation from 3-6 replicates per condition and are 
representative of three independent repeats. All p-values were calculated using a one-way 
ANOVA with Tukey’s multiple comparisons test, only significant comparisons are 
shown. 
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Figure 5.10 SN-38 in combination with AZD1775 causes cell death in ES spheroids.  

Bar charts showing percentage of A673 (A) and TC32 (B) cells positive for CC3 staining 
after treatment. >2000 nuclei were scored per condition. Graphs represent means ± 
standard deviation from 3-6 replicates per condition and are representative of three 
independent repeats. All p-values were calculated using a one-way ANOVA with 
Tukey’s multiple comparisons test, only significant comparisons are shown. 

Assessment of γH2AX foci and CC3 staining was performed at a later time point (7 days 

from the beginning of the 21-day cycle). However, quantitative analysis of these samples 

was not carried out due to not being able to accurately segment nuclei in the combination-

treated spheroids. This is because the DAPI staining in these samples was characterised 

by large areas with condensed nuclei and smaller spots with positive signal suggesting 

DNA fragmentation (Fig. 5.11B and 5.12B). The loss of cell membrane integrity also 

created a dispersed CC3 signal (Fig. 5.11B and 5.12B), affecting analysis of the levels of 

this marker. Nevertheless, these images showed the combination treatment, in both sets 

of spheroid models, led to a marked reduction in size and induction of cell death after the 

combination treatment as seen by positive CC3 signal, particularly in A673 spheroids. 

The loss of the spheroid structure and fragmentation in combination-treated TC32 

A
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spheroids suggested these were further ahead in the response and had already undergone 

apoptosis, which could explain the lower CC3 signal (Fig. 5.12B). Spheroids from both 

cell lines treated with SN-38 showed positive γH2AX staining, indicating DNA damage 

persisted at day 7 in the 21-day cycle, however, the growth curve results suggest this was 

not sufficient to cause a decrease in spheroid size.  
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Figure 5.11 SN-38 in combination with WEE1 inhibition induces apoptosis in A673 

spheroids. 

(A) Representative microscopy images showing γH2AX staining (red) and CC3 (green) 
on sections of paraffin-embedded on whole A673 spheroids and magnified areas (B). 
Samples were treated with SN-38 (2 nM), AZD1775 (0.7 µM), or concurrent treatment 5 
days and cultured for another 2 days prior to fixation and processing. 
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Figure 5.12 SN-38 in combination with WEE1 inhibition induces apoptosis in TC32 

spheroids. 

(A) Representative microscopy images showing γH2AX staining (red) and CC3 (green) 
on sections of paraffin-embedded on whole TC32 spheroids and magnified areas (B). 
Samples were treated with SN-38 (1 nM), AZD1775 (0.5 µM), or concurrent treatment 5 
days and cultured for another 2 days prior to fixation and processing. 
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To continue to assess the nature of the DNA lesions detected, 53BP1 was measured as an 

additional marker of DNA damage. As introduced before, this protein can colocalise with 

γH2AX at DSBs and plays an important role in DNA repair signalling, contributing to 

determining the repair pathway of choice. Briefly, 53BP1 promotes NHEJ in G1 by 

antagonising resection of DNA ends, a key step for HR, which is mainly active in S and 

G2 phases. Immunofluorescence detection of 53BP1 showed extensive foci accumulation 

following single-agent SN-38 and combination treatment in A673 spheroids (Fig. 5.13A). 

Damage induction measured with this marker was consistent across all timepoints and 

comparable between these two conditions, except at 6 h, when SN-38 treatment alone had 

a greater percentage of 53BP1 foci positive cells (Fig. 5.13B). AZD1775 treatment did 

not cause significantly different 53BP1 foci formation from the untreated control (Fig. 

5.13B). In contrast, assessment in TC32 spheroids showed faster induction of 53BP1 foci 

compared to the response in A673 spheroids. All conditions reported elevated levels after 

6 h and 12 h of treatment, including AZD1775 monotherapy (Fig. 5.14B). Of note, the 

highest induction occurred with SN-38 alone (Fig 5.14B). The percentage of positive cells 

with 53BP1 foci in TC32 spheroids dropped at 24 h in all conditions in contrast to results 

seen in the A673 model. Overall, the two main differences, only seen in TC32 spheroids, 

were accumulation of this marker after WEE1 inhibition and earlier development of 

53BP1 foci across all conditions. In summary, assessment of DSBs with traditional DNA 

damage foci suggested combination treatment resulted in greater damage induction at the 

time points assessed, but only when measuring DSBs decorated with γH2AX and not 

53BP1. SN-38 treatment however, led to strong induction of the latter, which was also 

visible in the combination treatment of A673 spheroids only. 
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Figure 5.13 53BP1 foci analysis in A673 spheroids. 

(A) Representative microscopy images showing 53BP1 foci (green) on sections of 
paraffin-embedded A673 spheroids. Samples were treated with SN-38 (2 nM), AZD1775 
(0.7 µM), or concurrent treatment for 6 h, 12 h, and 24 h. (B) Bar charts showing 
percentage of A673 cells positive for 53BP1 foci (>5) after treatment. >2000 nuclei were 
scored per condition. Graphs represent means ± standard deviation from 3-6 replicates 
per condition and are representative of two independent repeats. All p-values were 
calculated using a one-way ANOVA with Tukey’s multiple comparisons test, only 
significant comparisons are shown. 
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Figure 5.14 53BP1 foci analysis in TC32 spheroids. 

(A) Representative microscopy images showing 53BP1 foci (green) on sections of 
paraffin-embedded TC32 spheroids. Samples were treated with SN-38 (1 nM), AZD1775 
(0.5 µM), or concurrent treatment for 6 h, 12 h, and 24 h. (B) Bar charts showing 
percentage of TC32 cells positive for 53BP1 foci (>5) after treatment. >2000 nuclei were 
scored per condition. Graphs represent means ± standard deviation from 3-6 replicates 
per condition and are representative of two independent repeats. All p-values were 
calculated using a one-way ANOVA with Tukey’s multiple comparisons test, only 
significant comparisons are shown. 
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During the course of assessing 53BP1 staining, areas rich in positive 53BP1 signal were 

observed (Fig. 5.15). These were identified to be 53BP1 nuclear bodies (NBs) (> 2 µm2), 

which are DNA lesions that manifest in daughter G1 cells, but develop during mitosis 

from under-replicated DNA (46, 47, 267) (Fig. 5.15A). In this way, 53BP1 NBs are 

commonly used as a surrogate marker of RS, since under-replicated DNA can arise from 

pressures slowing down fork progression (54). To quantify these nuclear structures, 

53BP1 foci were classified by area, with 2 µm2 as the size threshold (Fig. 5.15C). SN-38 

treatment induced the highest percentage of positive cells, primarily observed after 24 h 

(Fig. 5.16B). At the earlier time points of 6 h and 12 h, positive A673 cells were below 

5% (Fig. 5.16B). This is consistent with 53BP1 NBs being DNA lesions that require 

undergoing mitosis to appear, and therefore require one full cell cycle. To verify this, 

additional time points at 48 h and 120 h after treatment were investigated, confirming 

induction of 53BP1 NBs (Fig. 5.16). The appearance of these nuclear structures was 

significantly higher after SN-38 treatment alone in A673 spheroids (Fig. 5.16B). Presence 

of 53BP1 NBs was also investigated in TC32 spheroids, where similar effects were 

observed with SN-38 in particular producing the strongest induction (Fig. 5.17B). Of 

note, 53BP1 NBs in TC32 spheroids were present as early as 6 h after treatment in contrast 

to the effect seen in A673 spheroids. Together, data with 53BP1 NBs confirmed SN-38’s 

known capacity to induce RS in contrast to WEE1 inhibition, by this measure alone. 

However, the combination treatment did not result in greater induction of 53BP1 NBs, 

only matching SN-38 at 120 h after in treatment in A673 spheroids. In fact, the addition 

of WEE1 inhibitor AZD1775 appeared to suppress this effect. 
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Figure 5.15 Induction of 53BP1 NBs on ES spheroids. 

(A) 53BP1 NBs are DNA lesions generated in the previous cell cycle and arise from RS 
or under-replicated DNA. These are passed on to daughter cells, becoming visible in G1 
as concentrated regions of 53BP1 (adapted from (47)). (B) Representative microscopy 
images showing 53BP1 NBs (green) on sections of paraffin-embedded A673 spheroids. 
These spots are distinct from the smaller 53BP1 foci. (C) Foci classification with 
Definiens Tissue Studio® using the spot detection algorithm. This was modified to count 
spots >2 µm2 in red, filtering out 53BP1 foci smaller than this threshold in yellow and 
orange. 
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Figure 5.16 Assessment of 53BP1 NBs in A673 spheroids. 

(A) Representative microscopy images showing 53BP1 nuclear bodies (green) on 
sections of paraffin-embedded A673 spheroids. Samples were treated with SN-38 (2 nM), 
AZD1775 (0.7 µM), or concurrent treatment for 6 h, 12 h, and 24 h. (B-C) Bar charts 
showing percentage of A673 cells positive for 53BP1 NBs (> 2 µm2) after treatment. 
>2000 nuclei were scored per condition. Graphs represent means ± standard deviation 
from 3-6 replicates per condition and are representative of two independent repeats. All 
p-values were calculated using a one-way ANOVA with Tukey’s multiple comparisons 
test, only significant comparisons are shown. 
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Figure 5.17 Assessment of 53BP1 NBs in TC32 spheroids. 

(A) Representative microscopy images showing 53BP1 nuclear bodies (green) on 
sections of paraffin-embedded TC32 spheroids. Samples were treated with SN-38 (1 nM), 
AZD1775 (0.5 µM), or concurrent treatment for 6 h, 12 h, and 24 h. (B) Bar charts 
showing percentage of TC32 cells positive for 53BP1 NBs (> 2 µm2) after treatment. 
>2000 nuclei were scored per condition. Graphs represent means ± standard deviation 
from 3-6 replicates per condition and are representative of two independent repeats. All 
p-values were calculated using a one-way ANOVA with Tukey’s multiple comparisons 
test, only significant comparisons are shown. 
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5.2.4 Combination treatment effects on the cell cycle 

To shed more light into how each treatment affected the cell cycle, the next steps were to 

stain for mitotic cells in sections of paraffin-embedded spheroids and perform DNA-

content analysis by flow cytometry. As described before, WEE1 is the checkpoint kinase 

regulating the G2/M transition through phosphorylation of CDK1, which in turn prevents 

premature entry into mitosis. Inhibition of WEE1 was therefore expected to cause an 

increase in mitotic cells. As a biomarker of this, phosphorylation of histone H3 (pHH3) 

on serine 10 was detected through immunofluorescence staining on sections of paraffin-

embedded spheroids (Fig. 5.18A and Fig. 5.19A). Percentage of pHH3 positive cells in 

A673 spheroids was quantified and was found to have significantly increased in both 

groups treated with AZD1775, compared to the untreated control and SN-38 alone (Fig. 

5.18B). This effect was not as marked in TC32 spheroids, with only a modest increase in 

mitotic cells in single-agent AZD1775 across the three time points analysed. 

Interestingly, this effect was restricted to AZD1775 alone, but not combination-treated 

spheroids (Fig. 5.19B). 
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Figure 5.18 Effect of WEE1 inhibition on the number of mitotic cells in A673 

spheroids. 

(A) Representative microscopy images showing pHH3 staining (green) on sections of 
paraffin-embedded A673 spheroids. Samples were treated with SN-38 (2 nM), AZD1775 
(0.7 µM), or concurrent treatment for 6 h, 12 h, and 24 h. (B) Bar charts showing 
percentage of A673 cells positive for pHH3 after treatment. >2000 nuclei were scored per 
condition. Graphs represent means ± standard deviation from 3-6 replicates per condition 
and are representative of two independent repeats. All p-values were calculated using a 
one-way ANOVA with Tukey’s multiple comparisons test, only significant comparisons 
are shown. 
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Figure 5.19 Effect of WEE1 inhibition on the number of mitotic cells in TC32 

spheroids. 

(A) Representative microscopy images showing pHH3 staining (green) on sections of 
paraffin-embedded TC32 spheroids. Samples were treated with SN-38 (1 nM), AZD1775 
(0.5 µM), or concurrent treatment for 6 h, 12 h, and 24 h. (B) Bar charts showing 
percentage of TC32 cells positive for pHH3 after treatment. >2000 nuclei were scored 
per condition. Graphs represent means ± standard deviation from 3-6 replicates per 
condition and are representative of two independent repeats. All p-values were calculated 
using a one-way ANOVA with Tukey’s multiple comparisons test, only significant 
comparisons are shown. 
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Investigating the treatment’s impact on the cell cycle was a key step to understanding the 

mechanism behind the combined activity of these agents. To do so, it was important to 

perform this analysis on the same model system as previous experiments, since the 

phenotype in question was specific to how ES spheroids responded to the combined 

treatment. In addition, cell cycling and proliferation patterns differ between 2D and 3D 

cultures (268). For example, spheroids do not necessarily reflect a cell population that is 

dividing exponentially, unlike cells in culture dishes during the log phase. Rather, these 

models have been found to show distinct patterns of cell proliferation across their 

different regions (4, 268). To address this increased heterogeneity, DNA content analysis 

by flow cytometry was adapted to using spheroids as a model system, detailed in 2.15. 

Cell cycle analysis revealed a strong intra-S-phase arrest in TC32 cells from dissociated 

spheroids, visible after 24 h and 48 h of combined SN-38 treatment and WEE1 inhibition 

(Fig. 5.20). This effect coincided with an increase in the sub-G1 population, denoting cell 

death induced by the treatment. An approximate 5% of sub-G1 cells at 24 h closely 

matched the percentage of CC3 positive cells at the same time point, previously assessed 

by immunofluorescence (Fig. 5.10B). These effects were preceded by gradual 

lengthening of S-phase at the earlier time points of 6 h and 10 h (Fig. 5.20). More 

importantly, there was an absence of cells accumulating at the G2/M checkpoint, in 

agreement with the effect of WEE1 inhibition. However, it is unclear whether a portion 

of TC32 cells were able to progress into mitosis or they largely accumulate in S-phase as 

suggested by the histograms (Fig. 5.20). Contrastingly, accumulation of A673 cells in S-

phase was not observed after 24 h or 48 h of the combination treatment (Fig. 5.20). In 

fact, the cell cycle profile of these cells appeared unaffected and was more similar to that 

of normal progression (Fig. 5.20). Moreover, the individual effect of SN-38 on cell cycle 

progression was consistent in both cell lines. This was characterised by an increase of the 

S-phase population at 6 h, followed by G2/M accumulation between 10 h and 24 h after 

treatment, and lastly a return to a profile resembling normal progression, as in the 

untreated controls, 48 h after (Fig. 5.20, Fig. 5.21). These events matched what is known 

about SN-38 as an inducer of DSBs and RS, slowing down progression through S-phase 

followed by activation of the G2/M checkpoint to repair accumulated DNA damage. With 

regards to single-agent AZD1775, there was an increase in G0/G1 cells observed in TC32 

cells, but not A673 (Fig. 5.20, Fig. 5.21). Removal of functional G2/M checkpoint 

through chemical abrogation, increases the importance of the G1-S checkpoint to 
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coordinate DNA repair. Importantly, TC32 cells are TP53 WT unlike A673, enabling 

activation of the G1-S checkpoint, potentially responsible for the increase in the 

percentage of G0/G1 cells. The status of p53 may be important in the determining the 

response and fate following treatment of these cell lines. 

In addition to how cell lines responded to treatment, cell cycle analysis highlighted further 

differences between cell lines, for example the overall length and proportion of phases in 

each cell cycle. On average, the S-phase percentage in untreated cells was higher in A673 

than TC32 (31.73% and 25.18%, respectively). This also translated to a smaller G2/M 

population in TC32 cells compared to A673, with the opposite being true for G0/G1. This 

profile may be indicative of faster proliferation in A673 cells compared to TC32, 

consistent with the estimated doubling times for these cell lines (A673: 24 h and TC32: 

36 h), albeit when cultured in 2D.  
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Figure 5.20 Effects of SN-38 in combination with AZD1775 on cell cycle progression 

of TC32 spheroids 

SN-38 in combination with AZD1775 induces S-phase accumulation in TC32 spheroids. 
(A) Histograms of dissociated TC32 spheroids and subjected to propidium iodine (PI) 
labelling for DNA-content analysis by flow cytometry after treatment. TC32 spheroids 
were treated with SN-38 (1 nM), AZD1775 (0.5 µM), or concurrent treatment for 6 h, 12 
h, and 24 h. (B) Bar charts represent means from 25,000 events per condition and are 
representative of two independent repeats. 
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Figure 5.21 Effects of SN-38 in combination with AZD1775 on cell cycle progression 

of A673 spheroids. 

 (A) Histograms of dissociated A673 spheroids and subjected to propidium iodine (PI) 
labelling for DNA-content analysis by flow cytometry after treatment. A673 spheroids 
were treated with SN-38 (2 nM), AZD1775 (0.7 µM), or concurrent treatment for 6 h, 12 
h, and 24 h. (B) Bar charts represent means from 25,000 events per condition and are 
representative of two independent repeats. 
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5.2.5 Characterising the apoptotic response following combination treatment 

Previously, growth assessment following combination treatment in A673 and TC32 

spheroids resulted in two different responses, one marked by growth arrest and the other 

by cell death, respectively (Fig. 5.1). The response following combination treatment in 

A673 spheroids was assessed beyond the 21-day cycle, and spheroids were shown to 

remain in this state without a recovery in size (Fig. 5.22). To continue investigating these 

two phenotypes p53 was investigated as a mediator of these responses. Notably, cell line 

A673 is p53-null and TC32 cell line p53 WT (Table. 5.1). Therefore, p53 activity could 

have been involved in the cell death response in TC32 spheroids following combination 

treatment was assessed. Downstream target of p53, PUMA, was investigated and detected 

by Western blot (Fig. 5.23A). The window to activation of these effectors of p53-

mediated apoptosis was on the 5th day of the 21-day cycle. This was to be consistent with 

the time when spheroid size decreased in the assay. (Fig. 5.1A). Induction of PUMA 

expression was visible in SN-38 and combination-treated TC32 spheroids, coinciding 

with an increase in cleaved PARP1 (Fig. 5.23A). Densitometry analysis relative to the 

loading control, indicated that the levels of PUMA and cleaved PARP1 following 

combination treatment were higher in the combination treatment in TC32 spheroids (Fig. 

5.23C). Regarding the response in A673 spheroids, these did not display activation of this 

downstream effector of apoptosis, as expected given its p53 status (Fig. 5.23B). 

 

Figure 5.22 Post-21-day assessment of combination treated A673 spheroids  

A673 spheroids models were treated with SN-38, AZD1775, or concurrent treatment at 
the indicated concentrations for 5 days in a 21-day cycle. Growth was monitored for an 
additional 7 days. Graphs represent means ± standard deviation from 6 replicates and are 
representative of two independent repeats. 
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Figure 5.23 Effects of SN-38 in combination with AZD1775 on markers of apoptosis. 

Protein levels of cleaved PARP1 and PUMA assessed by Western blot on TC32 spheroids 
(A) and A673 spheroids (B) after 120 h treatment of SN-38 (1 nM and 2 nM) and 
AZD1775 (0.7 µM and 1.4 µM), alone and in combination. Total PARP1 and GAPDH 
levels are shown as control and loading controls, respectively. Western blots are 
representative of at least two independent repeats. (C-E) Bar graphs with densitometry 
values from western blots in A and B, normalised to loading control GAPDH, and in the 
case of cleaved PARP1 also normalised to total PARP1 levels. Values are relative to the 
untreated control of each blot. 
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AZD1775 treatment. This enzyme is the catalytic subunit of RNR, and therefore 

responsible for maintaining nucleotide pools. Inhibiting nucleotide metabolism limits the 

ability to carry out efficient DNA replication, increasing RS. (31, 41, 168). To investigate 

this, protein levels of RRM2 were found to decrease in both conditions treated with 

AZD1775 (Fig. 5.24A). Consistent with successful WEE1 inhibition, levels of 

phosphorylated tyrosine 15 on CDK1/2 also decreased, marking the reduction of the 

inactive form of these downstream targets of WEE1 (Fig. 5.24A). Decrease in RRM2 

protein levels was replicated with 0.7 µM of AZD1775, which verified this effect was 

within the clinically achievable threshold of the WEE1 inhibitor (Fig. 5.24B). 

Degradation of RRM2 has been shown to be triggered by CDK2 phosphorylation of its 

threonine 33 residue (168). However, this enzyme’s expression has also been linked to 

ATR activity, independently from its downstream signalling through CHK1 and WEE1, 

and thus CDK2 (42). To assess whether this effect was observed with ATR inhibition as 

well, RRM2 levels following treatment with inhibitors of this kinase were tested. Clinical 

drug candidates VX-970 and AZD6738 lowered RRM2 protein levels, but not to the 

extent that WEE1 inhibition did (Fig 5.24C). ATR inhibition decreased WEE1 activation, 

but only minimally, as seen by a small reduction in levels of p-CDK1/2 (Y15), suggesting 

limited dysregulation of CDK2 and degradation of RRM2. It remains to be addressed 

whether inhibiting ATR affects RRM2 expression via an alternative mechanism, 

independent of the ATR-CHK1-WEE1 axis (42). Of note, ATR inhibition in combination 

with SN-38 was also successful in decreasing spheroid growth, as reported earlier in 

chapter 4. However, these results suggest RRM2 status may not be relevant to the growth 

inhibitory effect seen with ATR inhibitors in ES spheroids. In contrast, data with 

AZD1775 suggests WEE1 inhibition’s effect on nucleotide metabolism may act as a 

potential source of RS, contributing to genome instability (Fig. 5.25). 
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Figure 5.24 WEE1 inhibition dysregulates CDK1/2 and degrades RRM2.  

Protein levels of RRM2 and phospho-CDK1/2 (Y15) assessed by Western blot on A673 
spheroids after 24 h of SN-38 (2 nM) treatment in combination AZD1775 at 1.4 µM (A) 
and 0.7 µM (B), and ATR inhibitors VX-970 (1 µM) and AZD6738 (1 µM) (C). Total 
CDK1 and GAPDH levels are shown as control and loading controls, respectively. 
Western blots are representative of at least two independent repeats. 
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Figure 5.25 WEE1 inhibition-induced replication stress through RRM2 degradation 

and nucleotide depletion. 

Diagram modelling WEE1 inhibition contributing through RS by disrupting nucleotide 
metabolism. Upon activation WEE1 phosphorylates CDK2 to regulate its activity, 
however inhibition with AZD1775 prevents inactivation of CDK2, maintaining it 
functional. In turn, dysregulated CDK2 phosphorylates RRM2 on its threonine 33 (T33) 
residue, triggering degradation of this homodimer subunit of RNR. Degradation of RRM2 
results in inhibiting RNR and nucleotide production, contributing to RS. 

For these reasons, the next step was to investigate the extent of the contribution of RRM2 

degradation to the decrease in spheroid growth, obtained with SN-38 in combination with 

WEE1 inhibition. To begin to explore this, the dynamics and time frame of the decrease 

in protein levels of RRM2 were investigated with a time-course experiment. Protein 

assessment by Western blot revealed WEE1 activity, determined by phosphorylated 

CDK1/2, was sufficiently blocked after just 2 h of AZD1775 treatment, alone and in 

combination with SN-38 (Fig 5.26A). In terms of RRM2 protein levels, these began to 

decrease at 2 h (~25%), becoming significantly more apparent at 6 h (Fig. 5.26A). 

Degradation of RRM2 was also verified in AZD1775-treated conditions in TC32 

spheroids at 24 hours, showing a smaller decrease in levels of RRM2 in spheroid lysates 

treated with the combination (Fig. 5.27A). Furthermore, nucleotide supplementation was 

tested to examine the impact of RRM2 degradation, and potential depletion of nucleotide 

pools, on spheroid growth. This experiment used medium supplemented with nucleosides 

throughout the 21-day cycle and tested the 5-day treatment of SN-38 in combination with 

WEE1 inhibition. Spheroid growth of A673 and TC32 spheroids was not recovered by 
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the addition of nucleosides, suggesting RRM2 degradation and its consequences on 

nucleotide metabolism do not influence the overall cytotoxic effect of the combination 

treatment (Fig. 5.26C and 5.27C). 

 

Figure 5.26 Time-course assessment of RRM2 degradation after WEE1 inhibition.  

(A) Protein levels of RRM2 and phospho-CDK1/2 (Y15) assessed by Western blot on 
A673 spheroids after 2 h, 6 h, and 24 h of AZD1775 treatment with 0.7 µM, alone and in 
combination with SN-38 (2 nM). Total CDK1 and GAPDH levels are shown as control 
and loading controls, respectively. Western blots and graphs are representative of at least 
two independent repeats. (B) Bar graphs with densitometry values from western blots in 
A, normalised to loading control GAPDH and relative to the untreated control at 2 h for 
RRM2, p-CDK1/2, and CDK1/2. (C) A673 spheroids were treated with SN-38 (2 nM), 
AZD1775 (0.7 µM), or concurrent treatment in media supplemented with EmbryoMax 
Nucleosides at 1:25 and 1:50 dilutions. Growth was assessed by measuring spheroid area. 
Graphs represent means ± standard deviation from 6 replicates and are representative of 
three independent repeats. 
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Figure 5.27 RRM2 degradation and nucleotide supplementation in TC32 spheroids 

(A) Protein levels of RRM2 and phospho-CDK1/2 (Y15) assessed by Western blot on 
TC32 spheroids after 24 h of treatment with SN-38 (1 nM) and AZD1775 (0.7 µM), alone 
and in combination. Total CDK1 and GAPDH levels are shown as control and loading 
controls, respectively. Western blots and graphs are representative of at least two 
independent repeats. (B) Bar graphs with densitometry values from western blots in A, 
normalised to loading control GAPDH and relative to the untreated control for RRM2, p-
CDK1/2, and CDK1/2. (C) TC32 spheroids were treated with SN-38 (1 nM), AZD1775 
(0.5 µM), or concurrent treatment in media supplemented with EmbryoMax Nucleosides 
at 1:25 and 1:50 dilutions. Growth was assessed by measuring spheroid area. Graphs 
represent means ± standard deviation from 6 replicates and are representative of two 
independent repeats. 
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inhibition was counteracted by treating these cells in the presence of nucleosides (Fig. 

5.28). 

 

Figure 5.28 Nucleotide supplementation counteracts AZD1775-induced γH2AX. 

(A) Representative images showing γH2AX staining on WiDr colorectal cell line treated 
with AZD1775 (250 nM) for 8 hours in the absence or presence of EmbryoMax 
nucleosides (1:25). (B) Bar charts showing γH2AX intensity (arbitrary unit) of WiDr cells 
following the indicated treatment. Graphs represent means ± standard deviation from 6 
replicates per condition and are representative of one experiment. 
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were explored. Mechanistically, it was hypothesised that S-phase-dependent DNA 

damage induction by SN-38 could prime cells for WEE1 inhibition. This was based on 

the idea that firstly, induction of DSBs would cause cells to arrest in G2/M, in order to 

enable DNA damage repair. In this way, cells accumulating at this point, would be more 

vulnerable to premature entry into mitosis triggered by WEE1 inhibition, particularly 

before the damage has been repaired. These events could result in mitotic catastrophe and 

cell death. Inversely, prior treatment with a WEE1 inhibitor could reduce the percentage 

of cells in S-phase by promoting forced entry into mitosis. This could then affect SN-38’s 

efficacy and its mechanism of action through topoisomerase I poisoning (184). These 

considerations were tested as two alternative schedules, first inhibiting topoisomerase I 

to induce DSBs, followed by WEE1 inhibition, and vice versa (Fig. 5. 29A). However, 

staggering the treatments of each agent was found not to be significantly better than 

concurrent treatment, despite the rationale discussed above (Fig. 5.29B-C). 
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Figure 5.29 Effects of staggered SN-38 and WEE1 inhibition treatment on ES 

spheroids 

(A) Diagram showing the schedule for staggered SN-38 and AZD1775 treatment within 
a 21-day cycle. A673 (B) and TC32 (C) spheroids models were treated with SN-38, 
AZD1775, or concurrent treatment at the indicated concentrations for the specified length 
of time. Graphs represent means ± standard deviation from 6 replicates and are 
representative of three independent repeats. 
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with A673 spheroids showed decreasing WEE1 inhibition did not affect the overall result 

of the combination treatment. That is, concurrent treatment for 2.5 days only, and 

maintaining SN-38 for a further 2.5 days was sufficient to replicate the same growth 

inhibitory effect achieved by 5 days of the combination treatment (Fig. 5.30B). In 

contrast, shortening AZD1775’s treatment in TC32 spheroids changed the treatment 

outcome. Initially, this model showed a strong cytotoxic effect with decreasing spheroid 

growth, comparable to the full 5-day combination treatment. However, there was a late 

recovery towards the end of the assay, which suggested viable cells remained (Fig. 

5.30C). These results indicate that treatment outcome is dose-dependent and suggest the 

need for sustained damage induction and checkpoint inhibition. Importantly, in the 

clinical setting, patients would receive several rounds of this treatment cycle, potentially 

extending their response to irinotecan in combination with WEE1 inhibition. 
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Figure 5.30 Effects of SN-38 in combination with reduced WEE1 inhibition 

treatment on ES spheroids 

(A) Diagram showing the schedule for SN-38 in combination with reduced WEE1 
inhibition treatment within a 21-day cycle. A673 (A) and TC32 (B) spheroids models 
were treated with SN-38, AZD1775, or concurrent treatment at the indicated 
concentrations for the specified length of time. Graphs represent means ± standard 
deviation from 6 replicates and are representative of three independent repeats. All p-
values were calculated using a repeated-measures ANOVA with Tukey’s multiple 
comparisons test, significant comparisons relevant to the question of reduced WEE1 
inhibition in the combination treatment are shown.  
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5.3 Discussion 

5.3.1 Efficacy of SN-38 in combination with WEE1 inhibition in ES 

WEE1 inhibition as an anticancer therapy has been primarily used as a way to potentiate 

the effect of other DNA-damaging agents by inducing forced entry into mitosis, resulting 

in apoptosis and/or mitotic catastrophe (269). In this chemo-sensitising role, AZD1775 

has been tested in combination with gemcitabine and carboplatin in solid tumours such 

as triple-negative breast cancer (TNBC), SCLC, and ovarian cancer (114). Aside from its 

synergistic effect with chemotherapy, WEE1 inhibition has also been proposed to have 

independent cytotoxic activity in a range of genetic backgrounds, such as TP53-deficient 

contexts (74, 99, 111, 114). This is due to p53’s role as the crucial regulator of the G1-S 

checkpoint, whose inactivation increases the reliance on the S and G2 checkpoints to 

preserve genome integrity. In this way, WEE1 inhibition has been suggested to selectively 

kill TP53 mutant cells (74, 111, 270). Other identified biomarkers of sensitivity to WEE1 

inhibition are overexpression of cyclin E and MYC, both strongly linked to a background 

of oncogene-induced RS (54, 74, 271). Notably, EWS-FLI1 drives MYC expression, and 

directly dysregulates transcription, replication, and the cell cycle (detailed in 1.5.3) (272). 

Together, these reasons proposed ES as a potentially vulnerable tumour due to a 

dependency on the RSR in order to survive (40, 98, 168). WEE1’s role in this pathway, 

providing cell cycle and replication control through regulation of CDK1 and CDK2 made 

it a promising target to investigate in this sarcoma. Additionally, combination with 

irinotecan would exacerbate RS and DNA damage in an already dysregulated setting, 

ultimately pushing ES cells towards cell death. The data presented here investigated this 

rationale and found this therapeutic approach to be effective against in vitro models of 

ES. 

Combination of SN-38, the active metabolite of irinotecan, and WEE1 inhibitor 

AZD1775 was validated in a range ES spheroid models. In depth characterisation of the 

effects of this combination treatment uncovered two different responses in the two cell 

line models investigated. Broadly, treatment with SN-38 in combination with AZD1775 

in A673 spheroids led to a strong inhibitory effect, arresting growth throughout the 21-

day cycle. In contrast, response in TC32 spheroids was marked by complete cell death. 

Whilst both results are positive from a therapeutic perspective, understanding the key 

differences between them can contribute to maximising the efficacy of this combination 
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therapy. To investigate the effects of the combination treatment producing these two 

phenotypes, assessment of DNA damage markers, apoptosis, cell cycle effects, and the 

consequences of CDK1 and CDK2 dysregulation were explored. The data collected here 

suggests the phenotype in TC32 spheroids was primarily achieved through DNA damage 

accumulation causing S-phase arrest, and subsequently cell death. The evidence 

supporting this model is discussed here, and the key differences between the two models 

are highlighted. 

Combination treatment in TC32 and A673 spheroids had the highest induction of γH2AX 

foci compared to the single agents. The presence of this marker of DSBs was also 

sustained in combination-treated spheroids of both models throughout the time points 

assessed. In TC32 spheroids, DNA damage induction by SN-38 and AZD1775 

monotherapy was more time-dependent. AZD1775 in particular showed an early increase 

at 6 h and 12 h, and SN-38 showed elevated levels of γH2AX foci at 24 h. This was 

consistent with its ‘poisoning’ mechanism of action in which SSBs are converted to DSBs 

when topoisomerase I cleavage complexes collide with the replisome (184). Thus, this 

effect may take longer to develop due to it being restricted to cells in S-phase cells. In 

terms of the consequences of γH2AX foci accumulation, combination-treated TC32 

spheroids had a significantly higher induction of markers associated with cell death (pan-

nuclear γH2AX staining and CC3). On the other hand, A673 spheroids had a modest 

increase without being statistically significant. Of note, the percentage of positive cells 

for CC3 in both cell line models were generally low (below 7-8%). This is in agreement 

with the results from the growth curves, where a decrease in spheroid size or in the growth 

rate was not observed early, but rather towards the end of the 5-day treatment within the 

21-day cycle. Together, this suggested that the DNA damage induced by the combination 

treatment accumulates, reaching a threshold that promotes cell death in TC32 spheroids, 

and to a lesser extent in A673 spheroids. Despite the use of higher concentrations of SN-

38 and AZD1775 and greater induction of γH2AX foci in the A673 model, this was not 

sufficient to induce complete cell killing as in TC32 spheroids. Although characterisation 

of the combination treatment’s effects in A673 spheroids provided evidence cell death, 

the growth curve suggested the net effect was growth arrest. 

In terms of the levels 53BP1 foci, induction after treatment varied between the two 

spheroid models studied. A673 had a strong induction following single-agent SN-38, also 
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matched by the combination treatment. This, however, was not observed in TC32 

spheroids, where 53BP1 foci were primarily seen in the SN-38-only group. Broadly, 

53BP1 foci should colocalise with γH2AX foci. 53BP1 foci are clusters of this repair 

protein that contributes to determining the pathway of choice in DSB repair through 

antagonising BRCA1 activity, and preventing resection of DNA ends (92, 273). Overall, 

their activity promotes NHEJ, which is mainly active in G1, in contrast to HR occurring 

in S and G2 phases (92). In the context of the data collected, the presence of 53BP1 foci 

in treated spheroids served as indicator of DNA damage, but more specifically as early 

evidence that NHEJ/HR repair activity has started. This marker, however, is not definitive 

indication that NHEJ activity has been favoured, as 53BP1 can still be displaced and 

excluded from damage sites (274). It remains to be addressed why the DSBs induced by 

the combination treatment in TC32 spheroids did not result in persistent 53BP1 foci 

accumulation, like in A673 spheroids. One possibility answering this question could be 

WEE1 inhibition’s impact on DSB repair and recruitment of this particular DNA damage 

repair protein. Reports in the literature have found WEE1 inhibition to suppress 53BP1 

foci formation through CDK1 activity (275). More importantly, aberrant activation of 

CDK1 through WEE1 inhibition has been shown to inactivate HR (275). Future work 

could investigate how SN-38 in combination with AZD1775 affect the repair pathway of 

choice in these two models. This is particularly relevant in light of ES tumours being 

suggested to phenocopy a BRCA1-deficient context due to BRCA1 being chromatin-

bound (37). It may be the case that the efficacy of this treatment is linked to unscheduled 

CDK1 activity, mediating DSB repair pathway of choice. 

Quantification of 53BP1 NBs was differentiated from traditional 53BP1 foci by size, 

however this could lead to possible misinterpretation. As cells accumulate more of either 

of these markers, their size becomes smaller due to the limiting pool of 53BP1 and/or its 

recruitment factors, such as RNF168. Therefore, in order to specifically identify these 

NBs, which are restricted to G1, one possible improvement would be to stain for cyclin 

A, expressed in S and G2. In this way, G1 cells, negative for this marker and positive for 

53BP1 NBs could be accurately quantified improving the analysis of this DNA damage 

factor. Considering this caveat, using 53BP1 NBs as a surrogate marker of RS (46) did 

not indicate accumulation of this form of damage following the combination treatment in 

either of the models tested. In contrast, single-agent SN-38 resulted in high levels of 

53BP1 staining, particularly in A673 spheroids. 53BP1 NBs are known to form on DNA 
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lesions associated with RS, particularly arising from under-replicated DNA (46). 

Regarding the combination treatment, whilst RS levels could have increased as a result 

of the activity of the two agents, cells may not have been able to divide, passing on these 

lesions to daughter cells and entering G1, where 53BP1 NBs become apparent (46, 47, 

267). Future work assessing 53BP1 NBs in G1 cells could explore this possibility and 

clarify the nature of this signal. When assessing the effects of the combination treatment 

on the cell cycle in TC32 spheroids, profiles indicated accumulation in S-phase after 24 

and 48 hours of treatment. This, together with the lack of increase in mitotic cells (pHH3 

positive) after the combination treatment, suggested TC32 spheroids undergo S-phase 

arrest, potentially stopping them from entering mitosis. Therefore, the model explaining 

the combined effects of SN-38 and AZD1775 in TC32 spheroids suggests DNA damage 

induction triggers S-phase arrest followed by an apoptotic response (Fig. 5.32). It would 

be interesting to verify whether the majority of DNA damage is specific to S-phase to 

confirm if concurrent SN-38 and AZD1775 treatment combine to trigger replication 

catastrophe in ES cells. These future studies could test RPA exhaustion as an explanation 

to cell death in S-phase (65, 276). 

One key difference between TC32 and A673 spheroids was that cells were able to 

progress through the cell cycle without accumulating in S-phase, following concurrent 

treatment of SN-38 and AZD1775. Whilst the induced DNA damage contributed to 

growth inhibition in A673 spheroids, over time this effect was maintained becoming 

growth arrest. It is possible that cell cycle analysis or assessing proliferation of A673 

spheroids at a later time point could give more definitive evidence to support this 

hypothesis. Whilst both models showed DNA damage accumulation after concurrent 

treatment of SN-38 and WEE1 inhibition, the difference was in the consequences this 

had. The ability for DNA damage induction to activate cell death, rather than growth 

arrest appeared to be a key factor in the response of these spheroid models (Fig. 5.31). 
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Figure 5.31 Proposed model of mechanism of activity of irinotecan in combination 

with WEE1 inhibition. 

 

5.3.2 Towards identifying biomarkers of response to SN-38 in combination with WEE1 
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Although the focus of this therapeutic approach was aimed at the vulnerability created by 
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and patient prognosis, for example, tumours with TP53 and STAG2 mutations are known 

to lead to worse outcomes (130). In this study, the response to SN-38 in combination with 
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stability and the G1-S checkpoint. TC32 cells, on the other hand, are TP53 WT, but also 

have mutations in CDK2NA and STAG2. As hinted at in the previous model describing 

the effects of the combination treatment (Fig. 5.31), A673 cells’ inability to elicit a strong 

apoptotic response could have been a decisive factor in its response. This could be 

attributed to lack of p53 activity in this cell line, previously confirmed in the literature 

(277, 278). In contrast, TP53 WT TC32 spheroids showed induction of pro-apoptotic 

proteins downstream of p53, overall supporting the view that SN-38 in combination with 

AZD1775 triggered DNA damage-induced apoptosis in this cell line. This model also 

suggests the CDKN2A deletion present in TC32 cells was not sufficient to disrupt p53 

activity, as evidenced by upregulation of protein expression of PUMA. Overall, the 

presence of functional p53 may be beneficial to an enhanced apoptotic response following 

DNA damage. There are examples in the literature in p53 WT cancer cell lines where this 

is the case (279). This, however, was not observed in the growth curve of combination-

treated spheroids of WE68, the other TP53 WT ES cell line in the panel validated. Future 

work could investigate a wider range of TP53 WT ES cell lines, which in fact are more 

representative of the majority of ES tumours, as only 5-7% of cases display these 

mutations (130-132). This, together with a functional experiment testing the role of p53 

in driving this apoptotic response, could pave the way to establish p53 status as a 

biomarker of sensitivity to this combination treatment. One example of an experiment 

would be assessing the response to the combination treatment in TC32 spheroids where 

p53 has also been inactivated, with the caveat that p53-independent mechanisms may also 

play a role. In addition, the inverse experiment could also be tested in A673 spheroids 

through reactivation of p53 as a means to promote a greater apoptotic response. 

With regards to the results with A673 cell line, it is likely alternative mediators of 

apoptosis contributed to the increase in CC3 measured by immunofluorescence, the 

histological changes observed, and PARP1 cleavage. Additionally, the growth arrest 

observed could not have been triggered through canonical activation of p21 inducing G1-

S arrest due to the p53-deficient context in A673 spheroids. To investigate alternative 

mechanisms coordinating this response, future work could look at other activators of 

apoptosis such as p53 analogues, p63 and p73, together with E2F1, which regulates TP73 

transcription (280) (Fig. 5.32). Importantly, E2F1 is upregulated by EWS-FLI1 and 

therefore its roles in p73 activity could be explored (281).  
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Figure 5.32 p53-independent mechanisms of apoptosis in response to SN-38 in 

combination with WEE1 inhibition. 

Diagram showing a model for additional mechanisms contributing to a cell death response 
in A673 spheroids upon treatment with SN-38 in combination with WEE1 inhibition. 
These mechanisms could involve p53 analogues, for example, p73 activated via CHK1 
and CHK2 and through stabilisation and transcription activity of EWS-FLI1 target 
E2F1(280, 281). 

Beyond characterising the response in A673 spheroids, a key question left to answer is 

why the combination treatment not sufficient to result in complete cell killing, even after 

the 21-day cycle assessed (Fig. 5.22). One possibility is that there are additional 
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triggering of an apoptotic response in a p53-independent manner. Sustained E2F-

dependent transcription has been identified to play such role, and could therefore help to 

deal with RS-induced DNA damage (282). Notably, EWS-FLI1 is known to coordinate 

E2F signalling, by favouring a switch from transcriptional repressor E2F4 towards 

activator E2F3, and by upregulating E2F1 (281, 283). Therefore, exploring whether this 

model (Fig. 5.33) applies to A673 cells, and more widely to the ES context, would be an 

interesting area to pursue in the future. Another possibility that could be explored is 

whether the remaining cell population in A673 spheroids is resistant to the treatment, and 

EWS-FLI1

SN-38 + WEE1i

DNA damage

CHK1/CHK2

E2F1
stabilisation –

transcription

p73

Cell death

Activation of other 
p53 analogues



 182 

if so, whether this was acquired or innate. Innate resistance could suggest the presence of 

a cancer stem cell population, able to avoid DNA damage induction by being in a 

quiescent state, but yet capable of re-establishing the parental tumour. Cells of these 

characteristics have been previously found in ES (284). More recently, modulation of 

EWS-FLI1 expression has been found to be a determinant of different cell states in ES 

cells, including proliferation (159). In this way, levels of the fusion protein could be a 

mechanism to lower proliferation, and so, minimising the damage induced by drugs that 

require cell cycling, like SN-38/irinotecan. 

 

Figure 5.33 Sustained E2F transcription as a potential mechanism mediating RS-

induced DNA damage. 

Diagram showing a model in which EWS-FLI1-driven E2F transcription could be 
preventing RS-induced DNA damage accumulation, which in turn affects the response to 
SN-38 in combination with WEE1 inhibition. This mechanism could potentially influence 
the outcome between DNA repair, growth arrest, and cell death. Presently, it is unknown 
whether EWS-FLI1 driven E2F transcription contributes to dealing with endogenous or 
exogenous RS and the resulting DNA damage. 

Aside from p53 activity, the status of STAG2 has been found to be important in replication 

fork progression, as this regulates the interaction between the cohesin ring and the 

replication machinery (133). Its absence was identified to stall DNA synthesis and hinder 

fork stability leading to replication fork collapse (133). In this way, TC32 cells possessing 
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a mutation on STAG2 maybe be more vulnerable to RS and DNA-damage induction in S-

phase, thus resulting in the stronger response to the combination treatment. Whilst 

patients with STAG2 mutations are found in only approximately 15-21%, these are also 

associated with poorer outcome, and therefore validation of this as a biomarker of 

sensitivity for this therapy would be important (132). Interestingly, in non-cancer cells 

TP53 mutations overcome the intra-S phase block induced by the presence of STAG2 

mutations (133). It has been suggested that in ES tumours exhibiting both STAG2 and 

TP53 loss, the genomic instability created by STAG2 deficiency results in further genetic 

alterations. Importantly, STAG2-deficient cancers were found to have a dependency on 

DSB repair factors in HR and NHEJ, together with sensitivity to DSB-inducing agents 

(133). These reports are in agreement with the overarching hypothesis of ES being 

vulnerable to inhibition of the RSR, either through to EWS-FLI1-driven RS and/or 

STAG2 mutations. 

5.3.3 WEE1 inhibition and dysregulation of S-phase specific processes 

The hypothesis and the effects of the combination treatment were centred around a 

dysregulated S-phase and replication. For these reasons, additional effects of unscheduled 

activity of CDK1 and CDK2, induced by WEE1 inhibition, were investigated further. As 

introduced before, WEE1 plays an important role in regulating nucleotide metabolism; 

its pharmacological inhibition is known to promote degradation of RRM2, the key 

catalytic subunit in the RNR complex supplying nucleotides for cellular processes (41, 

55). It has been hypothesised that in an environment of high levels of RS, as in ES, 

disrupting nucleotide metabolism can have detrimental consequences to cell survival as 

the demand for these substrates is higher (55). An example of this is sensitivity to 

hydroxyurea and gemcitabine (inhibitors of RNR) in contexts of RS (108, 168, 206). 

WEE1 inhibition has been shown to mimic these effects through unscheduled activity of 

CDK2, which in turn phosphorylates RRM2 on threonine 33 triggering its degradation 

(41, 42, 168). The cytotoxic activity of single-agent AZD1775 in ES cells was recently 

linked to its effect on RRM2 expression, which is also overexpressed in this sarcoma 

(168, 285). Through a rescue experiment ectopically expressing RRM2 with T33A 

mutation, which renders it irresponsive to ubiquitin-mediated-proteolysis, sensitivity to 

WEE1 inhibition was successfully diminished (41, 168). 
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Given the established role of WEE1 in nucleotide metabolism, the involvement of this 

effect in the phenotype of the combination treatment was investigated. Unscheduled 

activation of CDK1/2 and degradation of RRM2 were successfully validated in both cell 

lines. However, nucleotide supplementation failed to recover the growth inhibition and 

cytotoxic effect of SN-38 in combination with AZD1775 in either of the spheroid models. 

Of note, these results were also not able to shift the sensitivity to single-agent AZD1775 

in spheroids in contrast to the reported findings in the literature (168). One possible 

explanation for this could be a compensatory mechanism by p53R2. RNR is traditionally 

composed of two subunits, RRM1 and RRM2, which catalyse the reduction of 

ribonucleotide diphosphates to deoxyribonucleotide diphosphates (286). Expression of 

the smaller catalytic subunit RRM2 is usually higher and regulated throughout the cell 

cycle with a peak in S-phase and degradation in G1 (42, 286). Nucleotide supply in G1 is 

provided by an alternative form of RNR, in which homolog p53R2 encoded by RRM2b 

substitutes RRM2, when expression of this subunit is low (287). Despite p53R2 activation 

being p53-dependent, its expression is not exclusive to this mechanism. Independent 

activation has also been shown to occur through p73, FOXO3, and E2F1 (288, 289). In 

this way, p53R2 activation could have contributed as a back-up for RRM2 degraded by 

WEE1 inhibition, alleviating the disruption on nucleotide metabolism. 

5.3.4 Evaluating the translational potential of irinotecan in combination with WEE1 

inhibition  

A recent clinical study investigating the combination of AZD1775 with irinotecan in 

children and adolescents established the maximum tolerated dose and recommended 

phase II dose (RP2D) for this combination in daily treatments for five days every 21 days 

(113). Importantly, assessment of anti-tumour activity found partial response in one ES 

patient out of four, suggesting activity in this heavily pre-treated relapsed cohort (113). 

However, further investigation of this combination for relapsed ES patients may be 

affected by a recent randomised comparison of relapse regimens in ES (183). This study 

found combination between topotecan and cyclophosphamide, and high-dose ifosfamide 

monotherapy, to be superior to irinotecan/temozolomide (183). As the randomisation 

continues, topotecan still remains as a viable combination partner, albeit with a different 

pharmacological profile (182, 184). Although the results presented here focused on 

irinotecan, these findings serve as proof-of-principle and could be applicable to other 

topoisomerase I inhibitors, including topotecan. 
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The introduction of novel targeted therapies to chemotherapeutic regimens involves 

careful consideration of toxicities, PK and PD parameters, whilst trying to maximise 

response. In these regimens, there is often room for incorporating mechanistic-based 

decisions to establish a schedule to obtain maximal efficacy with this therapy. One 

example of this is staggering combination therapies consisting of DNA-damaging agents 

and inhibitors of DNA repair proteins. This is because pre-treating cells with DNA repair 

inhibitors can sensitise them to the DNA damage induced by chemotherapy and/or 

radiotherapy. Based on this rationale, a recent clinical study of CHK1 inhibition in 

combination with cyclophosphamide, an ES front-line chemotherapy agent, investigated 

different schedules (196). However, results indicated concurrent treatment provided the 

best response over sequential treatments (196). Nevertheless, there are other cases, such 

as combination between CHK1 inhibition and gemcitabine, where response is improved 

with a staggered treatment in which cells are pre-treated with a CHK1 inhibitor (110, 

290). Regarding results with SN-38 in combination with WEE1 inhibition, a staggered 

schedule was less effective than concurrent treatment. In this way, the hypothesis that 

unscheduled entry into mitosis induced by WEE1 inhibition, would carry forward 

previously accumulated damage, and then cause mitotic catastrophe and apoptosis, was 

not favoured by the evidence presented. Rather, combined exposure appeared to work 

best to induce greater DNA damage and push cells towards cell death. In fact, concurrent 

treatment could be reduced to only 2.5 days, keeping SN-38 for the entire 5 days, while 

maintaining the same response in A673 spheroids. On the other hand, reducing AZD1775 

treatment to 2.5 days in combination-treated TC32 spheroids resulted in recovery in size 

towards the end of the assay. Although this suggests viable cells remained after treatment, 

at this point in a 21-day cycle, patients would receive another round of the same cycle. 

However, it remains to be addressed whether this population is resistant to the 

combination treatment and continues to have tumorigenic capacity. Altogether, the 

evidence presented in this chapter provides a strong rationale for the use of topoisomerase 

I inhibitors in combination with WEE1 inhibition as a therapeutic approach in ES. 
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Chapter 6 EWS-FLI1 mediates sensitivity to irinotecan and 

WEE1 inhibition combination 

6.1 Introduction 

Having characterised the response to SN-38 in combination with WEE1 inhibition in in 

vitro 3D models of ES, the final step in this project was to investigate the role of EWS-

FLI1 in mediating sensitivity to this treatment. The activity of the treatment’s dependence 

on expression of the fusion protein would suggest a fusion-specific response, supporting 

the use of this therapy for this sarcoma by linking it to its main oncogenic driver. As 

recently shown, the presence of the fusion protein in ES dysregulates transcription 

resulting in conflicts with the replication machinery (37). This results in an acquired 

dependency on DNA repair pathways resolving RS by protecting fork progression and 

promoting fork restart (40, 98, 168). Based on this knowledge, this thesis hypothesised 

ES cells could be vulnerable to inhibition of WEE1 activity, a key player in the RSR, and 

further induction of RS by SN-38. 

To test this hypothesis, ectopic expression of EWS-FLI1 was chosen as a model system 

amongst other alternatives discussed (6.3). Here, the process of establishing an inducible 

model to express EWS-FLI1 is presented and proof-of-concept of the fusion protein as 

an inducer of sensitivity to SN-38 and AZD1775 treatment was obtained through assays 

carried out in 2D. 
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6.2 Results 

6.2.1 Developing an inducible model of ectopic expression of EWS-FLI1 

U-2 OS cells were selected to stably express the TetR protein through transfection with 

plasmid pCAGTetRnls (detailed in 2.17.1) (Fig. 6.1), also containing a puromycin 

resistance gene to enable selection of successfully transfected clones. Next, monoclonal 

expansion of transfected cells kept under selection was performed to ensure homogenous 

expression of TetR (Fig. 6.1A, detailed in 2.17.3). These U-2 OS clones were screened 

for expression of TetR (Fig. 6.1B-C) and clones A1, B3 and B4, containing the highest 

protein expression were then carried forward. Immunofluorescence detection of TetR was 

also performed to verify protein expression was indeed homogeneous across these clone 

populations (Fig 6.D). Stably transfected clones A1, B3 and B4 were then transfected 

with pcDNA ™5/TO-EWS-FLI1, which had the fusion gene placed under the control of 

a tetracycline-responsive promoter. In this way, upon addition of doxycycline (synthetic 

analogue of tetracycline), protein expression of EWS-FLI1 was successfully induced and 

detected in U-2 OS clones containing the vector with the fusion gene (Fig. 6.2). This 

demonstrated effective transfection and induction of the fusion protein. 



 188 

 

Figure 6.1 Developing an inducible model of EWS-FLI1 expression 

(A) Diagram showing the workflow to create the doxycycline-inducible model of EWS-
FLI1 expression in U-2 OS cells. (B) Protein levels of TetR assessed by Western blot on 
transfected U-2 OS clones. GAPDH levels are shown as a loading control. (C) Bar graphs 
with densitometry values for TetR normalised to loading control GAPDH. (D) 
Representative images of immunofluorescence detection of TetR (red) in U-2 OS A1, B3 
and B4 clones. 
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Figure 6.2 Inducible EWS-FLI1 expression in U-2 OS cells 

(A) Protein levels of EWS-FLI1 assessed by Western blot on the transfected U-2 OS 
clones A1, B3, and B4 with pcDNA ™5/TO-EWS-FLI1 and an empty vector (EV), as a 
control. Clones were treated with doxycycline (DOX) (2 µg/ml). Fusion protein was 
detected with antibodies directed against EWS and FLI1. GAPDH levels are shown as a 
loading control. 

6.2.2 Establishing drug combination doses for SN-38 and AZD1775 

In order to investigate the effect of EWS-FLI1 expression on sensitivity to the 

combination treatment, it was important to determine the doses at which a combined 

effect between SN-38 and AZD1775 could be studied. Unfortunately, it was not possible 

to culture U-2 OS clones A1, B3, B4 transfected with pcDNA ™5/TO-EWS-FLI1 as 

spheroids, in contrast to the parental line U-2 OS, and despite testing different growing 

conditions (291). For these reasons, the following experiments were carried out in 2D in 

order to provide proof-of-principle that presence of the fusion protein sensitises cells to 

SN-38 in combination with WEE1 inhibition. U-2 OS B3 clone was then selected to carry 

out dose-responses for these two agents, with and without induction of EWS-FLI1 

expression. The timing for the drug treatment was 72 h after the addition of doxycycline 

(Fig. 6.3A). At this point, the level of EWS-FLI1 protein was verified by Western blot 

prior to drug treatment (Fig. 6.3B). SN-38 did not produce an observable dose-response 

at a dose range of 10 nM to 0.05 nM, previously used to calculate dose-responses in ES 
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spheroid models. At 10 nM there was a marginal decrease to approximately 80%-75% of 

cell viability (Fig. 6.3C). Notably, induction of EWS-FLI1 expression did not sensitise 

these cells to SN-38. In contrast, AZD1775 treatment resulted in a strong dose-response 

in B3 EF1 U-2 OS clones, and importantly, this was shifted by expression of EWS-FLI1, 

seen as a change in GI50 from 1.40 µM to 0.24 µM. To continue investigating the 

response to SN-38 in this system, an increased dose-range of up to 40 nM was tested (Fig. 

6.3D). These higher concentrations of SN-38 increased the response by reducing cell 

viability further, with 40 nM obtaining a decrease in cell viability just beyond 50% in cell 

expressing EWS-FLI1. However, the variable slope model used to calculate GI50s from 

dose-response curves was unable to determine one from this data. Nevertheless, the 

changes in cell viability suggested a degree of sensitisation to SN-38 following EWS-

FLI1 expression (Fig. 6.3E). To move forward with testing whether expression of the 

fusion protein sensitised cells to the combination treatment, 40 nM of SN-38 was chosen 

to be tested concurrently with the GI50 obtained with AZD1775 in EWS-FLI1 expressing 

cells (0.24 µM). 
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Figure 6.3 Sensitivity to single agent SN-38 and AZD1775 upon induction of EWS-

FLI1. 

(A) Diagram showing the schedule for EWS-FLI1 induction and drug treatment in cells 
with and without doxycycline (DOX). (B) Protein levels of EWS and FLI1 assessed by 
Western blot on U-2 OS B3 EF1 clones +/– doxycycline (DOX) (2 µg/ml) for 72 h. 
GAPDH levels are shown as a loading control. Dose-responses to SN-38 (C and E) and 
AZD1775 in B3 EF1 U-2 OS clones (D). Cell viability was assessed by MTS assay, 48 h 
after drug treatment and normalised to the untreated control. Means ± SD of 6 replicates, 
graphs are representative of two independent repeats. 

6.2.3 Investigating the effect of EWS-FLI1 expression on sensitivity to SN-38 in 

combination with WEE1 inhibition. 

Using the same schedule for EWS-FLI1 induction and drug treatments as before, 

combination of SN-38 (40 nM) and AZD1775 (0.24 µM) was tested on U-2 OS B3 clones 

with and without expression of EWS-FLI1. Single agents were also again tested as 

controls and B3 clone cells stably transfected with an empty vector (EV), with and 

without doxycycline. Levels of EWS-FLI1 protein were checked in B3 EF1 cells at 72 h 
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post-induction to confirm presence of the fusion protein at the time of drugging (Fig. 

6.4A). Cell viability measured after 48 h of treatment showed a decrease in all 

combination-treated groups, importantly, this was significantly greater when expression 

of EWS-FLI1 was induced (EF1+DOX) (Fig. 6.4B). Single-agent treatment with SN-38, 

but not AZD1775, resulted in greater reduction in cell viability in EWS-FLI1-expressing 

cells as well (Fig. 6.4B). In addition, induction of EWS-FLI1 with doxycycline in B3 EF1 

cells did not affect cell viability, 72 h after doxycycline induction (Fig. 6.4C). Altogether, 

these findings support the hypothesis that the presence of the fusion protein is linked to 

sensitivity to this combination treatment.  
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Figure 6.4 Sensitivity to SN-38 in combination with WEE1 inhibtion upon induction 

of EWS-FLI1. 

(A) Protein levels of EWS and FLI1 assessed by Western blot on A673, TC32, and U-2 
OS B3 EF1 and EV clones +/– doxycycline (DOX) for 72 h. GAPDH levels are shown 
as a loading control. U-2 OS B3 EF1 and EV clones +/– doxycycline (DOX) (2 µg/ml) 
treated with SN-38 (40 nM) and AZD1775 (0.24 µM), alone and in combination. (B) Cell 
viability was assessed by MTS assay, 48 h after drug treatment and normalised to the 
respective untreated control. (C) Cell viability was assessed by MTS assay 72 h post-
induction with DOX; absorbance measurements are shown. Means ± SD of 6 replicates, 
graphs are representative of two independent repeats. All p-values were calculated using 
a two-way ANOVA with Tukey’s multiple comparisons test, only significant 
comparisons are shown.  
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6.3 Discussion 

6.3.1 In vitro models of EWS-FLI1 fusion protein activity 

Research in ES has primarily employed two strategies to investigate the role of EWS-

FLI1 in the oncogenic transformation of this sarcoma: knockdown of EWS-FLI1 or 

ectopic expression of the fusion. These two methods have distinct benefits and 

limitations, serving different purposes as models of the fusion gene’s activity. Regarding 

knockdown of EWS-FLI1, siRNAs directed against the FLI1 portion of the fusion gene 

have been used in vitro and in vivo (292-295). These are specific to the fusion protein 

owing to the absence of WT FLI1 expression, and have been demonstrated to reduce the 

ES oncogenic phenotype (158, 293). Importantly, a key obstacle to this approach is that 

the majority of ES cell lines do not survive depletion of the fusion protein, and upon 

knockdown, these undergo cell cycle alterations and apoptosis (281). One system that has 

managed to overcome this problem, is a doxycycline-inducible knockdown model of 

EWS-FLI1 in A673 cells (155, 296). In this system, expression of the fusion can be 

successfully modulated and reduced to a point where apoptosis is not induced and 

viability remains, albeit with a marked reduction in proliferation levels (155, 158). In 

recent reports, further characterisation of this model has led to the suggestion of a 

spectrum of EWS-FLI1 expression, able to mediate cell-to-cell heterogeneity in ES 

tumours (158, 159). These changes in phenotype, underpinned by EWS-FLI1 protein 

levels, consisted in differences in proliferation and invasion, affecting their tumourigenic 

potential (158, 159). It remains to be addressed whether ES cells in vivo can fluctuate 

between these states through modulation of EWS-FLI1 expression, beyond existing as 

independent heterogeneous cells. Microenvironmental factors known to affect EWS-FLI1 

expression such as hypoxia, have been proposed as potential modulators and may hold 

further clues about their ability to adapt through changes in the fusion protein (159, 160). 

Overall, these findings have added a new layer of complexity to EWS-FLI1-mediated 

tumorigenicity. 

In the context of this project, depleting the fusion protein to investigate the link between 

EWS-FLI1 expression and sensitivity to irinotecan in combination with WEE1 inhibition 

was not a suitable method. This is because reducing EWS-FLI1 protein levels decreases 

proliferation, limiting the effect SN-38 can have on DNA replication in S-phase. In the 

same way, the extent of the combined effect of AZD1775, which exacerbates RS and 
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DNA damage accumulation in S-phase, would have been affected. Therefore, to evaluate 

how EWS-FLI1 expression affected this treatment, it was necessary to have a system 

where proliferation was not affected to enable the mechanism of action of SN-38 and 

WEE1 inhibition. This requirement highlighted a potential limitation to this combination 

treatment, as this will primarily target cycling cells. The existence of intra-tumoural 

heterogeneity with cells expressing lower levels of EWS-FLI1 could be a potential 

mechanism of resistance to this therapy. This is similar to chemotherapy that relies on 

inducing DNA damage in fast-cycling cancer cells and has the disadvantage of not 

targeting quiescent populations. In the context of ES, tumour cells with reduced levels of 

the fusion protein could represent a similar population. Whilst the abundance of these 

cells in ES tumours is not clear, it is possible to hypothesise that this population would 

be less responsive to this proposed treatment. 

To functionally demonstrate that the presence of EWS-FLI1 mediates sensitivity to the 

combination treatment, ectopic expression of this oncoprotein in an alternative system 

was necessary. This approach is also not without its own difficulties and caveats. Given 

that the cell of origin of ES remains unknown, different permissible environments have 

been tested for ectopic expression of EWS-FLI1. Recently, some of the demands for 

EWS-FLI1 permissibility were found to involve high expression of factors resolving 

replication fork stalling and collapse to deal with fusion-driven endogenous levels of RS 

(40). Lack of this adaptation could be part of the reason why expression of the fusion 

protein in mouse embryonic fibroblasts and primary fibroblasts results in cell death (297, 

298). It is likely that without mechanisms to protect cells from the accumulation of RS 

and DNA damage, these two contribute to an unsustainable state of genomic instability 

upon expression of EWS-FLI1. Human MSCs have been regarded as the putative cell of 

origin of this sarcoma, where expression of the fusion protein induces gene expression 

changes characteristic of ES (146, 155). However, these cells are not capable of stable 

expression of the ES oncoprotein in contrast to iPSCs, hESCs, and neural crest stem cells 

(40, 299, 300). Whilst there is not a perfect system to study ectopic expression of EWS-

FLI1, the experience of trying to model this oncogene has served to understand its 

behaviour and molecular requirements. Some heterologous models where EWS-FLI1 has 

been successfully expressed include osteosarcoma cell line U-2 OS (37), epithelial cell 

line HeLa (301, 302), rhabdomyosarcoma cell line RD (303), and human embryonic 

kidney (HEK) 293 cells (297). These cell lines all possess different backgrounds with 
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different mutations, expression patterns, and behaviour, and therefore can give nuances 

to EWS-FLI1 expression. To test sensitivity to SN-38 and AZD1775, U-2 OS cells were 

selected for stable expression of the fusion protein, as reported in Gorthi et al. (2018) 

(37). Additionally, expression of EWS-FLI1 in this system had been shown to mimic part 

of the phenotype of fusion-driven dysregulated transcription and the resulting activation 

and dependency on the RSR (37). 

6.3.2 EWS-FLI1-mediated sensitivity to SN-38 in combination with WEE inhibition 

The results obtained showed increased sensitivity to SN-38 and AZD1775, alone and in 

combination, when EWS-FLI1 expression was induced. These findings supported the 

hypothesis that EWS-FLI, as source of oncogene-induced RS, renders ES tumours 

sensitive to inhibition of proteins involved in the RSR and to RS-inducing agents 

enhancing replicative damage. Importantly, induction of EWS-FLI1 did not significantly 

affect viability in untreated cells at the time point assessed. This suggests that the change 

in sensitivity to the combination treatment, upon expression of the fusion protein, was not 

likely to have occurred due to changes in proliferation of cells expressing EWS-FLI1. 

Rather the observed effect could be through the proposed oncogenic properties of the 

fusion protein rendering cells reliant on the RSR. However, one important caveat to these 

findings is the extent to which the oncogenic phenotype of this sarcoma is mimicked by 

ectopically expressing EWS-FLI1. Even if induction of the fusion protein is achieved in 

this system, evidence of an acquired dependency on the RSR due to the pressures imposed 

on replication by EWS-FLI1 dysregulation is needed (37, 98). Examples of some of the 

phenotypic changes caused by EWS-FLI1, which could be further validated in this model 

can be taken from reports characterising the existing RS in this tumour. For example, ES 

cell lines have been identified to have high levels of CHK1 expression as a mechanism 

to counteract oncogene-induced RS (98). Additionally, cell lines from this tumour type 

have been shown to have a decreased replication fork rate compared to other malignant 

and non-malignant cell lines (98). Fork progression following induction of EWS-FLI1 

expression has not been measured, but other forms of dysregulation of replication have 

been reported, such as the induction of R-loop formation through EWS-FLI1 expression 

in U-2 OS cells (37). The presence of R-loops was proposed to be caused by 

transcriptional dysregulation due to a dominant-negative effect on protein EWS (37, 169). 

Specifically, EWS-FLI1 lacks the ability of full-length EWS to inhibit phosphorylation 

of the CTD on RNAPII to regulate transcription. This results in a permanently 



 197 

hyperphosphorylated form of this polymerase and thus in aberrant transcription, leading 

to conflicts with the replication machinery (32, 37, 38). Of note, detection of R-loops with 

the S9.6 antibody recognising these RNA:DNA hybrids may not be specific enough to 

reliably use this as a biomarker (304). Future work could prioritise exploring increased 

activation of the RSR as further validation of this model. 

Another biomarker known to mediate sensitivity to topoisomerase I inhibitors and 

combinations between PARP1 inhibition and temozolomide in ES is SLFN11, which is 

positively regulated by EWS-FLI1 (305). Tumours with higher expression have been 

associated with increased response to the treatments mentioned and overall present better 

tumour-free survival rates (305). For these reasons, increased SLFN11 expression could 

be investigated in the inducible model of EWS-FLI1 due to its role mediating response 

to irinotecan and given that it is a target of the fusion protein. In the experiments in this 

chapter, sensitivity to SN-38 was lower in U-2 OS clones, requiring 40 nM to approximate 

a GI50 after 48 h of treatment in 2D. Notably, in spheroid models of ES, 1 nM or 2 nM 

(depending on the cell line), was sufficient to inhibit growth and promote cell death alone 

and in combination with WEE1 inhibition. The fold change in concentration to obtain a 

response in U-2 OS B3 clone suggests other differences beyond ES cell lines being more 

sensitive to SN-38. It likely that these could be due to drug response being different in 

2D compared to 3D models. This highlights the importance for future work to investigate 

inducible expression of EWS-FLI1 in 3D. Unfortunately, U-2 OS clones A1, B3 and B4 

transfected with pcDNA ™5/TO-EWS-FLI1 did not grow as spheroids, despite the 

parental line U-2 OS being able to do so (291). Alternative heterologous systems for 

inducible expression of EWS-FLI1 that are amenable to spheroid culture could be used 

in the future. 

Further characterisation of a model of ectopic expression of EWS-FLI1 could also 

determine whether expressing the fusion protein for 72 h in this non-ES system is 

sufficient to develop the ES oncogenic phenotype. It could be the case that this is a model 

resembling the initial stage of ES tumourigenesis instead of a fully accustomed system, 

able to deal with the genomic instability caused by high endogenous levels of RS and 

EWS-FLI1 activity. It is possible to speculate that the latter would be more sensitive to 

the combination treatment, given a stronger reliance on the RSR. One potential 

experiment to address this question could be to induce EWS-FLI1 expression over a 
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longer period of time, monitoring changes in the RSR regarding upregulated expression 

and activation. The aim here would be to test if it is possible to develop greater reliance 

on factors resolving RS and DSB signalling by sustained EWS-FLI1 expression. One 

important point to consider is that long-term expression of the fusion protein in U-2 OS 

cells, or another permissible cell line, may cause further changes than desired in an effort 

to adapt to the activity of this oncoprotein. As identified recently, there are gene 

expression patterns in the ES cell-of-origin that, upon the chromosomal translocation 

creating the fusion of EWSR1 and FLI1, help to deal with the dysregulation of 

transcription and replication (40). These reported mechanisms, such as expression of 

FANCI, FANCD2, FANCA, and FEN1 may not necessarily be developed over time in a 

heterologous system expressing EWS-FLI1, due to differences in the background and 

disease subtype. For example, in the case of U-2 OS cells, despite a partially shared bone 

lineage with ES, this cell line possesses a distinct mutational background. An example of 

this is a mutation in the ATRX gene associated with the alternative-lengthening of 

telomeres (ALT) pathway (306). This telomerase-independent mechanism for telomere 

maintenance is specific to cancer cells and has been associated with a defective G2/M 

checkpoint and dysregulated DSB repair. In this way, the existing genomic instability in 

U-2 OS cells may confound a potential increase in RS, presence of R-loops, and an 

activated RSR upon expression of EWS-FLI1. The genomically complex background of 

this cell line could provide a narrow window to observing additional fusion-driven stress, 

limiting the potential of this model. 

Altogether, short-term induction of EWS-FLI1 in this system was sufficient to enhance 

sensitivity to SN-38 in combination with AZD1775, providing proof-of-concept that this 

treatment can selectively target ES. Further validation of the U-2 OS model for ectopic 

expression of this fusion protein is still required.   
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Chapter 7 Discussion 

The primary objective of this project was to investigate novel therapies targeting 

vulnerabilities associated with EWS fusion proteins in ES, the most common of these 

oncoproteins being EWS-FLI1. As the main driver of this sarcoma, EWS-FLI1 is at the 

heart of the mechanisms promoting malignant transformation, causing ES cells to become 

accustomed to aberrantly activated signalling for tumour development and survival. 

Direct inhibition of this fusion protein is currently not possible. Therefore, as an 

alternative, this project sought to develop targeted therapies exploiting dependencies that 

arise from the presence of the fusion. These therapies focused on two key processes 

hijacked by EWS-FLI, known to contribute to establishing the transcriptional signature 

of this sarcoma: (i) epigenetic rewiring through histone modifying enzymes (143, 144, 

149, 150) and (ii) transcriptional dysregulation (37, 98). 

The first part of this project (Chapter 3) was dedicated to assess the effects of catalytic 

inhibition of KDM1A. This demethylase, as part of a chromatin remodelling complex, is 

able to mediate transcriptional activation and downregulation of EWS-FLI1 target genes 

(149, 150). However, inhibition of its demethylase function as a strategy to reverse this 

signature and induce cell death proved to be insufficient (307). Whilst KDM1A remains 

a potential target in this sarcoma (237, 238), the lack of effects through disruption of its 

catalytic activity suggested a role beyond its canonical function. 

The second therapeutic strategy explored in this project did not take the traditional 

approach of limiting or reverting EWS-FLI1-mediated oncogenic signalling. Rather, the 

rationale was to take advantage of the dysregulated transcriptional context brought about 

by the fusion protein, and specifically target the dependencies counteracting the resulting 

RS and genomic instability (37, 98). In particular, combination between irinotecan and 

WEE inhibition was found to be effective against spheroid models of ES. Lastly, an 

inducible model of ectopic expression of EWS-FLI1 supported the hypothesis of the 

fusion being the source of this targetable vulnerability. Together, these findings identified 

a potential combination therapy for this highly aggressive sarcoma. 
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7.1 Future prospects for targeting KDM1A as a therapeutic strategy  

Increasingly, ES has come to be recognised predominantly as an epigenetic disease owing 

to the vast rewiring of the transcriptome initiated by a fusion protein (143, 144, 308). 

Importantly, these epigenetic changes occur in a context of a few other genetic mutations 

(130-132), highlighting the ability of a single oncogenic event in the form of a fusion 

protein to cause widespread chromatin changes promoting malignant transformation. 

Other examples of this have been seen in fusion-driven sarcomas, such as 

rhabdomyosarcoma (RMS) and synovial sarcoma (SS) (309, 310). Here, some of the 

challenges of novel therapies exploiting dysregulated epigenetic states in cancer are 

discussed in the context of ES. 

KDM1A, in conjunction with the NuRD complex, had been shown to be recruited by 

EWS-FLI1 to establish the transcriptional programme in this sarcoma (149, 150). This 

functional role and its overexpression in this tumour, made therapeutically inhibiting this 

demethylase an attractive approach. Previously, targeting of this demethylase with a tool 

compound had been shown to reverse the ES transcriptional signature and induce cell 

death in ES cell lines (149, 150). However, evidence in this project found inhibition of 

KDM1A’s demethylase activity to be insufficient to induce cytotoxicity and to modify 

expression of EWS-FLI1 target genes in in vitro models of ES (307). These results 

highlighted a discrepancy in our understanding of KDM1A-regulated gene expression, 

suggesting unexplored demethylase-independent functions contributing to the potential 

mechanism in ES. Supporting this view, non-canonical functions have been recently 

found to be responsible for gene expression regulation instead of histone demethylation 

in other malignant and non-malignant contexts (229, 231, 240). The use of an enzymatic-

deficient KDM1A mutant (K661A) has been key to demonstrate its scaffolding roles, 

enabling transcriptional changes through protein-protein interactions with other 

substrates (228, 231). Interestingly, catalytic inhibitors of KDM1A in AML, previously 

thought to act by suppressing its demethylase activity, have now been found to disrupt an 

interaction with transcription factor GFI1 (228, 231). These results support the observed 

lack of activity in ES, as GFI1 plays a specific and critical role in AML through repression 

of myeloid differentiation (311). This also highlights the context-dependent specificity of 

epigenetic inhibitors. Intriguingly, drug-resistant mutants to GSK-LSD1, one of the 

catalytic inhibitors of KDM1A, were found to have mutations in the catalytic site, which 
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inactivates KDM1A’s demethylase function, but did not affect AML survival (231). This 

further indicated that the cytotoxic effects of KDM1A inhibitors in AML operate by 

disrupting another function of the catalytic site, that is separate from the overall enzymatic 

activity, but relevant for binding GFI1 (231). It is possible to suggest that the activity of 

tool compound SP-2509 in ES must occur through a disruption of key interactions 

between KDM1A, the NuRD complex, and EWS-FLI1 important for gene regulation. 

This experience demonstrated one of the challenges faced by epigenetic-based therapies, 

in which the intricate mechanisms of gene expression regulation have not been fully 

elucidated, limiting the extent to which they can be used therapeutically. However, it is 

only through disentangling the ambiguous roles of the enzymatic and non-enzymatic 

functions of epigenetic regulators, like KDM1A, that the exact contribution of these 

proteins can be teased out. Another example is EZH2, which is overexpressed in various 

solid tumours, including lung cancer, prostate cancer, ES, and RMS, amongst others (153, 

239, 312, 313). Its function has been associated with repression of gene expression 

through its catalytic function in PRC2, but also with its non-canonical role as a 

transcriptional co-activator (153, 239, 312).Therefore, therapeutic targeting of EZH2 

needs to incorporate these alternative roles, inhibiting them accordingly and when 

necessary. The process of designing and validating compounds against epigenetic targets 

has been shaped by our traditional understanding of them. However, the mounting 

evidence for roles beyond their catalytic function could pave the way for novel 

compounds aimed at blocking further protein-protein interactions. In this way, future 

epigenetic therapies could become more directed with tailored drug design for specific 

biological contexts (314). 

In the case of ES, interaction of the EWS portion of the fusion with chromatin remodelling 

complexes, such as BAF complexes and the NuRD complex, is key to the capacity of 

EWS-FLI1 to epigenetically rewire expression patterns (143, 144, 149, 153). Interaction 

with BAF complexes in particular, is shared with the other FET family protein members 

TAF15 and FUS, which possess an intrinsically-disordered peptide sequence found to be 

essential for EWS-FL11 transcriptional activation of target genes (144). The FET proteins 

are able to perform interchangeable roles and are present in fusions in other sarcomas as 

well (122, 169, 315). The intrinsically-disordered prion-like domain in the FET proteins 

has also been suggested to confer further abilities to form transcriptional “hubs” with 
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greater output than transcription factors bound to a single site in the promoter region (315, 

316). This complex form of epigenetically-controlled transcription in ES, and potentially 

other FET fusion protein-driven sarcomas, affects chromatin organisation creating 

specific demands for epigenetic marks and nucleosome distribution (315). This has the 

potential of opening novel vulnerabilities related to the epigenetic regulators that make 

rewiring possible. Within this area, possible targets include the so-called “movers”, 

enabling nucleosome shifts to allow for chromatin accessibility, such as BAF complexes, 

which have already been linked to EWS-FLI1 reprogramming (144, 317, 318). However, 

the limited number of selective inhibitors for the ATPase subunits of these ATP-

dependent chromatin remodellers presents a challenge (319, 320). Importantly, the 

targeting of core subunits like BRG1 may result in high toxicity due to the essential nature 

of their activity, thus limiting the therapeutic window of this inhibitors (320). Similarly, 

acetyltransferase p300 responsible for the acetylation of H3K27, characteristic of super 

enhancer activity and an open chromatin state in ES could be a potential target (143, 308). 

Already, there is ongoing work to develop selective inhibitors of this target for prostate 

cancer (321).  

Overall, a deeper understanding of how specific epigenetic regulators work in ES is 

needed, despite the progress made in the overarching processes used. It will be important 

to study the consequences of normalising the epigenetic changes mediated by EWS-FLI1, 

and whether this form of oncogene withdrawal is sufficient as a therapy. This is because 

compensatory mechanisms and redundancy in the activity of epigenetic regulators could 

add to the unpredictability of therapies aimed at reverting malignant epigenetic signatures 

(314, 317). By integrating the lessons from current epigenetic therapies, ES may yet 

benefit from developments from this field.  
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7.2 Replication stress as a targetable vulnerability in ES 

As with epigenetic-based therapies, research into the disease mechanisms of ES has 

improved the understanding of potential vulnerabilities in this sarcoma and how these can 

be clinically targeted. The work in this thesis contributed to these efforts, focusing on RS-

inducing therapies that exploit an acquired dependency on the RSR in this tumour. This 

response is necessary to mitigate EWS-FLI1-driven genomic instability, and therefore, it 

makes these therapies specific in the context of ES. 

For years it had been suggested that EWS’ roles in preserving genome stability, 

transcriptional regulation, and mRNA processing differed from EWS-FLI1’s functions in 

this sarcoma (37, 118, 164, 165, 169, 322). More recently, this has been confirmed by 

showing that EWS-FLI1 is actively in contention with EWS in a dominant-negative 

manner. In particular, this results in constitutive activation of RNAPII and aberrant 

transcription, amongst other novel oncogenic properties used by EWS-FLI1 to reprogram 

ES cells (detailed in 1.5) (37, 308). This, however, is not without consequences for this 

tumour, as this dysregulated form of transcription disrupts other cellular processes such 

as DNA replication, causing genotoxic damage (37). The resulting genomic instability 

has been associated with presence of R-loops and RS, slowing down fork progression 

(33, 37, 38, 98). To counteract the consequential endogenous RS driven by EWS-FLI1, 

ES cells have developed a hyperactivated RSR, becoming profoundly sensitive to its 

inhibition, as demonstrated here and in other reports (37, 40, 98, 167, 168). 

From a clinical perspective, defining the vulnerability in ES and context of these tumours 

is an important step to develop therapies that can succeed, as not every attempt to 

inhibiting the RSR has been successful in this sarcoma. For example, high levels of CHK1 

expression demonstrated the importance of the RSR in this cancer (98), but the abundance 

of this protein also limited efficacy with CHK1 inhibitors (167, 196). In accordance with 

the results in this project, WEE1 and ATR inhibition remain as more suitable targets in 

ES. Despite their concerted activity, these proteins possess unique roles and mechanisms 

that could make a difference therapeutically. In a study of diffuse large B-cell lymphoma 

(DLBCL), WEE1 inhibitor AZD1775 and ATR inhibitor AZD6738 were found to have 

distinct roles in DNA damage induction in phases of the cell cycle (54). Investigating 

whether there is a differential response in ES could guide the clinical development of this 
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strategies to maximise response, particularly in combination therapies with 

topoisomerase inhibitors exacerbating RS. Alongside, other DNA repair defects that 

could potentially contribute to this vulnerability have been investigated in ES, but results 

have not been conclusive (189, 200, 201). The main piece of evidence is perhaps the 

finding that BRCA1 is sequestered to chromatin, incapacitating this important HR factor, 

even when ES cell lines present robust BRCA1 expression (37, 200). However, better 

understanding of this proposed deficiency is needed, since PARP1 inhibition as a single-

agent did not produce significant responses in patients (199), despite high expression in 

this tumour through direct upregulation by EWS-FLI1 and this suggested BRCA1-

deficient-like state (37, 197). Therefore, rather than a conventional DNA repair defect, 

the findings in this study supported the view that ES has an increased reliance on the RSR 

as a way to mitigate DNA damage arising from EWS-FLI1-driven processes. 

Nevertheless, it is still possible that a requirement for proficient DSB repair in this 

sarcoma is also necessary to work in concert with the RSR. 

The results in this work proposed a combination strategy between irinotecan and WEE1 

inhibition, but it is likely that other RS stress inducing therapies could be effective, as it 

has been previously shown with ATR (98). Given that dysregulation of transcription 

arises from a dominant-negative effect on the WT function of EWS (37), which is also 

fused in other sarcomas, it is possible to hypothesise that these other EWS fusion-driven 

tumours may share this defect. As such, the combination treatment proposed here, could 

have wider therapeutic implications for these malignancies. In our experience, an in vitro 

model of DSRCT bearing the EWS-WT1 fusion, shows sensitivity to SN-38 and WEE1 

inhibition in combination, and also when inhibiting CHK1 (Data not shown). Whilst less 

is known about the disease mechanisms in this paediatric tumour, it appears there are 

several similarities with ES (323). One example of this is high expression of SLFN11, 

which has also been linked to its sensitivity to irinotecan and PARP1 inhibition (324). In 

ES, however, SLFN11 has been shown to be a target gene of EWS-FLI1 via the ETS 

canonical motif, whereas the mechanism of upregulation in DSRCT remains unknown. 

Importantly, the clinical presentation of this disease is widely different, and alternative 

splicing events in WT1 create different isoforms of this fusion protein, where alterations 

of the DNA-binding domain result in activation of different target genes (123, 323, 325). 

Still, the shared sensitivities, potentially stemming from loss of EWS WT function, are 

an interesting prospect and offer additional targets for this highly aggressive tumour with 
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poor prognosis and no targeted therapy available (323, 326). Further work could seek to 

validate some of the dysregulated mechanisms in ES in this other tumour, and search for 

signs of endogenous RS. 

Various models of cancer propose that transformed cells are dependent on expression of 

oncogenes, promoting aberrant proliferation and survival signalling (5, 10, 327). When 

confronted with oncogene inactivation in vitro, cancer cells usually undergo growth arrest 

or cell death (48, 280, 328). Paradoxically, overexpression of a potent oncogene, or even 

two together, can also result in apoptosis in cancer cells (3). This suggests that oncogenic 

activity has to be carefully managed to maintain tumour growth and survival without an 

“oncogene overdose” (329, 330). Anti-cancer therapies usually aim to disrupt oncogenic 

signalling by either suppressing or promoting it in order to induce cell death. For these 

reasons understanding how EWS-FLI1 activity is coordinated will be a challenge for 

future therapies. Recent work, using single-cell transcriptomic analysis as an indirect 

measure of the fusion protein’s activity, revealed that proliferating ES cells were limited 

to a range of intermediate EWS-FLI1 activity (159). In contrast, less common populations 

at the boundaries of EWS-FLI1 activity (high and low) were not proliferative. It is 

tempting to suggest that this could be a potential system restraining excessive oncogenic 

signalling by EWS-FLI1, in addition to mechanisms preserving genomic integrity, such 

as the RSR (40, 98). 

Other important implications of this recent report relate to the efficacy of irinotecan in 

combination with WEE1 inhibition. As results in this thesis suggested, the presence and 

activity of EWS-FLI1 is responsible for the vulnerability targeted in this project. 

Specifically, the response to RS-inducing therapies is mechanistically linked to the 

proliferation and cell cycle patterns dictated by the fusion protein. Inversely, it can be 

hypothesised that the low EWS-FLI1 activity in these rare ES cell populations could 

decrease sensitivity to such treatments. For these reasons, an important research area in 

the next years will be understanding the mechanisms behind these heterogenous EWS-

FLI1 states. Already, microenvironmental factors have been proposed to contribute to 

this form of intratumoural heterogeneity (159, 160, 193). Future studies on their 

involvement will need models such as spheroids that can mimic tumour proliferation 

patterns and oxygen gradients (4, 247). Lastly, understanding how these mechanisms 

operate could lead to combination therapies aimed at sensitising cells with low fusion 
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protein activity in order to prevent EWS-FLI1-driven heterogeneity as a source of drug-

resistance. 
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Abstract

Background: Ewing sarcoma and desmoplastic small round cell tumors (DSRCT) are rare and

clinically aggressive sarcomas usually characterized by oncogenic fusion proteins involving EWS.

Emerging studies of Ewing sarcoma have demonstrated EWS-FLI1-driven chromatin remodeling

as a key aspect of tumorigenicity. In particular, the lysine-specific demethylase KDM1A/LSD1 is

linked to transcriptional regulation of target genes orchestrated by the EWS portion of the fusion

protein interactingwith repressive chromatin-remodeling complexes. Consistent with this model,

depletion of KDM1A supports it is a molecular therapeutic target in Ewing sarcoma cells, but

effective drugs need to be identified.

Procedure: A comprehensive phenotypic analysis of the effects of catalytic KDM1A inhibitors

ORY-1001 and GSK2879552, including clinically relevant doses, was carried out in 2D and 3D

spheroidmodels of Ewing sarcoma andDSRCT.

Results:Catalytic inhibition of KDM1Adid not affect cell viability in 2D and 3D assays and had no

impact on invasion in a 3D assay.

Conclusions: Overall, evidence presented here does not support inhibition of KDM1A catalytic

demethylase activity as an effective therapeutic strategy for Ewing sarcoma or DSRCT. However,

roles of KDM1A beyond its demethylase activity should be considered for these sarcomas.

K EYWORD S

3Dmodels, Ewing sarcoma, GSK2879552, histone demethylase, KDM1A/LSD1, ORY-1001

1 INTRODUCTION

Ewing sarcoma is a rare and highly aggressive sarcoma affecting chil-

dren and young adults. Recent developments in our understanding

of the molecular mechanisms underlying this disease have not yet

translated into significant improvements in patients’ outcomes, and

treatment has remained unchanged.1

Ewing sarcoma is characterized by chromosomal rearrangements

between the gene EWSR1 and genemembers of the ETS-domain family

Abbreviations: 3D, three-dimensional; AML, acutemyeloid leukemia; ANOVA, analysis of variance; CHD, chromodomain; DSRCT, desmoplastic small round cell tumor; EWSR1, EWSRNA binding

protein 1; EZH2, enhancer of zeste homolog 2; FLI1, friend leukemia integration 1; H3K4, histone 3 lysine 4; HDAC, histone deacetylase; KDM1A (LSD1), lysine-specific demethylase; MTA1,

metastasis-associated protein; MTS, 3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; NuRD, nucleosome remodeling deacetylase complex; PVDF,

polyvinylidene fluoride; SCLC, small cell lung cancer; SDS, sodium dodecyl sulfate; ULA, ultra-low attachment;WT1,Wilms tumor.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in anymedium, provided

the original work is properly cited.

c⃝ 2019 The Authors. Pediatric Blood & Cancer Published byWiley Periodicals, Inc.

of transcription factors; approximately 85% to 90% of Ewing sarcoma

tumors exhibit FLI1 as the EWSR1 fusion partner.2 Additional EWSR1

chromosomal translocations exist, such as fusion with WT1, found in

95% of cases of desmoplastic small round cell tumor (DSRCT).3,4

EWS-FLI1 has been identified as the main driver of Ewing sarcoma

tumorigenicity through unique pioneer properties that increase

genome-wide chromatin accessibility at GGAA microsatellite

repeats.5–7 This is achieved through histone-modifying enzymes

and chromatin-remodeling complexes changing the epigenetic status

Pediatr Blood Cancer. 2019;66:e27888. wileyonlinelibrary.com/journal/pbc 1 of 9
https://doi.org/10.1002/pbc.27888
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TABLE 1 KDM1A inhibitors

Compound ORY-1001 GSK2879552 GSK-LSD1 SP2509

Structure

IC50: 18 nM Kiapp of 1.7 µM IC50: 16 nM IC50: 13 nM

Mechanism
of action

Irreversible inhibitor
covalently modifying the
FAD cofactor (22)

Irreversible inhibitor covalently
modifying the FAD cofactor
(23)

Irreversible inhibitor
covalently modifying
the FAD cofactor (23)

Reversible noncompetitive
inhibitor (43)

Clinical
status

Phase I/IIa study in AML
(EudraCTNumber:
2013-002447-29 ) and
SCLC (NCT02913443)

Phase I studies in SCLC
(NCT02034123) and AML
(NCT02177812) have been
terminated because the risk
benefit does not favor
continuation. Phase I/II study
inMDS (NCT02929498)

NA NA

of genomic regions and creating de novo enhancer elements that

establish the Ewing sarcoma transcriptional signature.8–10 In par-

ticular, the nucleosome remodeling deacetylase complex (NuRD;

also known as Mi-2), a multi-subunit chromatin-remodeling complex

commonly associated with repression of transcriptional activity,

was identified to be relevant in the silencing of EWS-FLI1 target

genes.10,11 Essentially, the catalytic activity in the NuRD com-

plex involves deacetylation by histone deacetylase 2 (HDAC2) and

3 (HDAC3), coupled with demethylation by lysine-specific demethy-

lase 1 (KDM1A; also referred to as LSD1, AOF2, and BHC110).9,10

The working model proposed by Sankar et al consists of EWS-

FLI1 binding to promoters of repressed target genes, followed by the

recruitment of the NuRD complex through interaction between its

subunits chromodomain 4 (CHD4) and metastasis-associated protein

1 (MTA1) and the EWS portion of the fusion protein. Following treat-

mentwith SP2509, a tool compound targetingKDM1A, the EWS-FLI1-

driven transcriptional signature of both upregulated and downregu-

lated genes was reversed.10 Inhibition of KDM1A with SP2509 also

resulted in apoptosis and disruption of the oncogenic phenotype.10

KDM1A is a well-characterized histone lysine demethylase

belonging to the family of flavin-dependent amine oxidases that

has an important role in stem cell maintenance through transcrip-

tional repression.12–14 This demethylase is also overexpressed

in Ewing sarcoma and other sarcomas including DSRCT and

rhabdomyosarcoma.15–17 Moreover, the key role of the EWS portion

of the fusion protein in the interaction with repressive chromatin-

remodeling complexes makes inclusion of DSRCT, possessing the

EWS-WT1 fusion, relevant to study alongside EWS-FLI1 in Ewing

sarcoma.8,9

Currently, the KDM1A inhibitor ORY-1001 is being investigated

in the clinic in adult patients with acute myeloid leukemia (AML) and

small cell lung cancer (SCLC). In addition, a trial with GSK2879552

has recently been stopped citing that the benefits do not outweigh

the risk in relapsed refractory SCLC18–21 (Table 1). These compounds

are potent irreversible inhibitors of KDM1A, which covalently modify

the FAD cofactor of this demethylase to inhibit catalytic activity.22,23

However, their use as a therapeutic strategy for Ewing sarcoma has

not been comprehensively assessed. Given the rationale for target-

ing KDM1A in Ewing sarcoma, in this work, we sought to test the

potential for repurposing these clinical candidates against KDM1A as

a novel treatment for these sarcomas.

The current report investigates the effect of catalytic inhibitors of

KDM1A on cell viability in 2D and 3Dmodels, and invasion using a 3D

spheroid assay. Importantly, we show that clinically available inhibitors

of KDM1A catalytic demethylase activity, despite having an effect on

viability at a low nanomolar range against leukemia cell lines, do not

have an effect in preclinical models of Ewing sarcoma and DSRCT.

Therefore, catalytic inhibition of KDM1A should not be considered as

a therapeutic strategy for Ewing sarcoma.

2 METHODS

2.1 Cell lines

Ewing sarcoma cell lines A673 and TC71 were kindly provided by

Dr. Enrique de Álava (IBiS, Spain). The desmoplastic small round cell

tumor cell line JN-DSRCT-124 was obtained from Sean B. Lee, and

leukemia cell lines MV(4;11) and MOLT-4 were obtained from DSMZ,

Germany. Cell lines used were cultured in the appropriate media sup-

plemented with 10% fetal bovine serum (Gibco, Thermo Fisher Sci-

entific, UK), 1% penicillin–streptomycin (Gibco), and 1% GlutaMAX

(Gibco) in a humidified incubator at 37◦Cand5%CO2. Standard proce-

dures were utilized for maintenance, freezing, and thawing. Cells were

Mycoplasma-free tested with the PlasmoTest Mycoplasma Detection

Kit (InvivoGen, UK) according to instructions. Cell lines were authenti-

catedwith short tandem repeat testing using theGenePrint 10 system

(Promega, UK).

2.2 Reagents and drug treatments

The followingKDM1A inhibitorswere used:ORY-1001,GSK2879552,

GSK-LSD1, and SP2509 (Table 1; SelleckChem, UK). Stocks (10 mM)
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were prepared in H2O for ORY-1001 and GSK2879552, and in DMSO

for GSK-LSD1 and SP2509 and stored at−80◦C.

2.3 Cell viability assays

A673 cells were seeded at 2000 cells/well, TC71 cells at 4000

cells/well, and JN-DSRCT-1 at 4000 cells/well in 96-well plates for via-

bility assays (six replicates for each condition). Viability was assessed

by an MTS (3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt) assay using the CellTiter 96

AqueousOne Solution Cell Proliferation Assay (Promega).Mediawere

replaced with 100 µL of Opti-MEM and 20 µL of CellTiter 96 Aque-

ous One Solution Cell Proliferation Assay. Plates were incubated

for two hours in normal culturing conditions prior to measuring the

absorbance of eachwell at 492 nm.

For MV(4;11) and MOLT-4 viability assays, cells were seeded at

100 000/well (6-well plate) and cultured for the indicated time. Viable

cell counts were determined by Trypan blue assay (Sigma-Aldrich, UK).

2.4 3D spheroid culture

Three-dimensional spheroids were generated and cultured using the

GravityTRAP ULA Plate 96-well (PerkinElmer, UK) unless otherwise

indicated. Prior to seeding, wells were pre-wet with 40 µL of medium.

One thousand cells in 70 µL were seeded into each well. Plates were

spun for two minutes at 250 RCF to remove trapped air bubbles. Rou-

tinemediumchangeswere performedevery48hours by carefully aspi-

rating the medium from the ledge at the inside wall of the well and

replenishing it with freshmedium.

2.5 Image analysis of 3D spheroids

Digital images of spheroids were captured throughout the duration of

the experiments using an IN Cell Analyzer 2200 imaging system (GE

Healthcare Life Sciences, UK), and the surface areawas assessed at the

focal planewithmaximumdiameterwith INCell Investigator INDevel-

oper Toolbox (GEHealthcare Life Sciences).

2.6 Western blot analysis

2.6.1 H3K4me2 immunoblot

Following treatment, 2.5 × 105 cells were lysed with 50 µL of 3×

Laemmli buffer made up with 2 mL of 1 M Tris Base pH 6.8, 3 mL of

100%Glycerol, 8mL of 10% SDS, 300 µL of 1% bromophenol blue, and

400 µL of !-mercaptoethanol (freshly added at the time of whole-cell

lysate preparation).

Standard protein extraction with cell lysis buffer (Cell Signaling

Technology, UK) and Western blot analysis techniques were used for

remaining Western blots. Five to 30 micrograms of protein extract or

5 µL of whole-cell lysate in 3X Laemmli buffer was loaded into wells of

a NuPAGE 4% to 12% Bis-Tris protein gels (Invitrogen, Thermo Fisher

Scientific, UK). Protein gels were transferred onto PVDF membranes

with iBlot2 transfer stacks on the iBlot2 transfer system (Invitrogen)

following the manufacturer’s instructions. The iBlot2 transfer system

was run at 20 V for sevenminutes.

Densitometry values for each band were normalized to total pro-

tein or housekeeping control of the control sample band and relative

to the indicated control. Western blots are representative of at least

two independent repeats.

2.7 3D invasion assay

A673 and TC71 cells were seeded at a density of 500 cells per well

in ultra-low attachment (ULA) round-bottom 96-well plates (Corn-

ing, UK). After three days of culturing, spheroids were treated with

KDM1A inhibitors at the indicated concentration for 10 days. Fifty

microliters of medium was removed from each well and replaced with

50 µL of fresh mediumwith drug every 48 hours. Following treatment,

50 µL of medium was removed and carefully replaced with 50 µL of

Matrigel (Corning) containing drug, achieving a final concentration of

Matrigel of 4.5 mg/mL. Plates were then incubated at 37◦C and 5%

CO2 in an IncuCyte Zoom (Sartorius, UK) for 48 hours where images

were taken every hour tomonitor invasion.

2.8 qRT-PCR

RNA was extracted with TRIzol according to the manufacturer’s

protocol.25 A673 cell line cDNA was synthesized using the High

Capacity cDNA Reverse Transcriptase kit (Applied Biosystems,

CA, USA) following the manufacturer’s instructions. Multiplex PCR

reactions were set up in triplicate in 384-well optical-reaction PRC

plates (Applied Biosystems) and run on a ViiA 7 Real-Time PCR

System (Applied Biosystems, CA, USA). The following TaqMan probes

were used: LOX Hs00942480_m1, TGFBR2 Hs00234253_m1,

HMOX1 Hs01110250_m1, E2F1 Hs00153451_m1, and CAV1

Hs00971716_m1. Human RPLPO endogenous control (Applied

Biosystems, CA, USA) was used to normalize gene expression.

2.9 Statistical analysis

GraphPadPRISM7andR studio3.3.2wereused to carry out the statis-

tical analyses. Error bars represent means ± standard deviation from

various independent experiments as indicated in figure legends. Sta-

tistical significance was measured by one-way ANOVA with post hoc

Sidak test formultiple comparisons and two-wayANOVAwithpost hoc

Dunnett test and Sidak testwhere applicable.P < 0.05was considered

significant and indicated by *, P < 0.01 is indicated by **, P < 0.001 is

indicated by ***, and P < 0.0001 is indicated by ****.

3 RESULTS

Presently, there is noevidencedemonstratingwhether the clinical drug

candidates for KDM1Ahave activity in preclinicalmodels of Ewing sar-

coma. To begin to address this question, Ewing sarcoma cell lines A673

and TC71 were treated with compounds for 96 hours to investigate

the effect of KDM1A inhibition on cell viability. The cell lines tested
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showed no sensitivity to treatment with the irreversible inhibitors

of KDM1A demethylase function: ORY-1001 and GSK2879552

(Figure 1). Conversely, treatment with tool compound SP2509

revealed a rapid decrease in viability with GI50s in the submicromo-

lar range (A673: 123 nM and TC71: 355 nM). Morphological assess-

ment of cells following treatmentwith clinical drug candidates showed

no differences between treated and untreated. Cell morphology in the

SP2509-treated cells was consistent with apoptosis (Figure S1A).9,10

These effects were replicated in theDSRCT cell line, only showing sen-

sitivity to SP2509 and not to the clinical drug candidates (Figure S1B).

To address the discrepancy between theKDM1A inhibitors, a chemical

probe validated as a potent and selective inhibitor of KDM1A catalytic

demethylase activity (GSK-LSD1) was also tested in these sarcoma

cell lines (http://www.thesgc.org/chemical-probes/LSD1).23,26 Again,

treatment had no meaningful effect on cell viability, with only a

50% reduction at 10 µM in one cell line (TC71; Figure 1; Support-

ing Information Figure S1C). KDM1A protein levels were unaffected

following treatment with clinical drug candidates ORY-1001 and

GSK2879552 after 48, 72, 96, and 168 hours (Supporting Information

Figure S1D–S1E).

Importantly, consistent with their in vitro inhibition of KDM1A

demethylase activity, all four compounds were able to modulate

KDM1A-mediated demethylation of the H3K4 methyl mark, a well-

characterized KDM1A substrate.15 Following 72 hours of treatment

with 2 µM for all drugs, including the tool compound GSK-LSD1, there

was an increase in the global levels ofH3K4me2 in bothEwing sarcoma

cell lines (Figure 1 and 1D). Furthermore, to investigate the impact on

EWS-FLI1-driven transcription, we selected downstream target genes

of the fusion protein and assessed by qRT-PCR following treatment

with ORY-1001 and GSK2879552. Extended exposure of up to two

weeks (336 hours) was conducted to ensure prolonged catalytic inhi-

bition. We did not observe a biologically relevant change in expres-

sion of five target genes at a range of time points following treat-

ment with ORY-1001 and GSK2879552 at 2 and 10 µM, despite sta-

tistical significance (Figure 1F). As a positive control, treatment with

tool compound SP2509 (250 nM) reversed expression of LOX and

HMOX1 in agreement with previous reports, but not TGFBR2 or EWS-

FLI1 activated genes E2F1 and CAV1 (Supporting Information Figure

S1F–S1H),9,10 possibly due to the lower concentration used in our

experiments.

To further demonstrate compound activity, we assessed the

response of leukemia cells, previously shown to be sensitive to inhi-

bition of KDM1A catalytic function by ORY-1001 in the nanomolar

range.22 In agreement with published findings, the clinical candidate

ORY-1001, as well as chemical probe GSK-LSD1, showed a reduction

in cell viability upon treatment with compound at 10 nM concentra-

tions in two leukemia cell lines (Supporting Information Figure S2Aand

S2B). The clinical candidate GSK2879552 also decreased cell viability

at 2 µM (Supporting Information Figure S2C).

To perform a more comprehensive evaluation of the effect of

KDM1A inhibition, assessment of cell viability experiments was

expanded to 3Dmodels of Ewing sarcoma. Three-dimensional cell cul-

ture systemshavebecomemoreprominent in preclinical studies due to

their ability tomore closely represent tissue compartments and enable

longer experimental time frames.27 Tumor spheroids, for example, can

recapitulate aspects of the tumor microenvironment that ultimately

influence drug response.28 A673 spheroid cultures were treated with

ORY-1001 and SP2509 for 10 days with a dose range between 0.3 and

10 µM (Figure 2 and 2B). Again, no effect on growth was observed

with the irreversible inhibitor of KDM1Acatalytic functionORY-1001,

whereas SP2509was active, albeit at higher concentrations compared

with 2D cultures (Figure 2 and 2B). Drugs targeting epigenetic mod-

ifying enzymes often require prolonged inhibition for maximal drug

potency and response to treatment.22,23,29 We therefore additionally

treated spheroids for up to 21 days with a maximum concentration

of 100 µM of both clinical candidates (ORY-1001 and GSK2879552).

Both clinical candidates had no effect upon spheroid growth (Figure 2

and 2E), even in the extended assay.

Finally, KDM1A has been reported to have a role in migration and

invasion.30 To complete the phenotypic assessment of KDM1A inhi-

bition, we evaluated if Ewing sarcoma cells showed a change in their

invasive phenotype upon inhibition of KDM1A catalytic demethylase

activity. A673 and TC71 spheroids were pretreated for 10 days with

theKDM1A inhibitors, and subsequently cultured in aMatrigelmatrix,

in which invasion was monitored for a further 48 hours. A compari-

son of the total spheroid area indicated that KDM1A inhibition had no

impact on the invaded area (Figure 3 and 3B; Supporting Information

Figure S3). Consistent with our previous results, the measured

spheroid area was not affected in the 10-day pretreatment with either

2 µM or 10 µM concentrations of compound (Figure 3; Supporting

Information Figure S3). Again, we included the chemical probe GSK-

LSD1 in the assay; it also had no effect on invasion (Figure 3 and 3B;

Supporting Information Figure S3).

4 DISCUSSION

The Ewing sarcoma gene-expression profile heavily relies on EWS-

FLI1 coordinating vast epigenetic rewiring through the recruitment

and activity of chromatin-remodeling complexes.7,8,31 In this context,

KDM1A, an active subunit of the NuRD complex, has been reported

to have an important role in repressing and activating target genes

of the fusion protein EWS-FLI1.9,10 The functional role of KDM1A

in Ewing sarcoma oncogenesis, alongside high expression in this and

other sarcomas such as DSRCT, has made it a promising therapeu-

tic target.32,33 In light of this, our aim was to assess the therapeutic

potential ofKDM1A inhibitors (ORY-1001andGSK2879552) in Ewing

sarcomamodels.

Global or promoter-specific accumulation of methylation of H3K4

is not always seen followingKDM1A inhibition regardless of decreased

KDM1A activity.23,34 However, in our findings, the global change in

H3K4me2 upon treatment with all KDM1A inhibitors demonstrated

capacity to effectively inhibit KDM1A catalytic activity. Importantly,

this did not translate into reversal of expression of EWS-FLI1 down-

stream target genes by ORY-1001 and GSK2879552 analyzed by

qRT-PCR.
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F IGURE 1 Effects of KDM1A inhibition on Ewing sarcoma cell lines. (A–B) Ewing sarcoma cell lines A673 and TC71were exposed to a range of

concentrations of KDM1A inhibitors for 96 hours. Cell viability was assessed byMTS assay. Means± SD of 6 replicates; graphs are representative

of three independent repeats. (C–D)Western blot of H3K4me2 of A673 and TC71 cell lines treated with KDM1A inhibitors (SP2509, ORY-1001,

GSK2879552, and GSK-LSD1) (2 µM) and their respective vehicle controls. Densitometry values shown above each blot were normalized to total

H3 and relative to each vehicle control.Western blots are representative of at least two independent repeats. (E–F) Effect of KDM1A inhibitors

on EWS-FLI1 target genes expression. qRT-PCR analysis of LOX andHMOX1 in A673 cells treated with vehicle or KDM1A inhibitors ORY-1001

(2 µM, 10 µM), GSK2879552 (2 µM, 10 µM), and SP2509 (250 nM). Normalized fold changewas adjusted to human RPLPO endogenous control.

Means± SD of three replicates. Data are representative of two independent repeats. Statistical analysis: two-way ANOVAwith Dunnett and

Sidakmultiple comparisons test, not significant comparisons are not shown; * P< 0.05; ** P< 0.01; *** P< 0.001; **** P< 0.0001
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F IGURE 2 Effect of KDM1A inhibitors on the cell proliferation of Ewing sarcoma spheroids. Growth curve of A673 spheroids treated with a

range of concentrations of KDM1A inhibitors ORY-1001 (A) and SP2509 (B) for 10 days. (C)Wells containing representative spheroids at day 10

of treatment with ORY-1001 and SP2509 at 10 µM, 3 µM, and vehicle, respectively. Scale bars: 100 µm. Long-term treatment of A673 spheroids

with clinical candidates ORY-1001 (D) and GSK2879552 (E) for 21 days. Maximum area at greater width of a sphere wasmeasured in images

taken over the different time courses. Means± SD of 6–10 replicates

Catalytic inhibition of KDM1A with the clinical drug candidates

ORY-1001 and GSK2879552 reproduced the reported decrease in

cell viability in leukemia cell lines.22 On the other hand, repurpos-

ing of these clinical compounds for Ewing sarcoma did not exhibit

anticancer activity in 2D and 3D viability assays even at concentra-

tions up to 100 µM. A validated potent and selective chemical probe

for inhibition of KDM1A catalytic function (http://www.thesgc.org/

chemical-probes/LSD1),23,26 which shares the same chemical scaffold

with the clinical candidate compounds and has the same mechanism

of action through irreversible covalent modification of the FAD cofac-

tor, also had no effect on the cell viability of Ewing sarcoma cells in 2D

and 3D. Prolonged inhibition, as a means to achieve maximal efficacy,

as in reports with inhibitors of Enhancer of Zeste Homolg 2 (EZH2) in

lymphoma, did not alter the response to these inhibitors of KDM1A

catalytic function.22,23,29

KDM1A’s reported role in modulating self-renewal and differentia-

tion in embryonic stem cells also encompasses regulation of migration

during normal mammalian development.14,35 Importantly, in solid

tumors, high levels of KDM1A have been associated with metastasis,

and inhibition of this demethylase has been shown to attenuate

migration and invasion in breast cancer cell lines.30 Metastasis is

a key problem in Ewing sarcoma with patients with disseminated
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F IGURE 3 Effects of KDM1A inhibitors on the invasion of Ewing sarcoma spheroids. (A) Three-dimensional spheroid invasion assay with

Ewing sarcoma cell lines A673 spheroids pretreated with KDM1A clinical drug candidates: ORY-1001 andGSK2879552 and tool compound

GSK-LSD1 for 10 days (2 µM). (B) A673 and TC71 total spheroid areameasured with IncuCyte ZOOM software for 48 hours (10-day

pretreatment with 2 µM).Means± SD of 3–5 replicates; graphs are representative of two independent repeats. Statistical analysis: two-way

ANOVA andDunnett multiple comparison test, P< 0.05 between drugs tested within the same time point
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disease showing dismal survival below30%.36 Therefore, investigating

invasion as part of the phenotypic assessment of KDM1A inhibition

was highly relevant. However, in our 3D invasion assay, KDM1A

inhibition did not alter the invasive phenotype, and it particularly

failed to suppress invasion in Ewing sarcoma spheroids.

The disease context and the nature of the role that KDM1A plays in

various malignancies are key determinants of KDM1A inhibition as a

therapeutic strategy. In leukemia, KDM1Ademethylase activity acts as

a key silencer of regulators of hematopoiesis, essential in maintaining

leukemia stem cells.37 This transcriptional repression and differentia-

tion arrest can be relieved through inhibition of KDM1Acatalytic func-

tion or protein knockdown.22,37 However, in the context of Ewing sar-

coma, despite the observed change in the methylation levels of H3K4,

inhibition of KDM1A catalytic function was insufficient to modulate

a selection of known target genes of EWS-FLI and impair Ewing sar-

coma cells survival. This suggests catalytic activity of KDM1Amay not

contribute to establishing EWS-FLI1’s transcriptional program. Recent

findings showed that shRNA-mediated depletion of KDM1A in Ewing

sarcoma cells resulted in severe growth impairment and cell death,

confirming their dependency on this demethylase.38 The discrepancy

between our results through inhibition of KDM1A catalytic function

and knockdown of the multidomain protein strongly suggests a non-

canonical role forKDM1A, independent from its demethylase function.

These characteristics coincide with other epigenetic regulators such

as EZH2. Its emerging methyltransferase- and polycomb-independent

roles provide novel therapeutic potential for inhibitors disrupting its

docking capacity.39

In line with this model, recent reports in prostate cancer cell lines

described a scaffolding role for KDM1A,whereby catalytically inactive

KDM1A was still able to establish the prostate cancer gene network

and ensure survival of castration-resistant prostate cancer cell lines.40

This was further confirmedwith the tool compound SP2509, proposed

as an allosteric inhibitor binding to the H3 pocket region of KDM1A,

capable of inducing cell death in prostate cancer cell lines. Similarly,

this could also explain the previously observed reversal of the EWS-

FL1 signature effects with SP2509 in Ewing sarcoma cells.10 How-

ever, it is noteworthy that SP2509 has been shown to effectively cause

cell death regardless of KDM1A expression in a leukemia KDM1A

knockout cell line and its isogenic control.41 In addition to disrupting

KDM1A’s complex formation capabilities, SP2509may have additional

cytotoxic effects independent from KDM1A binding. Consistent with

this, 2-hydroxyphenyl-hydrazone structural motif within SP2509 has

previously been identified as a pan-assay interference flag and has the

potential to elicit promiscuous biological activity.42–44 KDM1A’s role

as a docking element for additional proteins may play a more promi-

nent part in Ewing sarcoma cells survival than previously considered.15

Our work is particularly timely and pertinent as a drug of the same

mechanistic class of KDM1A inhibitors as the irreversible KDM1A

demethylase inhibitors tested here has entered phase I trials in Ewing

sarcoma patients (NCT03514407). In summary, we demonstrate that

the clinical candidates ORY-1001 and GSK2879552, which act pre-

dominantly as inhibitors ofKDM1Acatalytic function, are not effective

against in vitro models of Ewing sarcoma. The data presented here do

not support clinical trials exploring inhibition of KDM1A demethylase

function as a therapeutic strategy for the treatment of Ewing sarcoma

andDSRCT.
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